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PREFACE

This report is addressed to aviation executives and managers developments: political, sociological, economic and technical.
concerned with the influence of aviation fuels on their plans An aviation executive should be aware of these forces and their
and decisions. It seeks to assist those in aircraft and engine influences, even when he is unable to influence them directly.
manufacturing, in airlines, airport operation, aviation fuel sup- This report was intended to be largely technical. Other fac-
ply, general aviation, trade associations, government offices, tors are brought in as necessary, which is often, since they
study teams, finance, publications, academia and elsewhere, usually predominate. The report aims to provide perspective,
who are concerned with these matters. rather than laborious detail, although detail is used for illustra-

Prepared essentially for the Federal Aviation Administration tion and to show the depth of some subjects.
(FAA), it is intended as a staff report. Aviation organizations Volume 2 largely includes further discussion, analysis, just-
seeking orientation on fuel matters, which cannot assign their fication and background for the Volume 1 material. It is offered
own staffs to scrutinize aviation fuel matters in depth, are for those who may not accept parts of Volume 1 at face value,
expected to find this material useful. It has been prepared and or who wish more detail. Since all matters related to energy are
printed at the Mellon Institute's Energy Productivity Center to in rapid transition, Volume 2 provides a background for updat-
avoid distraction by FAA activity, as well as by FAA, Depart- ing as new information becomes available.
ment of Transportation and government policies. Hopefully, it On October 20, 1981, The Georgetown Center for Strategic
may develop value to the Government through observations and International Studies (CSIS), in connection with its Energy
which otherwise might not have surfaced. and National Security Project, held a one-day forum on avia-

The report is presented in two volumes. Volume 1 reports ton fuels at which the outline of this report was briefed and
findings from the study. An earnest effort is made to distin- discussed Approximately forty representatives participated
guish between fact and opinion although. admittedly, the mar- from the groups to whom this report is directed. As a part of
gin is sometimes thin and may not have been apparent to the the program, ten experts were invited to present their views on
author. the most critical and controversial issues. Because of its direct,

Even Chapter 1. EXECUTIVE SUMMARY, may include a intense and authoritative attention to the material of this re-
bewildering coverage of subjects and information. Although port, the CSIS forum and its participants are referenced often.
undesirable in a staff report, this diversity is unavoidable in an A synopsis of that meeting and its tape record are included as
arena affected by so many factors. A user should be exposed to Appendix C.
the full breadth of fuel and energy at least once, to acquire With scant exposure to the subjects of fuel and energy prior
perspective and a feel for what may be and what may not be to this project, a great deal of guidance in its preparation was
reasonable. essential. The list of contributors is so extensive that AC-

As will be seen, aviation fuel is a small factor in a field of KNOWLEDGEMENTS are given in Appendix B.
large and powerful forces. Its future is at the mercy of various
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How to Use This Report

Because factors affecting aviation fuel have such wide scope
and extensive interactions, this material is offered at several
depths of coverage. Users are invited to succeeding depths of
detail according to their purposes at any given time:

Lightest Coverage
1. Conclusions - The broad outlook on aviation fuels.

2. Recommendations - Actions suggested by the study.

3. Volume I

a. Chapter 1, EXECUTIVE SUMMARY's Board Room Brief-
ing.

b. Body of Chapter 1, EXECUTIVE SUMMARY.

c. Board Room Briefings for succeeding chapters. (Select
chapters of interest by titles).

d. Body of succeeding chapters.

4. Volume 2.

5. References of Volumes I and 2.

Heaviest Detail

Notice:

It has been concluded more productive to implement and
promote conclusions and recommendations from Volume 1,
than to complete formal preparation of Volume 2. Conse-
quently, Volume 2 will not be printed as a document.

Drafts of Chapter 1, "Forecasting and Modeling" and Chapter
2, "Oil Prices, Politics and OPEC," of Volume 2 are available on
request. Contents of the author's files and notes for the remain-
der of Volume 2 are available for discussion or reference. In-
quiries may be addressed to:

Charles L. Blake
Office of Environment and Energy
Federal Aviation Administration
800 Independence Avenue, S.W.
Washington, D.C. 20591

or telephone( 202) 426-8722.lnterest in the conclusions and
recommendations of Volume 1 will be especially appreciated.
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Conclusions

1. Petroleum fuel should be available for aviation at com- 8. While renewable energy is -free.- capital costs for its
petitive prices for at least 20-30 years, probably for 30-50 concentration, conversion, transmission and use are high. Re-
years. newables may contribute in favorable local or regional situa-

2, Under stable world economic and political conditions, tions, but are unlikely to affect national or international energy
near-term energy and real fuel prices should rise less than 2% before the next century.
per year above general inflation. The probability for 0% rise is 9. There is no shortage of fuel resources, particularly in the
greater than for 2% rise. U.S. The problem is liquid fuels, largely because transportation

3. Forecasters of international affairs unanimously predict requires liquids. Emerging countries will increase demands for
that world politics and economics will not remain stable. One liquids since they cannot afford electrical or other distribution
severe fuel disruption is virtually certain within five years and systems.
three such disruptions are expected in any ten-year period. 10. Capital costs for fuels will increase, regardless of world

4. Forecasters disagree on the effects of these disruptions. economics and politics, and become a larger segment of world
About half believe they will be moderate because of increased financing. One countervailing factor may be world natural gas
world conservation and oil production. The other half believe production. The U.S. might revolutionize its entire fuel/ energy/
that disruptions will be drastic and that crude-oil prices will capital situation by removing regulatory, tax and other institu-
double. tional barriers against natural gas.

5. There is pressure to accept jet fuel with broader specifica- 11. In the ten-year period 1972-82, aviation fuel prices rose
tions, particularly during crude supply disruptions. Lighter fuel more than 1000% and fuel consumption became a dominant
fractions cause no operating penalty, but their safety impacts factor in airline economics. Conservation measures are cost-
will require careful consideration. Heavier fuel fractions would effective. Airlines will have difficulty in financing the fuel-
degrade aircraft operations and compete with the larger diesel efficient aircraft they need for survival.
and heating markets. 12. Competition will increase for capital to finance energy

6. Modern and future refineries can deliver desired products exploration and development, synthetic fuels, industrial plants,
(including specification jet fuel) from any natural crude or syn- and emerging nations. Aircraft provide less security on the
thetic crudes. Refining costs will be higher with lower-quality investment than previously.
crudes, although these extra processing costs should decrease 13.Liquid hydrogen is more attractive to foreign nations than
over five to ten years. Aviation fuel users should consider how the U.S. High-priced in the U.S. economy, foreign economies
much fuel degradation they may accept for higher operating and may produce it by subsidized nuclear or other power. The U.S.
maintenance costs. should follow hydrogen's technical and especially its economic

7. OPEC crude-oil production costs are about a dollar a potential. Liquid methane could become economically attractive
barrel and the world average is around two dollars. Marginal both in the U.S. and the world.
production costs in non-OPEC countries and the U.S. are 14. Methanol may emerge as an attractive fuel (not in avia-
generally much higher. Capital costs for oil exploration and tion), and particularly as a universal chemical feedstock.
drilling will continue to rise. Capital costs for synthetics are Advances in catalytic processing should eventually permit pro-
typically about 75% of product costs. Success of alternative duction of almost any fuel from methanol feedstocks at competi-
fuels depends on specific situations. Taxes, regulations and poli- tive prices.
tics transcend natural or technical factors in fuel costs.

6



Recommendations

I. The U.S. should unshackle domestic energy production "short-range transport" can be built in the U.S., rather than
particularly natural gas. Natural gas can displace petroleum as abroad.
fuel and feedstock, reducing U.S. oil imports. Since natural gas 5. Aviation gasoline will become more scarce and expensive.
production capacity exceeds demand, the first step should be General Aviation should investigate liquid methane as a cheaper
removing restrictions against its use. A parallel effort should fuel.
encourage U S. Enhanced Oil Recovery IEOR). 6. The FAA and the National Weather Service should de-

2. U.S. aviation should protect against oil supply disruptions. velop a national, 4-dimensional real-time, aviation weather and
Airlines should explore fixed-floor purchase agreements with forecast network. With nominal off-the-shelf equipment and
producers for a reliable supply of shale oil, which produces minimal operating costs, at least $2-3 hundred million can be
excellent Jet A fuel. They should cooperate with the DoD in this saved in direct annual airline fuel costs alone,
effort. 7. U.S. aviation should investigate if Jet A delivered at closer

3. Jet fuel users should resist heavier fuel specs, or consider to the 100°F flash point would improve its price or availability
them only with reduced pricing pressures. Tests for effects of and whether greater benefits could be achieved below 100F.
heavier fuels on current engines should be emphasized rather 8. The U.S. and individual states should consider whether it
than changes needed for long-term use of heavier fuels. makes sense to encourage energy sources which can make only
Long-term use of heavier fuels is undesirable and should be high-priced or limited contributions to the market. In contrast,
unnecessary, domestic resources (natural gas and EOR) which could improve

4. U.S. aircraft industry will not compete with foreign the U.S. economy and reduce oil imports, remain heavily
consortia such as Airbus Industrie unless NASA aeronautical burdened with obstacles, If unburdened at various jurisdictional
support is regenerated. The U.S. should consider how the levels, the U.S. and Free-World situations could be significantly

improved.
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Introduction

"In 1846. the United States was illuminated by whale oil, have looked far back into the history of the universe. And we
town gas, and candles. Seven hundred thirty-six ships were at probably know enough about fuels to say that no more corn-
sea collecting whale oil as the liquid fuel of the day. By 1855, pletely novel sources of energy will become available in prac-
the gradual extermination of the sperm whale led to an astro- tice. . . . A hundred years ago, nuclear energy was not even a
nomical price of $60 a barrel for whale oil.* Meanwhile, in dream. At that time the claim that we know all fuels would have
France in 1838 and later in Scotland shale oil was being pro- been wrong. But at that time a good scientist would not have
duced. European immigrants based on this experience started made such a claim. He would have realized that he did not
small shale oil operations in the Ohio Valley and by 1859, fifty- understand the energy source of the sun. . . . The universe is
five such plants operating over 100 retorts were in business. In big, and usable energy sources are enormous. Man and his needs
1859." - the first oil well was completed in Pennsylvania. "By are tiny. There is enough energy even on this small planet where
the following year oil dropped to 10 cents a barrel and the oil most of us seem to be confined for the foreseeable future, a most
shale plants were out of business." i.i ) uncertain time span."

From 1860 until 1973, the price of crude oil remained From a purely technical standpoint, solar energy, nuclear
around or below $2 a barrel. For more than five generations, the fission and fusion, and probably methane hydrates are essen-
world became accustomed to low, stable energy prices; many tially unlirrited on this globe, as far as man's needs are con-
assumed that was the way the world was created. cerned. The problem is in the cost of producing and conk erting

In early 1982 the marginal price of crude oil on the world energy sources. When capital costs approximate 75% oi the
market is above $30 per barrel. The cost of producing Saudi oil total costs for producing a fuel, and when these capital costs
is still probably about twenty-five cents per barrel and the OPEC approach or exceed $100,000 per barrel per day capacity, no
average cost is less than a dollar. The world average production new source is likely to be offered on the market at lower than
cost is about $2 per barrel.( "21 By contrast, it now costs about the prevailing price level. New sources should be produced on'v
$5-10 a barrel to produce oil from the North Sea and $15 to when they can be profitable at that level.
land it ashore, $25 for Alaskan oil delivered in the U.S., $20 On the other hand, world demand has now stabilized to high
from the U.S. continental shelf, and an average of about $25 per prices so that any appreciable increase in world oil production
barrel for enhanced oil recovery from old fields in the U.S. during the next few years would bring about a short-term de-
Experts agreet" 31 that the capital investment for producing syn- crease in prices. In the much longer term, fuel prices should rise
thetic fuels in the U.S. now runs up to $100.000 and more for slightly faster than inflation because of increasing resource value
each barrel per day capacity. That equates to $27.50 per barrel as well as production cc-'s. Technological developments could
of capital costs alone if the investment is recovered in a ten-year offset these increases, as could natural gas and EOR production
period:It does not include interest costs on the investment, in the U.S.

With this kind of disparity between production costs, as well Having commented about future resources and prices, a few
as between production costs and world prices, there must re- words should be offered about forecasting in general. Forecasts
main a strong potential for further crude oil price instability, are based either on mathematical extrapolations of past ex-
During the ten-year period 1972-82 alone, the price of jet fuel perience, or by proposing a concept for some future time and
rose by more than a factor of ten. Future fuel prices are likely to then analyzing interrelationships within that scenario. Neither
be determined more by international economics, politics and approach is apt to give us a good reading on the future of fuels.
even military affairs, than by geology, engineering or production The recent past has been so turbulent that no mathematical
capacity, projection can be reliable. Anyone who accepts a scenario for

What is the probability of another technical revolution, such some time in the future, inherently has doubtful need for
as low-cost oil production by Col. E.L. Drake in 1859? As will pragmatic analyses. About the best we can do is to hypothesize
be seen, there is considerable probability that more oil and other alternatives, assuming that there is no major disruption in the
resources will be produced, but at costs approximating marginal interim. Or, select major disruptions and try to analyze their
oil prices. implications. In any case, we must keep foremost in mind that

Edward Teller" 4' has commented. "Our knowledge of these analyses cannot predict the future of fuel and certainly not
the processes by which energy sources are formed is incom- influence it.
plete, but our list of energy sources may be complete. We
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rI

Of all the bodies that have analyzed energy or fuel, perhaps enough to enable the geological analyst to accurately and corn-
the most prestigious is the World Energy Conference. about pletely quantify the resources of conventional raw materials.
which more will be said later. It is noteworthy that the Foreword This applies even more so to renewable energy resources, the
of their latest report' l

-5) begins. "During the last few years a technology of which is largely still in the development stage."
great number of studies dealing with the global resource situa- This study addresses two main concerns with aviation fuels:tion of energy raw materials have been compiled. These studies first, fuel price, the effects of supply and demand. the various

have demonstrated very clearly that a comprehensive and uni- sources and forms of supply, alternatives, and the conservation
versally acceptable inventory and analysis is not as yet possible. measures which reduce demand. Second. the likelihood. the
The reasons for this situation are geological. To this day, the nature, and the effects of disruption in foreign crude oil de-
geological knowledge of our planet is not as yet comprehensive liveries to the United States.

or



Chapter 1

Executive Summary

Board-Room Briefing - The BRB is designed for an execu- increase, to flat. to some possibility of decrease. The percentage
tive just alerted to report to the board room, where the effect of of U.S. petroleum used by aviation is almost certain to rise. But
fuel in his program is already being discussed. He has no time to this effect is due far more to the decrease in net petroleum used
take stock, ask questions, or receive explanations. He needs the by the U.S., rather than from the expected increase in )et fue'.
bottom line now and, at his peril, hopes he can extemporize the consumption.
details. He uses a BRB only if he has implicit faith in his 7. Refineries must operate at a profit. products sold at a loss
staff, but then without qualification; his staff can expect re- must be supported by other products sold at higher prices. In
assignment if they lead him astray. With that understanding, a general, aviation fuels can command higher prices, offsetting
BRB begins each chapter of this report, lower profits or losses in products such as residual oil. Jet fuel

has been relatively easy to make and distribute. Aviation fuels
BRB - No.1 - Aviation Overall will continue to be produced as long as the market and prices

1. Civil aviation fuel represents about 6% of the petroleum are compatible. But the aviation gasoline market may become

consumed in the U.S. Aviation gasoline is only about 5% of so thin in twenty or so years that it will assume the role land
aviation fuel. price) of a specialty product. In terms of distribution, it is al-

2. Aviation has little effect on the petroleum market and is a ready a specialty product.
minor component of most U.S. refinery operations. Aviation fuel 8. Disruption of U.S. foreign crude supply is not only likely,
is produced by less than 20% of U.S. refineries, generally it is probable. Foreign analysts agree a serious disruption should

the larger ones, which represent about 45% of U.S. refinery be expected within five years. Three serious disruptions are

capacity. It is not the major component of their output but, since expected in any ten-year period, until the. U.S. develops strong
it carries a premium price, it is significant to their production enough domestic supply sources to be independent of foreign
slates. disruptions. This "independence" probably cannot 'e de-

3. Mid-East and OPEC crude oil, as well as from Mexico, veloped by any means until after 2000, while our trading part-

Canada, and old U.S. wells, is generally produced at costs far ners and allies will still remain vulnerable for an indefinite
below world price. In Saudi Arabia, production costs are period. In effect, the U.S. can reduce its vulnerability but does
probably still below 25 cents per barrel. New Free-World 'crude not appear able to eliminate it.

outside OPEC is produced at costs reasonably close to the 9. Although the Free World will remain vulnerable to severe

market and new finds may be expected to be at comparable crude oil disruptions for some years, future disruptions may not
costs. Although many new finds may surface within the next ten be as traumatic or raise the price of fuel as much as in the past.
or more years, they will offer little relief in price unless they are Some analysts disagree, expecting the next disruption could
fairly big and relatively easy to produce. bring a complete cessation of Mideast shipments. To them, a

4. World demand for petroleum has declined and stabilized doubling of price in a severe disruption would not be surprising.
to reflect current high prices. World production capacity cur- 10. Assuming international stability, aviation fuel prices

rently exceeds consumption; over-production would reduce the should remain nearly the same as today, or increase at one or
price of oil in the short term. So the price of crude can go either two percent in real dollars, for as long as twenty, thirty, even
way: up if there is moderate reduction in production; flat if fifty years. But smoke from the 1979-80 price rise hasn't com-

supply conditioni remain stable; down if production is pletely cleared and the market may not have stabilized. Realis-
increased, tically, it may never stabilize. Prices will rise steadily further if

5. Fuel conservation has been gratifyingly effective in the capital, production and processing costs continue upward, rela-
past few years; it has been especially effective in aviation. Other tive to the rest of the economy. Taxes and regulatory policies.
factors remaining equal, the 1980 reported airline financial loss even sociological affairs. may affect mid-term prices as much as

would have been twenty times greater without conservation the supply/demand balance.

achieved since 1973. Fuel costs have risen from about 25% of 11. Although U.S. oil inventories have been higher in the
airline Direct Operating Costs (DOC) to over 50%. Fractional past few years, the U.S. petroleum processing and supply system

percentage savings in fuel consumption are critical to airline runs on minimum reserves; some flexibility is required for flow
profitability, contingencies. In case of disruption in foreign supplies, only the

6. Airline fuel consumption should decline through 1983. Strategic Petroleum Reserve (SPR) and private supplies can

Forecasts from 1983-2000 vary from about 5% average annual cushion the effect significantly. The SPR is being filled now nearI |0



maximum rate, but cannot offer potential protection until the two years. But it may take more than twenty years of observa-
end of 1982. It will be little more than a token until about 1986- tion to verify the forecasts. By that time, action would be largely
88. academic; the process is generally expected to be irreversible.

12. The National Petroleum Council (NPC) reports that U.S. Because they lack hydrocarbon fuels or feedstocks, and with
refineries are capable of producing the desired product mix in all popular interest in the greenhouse effect, some foreign nations
assumed crude disruption scenarios. A relaxation in jet fuel may develop a strong interest in hydrogen fuel that may puzzle
specification flash point would have no adverse effect on aircraft many in the U.S. (As discussed later, hydrogen production from
performance. but would decrease some safety aspects by an hydrocarbon stocks releases much carbon dioxide. But hydro-
undetermined amount. Expected further significant decline in gen produced from water-splitting releases no CO 2, while the
auto fuel demand will make these lighter fractions increasingly only products from hydrogen combustion are clean water vapor
available to the market, including aviation. Lighter fractions and some NO).
yield lower percentages of jet fuel and attempts to restore yield 19. As petroleum prices rise. hydrogen may be proposed as a
by adding heavier fractions will push freeze points upward. A universal fuel, particularly for world uniformity and availability
small increase in freeze point - 5°C - may cause little effec- in aviation. Hydrogen can be produced from water using any
tive penalty. energy that is locally available. Existing aircraft could be modi-

13. Future crude oils are expected to be increasingly heavy. fied, at considerable cost, to operate on liquid hydrogen. New
Any significant relaxation in jet fuel spec freeze point would aircraft, originally designed for hydrogen. can expect advan-
tend to decrease aircraft performance, increase engine fuel con- tages in performance, reliability and engine life. Safety should
sumption, increase exhaust smoke, and increase maintenance be comparable to avjet aircraft Aircraft DOCs with hydrogen
and replacement costs. It would move aviation fuel closer to the fuel may be comparable to those with av)et. These DOCs
diesel market, which is expected to increase significantly in include airport costs for liquefaction and handling fuel, which
demand. Due to other marketing influences, it is doubtful that are considerable and are the primary obstacle to hydrogen
such a spec relaxation would decrease jet fuel prices, but it implementation. These DOC projections are also 20-30 years in
might improve availability, the future and may shift relative to avjet-fueled aircraft before

14. Directly or indirectly, U.S. government regulatory and the time arrives.
tax policies, and public attitudes toward energy programs, are Hydrogen costs are relatively high and unlikely to be reduced
likely to affect the course of aviation fuel prices and supply far drastically by technical improvement. But industrial develop-
more than any direct activity in aviation. Nevertheless, aviation ment, use of byproducts, and energy accounting methods
must pursue fuel conservation, as well as means to stabilize fuel (including taxes) could conceivably adjust the price of hydrogen
prices and assure a reliable supply. (individual airlines and to be directly competitive with petroleum fuels. Other nations
others should consider establishing domestic sources such as may use different accounting for costs of hydrogen.
shale oil to minimize the impact of future crude-oil disruptions). 20. The world's present energy posture is largely a problem

15. Through their effects on the petroleum market, motor of liquid fuels and their prices. Looking indefinitely into the
transport and even stationary power trends will influence avia- future, it appears the world will at least retain, or probably
tion fuel prices more than will aviation activities, Developments Increase its dependence on liquid fuels, Various energy forms
such as low-cost methanol or increased use of natural gas, could and conversion methods, including electricity produced from
affect aviation by backing petroleum out of the stationary or renewable sources, are likely to develop locally, where they are
ground-vehicle liquid-fuel market, releasing petroleum further economically competitive. But they are not likely to reduce the
for aviation. need for liquid fuels. particularly in Less Developed Countries.

16. As petroleum prices rise, U.S. shale oil appears to be the This is sufficient exposure for the introductory Board Room
next least costly fuel source, although capital investments will Briefing. The remainder of this EXECUTIVE SUMMARY adds to
be vast. Shale oil refines to excellent jet fuel. Coal synthetic the foregoing BRB notes. Its content deals with two concerns:
liquids "ippear secondary to shale oil in costs and availability, first, fuel prices based on supply and demand, second, the
Coal liquids are suitable for high-octane gasoline, but not so prospects for and consequences of disruptions in foreign crude
readily for jet fuel. But coal can be gasified and catalytically deliveries. In turn, supply and demand considers fuel alterna-
converted to any fuel. Today the process is expensive, but this is tives, then conservation measures which can affect demand
a fertile field for future fuel technology. Catalytic conversion of
natural gas may also develop as a major liquid fuel source. Aviation Fuel Outlook

17. The U.S. holds a tremendous source of oil shale, capable Aviation passenger traffic is expected to grow at an average
of producing more liquid fuel than the entire Mid-East oil rate of about 5% per year into and through the 1990s World air
source. Few other developed nations possess a comparable traffic will grow somewhat faster. But the U S air traffic control-
source for hydrocarbon fuels. The U.S. also has immense lers' strike and economic recession will doubtless reduce U.Ssources of coal, peat, and probably of natural gas. It still has traffic during 1982 and most of 1983.
resp~ectable petroleum reserves. Most of the Free World and trfidung98anmotf183respectableupetropea aa reseatrtves. tostoft Wod a- Aviation fuel demand will grow more slowly than air traffic, it
particularly Europe and Japan, will regard alternatives to pe- could even hold fairly steady or decrease, even with increasing
troleum in an entirely different light than will the U.S. traffic, The present consensus is for a slow net increase in

18. Carbon dioxide in the world's atmosphere is expected to aviation fuel demand, perhaps one to two percent average an-
double within fifty years. No one knows if it will accentuate the nually to 2000. However. the near term is definitely retarded by
earth's "greenhouse" heating effect seriously or, if it does, the strike's effect on Air Traffic Control (ATC) capacity. Eco-
whether the net effect will be favorable or unfavorable, or to nomic sluggishness and continued vigor in aviation fuel
whom. Both the U.S. and Britain are analyzing those questions economy may further reduce aviation fuel demand so that the
vigorously and definitive answers should emerge in less than prospect, at least through 1 q83, should be a net decrease
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Whether aviation fuel demand increases or decreases in the 4. The Less Developed Countries (LDCs) will need much
long run. it will increase in percent of U.S. petroleum consump- more energy per unit GNP than industrial countries because of
tlion because of the continued expected fall-off in demand for their lower efficiency in use and transportation.
automotive fuel. But the total effect of aviation fuel on the 5 The cost of electrical transmission and storage will
national picture is small, except at those refineries which pro- seriously limit LDC use of electricity, whether produced by
duce let fuel, and because of its potentially increasin,.J Lompeti- nuclear, solar, or hydroelectric power. LDCs will be vitally de-
tion with diesel and other large middle-distillate custoi..-s. pendent on liquid fuels, as will transportation around the world.

As has now been clearly proved, world prices of crude oil and World dependence on liquid fuels will not decrease; it will
fuels are subject to market supplyidemand balance That remain or probably become more critical.
balance has been adverse to buyers in the past few years such 6. The world petroleum distribution system will be increas-
that any decrease in production could trigger inordinate short- ingly filled with methanol as feedstock and fuel and, eventually,
term increases in price. World demand has now stabilized at a by hydrogen. Hydrogen should become the dominant liquid fuel
lower level with higher prices and. apparently for the next year by 2100, perhaps sooner.
or so. excess production capacity will have to be managed to 7. Because of need for liquid fuels, in the long run coal and
prevent a fall in market prices. As more petroleum comes on line nuclear power should be used more to produce liquid fuels than
from Mexico. Africa and possibly the Far East, OPEC and spec- for heat and electricity.
ifically Saudi Arabia should find it increasingly difficult to main- 8. Worldwide capital investments for energy production will
tain prices. be major. By 2000. about 100% more in direct, real funds will

Fuel costs today are ranging up to 60% of airline direct be required per unit of energy, while indirect costs will rise by
operating costs (DOCs) and fuel prices are unlikely to fall 250%. The cost of energy in LDC budqets will rise four times as
enough under any assumptions to relieve this sensitivity. Air- fast as in budgets of industrialized nations.
lines will continue to pursue small fuel economies and more 9. The world energy future causes serious concern, particu-
attention will be directed toward saving fuel in the air traffic larly for LDCs. But its technology and economics should be
control (ATC) system. feasible. IIASA did not resolve the sociological or political prob-

The capability for saving some $300 million per year in lems, which they believe are formidable. They expect these
aviation fuel by essentially an off-the-shelf improvement in the problems may not be solved and that much hardship and many
air weather information system should receive active attention casualties may result.
and support. One of the problems is that this situation is a direct 10. Carbon dioxide will double in the atmosphere by 2030.
responsibility of neither the FAA nor of the National Weather By the time it is known whether the effect is serious, it may be
Service. Each organization is already over-committed for its essentially irreversible.
funds available.

Petroleum Resources
World Energy Outlook New Finds - Available U.S. petroleum discovery and pro-

The International Institute of Applied Systems Analysis duction data cover over a hundred years. Any statistical analysis
(IIASA) at Laxenburg, Austria recently completed a long- of these data indicates that U.S. petroleum production peaked in
range assessment 1 6 of the world energy situation which is 1970 and that world production will peak in the 1990s. Many
probably as comprehensive and as authoritative as any made. It forecasters, largely those with mathematical or geological back-
was actively supported by twenty countries, including OPEC grounds, believe the data are valid, symmetrical and that the
and Third World countries, but primarily by the national acade- ensuing exhaustion of petroleum is inevitable and imminent.
mies of the U.S. and the USSR. One of its conclusions was that Others, largely with economic backgrounds, believe as fervently
any forecast involving human activity which projects beyond that past history cannot project future events. More specifically,
fifteen years, will probably encounter some completely unpre- they point out that a new era has emerged since the low, stable
dictable events which affect the outcome of the forecast more prices over most of the past hundred-year period, as seen in Fig.
than any factor considered. Further, petroleum authorities I-1. Higher prices are certain to produce oil that was uneco-
advise that no prediction concerning oil or fuel should be taken nomical or marginal in earlier markets, as well as to stimulate
seriously beyond five years. The IIASA report was released in development in new areas.
early 1981; it therefore could not fully appreciate world fuel Also significant, and with agreement by geologists, optimistic
conservation which had already been achieved and which is forecasters point out that much of the world is yet unexplored
likely to develop much further. for petroleum; much oil is being found at depths lower than

With those qualifications in mind, IIASA'a concluslons are indicated by conventional geology; new techniques now permit
paraphrased: making these finds. In the U.S. and elsewhere, partici!arly off-

1 The world's present "energy transition" will not be con- shorke, many promising areas have been closed to exploration,
cluded In fifty years; it will take at least seventy. Capital invest- let alone to production. This report sides with the optimists and
ment needs cannot be met and the sociological problems cannot believes that oil company 1981 annual reports bear out this
be overcome in fifty years, view but, if not conclusively enough, almost surely in the reports

2. There will be no single replacement for petroleum. A wide for 1982.
variety of practical energy types will emerge and all must be On one hand, the quantity of new oil found may only cushion
exploited to meet world energy demands. disruptions. If produced at costs near the world's marginal price,

3. For more than a hundred years, the world will still be it will not lower prices. Higher new production costs could even
heavily dependent on hydrocarbon fuels such as coal although, stimulate higher prices. But if produced below the marginal
after P&"tut seventy years of capital investment, nuclear and price or if enough is produced to challenge OPEC control, fuel
solar p. er could provide a stable base. prices could be brought lower. Since markets are influenced by
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and to increase its availability, particularly in times of foreign
SOURCE 0 delivery disruptions. Lesc stringent processing per barrel is

PETROLEUM INTELLIGENCE expected to make more product available and deliveries easier.
S If Jet A specifications are relaxed on the light end, lowering

the flash point below 100F, engine performance is not sacri-
ficed and may be improved to a slight degree. The only signifi-

$32 SPOT PRICES -- cant question is decreased safety: in handling, crash-fire survival
and lightning-strike vulnerability, which have not been ade-
quately quantified. (it should be noted that many other nations

$28 - operate with Jet B, which has no specified flash point and is
usually near 0F. But they do so at an acknowledged risk). The
FAA has contracted for a test laboratory to establish the charac-

00 $24 teristics of fuels with lower flash points, but the tests are
W Dcurrently deferred. Because further expected decrease in au-

tomotive fuel demand should release more light components to

$20 the fuel market, aviation fuel might benefit by adopting flexi-
. 0 bility in this direction. The major issue would probably be in

0 'D resolving the safety question with appropriate authorities and
W a) with underwriters.

$16 Relaxation of jet fuel specs on the heavy end introduces
entirely different considerations It does not affect fuel handling

$12 safety; however,by increasing freeze point, it will present the
* aircraft operator with a need to plan and monitor his (altitude)

operations more closely to avoid fuel freezing. Heavier fuels
produce dirtier combustion and exhaust products, more internal

$ 8 TED radiant heat and engine thermal problems. When infrequently
PRICES flown at lower altitudes to avoid low temperature soak, the

aircraft cruise performance penalty can be significant. Depend-
$ 4 ing on particulars of the the spec change, newly designed engine

parts and aircraft fuel systems could be required.
The conclusion of this report is that a trend toward heavier jet

0 fuel could cancel some of the progress in fuel conservation and
1960 64 68 72 76 80 1984 performance achieved with new aircraft and engines now on

YEARS order. This issue is now being debated, handicapped by a lack of

tentative data on fuel price effects. Even the effects on fuel
Figure 1-1 availability are subjective and speculative. But the entire subject

of heavier jet fuel may be a moot issue for three reasons.
First, engine and aircraft manufacturers point out that their

psychology, while excess production is already being restrained, existing products and those under development will be in ser-
significant oil finds or increase in production potential could vice for many years to come and, without costly modification,
depress market prices, they probably cannot accept heavier fuel for continuous opera-

Enhanced Oil Recovery - In the U.S. and the world, on the tion. Second, fuel producers cannot assure that a relaxed spec
average only about 30% of the oil in existing fields is produced could produce a lower-priced fuel. They offer no opinion on
before yield rates become uneconomical and production is whether any price reduction, if achieved, would offset aircraft
stopped. EOR is risky and expensive, but today it can typically operating losses or whether a price reduction could be sustained
produce another 10% to 20% from existing fields. Particularly over the depreciation life of new equipment. Third, due to the

with present tax provisions, EOR is generally regarded less expected decrease in demand for gasoline, as compared to
attractive to developers than wildcat drilling. Advanced tech- increases for diesel fuel and other middle distillates, prices may

nology, particularly CO 2 injection, may Increase the prospects rise in the middle-distillate range while they drop for the lighter
for EOR, but it is still expensive, risky and inhibited by regula- products. A spec for heavier jet fuel might drift it into closer
tions and taxes. competition with formidable markets.

The significant thing about EOR is that It is here and now, Lastly, new refineries are being built and old refineries are
identified rather than speculative. In the U.S., it offers some being modified to process heavy petroleum fractions into light
potential relief from world oil pricing and import disruptions, products. Some observe that these processes are more expen-
This is more a political issue than a technical or economic sive, which they are in the short run. But, particularly with the
matter. If the U.S. decides to exploit its existing resources by bright outlook for developments in catalysts, process costs

encouraging EOR, the greatest benefit would be realized during should drop in five to ten years and, in the long run, may be
this decade. accomplished at little increase or in lower net costs. While one

Jet A Specifications - Some see the world trend toward may not want to bet heavily in favor of technological progress, it
heavier crudes and the U.S. trend toward increased percentage is probably a worse choice to bet against it. particularly when
of Jet A (kerosene) consumption as a need to produce more jet closely linked to economic progress.
fuel from a barrel of oil. in some scenarios, more jet fuel per The pressure for heavier jet fuel remains unconvincing. But in
barrel would be expected to reduce pressures on jet fuel prices an arena as volatile and unpredictable as fuels, this question
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nay recur often as new conditions unfold. It is desirable for the octane serves only about 40% of the General Aviation fleet, the
aviation Industry to consider a coordinated position on this smaller aircraft. The larger aircraft in commuter airlines and
point, at least to clear up the expectations of refiners. In the business fleets typically require 100-octane, of which there are
short term, say les than five years, it may be desirable to relax two grades, normal and low-lead. No auto gasoline could be
specs in favor of fuel availability. But refiners should get down suitable for these aircraft.
to specifics. The Coordinating Research Council (CRC) is pursu- Demand for aviation gasoline will decline as more new air-
ing tests to determine the effects of heavier fuels on existing craft use turbine engines and as new reciprocating or other small
engines; results of these tests should be important in any price/ engines are developed t, operate on jet fuel. As 100-octane
costiavailabillty analyses. availability becomes difficult and prices rise, aircraft operators

At the same time, pending outcome of the deferred FAA- may consider the alternative of liquid methane. Although an
sponsored safety tests, airlines could ponder their use of a re- LCH 4 fuel system weighs no more than a gasoline system, the
laxed flash point for Jet A, or in emergency, use of Jet B (which tanks require more space for its lower density and cryogenic
is used in military aviation, by some foreign airlines, and has no insulation.
flash point limit) Existing U.S. commercial engines and aircraft Therefore, depending on space available, conversion to LCH 4
are certificated to operate on both Jet A and Jet B. may reduce the range of an aircraft. However, its fuel consump-

tion rate should be decreased due to greater energy per pound,
Aviation Gasoline while maintenance is greatly improved because of its extremely

As has been mentioned, only 5% of aviation fuel used in the clean combustion. Its performance number is equivalent to 120

U.S. is gasoline, 95% being jet fuel. Gasoline is more important octane and, on today's market, it sells for less than half the price

to the U.S. economy at present than its sparse use would indi- of aviation gasoline, generally closer to a third the price. LCH 4should be attractive now for short-range operators, such as forcate. No U.S. trunks use gasoline, but many smaller communi-

ties are dependent on commuter airlines for connection to the training, and for hub-and-spoke traffic systems. It can be used

national network. About 50% of commuter traffic is gasoline- equally well in 80-octane and in 100-octane engines.

powered. About 85% of commuter airline passengers make con-
nections with national carriers; that is, more than ten million Natural Gas
passengers per year. So five million airline customers per year, Natural gas (methane) has little immediate potential in airline
or 3.5% of total U.S. passengers depend on aviation gasoline at aircraft, although helicopters or a hub-and-spoke freight opera-
some point in their travel. tion like Federal Express might find it profitable. Liquid

In business aviation, a smaller percentage of traffic depends methane is presently being tested in general aviation.
on gasoline. While about 23 million business passenger-miles It is a cryogenic fuel; that is, it cannot remain liquid at room
are carried by corporate turbojets and turboprops at the longer temperatures, even under high pressures. At atmospheric pres-
ranges, about 8.8 million of the 44 million U.S. business- sure, it liquefies at -259F. In small quantities such as in 20-
operated aircraft passengers per year depend on gasoline as gallon automobile tanks, LCH 4 begins to boil off about ten days
their fuel. Adding the commuter and business gasoline passen- after filling and then at the rate of about a cubic foot of gas an
gers gives 14 million, or 4.5% of the U.S. total aviation traffic hour. Since it carries a lower price per Btu, it may be economi-
dependent on gasoline. And, of the total estimated business cally attractive in aircraft at shorter ranges or in special applica-
travelers in the U.S., 6% of them are dependent on gasoline. tions. If found to be tremendously available and considerably

Even though U.S. recreational and miscellaneous flying uses cheaper than jet fuel in the future, it could conceivably be
slightly more gasoline than that used in business flying, gasoline attractive for new commercial transports.
does not compete significantly with the jet market and it is small As with liquid hydrogen, existing transport aircraft could be
in comparison with gasoline used for other recreational activi- modified to use liquid methane, LCH 4, but the modification
ties, such as recreational vehicles or boating. For every gallon of would be expensive. Cryogenic insulation is impractical in wing-
gasoline used in the U.S., about two tablespoons are used tank geometry and, since the fuel would have to be carried in
in aviation. (1-7 ) The National Petroleum Council" l -8' recom- large cylindrical fuselage tanks, the conversion is neither con-
mends no regulation for general aviation gasoline during any of venient nor cheap. In short-range, smaller aircraft. tanks pre-
the emergency crude oil import disruption scenarios they have sumably could be installed in the fuselage with less difficulty.
considered. If gasoline becomes scarce for commuter airlines or Methane is a more attractive fuel in ground transportation
business aviation during an emergency, then it will probably be and U.S. use should increase on a selective basis. Compressed
the responsibility of the aviation community to allocate gasoline methane, as well as liquid methane and other liquefied gases are
within its ranks. used much more extensively abroad in both industrial and au-

Aviation gasoline is produced in three grades and by only six tomotive applications. Methane is a superior feedstock for con-
U.S. refiners. World wide, the situation is even tighter. The version to methanol (methyl alcohol), generally cheaper than
franian refinery at Abadan, which was shut down by the Iran- coal. Methanol may back significant amounts of petroleum out
Iraq war, supplied all the aviation gasoline for the Middle East, of both the ground transportation and the stationary fuel mar-
much of Africa, and large areas of India and Southeast Asia. Its kets. Methanol's energy content per pound is about half that of
closure has affected aircraft operations in Australia and New kerosene, gasoline or liquid methane, so it is not attractive as an
Zealand. But the problems of aviation gasoline availability and aviation fuel.
price are not due to refining capacity - there is excess - they Particularly as catalysts are developed further, methanol
are largely from its distribution to hundreds of small U.S. air- offers a transportable feedstock which will be convertible to any
ports that dispense avgas. desired liquid fuel. Methanol production is likely to flourish in

Due to the wide variety of automotive fuels existing in the many sectors of the world such as Alaska (now that the gas
U.S., it is not practical to use conventional motor gasoline as a pipeline is deferred), North Africa. and the Middle East as a
general substitute for aviation gasoline. However, it may be means for economical transport of excess natural gas. Small
possible to produce motor gasoline to a controlled formula methanol plants can be used to salvage natural gas at remote
which, if distributed through the aviation gasoline network, oil- and gas-producing sites. (Under favorable conditions, small
would be suitable for the lowest grade of avgas, 80-octane. 80- methane liquefaction plants could be used for the same
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purpose). Canada and the USSR, which are richly endowed with pe-
Natural gas resource forecasts are more debatable than pe- troleum, the U.S. uniquely possesses a vast reserve of potential

troleum, although both optimists and pessimists agree that gas fuels and a variety of options for bringing them on the market in
quantities are probably vast and considerably greater than different forms.
petroleum. As wells are drilled deeper, more gas is found than The lowest-cost U.S, option, one with reserve resources suffi-
oil. Far more energy is flared as waste natural gas in the Middle cient for a hundred or so years and, fortunately for aviation, the
East today than is being produced as oil in Alaska. one which can be most conveniently converted into synthetic jet

Gas can be transported readily by pipeline, but is costly to fuel, is shale oil. As has been mentioned, the U.S. has more
liquefy because of the low temperature required. Methanol potential oil in shale than does the entire Middle East in its
offers a transportation alternative, but the present industrial known and probable petroleum. Many thousands of gallons of
demand for methanol is small; petroleum is still the conven- shale oil have been produced in the U.S. in recent years, but not
tional chemical feedstock. It may be expected that world metha- yet in commercial quantities and rates. The problems are for-
nol production will rise rapidly to conserve wasted or otherwise midable, particularly in capital investments, protection of the
unmarketable gas, paced by capital costs and the construction of environment, and in development of supporting infrastructure.
methanol plants. Barge-mounted methanol plants may become Nevertheless, several billion dollars are currently being
common around the world. If its price drops, methanol demand invested by organizations including the largest oil companies,
should expand as both a chemical feedstock and as a fuel. and rapid progress is being made. The exit of Exxon and cessa-

In the U.S.. natural gas use is curtailed by a variety of regula- tion of the Colony Project are serious blows to the industry but,
tions, taxes and institutional restrictions, much like enhanced oil in terms of the future, development of a viable shale-oil industry
recovery (EOR). Natural gas is obtainable from a number of in the U.S. is still probable.
sources. There is first conventional, associated gas, available Cost projections are very elusive until the processes are
because it is dissolved in most of the oil produced. There is also proven (as Exxon attests), including all the steps to bring the
non-associated gas, produced from nominally oil or gas fields product to market. There is understandably much trepidation
which have not or no longer produce oil. because of the unproven extraction and production costs, the

Then there is gas available from six "unconventional" gas possible environmental and sociological costs, as well as the
resources (UGR), which are not included in conventional oil- prospects for world oil prices. Since capital costs range up to
bearing geology. These UGR sources include coal seams, tight 75% of the cost of fuel produced, interest rates and taxes cause
sands, deep basins, Devonian shale, geopressured brines, and much more concern than possible OPEC reaction. Its financial
methane hydrates. There is also another exciting new hypothesis interests will strongly deter OPEC members from significant
of deep-earth gas, which is discussed with these others in Chap- crude-oil price reductions.
ter 7. This diversity probably contributes to the divided political After taxes, environmental effects, infrastructure and local
constituency for natural gas. controls, perhaps the greatest risk to synfuel development is cost

Much UGR will be expensive or impractical to produce, but control.
there is a strong likelihood that the discovery and production of In 1978 the Department of Defense made a considered
natural gas will greatly outstrip oil in the future. Relaxation or and conclusive selection of shale oil as its alternative to
removal of institutional and tax constraints could improve the petroleum. (191 The DoD will not finance production in any way
U.S. gas picture dramatically. A belief that U.S. domestic gas but, depending on production supported by the Department of
production could increase 50% by 2000 is gaining authoritative Energy and private industry, has been testing the refining and
support. Speculation on world gas developments receives little use of shaie oil as a substitute for standard jet fuel. The results
attention because of the far greater interest in oil and the high have been resoundingly favorable.
cost of shipping gas overseas. Emergence of methanol can ac- So questions about shale largely address its mining, extrac-
celerate that interest. tion costs and other pre-refining processes which contribute to

its economic outcome. Shale oil, incidentally, promises to be
Aviation Fuels from Alternative Sources cheaper than average oil produced by potential enhanced oil

As has been seen, the problem with petroleum is not that its recovery (EOR), at least under the tax and regulatory structure
resource is limited (which it is), but that the world's presently which govern EOR today. Today the only EOR being produced
largest and cheapest producers of crude oil are not its largest is that which is relatively cheap, which accounts for its small
users. The demand from economies which use more oil than quantity.
they produce has totalled near the world production capacity, While gas can be synthesized from coal at prices some have
although that situation has recently eased. But the result is that believed competitive, liquid fuel from coal requires additional
the world price of oil is far above production costs for much of processing, more capital investment and more expenditure of
the oil on the market. The subject of U.S. vulnerability is energy. Certainly today, liquid fuels from coal are expensive.
separate and is discussed later. In the present world market and Consequently, shale oil is developing more rapidly than coal
far into the future, alternative fuels and energy sources will be liquids. Where direct coal liquids are high in aromatics and
practical only where they can compete in price with petroleum, process into high-octane gasoline, these same qualities make
considering all the capital and recurring costs of extraction, direct coal liquids less desirable as jet fuel feedstock. In contrast,
conversion, shipping, storing, handling, using, waste disposal, shale oil is basically paraffinic, very low in aromatics, refines
regulation and so on. readily into high-quality jet fuel, and produces a high yield of

Therefore, alternative fuels which are competitive in some middle distillates per barrel.
markets might be wholly impractical In others. Different nations Production of high-grade jet fuel from coal today requires
may be drawn toward different solutions because of these either of two expensive two-step processes. In one, the hy-
circumstances. Aside from OPEC and countries like Mexico, drocarbons can be extracted by a solvent, yielding a highly-

aromatic liquid which must be expensively processed to the let
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fuel. An alternative is to extract gas from the coal by a conven- and the technological bases for producing hydrogen do not
tional process and then pay the price to synthesize liquid fuel appear to offer much economic improvement. Hydrogen can be
from the gas. But, with further development of catalysts in the produced from weter by heat alone, but at high temperatures.
future, it is possible that either of these processes might produce At room temperatures, it can be produced from water by elec-
jet fuel at more competitive costs. tricity alone. Both processes are currently expensive. There are

As solid kerogen is conwrted to shale oil by retorting from literally hundreds of electrochemical, thermochemical (and
rock, it is of different composition than petroleum, is high in photochemical) processes in between these two extremes, many
arsenic, iron and other metals, and in nitrogen, oxygen and of which are being explored. But the laws of thermodynamics
other impurities. It is so viscous that it cannot be pipelined and atomic bonding suggest no singularly low-cost prospects.
without further treatment. For this reason, most producers will Low-cost hydrogen is probably dependent on low-cost elec-
catalytically treat their shale oil production with hydrogen at the tricity
site of the retort. If not treated for shipment, the impurities in Hydrogen is produced commonly as a byproduct and is used
raw shale oil must be reduced by coking or hydrogenation extensively in modem oil refinery operations. In fact, hydrogen
before it can be introduced into any conventional refinery, is at a premium in refineries and is almost certain to become
Otherwise it quickly poisons the refinery's expensive catalysts. more valuable in processing petroleum and all types of syn-
After such pre-treatment, shale oil is comparable to high-grade thetics. Many have remarked that, if hydrogen should become
crude and is very low in impurities. DoD special, pilot-sized cheaper, it would be used better in processing and upgrading
refining tests in 1000-gallon lots have shown that yields of very other fuels than as a fuel itself. By contrast, some envision a
high-grade jet fuel typically run from 40% to 75% of the barrel world-wide "hydrogen economy," in which hydrogen is used
at competitive costs. For about 10% cost per barrel more, the universally as the primary power in homes, in industry and
shale oil can be refined to literally 100% or slightly more ground transportation, and in air transport. The technical pieces
volume of jet fuel (Jet A + JP-4), due to further introduction of fit remarkably well and show advantages over electricity; costs
hydrogen into the process. are dependent on local costs of primary power.

Start-up costs for a shale operation are staggering. The Hydrogen can also be produced from other hydrocarbons
largest proposed project in progress is Chevron's, at a planned such as natural gas and coal (as it is from petroleum in re-
capacity of 100,000 barrels per day (BPD). This is about 10% of fineries). The simplest process of all derives from natural gas
the U.S. daily jet fuel used and consequently about 0.5% of U.S. because methane contains the most hydrogen atoms per unit
petroleum consumption. It would feed one medium-sized re- weight and its molecular structure is simplest. But natural gas is
finery. Chevron estimates its investment at $7 billion, which will itself an attractive fuel and, under present institutional condi-
be deployed in modular increments as Chevron probes the prob- lions in the U.S., is not as readily or ecunomically available as a
lems, costs and market prospects. feedstock as its chemistry would suggest.

Exxon had estimated that U.S. synthetic fuel capacity, includ- This report concludes that limitation of U.S. natural gas is
ing shale and coal, could reach 700.000 BPD by 1990. 4-6 almost entirely due to historical and institutional restrictions,
million by 2000, and 15 million by 2015, neglecting limitations regulations, taxes and the like. If U.S. restrictions against pro-
imposed by capital investment costs and water restrictions, as duction and use of natural gas were removed, including but not
well as by infrastructure problems. The 4-6 million level is restricted to price controls, it is the author's belief that the entire
significant because it would replace U.S. oil imports; at 15 U.S. energy economy would be restructured. Probably a minor
million BPD (or probably more by 2015), synthetics could sup- consequence of this restructuring would be that hydrogen could
ply all U.S. petroleum consumption. But at a level of only about then be produced from natural gas considerably cheaper than
2 million BPD, water availability is expected to become serious, from any other snurce (although the methane would be still
while the amount of solid material moved would equal con- cheaper than hydrogen produced from it).
structing a new Panama Canal each year. Many have speculated Most U.S. studies of methane and hydrogen costs are based
that the requirement for draglines and other mining and earth- on their production from coal. That is the pragmatic approach in
moving equipment may exceed the world's capability, triggering the U.S. today, although other nations use different cost
off undesirable price rises, accounting. In the typical U.S. economic study, both methane

With Exxon's exit from current operations and general de- and hydrogen produced from coal come out more expensive
cline in activity by Occidental and others, forecasted goals will than do synthetic liquids.
doubtless not be met. It remains to be seen whether financially But a proposal was made in late 1980 to the DOE for supply-
independent operations such as Union Oil and Standard of Call- ing 200 tons per day of liquid hydrogen to Los Angeles Airport
fornia (Chevron) proceed apace and whether the U.S. Synthetic at a price lower per Btu than current jet fuel. That proposal also
Fuels Corporation is able to maintain a good level of govern- included aircraft modifications and operations to consume the
ment-assisted activity, fuel on a flight-test operational basis. The proposal was rejected

Cryogenic Fuels - Cryogenic hydrogen and cryogenic because the prevailing Congressional and DOE policy was to
methane (liquid natural gas) have both been discussed briefly in encourage alcohol and other more immediately-applicable fuels.
the preceding Board Room Briefing and will be covered more But, significantly, the proposal was headed by the subsidiary
extensively in the body of this report, as well as in Volume 2. At of a California utility holding company. By selling excess by-
this point a few particulars are added to the foregoing BRB product electricity at its favorable prevailing rate to the local
comments. utility at the production site. the proposal was able to deliver

At today's production costs, cryogenic fuels are generally LH 2 at very attractive prices. This proposal's economic
regarded as becoming competitive when petroleum reaches framework was endorsed by the California Public Utility Com-
much higher prices: In many respects, that concept is valid, mission. While it may represent a special case wherever electri-
Industrial hydrogen is generally an expensive commodity today cal rates are high, the significant fact is that the entire proposal
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was essentially state-of-the-art and economically competitive serving fuel can be accomplished while service is even
What may be most significant is the fact that specific contem- improved

porary industrial and economic conditions appeared capable of Mainly by using larger aircraft, reducing cruise speeds. flying
producing hydrogen at competitive prices. This suggests the at more efficient altitudes, corrective maintenance, grounding
possibility that parallel conditions might create attractive inefficient aircraft, and the three methods mentioned above.
economic climates for other synthetics or fuel-production pro- airlines in the U.S. increased their fuel efficiency from 14.8
cesses. We should not assume that our economic data base will passenger-miles per gallon of fuel burned in 1973 to 22.2 in
remain fixed. Developments in economics and industrial 1979. a 50% improvement. It is obvious that, without having
accounting may be more important than in technology. Govern- taken these steps, and with all other factors constant, the 1980
ment regulations and restrictions, rulings of bodies like utility airline losses would have been more than twenty times greater.
commissions, and taxes at all levels, may be most influential of During that same period, the airlines and FAA also jointly
all. A nation which rates nuclear-produced or other electricity at improved gate-hold and airborne flow control procedures, traffic
a very low cost, for example, could produce hydrogen at a low control, taxiing procedures, training methods and airport opera-
cost. tions.

Both LH2 and LCH 4 (liquid hydrogen and liquid methane) System Improvements - Many aviation operating units and
weigh less per Btu than kerosene but, because of their volume study organizations have directed strong attention toward
and low temperatures, would require commercial aircraft with methods for conserving fuel. Under contract to the DOE, The
large, insulated tanks. In the engine, both fuels burn more Aerospace Corporation in 1978 published a study of
cleanly than kerosene and would be expected to reduce main- "47 Strategies' 1 10 for aviation fuel conservation. By the time
tenance, improve performance, and extend engine life. Either of publication, many of those strategies had already been
can be used effectively in existing engines with modified fuel applied in part or in total. After the 1979 sharp rise in fuel
systems; they would no doubt lead to more efficient engines, if prices, Fig. 1-1. more of the strategies became economically
designed initially for cryogenic fuels. attractive than beforehand. Some tests showed that standard

LH2 at competitive prices would offer both performance and aircraft cockpit instrumentation produced data scatter of about
economic advantages over kerosene; it is the only fuel capable 3% but, through multiregression analyses, airlines were able to
of providing an airplane with non-refueled, semi-global range identify means for conserving fuel quantities of the order of one-
with today's aircraft performance technology. Liquid methane, half percent. Some of these elusive procedures have been found
LCH 4, represents a fair straddle between LH 2 and kerosene. It cost-effective.
has less energy per pound than LH2, but more energy per cubic Most of these avenues have now been completely exploited

foot. It must be liquefied to be useful in aircraft, but its lique- For example. flying some of the more efficient aircraft at still
faction temperature is -259°F, rather than -423"F. Use of both slower speeds would actually increase fuel consumption per
fuels may be inhibited by the "Hindenberg Syndrome," the fear passenger-mile. while increasing other costs. Airlines are devis-
of crash fire. Practically, tests indicate that survivors in a LH-2  ing increasingly sophisticated procedures for determining their
fueled aircraft should have much better fire protection than with least-cost options. There is still some potential for improvement
jet fuel. It is not so clear whether a cloud from a massive in airline maintenance, though small, and in procedures which
hydrogen spill would threaten the airport terminal or other will require further joint airline-FAA action: improved flight
surroundings. The fire-safety characteristics of LCH 4 in large planning and preparation, loading and taxiing, flight procedures
quantities do not appear as favorable as LH 2. either for pas- and Air Traffic Control (ATC) procedures. Most of these are
sengers or for the neighborhood. being pursued vigorously, as far as existing equipment will per-

Any cryogenic aircraft fuel introduces the need for liquefac- mit. The potential saving remaining with present equipment is
tion, supply, and reliquefaction of boiloff at the airport. At an about 5%.
airport such as O'Hare, the liquefaction system was estimated to With addition of new ATC automation and flight-
cost over a billion dollars at 1978 prices. If driven by nuclear management equipment, there is potential for additional system
power, liquefaction at O'Hare would require a larger nuclear savings up to 10% in fuel due to remaining holdings, delays, re-
plant than any built to date. There is some promise that mag- routings and other operating inefficiencies. In general, airborne
netic liquefaction could reduce both the economic and energy equipment capability outpaces the ground system because of the
costs of liquefying hydrogen by up to 40%. That process is in size of the investment required to make system-wide changes. as
the laboratory stage. well as conventional federal budgetary constraints.

These types of infrastructure problems will maintain strong A very attractive opportunity exists for saving the order of
economic resistance to the introduction of airline-type cryogenic $300 million in fuel costs per year within this 10% total by
operations, improving the existing aviation weather measurement and

forecasting system, which lags far behind the technology and
Demand-Side Options efficiency of both present aircraft and the ATC system This

The 1980 U.S. jet fuel bill was $11 billion, while airline losses situation exists because aviation weather is derived from the

posted for the year were approximately $200 million. A 2% same data base and essentially by the same analyses used by the
decrease in fuel costs therefore would have erased the airline National Weather Service for agriculture and all other national

financial loss and fuel costs are seen to play an important role in needs. By law. the NWS alone is authorized to record weather

the industry. Airlines can selectively reduce demand for fuel by and prepare forecasts for civilian purposes. Since upper-air

cancelling routes, by consolidating flights, and by installing observations are taken and forecasts are made only twice a day,

more seats per aircraft, all of which may also depress traffic. The airline flights planned with stale data not only operate in un-

more attractive avenue for air carriers is to conserve fuel while favorable wind and temperature conditionF along their routes.

providing comparable service. Fortunately, some means for con- they encounter unnecessary traffic diversions and delays be-
cause of obsolete weather information. They may also confront
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unexpected bad weather. Fuel Supply Disruption
An airline can find that all the fuel savings it achieved through

installing sophisticated data-management systems, optimizing

flight planning and procedures, maintaining the airplane at peak to November, 1981. but they are still more than 32% of the U.S

efficiency, and so on, can disappear in a few minutes of un- petroleum used. A Senate report of December 1980 : states,

s-heduled holding at low altitude, or in an unexpected "The United States and our allies are likely to experience at

headwind, least two more decades of vulnerability to supply disruptions.

About 3% more direct fuel efficiency can be gained nation- political manipulations of supplies, and periods of panic buying
wide with reliable wind and altitude data, using off-the-shelf on the spot market." Some observers are more alarmed thanweuimet cosigabe wid a nd alie dapta eusipng -theand an this and criticize the lack of a U.S. emergency energy plan.equipment, costing about $1 mllion in capital equipment and an Others think the influence of OPEC is rapidly waning and that
initial annual expense estimated at about $600,000. The total foreign disruptions will no longer cause concern after arout ten
savings realized should be much greater due to reduced delays yor e S eat e repo apper ras on e, ate r wenand improved capacity of the ATC system. Unfortunately. years The Senate report appears reasonable, particularly when

and mprvedcapaityof he AC sste. Unortnatly, considering the continuing economic vulnerability of U S. alliesneither the NWS nor the FAA holds direct responsibility for the anderWete otinge nera
entire air weather system or its performance, while the budgets and the Western World in general
for both are fully committed with immediate responsibilities There appear to be no political analysts who are optimistic
But this potential is well known at working levels in FAA, NWS about the longterm vie for foreign crude import stability. On
and NASA at the present, while NASA is conducting a compre-
hensive data analysis to determine its cost effectiveness. It is tlive price stability, foreign affairs analysts state that future dis-

hoped that constantly-increasing budgetary pressures will not ruptions are not merel} likely, they are probable "Probable"means three serious crude-oil import supply disruptions may
prevent this highly valuable option from being investigated and mean te s erio r d ort supl disruptions mayadopted. occ:ur in any ten-year period and one such disruption is almost

sure to occur in five years One office has studied about thirty
Aircrqft Improvement Potential - Aside from the economy scenarios for Mideast instability Although they remark that

of operating existing aircraft more efficiently within an
improved system, there is, of course, the potential for develop- many of these may appear tmplausible, the aggregate is so large
ing more fuel-efficient aircraft. Present aircraft powered with they conclude one is almost certain to occur n a five-year
low-bypass-ratio turbofans can be improved up to 20% by in- period. Ironically, it may be one that they, have not considered
stalling high-bypass turbofans. Each airline must consider Depending on views about the supplydemand balance.whether this approach is cost-effective for its particular circum- opinions vary as to how serious a disruption will be Some
stances. Different variations of this approach are being pursued expect that the effects will be felt less than in 19)73-74 or in the
stnces. ifferet vmriomn yond s a r res ene purd Iranian-involved crises. Others expect the crude disruption willin the market. Improvement beyond 20% requires a new air be severe and that prices will double again. The net effect will be

fre tlyti, ai t eiz computerly newairplane.strongly dependent, not only on the depth of a disruption, but
Recently, aircraft synthesis and optimization computerit occurs.models have been directed toward minimum system costs, or The U.S. oil refining and supply system is largely a flow-

maximum return on investment, rather than toward the tradi- t h s. i t sad stocks sed sea lly o
• onal minimum aircraft purchase price. This approach applies through system, with static stocks used essentially to
more emphasis to fuel economy. As a result, while new aircraft acmoate flctatiock, the is t at d seve insuch as the Boeing 7 "7 .ind 767 may look much, the same, they privately-held static stock, there is not a great deal of reserve in

the system which can be drawn down in emergency. Somewill operate somewhat differently. For example, they will have
larger wing areas and fly at higher altitudes, even at short private storage capacity and extra stock has been establishedsince the two major price rises, but these are not great enough to
ranges. As a sidelight, they will then also be more susceptible to

fuel penalties if operated in off-design conditions. relieve the national situation. In general, U.S. internal operation

Manufact rers. research organizations, study groups and during a major disruption will be dependent on the Strategic
others, all are in good agreement that by 1990. new aircraft can Petroleum Reserves (SPR) and, of course, on ad hoc arrange-realize a fuel improvement over todays low-bypass-ratio ments that many users and suppliers may make.The SPR was being filled at a rather slow rate, averagingengined aircraft (727s. 737s and DC-9s) of 45-50%. There is a about 100.000 BPD until April, 1981. when a purchase agree-minority opinion that the following decade, 1990-2000 can aot10,0BDuniApi,11,weaprcsege-
e cty nonth at t0-,h0 e improvemein decade, 1990rn 0 A any ment with Mexico led to achieving its maximum fill rate of aboutexpect another 40-50% improvement in fuel burn. A majority 300,000 BPD. A U S emergency policy has not been es-
believe that the 1990-2000 improvement will not be so great.

As has been seen, these sizeable percentage improvements in tablished by the current administration, but the National Pe-

aviation fuel conservation do not amount to much on a scale of troleum Council (NPC), which advises the Secretary of Energy.

national energy. On the other hand, they are vitally important to recommends that the SPR should not be drawn down below 200

airlines. In the past. airline re-equipment has usually been based million barrels during a disruption emergency. ',' That amount

on competitive customer service and appeal, or on rising main- of bedrock reserve should be held for unanticipated critical

tenance costs with old equipment. In the future, airlines may emergencies. The SPR will not exceed 200 million barrels until

face a perpetual tension between fuel costs on the one hand and the middle of 1982: it will not reach a significant level until

capital equipment costs on the other. The leverage appears to be 1986-88. At that point, it would be able to supply about 3

increasing; airlines which encounter cash-flow problems due to million BPD for four months, optimistically about the rate of

fuel costs, may not be able to buy the new aircraft they need to foreign oil we may be importing at that time.

reduce fuel costs and remain competitive. At that point the U.S. is not off the hook, because its agree-
ments through the International Energy Agency (IEA) require
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sharing stocks with its allies in Europe and Japan in case of sophisticated steps toward fuel conservation and that it is
serious disruption, Because of these commitments and plain expected to continue to do so without any remonstration. At
international trade pragmatism, about half of the foreign affairs higher levels of import disruption, the NPC recommends that
analysts conclude the expected disruption in Mideast oil will airlines be urged to increase their load factors from the normal
lead to another doubling of crude oil prices. 60% up to the 70-75% range. General Aviation is judged to be a

In its report to the Secretary of Energy, the NPC reviewed all small energy consumer and important enough to industrial
elements of U.S. emergency energy consumption, including the management and general mobility of the economy such that no
participation of aviation. It observed that aviation is an impor- Tegiulations ot special actions will be applied
tant function and that it does not use a large percentage of the It is noteworthy that, for all anticipated levels of crude oil
U.S. total energy. Other than sharing in the national encourage- import disruptions, the NPC recommends no government inter-
ment to conserve energy, the NPC does not recommend any ference in either prices or allocations, unless major national
attention toward aviation short of a moderate or greater disrup- dislocations occur. They expect that buyer-seller relationships
tion (say, 3 million BPD disruption expected to last at least 3 will govern allocations, It is debatable whether the Administra-
months). tion or the Congress will follow these recommendations in ensu-

The NPC noted that aviation has already taken vigorous and ing legislation, or at the time the first emergency arises.
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Chapter 2

World and Long-Term
Energy View

With energy prices and supply/demand balances changing so such as coal will continue to make major contributions.
erratically during the past several years, it is not surprising that Although fossil fuels will eventually become minor components.
both the view of the current situation and the outlook for the they may never totally disappear from the scene.
future have changed rapidly. Many observers have spoken of 4 The major world energy problem today is the demand for
"the energy bridge" and have used a bridge as an analogy to our liquid fuels. Future long-term demand for liquid fuels will not
transition out of the present energy situation. In November, decrease: because of the needs of Less Developed Countries
1980, for example. C. C. Garvin, Jr.. Chairman of Exxon, spoke (LDCs), the press for liquid fuels will probably become more
to the University Club in New York, t2-11 saying, "The near-term critical with time.
challenge, essentially, is to construct an energy bridge to the 5. High costs of capital equipment needed for electrical dis-
twenty-first century. It will have to be a bridge built largely of tribution and storage indicate that little of the LDC energy needs
conventional materials - the traditional non-renewable fossil will be met with electricity. LDC and transportation require-
fuels - but it will employ to an increasing extent techniques ments will maintain and increase the demand for liquid fuels.
that are not conventional." 6. Because of this need for liquid fuels and dependence on

As mentioned early in Chapter 1, the most authoritative and the liquid-fuel distribution system, in the long run, world coal
certainly the most extensive world-wide, long-term analysis of and even nuclear power should be used more to produce liquid
energy transition was made by the International Institute of fuels than for heat or electricity.
Applied Systems Analysis (LIASA) over a five-year period at 7. In the world liquid-fue distribution system, petroleum will
Laxenburg, Austria. Twenty countries participated, with the Na- probably be replaced gradually by methanol and eventually by
tional Academy of the U.S. supplying 30% of the funds, the hydrogen. Hydrogen should become the world's dominant liquid
National Academy of the USSR supplying 30%, while the re- fuel by Year 2100. Hydrogen could emerge sooner, depending
maining 40% was shared among the others, which included on a variety of events.
representation from OECD, OPEC, and LDCs, (Less Developed 8. Worldwide, the capital costs of energy will increase sub-
Countries). This chapter is largely concerned with the IIASA stantially. By 2000, the industrial nations will spend about
findings. 100% more in direct capital funds per unit of energy. About

By inserting this chapter here, the sequence is different from 250% more will be spent per unit of energy in infrastructure and
the EXECUTIVE SUMMARY, where aviation fuel was reviewed environmental protection. The capital costs of energy for LDCs
first. There it was desirable to draw a picture of the aviation will rise four times as fast as for industrial nations (because their
situation before launching into the somewhat remote, long-term outlays are so low now).
world situation. But with that brief foundation established, here 9. IIASA concludes that future world energy needs can be
it is believed best to lay out the long-term base first, so that the met from the standpoint of both technology and economics, but
remainder of this report can proceed uninterrupted through solution will require every feasible energy option considered.
matters more directly concerned with aviation. IIASA did not address the purely sociological or political prob-

lems, or anomalies in world cost/price relationships. such as in
Board Room Briefing No. 2. petroleum today. [[ASA considers these problems to be formi-

1. In any forecast involving human activities over a period of dable and not necessarily solvable in today's international politi-

fifteen years or so, completely unanticipated events are likely to cal structure. Inevitably, they may produce much world suffering

occur which will affect the outcome of the forecast more than and death in the future.

any of the predictable inputs. 10. Man's activities will double the amount of carbon dioxide

2. Whatever the undiscovered stores of world petroleum re- (CO 2) in the world's atmosphere by Year 2030. It is not yet

sources, they cannot supply world energy demands indefinitely, known what the effects may be, or to whom. By the time these

Other energy sources must provide major contributions. No answers are determined with assurance, it may be too late for

single source can supply most of humanity's needs; several remedial steps. Many believe the process will be irreversible by

energy sources and forms will replace petroleum over the long the time the effects can be determined with any assurance.

run.
3. Transition into an energy system without major reliance The IIASA study is already somewhat a victim of its own

on petroleum will take more than fifty years, due to capital forecasting. Who would have expected that one of the prover

expenditure and sociological difficulties. Hydrocarbon fuels bial erratic events might occur before the end of the first year?
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But. in fact, it has No one conceived that the United States, the as resistance against nuclear development and expanded use of
world's largest energy user. or the rest of the world could coal, are sociological. It may be expected that resistance against
achieve so much conservation and reduce the demand for hydroelectric power (one of the most environmentally disturb-
energy so drastically before the end of 1981 This trend began ing power systems), solar power, wind power, oil shale and
slowly in 1973-74 and was developing at the time the IIASA nuclear fusion (which may be as difficult radioactively as fission)
report was being written But its true nature could not be dis- will have to go through sociological evolution before fully
cerTied as recently as a year ago. We still may not appreciate its accepted, or before compromises can be developed.
full effect. Lastly, Europe experienced a serious firewood crisis during

Today. an IIASA reassessment of its analyses and conclusions the middle part of the nineteenth century. If coal had not been
would almost certainly yield more optimistic results. Over a available at that time, the industrial revolution would have been
period of 20, 40 or 70 years, a small difference in cumulative significantly delayed. About fifty years expired before the use of
percentage trend changes the results dramatically. (The classical coal increased from 20% of total energy to 50%. (Owen Phillips
rule of thumb is that 1% doubles the result in 72 years). of Johns Hopkins has also pointed out a wood crisis in England
Between 1979 and 1981 the world reduced its petroleum de- near the end of Queen Elizabeth's reign). 2 

5

mand by almost 5 million barrels per day, or over 9%.
t
22.2 31 IIASA analyzed statistically the history of five major energy

While this trend will not be sustained, it suggests a reevaluation resources in the U.S. - wood, coal, oil, natural gas, and nuclear
of all forecasts made before the middle of 1981 and a close energy and found 7emarkable similarity in their patterns. On the
examination of the assumptions in forecasts made later basis of trend, they conclude, for example, that solar power will

This report, then, is being written at a time of double, triple or penetrate only 7% by 2030, which they remark is probably
multiple uncertainty. It can only be hoped that trends in the near much less than many people would hope. On the other hand,
future will be mild, or will cancel each other enough so that this they point out that solar contribution would then be equivalent
report can have a reasonably useful life. to 22 million barrels of oil per day, the total 1975 production

capacity of the Middle East and North Africa combined.
The IIASA Study One of the shocks one experiences over and over again in

IIASA is a non-governmental research institution founded in considering energy needs and comparisons is the fact that their

October. 1972 by the academies of science and equivalent sizes are often incomprehensible. We apparently can conceive

scientific organizations of twelve nations from both East and distances of light-years in space with little difficulty, but there

West. Its Energy Systems Program was begun in June, 1973, seems to be no way to ge a mental feel for the amount of oil the
with approximately 150 specialists and analysts from twenty U.S. uses each day, for example.

nations, which represented all components of global interests. So, in terms of the energy bridge, IIASA figuratively regarded

Its Phase 1 Report, Energy In a Ffnfte World, was released in its terminus as being obscured by at least three fog banks (three

early 1981 in two volumes, the first being a summary of 225 15-year intervals of unforeseeable developments in the 50-year

pages. period). As shown in Fig. 2-1, it might be said that they fired a

In the Preface, it states, IIASA is a small research institution, 50-year test shot out from the petroleum base. They did not

and the group studying the energy problem was relatively small. score a hit; they got a splash. Their analysis showed it was

We therefore did not judge it useful to compete with the energy highly unlikely that the capital investment for a significant tran-

research of larger national and regional groups. Our intent was sition from petroleum could be laid down within fifty years. On a

to complement their work by providing a long-range, global more subjective basis, they also concluded that sociological

view of the problems facing civilization. In particular, we aimed resistance would not permit technological progress at the rate

for complementarity with the Workshop on Alternative Energy required to reach a firm base in the fifty-year period. They

Systems (WAES) 24 Similarly, our thinking was stimulated by concluded that the possibilities for both were fairly good by

the World Energy Conferences of Detroit (1974) and of Istanbul seventy years. in 2050. But that meant adding almost two more

(1977) and by our contacts with major groups in the energy field cycles of unforecastable developments (fog).

such as those of the Academy of Sciences of the Soviet Union Even at the end of the seventy-year transition period, it was

and the European Community." evident to them that the result was by no means as conclusive as

IIASA points out that a concept of "The Energy Crisis" is many had hoped and expected. The whole gamut of energy

innacurate, or at least misleading. After a crisis, recovery is sources and forms will be required to meet the world's projected

expected and a previous life can be resumed. The world's con- needs, exploiting each application where it is economically su-

cern with energy is chronic, will continue indefinitely, and the perior. In 2050 the world will still be using considerable fossil

world must learn to live with it. As we have already seen, the hydrocarbon energy, especially coal.
situation may take turns for the better or worse as history IIASA did not entirely share the author's ent? .siasm for na-
unfoldsn tural gas, partially because, while the World Energy Conference

IIASA considered the world energy picture first by checking reported an encouraging outlook in its chapter on gas, it did not

for a solution in a fifty-year period, that is. by 2030. There were include this optimism in its summary for the Istanbul (1977)

several reasons for this selected goal. First, although the world's session. The Munich (1980) session is still cautious. In part it

population is in its steepest growth rate during the study period, states, "Compared with the long history of the use of oil, the

they hope that it will have essentially stabilized by that time. gaseous hydrocarbons have only come into use recently. The

"Quite simply, in a finite world, exponential growth must ulti- intensive utilization of deposits containing solely natural gas has
mately stop."" 6) The converse is also true; if the world's been only taken (sic) place in the last few decades, starting out
population is not stabilized by 2030, transition in world energy with the deposits that lie directly adjacent to consumer centres.
will be more traumatic than expected. Even now, associated gas arising during recovery of oil remains

Second. fifty years represents two generations, both in human totally unused in some cases.. . . During the last 20 years, the

experience and in capital equipment. Transition in major capital utilization of natural gas has made an astounding expansion, and

equipment is slow;' therefore. IIASA concluded that two genera- without doubt even today has not reached its peak. The rela-

tions would be required to bring really different equipment tionship of proved reserves to current production is nearly 50:1

concepts to bear. Similarly, some of our current problems. such
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and is thus considered more favorable than in the case of oil." could survive in 2030 on double the energy it used in 1975.
Gas then and now. is regarded by many as an ineligible player. With world population doubled in that period, consumption per

capita would remain the same, but the distribution among world
IIASA Conclusions regions would change, with LDCs getting a much larger share.

"The 'energy problem,' viewed with a sufficiently long-term This would naturally mean that the per-capita consumption in
and global perspective, is not so much a general energy prob- industrial countries would decline substantially. And the fifty-
lem: Strictly speaking it is a liquid-fuels problem - or, more year period would be critical, if the world could accept that
precisely, an oil problem. Thus, the problems of balancing adjustment, subsequent periods would be fairly well stabilized.
global supply and demand for liquid fuels pose a unique chal- The industrial decreases in energy use had to be consistent
lenge. In our scenario writing we restricted the use of liquid fuels with an assumed 2'0 per year growth in GDP (Gross Domestic

to their most essential purposes only - that is, as transportation Product)
fuels and as feedstocks for the chemical industry ... Never- It appeared that these goals could be met only by. drastic
theless . . . in spite of vigorous measures to conserve liquid changes in economic conditions and lifestyles, in addition to
fuels, these fuels still represent the major component of energy technological improvement: There, (energy for) the manufactur-
use in the scenarios in 2030." ing and basic materials sectors would go down, while the ser-

In his verbal presentation at the Eighth Energy Technology vices sector and the share of machinery and equipment within
Conference, March 11, 1981 in Washington, Professor Wolf the manufacturing industry would go up. Intercity transportation
HAfele, Deputy Director of IASA and Program Leader of the would remain at 1975 levels, despite the assumed 2 percent per
Energy Systems Program. commented that if the industrial na- year GDP growth. For Region I (North America), bus service
tions gave the LDCs enough nuclear plants for the energy they would double and train services quadruple, whereas air traffic

will need, neither the LDCs nor their benefactors could afford to service would be reduced." A gloomy prospect for aviation, one
supply the electrical distribution and storage systems that would that IIASA did not consider feasible.

also be required. Similarly, if the price of photoelectric cells In viewing North America, IIASA concluded its future will be,

reduces to zero, neither LDCs nor industrial nations would be I dominated by three considerations - a post industrial,
able to afford the concrete, steel and other equipment to install mature economy. 'slowdown.' substantial energy savings be.

and control them in the quantities required. The only prospect cause of technological advances and some restructuring of

for distributing energy in the quantities required appears to be economic activities 1but they could not foresee how much con-

the liquid-fuel distribution system, expanded and evolved as will servation could occur so soon) and a rapid buildup of coal
be needed. liquefaction industry to replace domestic and imported oil. None

.IIASA noted that, "Over the previous twenty-five years. of these changes, except possibly the last. is expected to pro

global primary energy demand has grown at a surprisingly con- duce profound or sweeping changes in lifestyles of North Ameri-
sistent 4.8 percent per year ... by 2037, the growth in cans.

energy use in that year alone would exceed the total amount of As a matter of interest, IIASA expects North American real

energy consumed in 1975. The question then is not whether growth to drop from 3% to I -to-2% after Year 2015 and per

energy growth will slow down, but when, at what level, and in capita GNP to be "somewhat lower." "People's traveling and
which world regions?" IIASA analyzed high and low scenarios other energy-consuming activities are expected to saturate.

for economic growth. as well as possible energy consumption meaning that aggregate growth will be slower They would

trends for various world regions. "It is possible to design sce- still commute to lobs, take vacations, drive automobiles. An all-
narios of extreme energy conservation. Balancing supply and bicycle or an all-high-rise apartment future is no, likely "

demand can be achieved either by going to the extreme on the "The environmental, labor, water and transportation issues

supply side, which means facing all the troubles of advanced surrounding coal production in the United States cast some

supply, or by going to the extreme on the demand side, which doubt about rapid coal production increases. Yet the liquid fuel

means encountering all the hardships of enhanced energy- demands seem irreducible, and the coal resource is available.

saving measures." The world would need the coal-based liquid fuel supply that

IIASA explored this issue by examining the extremely low Region I could export The major global alternative to
case of energy demands proposed by Dr. Umberto Colombo of coal liquids would seem to be shale oil - also an export from
the Club of Rome in 1978. Essentially, he assumed the world this region the dominant sources Iof primary energy use)
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would be nuclear energy and coa; based un the aggregate For those concerned more with North America or the United
of supply constraints and market restrictions 'With greater flexi States than with the world picture, the WEC material may be
bility in these ,onstraints. a coneivable big energy source for best used as an oblique reference Its U S members, in fact, are
the future in Region I could well be natural gas." actively engaged in day-to-day energy matters As oil company
. IIASA was more pessimistic about the future of petroleum chairmen, they frequently report to their stock holders and make
than is the author and statements made by U S oil industry speeches to interested groups such as brokers and economists
representatives since the IIASA report. which will be covered Tr.e academic members publish frequently government em-
later in Chapter 3 IIASA concludes, " known reserves of ployees issue regular reports and are available for consultation
conventional oil in the worlds market economies are almost The U S (Geological Survey also performs world-wide assess-
exhausted by the year 2010 This is essentially the man in the ments in which they use WEC data or information from many of
street's perception of the energy situation, and in this respect, he the same sources as WEC The WEC material may serve best for
is correct. We therefore had to search for new reserves of con Americans, therefore, as a long-term or moving-average assess
ventional oil. Mexico being a case in point But in our scenarios ment It cannot respond rapidly to current trends and develop-
we accounted for all the Mexicos to come. and still oil produc ments
tion did not go above the level of 25 million barrels per day
toutside Region VI, Middle East North Africa) We were then WEC Report - In that context, results from the WEC 1980

forced to go to unconventional oil sources, such as the Atha- Conference. Survey of Energy Resources, are briefly sum-
baska tar sands in Canada and the Orinoco heavy crude oils n marized The document itself frankly discusses imitations n its

Latin America. recognizing the new geopolitical patterns that processes, such as using bar graphs to show responses. and lack

would develop when the unconventional oils began to play such of response, from various world areas and nations on different

a role." reporting matters

"But even turning to unconventional oil sources was not Of the world's total 383 PJ kperra-Joules. or 10:',J in esti-

enough, and sometime around the year 2000, large-scale coal mated available conventional energy resources. 33 4 PJ. or

liquefaction would become a necessity, yielding a total oil pro- about 113% is proved and the remainder is estimated, yet to be

duct;on outside Region IV (Latin America) that would still not discovered. Of the total, almost 83% is in coal. 16% is other

meet the minimum demand for liquid fuels required for essential hydrocarbons. and just over 1% is in uranium

uses. "In the last 20 years the majority of estimates made for the

This conclusion might be modified either by the now- total quantity of oil recoverable 'ultimate recovery" lie in the

recognized world improvements in conservation, or by ac- range 240-360 x 10' tons The figure of 354 x 10" tons,

celerated success m conventional oil production which is excluding NGL (natural gas liquids). for 'ultimate recovery

expected by the author A world-scale upsurge in natural quoted in this report also lies within this range. and can be

gas production and consumption could affect this situation dra- considered conservative in comparison with some of the esti-
matically mates " Up to the ?nd of 1978. approximately 15% of this total

had been recovered. In natural gas. 9% of the estimated ultimate

World Energy Conference (WEC) recoverable resource (293 x 10 1 m3
) had been produced by the

end of 1978.
WEC Organization - The WEC is undoubtedly the most uni- "Without doubt, the ultimate potential of the oil shales and
versal and prestigious energy organization in the world. It was bituminous sands is very h*gh. but it is currently not possible to
organized in 1924 and has 76 National Committees made up of estimate how significant they will become in the future in help-
the outstanding energy experts from its member countries. ing to satisfy a proportion of the world primary energy needs It
Although not a part of the United Nations structure, it functions depends on what advances can be made in the development of
as the UN body for energy assessment and forecasting on the suitable production and treatment methods The experience
senior level. It is chartered to promote the peaceful use of gained up till now is not sufficient to be able to give an accu-
energy by evaluating resources, considering energy consump- rate statement on the possibility to develop and improve the
tion and economics, publishing its findings, and holding triennial presently known techniques, and certainly not sufficient to be
meetings for review and discussion. As has been noted earlier, able to indicate the actual costs that can be expected in manu-
its past three meetings were held in Detroit (1974). Istanbul facturing marketable products."
(1978), and Munich (1980). This assessment seems rather cautious in view of the exten-

While its membership assures access to the best energy data sive and vigorous moves that U.S. major companies were mak-
available, its size and schedule inherently handicap the opera- ing in oil shale at the time of the WEC report On the other
tion of WEC, Information is gathered through national commit- hand, it may mean that Exxon's oil shale cancellation is based
tees. as well as from non-member nations, typically through on fundamental factors and it is sobering to see how those
questionnaires in order to maintain consistency and compara- efforts appear to observers viewing the picture from the global
bility; no mean task. Even within countries as developed as the plane,
U.S.. maintaining consistency of definitions and assumptions in WEC concludes that reserves of oil shale and sands are
recording inventories or in forecasting discoveries can be pre- greater than reserves of conventional oil. and that the reported
carious. estimates are conservative. Also, "One could expect that the

In its reports. the WEC advises that the quality of information yearly world gas production will continue to increase. Just as in
varies widely among members, while geological exploration the case of oil, consideration of the production of natural gas in
levels in world regions are tremendously different. But they the different country groups shows clearly that future develop-
apply great professional effort to data analysis and, for assem- ments depend on political decisions. Mainly the OPEC coun-
blage at the global level, the WEC information is doubtless the tries, while possessing a reserve situation that is good to very
most comprehensive there is. It is usually the base reference good and a comparatively small production, are technicallh able
selected for studies concerned with global energy matters. How- to make a considerable increase in production capacity in the
ever, particularly for U.S. users, other analyses which employ short to middle term."
the WEC information may be more applicable and timely.
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"Since lq73,74. pricing of the world oil market has been means to disconnect it from the nuclear fuel cycle and peaceful
uncertain as it has been mainly politically determined. There- uses of the atom
fore, it is hardly possible to estimate the future development of 12. Dr Klaus Knizia. president of West Germany s National
the oil market prices The degree of exploration on hy- Committee to WEC, responded to Chancellor Helmut Schmidt
drocarbons varies considerably from region to region. North that engineers and scientists have been living up to their re-
America stands out far above all the other countries: in the sponsibilities in reporting on nuclear affairs and. " it is the
Western World approximately 90% of the total drilling activity equally important responsibility of the politicians, the public and
made up to now has taken place in only 23% of the prospective the news media to listen to the scientists and engineers, rather
areas." than to the opportunists " He also remarked. "The starving

millions of people in the world face risks everyday that make the
WEC 1980 Meeting - The United States National Commit- nightmares of some o! us in the affluent societies pale into
tee reported' some interesting observations from the insignificance Adequate energy is one means to reduce those
11th World Energy Conference lover 4000 conferees from 82 rss othemilnsadwecntfatem"

countriesl. held in Munich from September 8 through 22, 1981 risks for those millions, and we cannot fail them

1. Conventional oil supplies will decrease from the 1900s WAES Report - As noted earlier, the IIASA report inten-
onward. Natural gas production will follow the same pattern. tionally avoided repeating other studies and, " aimed for

2. One of the decisive energy factors worldwide will be the complementarity with the Workshop on Alternative Energy Sys-
development of nuclear power in the industrialized nations. tems (WAESI," which was completed at MIT in 1977 2 4

3. Coal will be increasingly important, but its production. Depending on how one looks at the results. it is either en-
transportation and handling problems will be formidable. couraging or discouraging to consider the WAES report in the

4. World banking will be able to finance energy develop- light of succeeding events, Encouraging because the picture has
ments. provided national policies reduce consumption and per- improved so much, discouraging to see how obsolete a highly
mit formation of large amounts of risk capital. expert and professional study can be rendered in such a short

5. Solar low-temperature applications will increase but high- time
temperature applications will require much more R&D. In its introduction, one member of WAES concluded that

6. Geothermal sources will increase in importance. but con- world oil will, - run short sooner than most people
tributions from other renewable sources will be modest realize." The prediction was placed at around 1985-1995, as

7 Other countries are telling the U.S. to do the things we early as 1983. It should be noted that the conclusion was based
think we should be doing. Third World countries particularly on then current oil prices. While WAES concluded that oil
urge the U.S. to accelerate domestic coal and nuclear develop- production would fail to meet demand by 1985-1995 even with
ment, in order to leave more of the world's finite oil supplies for a 50% increase in energy prices, it is only fair to note that prices
them. increased more than 100% since their report

8. "Speaker after speaker from nation after nation - indus- Some other conclusions from WAES are worth noting, either
trialized a. well as developing - underlined the central, key- because as a U S view they differ somewhat from IIASA, or
stone role which nuclear power must play if the world is to have because they confirm and strengthen what otherwise might be
an energy resource base adequate to support all its people at considered a more foreign IIASA attitude. iAlthough the largest
acceptable living standards." group of IIASA participants was from the U.S.. the report's

Even the USSR Minister of Power and Electrification conclusions were written essentially by its director. Dr. Hafele).
expressed the opinion that opposition to nuclear power in cer- WAES does not expect any of the solar energy forms to be
tain western countries is transitory and will disappear when the significant before 2000. Since they were then only emerging, it
need for nuclear power becomes unmistakably clear, was particularly difficult to estimate their costs or environmental

Representatives from industrialized nations were surprised at effects. They noted that any energy source, to have a significant
the endorsement nuclear powee received from many Third effect in the U.S.. must be able to replace millions of barrels of
World and oil-exporting countries. Oil-exporting countries want oil per day. Large investments and long lead times will be
to development oil-independent economies with nuclear and needed for any energy developments
solar energy before the oil market subsides. All WAES supply/demand scenarios assumed much energy

9. Synthetic investment costs will be high, reported by Fred conservation. Electricity from nuclear fission must make a sub-
L. Hartley. Chairman of Union Oil and Chairman of the Ameri- stantial contribution: fusion cannot be significant before 2000.
can Petroleum Institute. He presented investment costs which Coal needs deveiopment, but should become a large segment of
now look moderate ($40,000 capital investment per daily barrel energy supply. "Natural gas reserves are large enough to meet
of oil produrtinn, vs. $100,000 being quoted now by project projected demand provided the incentives are sufficient to
managers). E,ut a shale plant will deliver a constant production encourage the development of extensive and costly intercon-
rate, rather than declining as do oil wells, and is considered a tinental gas transportation systems." Oil sands, heavy oil and
better hedge against inflation. shale are likely to supply only small amounts before 2000

10. Renewables (solar, wind, biomass) should play a vital "Other than hydroelectric power, renewable sources of
role in increasing energy per capita in Third World countries, energy (solar. wind power, wave power) are unlikely to con-
But arguments many Americans have made about the need to tribute significant quantities of additional energy at global level
put renewables in economic perspective, were echoed by Euro- although they could be important in particular areas."
peans, Russians. Chinese and many LDC representatives. The critical interdependence of nations requires unprece-

11. Countries must discuss and solve public understanding of dented international collaboration, common purpose, and
nuclear power as a safe, environmentally acceptable energy immediate action.
source. Dr. Peter von Siemens, the newly elected President of
the WEC, called for a "trialogue" with the oil-producing coun- CONAES Report - The report of the Committee on Nuclear

tries, the industrial nations and the LDCs. Among other matters, and Alternative Energy Sources (CONAES of the U.S National

they should cooperate toward solving nuclear proliferation and Academy of Sciences' 2 =; was not available prior to completion
of the IIASA report although. particularly since IIASA's Dr.
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Hifele was from the German nuclear energy establishment, the There are no energy options without drawbacks. "Even
two groups doubtless had good communicatc)n Like IIASA, the various solar possibilities entail adverse social. economic and
CONAES study did not project energy supplies and demand. but environmental effects of different types and magnitudes, on
explored scenarios of different levels different time scales, and affecting different reg:ons in different

Among other conclusions. CONAES noted that while L; S ways Even the 'best' choice for i nation will have drawbacks for
energy shortfall was in fluid fuels, most ot the newv options are in some people, in some places." Solar energy is downplayed
electrical power. which is only about 10% of S energy eno because. -' for a long time, much longer than our twenty-
uses. The supply of fluid fuels was seen to become cr.tical :n the year perspective, physical scarcity in nonsolar energy is not the
1985-2000 period, acknowledging that forecasts zouid not be problem"
reliable. The future was considered largel,, unpredctable and Harvard - The 1979 Committee for Economic Develop-therefore, the U.S should develop a 'arieto. Di options ani. Hrad- h 99Cmite o cnmcDvlp
"Should nort become dependent on a monooirtre o such an- ment,2 9 states, "There is a fundamental reason why the ques-had in oil." tion of how much petroleum, gas and coal exists does not admita definite answer It is that the amounts of fuel that can beThe road the U.S. takes will be deterineci are. ao poconc- economically exploited depend on the prices people will pay for
choices, guided by the type of society desirec A rnaio7 conclu them. Even from abandoned deposits there is oil to be had at
sion of the study was that technical efficiency measures alone higher extraction costs. . . The 'energy problem is not bestco u ld re d ' ce U .S . en ergy co n su m p tio n b y hailfz h r e t a t o o t . . T e ' n r y r b e s n t b s

Thuldreue U.AS. Senergy esorces Grb p o d s described as a comparison of demand with supply and the emer-
energy could conR.ebute substantially to U o energy by 20 gence of a gap between them. but as a prospective rise in theesecost of fuel "with strong government support. but energy prices alone wouldnot eveop te slarmarkt. f simulteoenogh t mae a Just knowing whether or not some important synthetic fuelsno t develop the so lar m arket. If stim ulatec: eno ugh to m ake a w u d e e t al e c m e i i e r k o i g t e w rd f e
sizeable contribution (15-20% of national energy consumption. a .woud eventually be competitive, or knowing the world fuel
the costs would be measured in trillions of dollars over a 35- rices a ke which they become competitive, could help to avoid
year period. serious mistakes in energy planning. Synthetic liquid fuels at a

The CONAES Risk/impact Panel concluded that hydroelectric premium above the world price of oil, could be worth their costis te mst dstrctie toecoystes 3omas isnealy f they reduce oil imports, even though the consumer would not
power is the most destructive to ecosystems 3iomass is nearly
as destructive: use of land, depletion of fertility, use of ferti- pay that price."

lIzers, risk of fast-growing plants developed. Among fossil fuels. Harvard Business School - The Report of the Energy
shale oil and coal-derived liquids are probably the most damag- Project' 2 10° looks at the energy situation from a more quar-
ing. Nuclear is relatively small, but light-water reactors require titative viewpoint and discusses various models available. It
more mining of uranium (which fast-breeders would avoid). includes a history of the oil situation and chapters on natural
Solar ecological impact is probably mild, but poorly known. gas. coal, nuclear, solar and conservation. It explored how dif-
Ocean Thermal Electric Conversion IOTEC) might cause impor- ferences in assumptions could vary forecasts for 2000 from
tant ecological impact. -60% to +230% Due to its large market and resources, the

All these matters are discussed further in Chapter 10 and in U.S. tends to pull other nations into similar energy policies. The
Volume 2. purpose of U.S. energy policy should be managing the transition

from a world of cheap imported oil to a more balanced sSstem.Fohe Futre - chi 197 Hsho an-berg of Rudesures Ford The U.S. will be fortunate if it finds enough new oil art. -- to
the Future (RFF), chaired a short-term study '2 8 under Ford miti rdcinlvl.Icesdpiemyb oe r

sponsorship. The study wisely pointed out that keeping abreast maintain production levels. Increased price may be more. )or-
of day-to-day developments is the job of the press but that, even tant, by reducing consumption, than increased productor..of ay-o-dy dvelpmets s te ob f te pessbuttha, een Environmental and social si derations ,'f energy sources.
in the twenty-year period they considered, serious shocks and Eeillyecoal and nucl seion s we as

surprises are certain to occur: surprises will be both pleasant p e i th o ted l . cuse -r- t wll a s

and unpleasant. "The future of energy costs and world prices problems with imported o. e free markct will probably not

over our twenty-year period is essentially unpredictable . " correct nor eliminate its price dis-ortion.

The U.S. should use some ingenuity, rather than brute dollars The Global 2000 Report to the President - This federal
and obvious massive programs, to solve many of its energy report12 i1 released in January, 1981, is concerned
dtfficulties. Since our energy needs are almost certain to project with all aspects of the economy. With respect to food, it
us further into environmental and social costs, we must regard observes, "Most of the elements contributing to higher yields -
them as part of the problems to be solved, rather than separate fertilizer, pesticides, power for irrigation, and fuel for machinery
impediments. - depend heavily or oil and gas." The LDCs will have trouble
If the U.S. elects to produce, say one million barrels per day of meeting their energy needs and the outlook is black for the

synthetics, 1/8 of the then current U.S. oil imports, at least $40 quarter of mankind using wood for fuel. There will be continuing
billion of capital and a ten-year lead time would be required. depletion of the world's forests.
RFF noted that the total costs of producing oil in the Middle "By 2000 nearly 1,000 billion barrels of the world's total
East was less than a dollar a barrel. MidEast production could be original petroleum resource of approximately 2,000 billion bar-
improved by convincing them that there are more attractive rels will have been consumed. Over just the 1975-2000 period.
investments than oil in the ground. the world's remaining petroleum resources per capita can be

"Because the energy problem is primarily one of cost, a expected to decline by at least fifty percent ... Most nations
successful energy R&D program is one that lowers cost (includ- are likely to be still more dependent on foreign sources of
ing external costs due to environmental damage and import energy in 2000 than they are today."
dependence); a project that simply adds to the long list of
known ways to get expensive energy is of little value. Brookings - In a 1979 report. Setting National Priori-
. .. Barring misguided public policies. nations will presumably ties - 1980s82 12 edited by Pechman. the energy situation
proceed from conventional to unconventional resources by is considered as a part of the entire international situation.
minimizing their rate of cost increase." "International cooperation is impeded by lack of understanding

of how the international economy works, b\, clash of natioal
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interest and by universal unwillingness to surrender national This problem is complicated, not only through the use of
sovereignty, The problem is compounded for the oil-importing carbon dioxide by chlorophyl in manufacturing plant food, as
countries." well as by deforestation and burning of forests, often from

"Energy policy, especially that for oil, will be crucial. Inas- natural causes, but by interaction between atmosphere and
much as a consumer-producer agreement on oil supply and oceans, where tremendous amounts of carbon dioxide are held
pricing seems unlikely, the Atlantic countries will have to con- in solution. Further. volcanic eruptions release carbon dioxide
centrate on conservation and the development of alternati'/e (and also dust, which can reflect sunlight before it reaches the
energy sources. A more effective international policy for con- earth and reverse the heating process), while enhanced oil re-
servation can be achieved. Nuclear safety, the international covery is looking eagerly at natural carbon dioxide wells as a
regime for nuclear fuel services, and environmental problems source for flushing greater quantities of oil from depleting fields
associated with increased coal use will require the cooperation Will EOR processes of this type inject more CO 2 than they
of the Atlantic countries." release? Will the amount be of any consequence"

This subject is reviewed in more detail in Chapter 10 andNorth-South: A Program for Survival - Reports on a 1980 Volume 2, but the situation can be summarized very briefly
study conducted under international sponsorship, chaired by ex- Burning of any hydrocarbon fuel releases CO, into the atmos-
Chancellor Willi Brandt of the Federal Republic of Germany phere So do many industrial processes Most synthetic fuel
(FRG), and popularly called 'The Brandt Report." 2 13 Unfortu- production will release more CO in their manufacturing process
nately. as noted by The Washington Poet, the report was issued than when the fuels are finally urned, which also releases the
when other news was occupying the world stage and, as a conventional amount of CO 2 Considering the likelihood that
consequence, received little attention. It is concerned with the t

entie wrldsitutio; i cotain on chpte speifiall on these activities will increase. while deforestation of world areas
entire world situation it contains one chapter specifically on (which has a bad history and may be worsened by operations inenergy affairs., areas like the Amazon) may increase at the same time, some

It points out the crucial role of petroleum and liquid fuels in ares is ted.
world functions and survival. "All parties have a mutual interestis justified.world fution and urvtivnal. "rallprts ave atal itert Unfortunately, as in attempting to answer other climatic ques-in creating an international framework and political climate for tions, the lifespan of man's measurements has been short in

trusting collaboration, for long-term exploration and develop-
ment of energy and an orderly transition from oil to renewable comparison with world temperature cycles, deduced from geo-

logical and other evidence. In a National Geographic article ofsources of energy." Steps toward an an international policy are November 197612 i5, it is concluded that, "We are living in one
needed immediately and prices will play an important part in the of the warmest periods of the past million years." The data show
transition. "Special arrangements including financial assistance that our past 10,000 years have been unusually warm and that
are needed for poorer, developing countries." there have been only three such periods in the last million years.

The report notes that the first urgent need is toward reforms That is. fewer than 50,000 years of the past million have been
and stability in international currencies. "We believe, however,
that the world cannot wait for the longer-term measures before warm enough for modern agriculture !f we are living in a rarewarm period which represents less than half a percent of the
embarking on an immediate action programme for the next five earth's normal climatic history, we might conjecture that we
years to avert the most serious dangers -. " Elements of this should encouraqe, rather than discourage, future atmospheric
action should include: heating.
1. A large-scale transfer of resources to developing countries. The trouble is, we don't know when the next cold cycle might
2. An international energy strategy. begin. We could heat the globe too much before the colder
3. A global food programme. weather arrives . . . or we might detain the cold cycle from its
4. A start on some major reforms in the international economic "normal" occurrence. To further confuse the picture, the Li-

system. brary of Congress advises that data recorded at both the earth's
ice caps can be interpreted to indicate that the trend toward theFor a reader interested primarily in aviation or even U.S. fuel next ice age started in 1960.

prospects, it is not believed justified to dwell longer on world At the specific request of Congress, the National Oceanic and
energy prospects or on the significance of the numbers. They Atmospheric Administration is about half-way through a two-
will be encountered later in this volume from the perspective of year study to make the best assessment possible of CO 2 in the
the U.S., as well as later in Volume 2. atmosphere and its probable effects, exploiting present data and

For more quantitative data on world energy, the author be- techniques. The Meteorological Office of the UK has undertaken
lieves the most useful, convenient reference of the world energy a parallel study. So. in one to two years, results should be
picture is compiled by Dr. Joseph D. Parent of the Institute of available as far as analytical technology can forecast. But it is
Gas Technology. 2 -14 1 Fortunately, his current issue is also generally estimated that at least ten to twenty years of recorded
probably the latest global compilation available; its analysis weather may be required to test the theoretical results.
begins with the 1980 WEC data. The answer by that time may be rather academic. The con-

Global Carbon Dioxide - There is world-wide concern about sensus seems to be that by the time we have enough data to
carbon dioxide because of the "greenhouse" effect it exerts by confidently read the result, if CO 2 does undesirably warm the
trapping heat within the earth's atmosphere. Like the glass in a atmosphere, the process is likely to have become irreversible. If
greenhouse, carbon dioxide is transparent to solar radiation. But this likelihood should become firmly established or if popular
when solar radiation is absorbed by the earth's surface and re- opinion should become as militant as in nuclear energy, there
radiated as infra-red heat, the carbon dioxide is opaque and might be strong inhibitions against burning hydrocarbon fuels
traps the infra red. The question is whether this heating effect is and, in particular, manufacturing synthetic fuels from hydrocar-
enough to change world climate and, if so, what will be the bon bases.

effects in various parts of the world.
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This contingency is one of the factors which encourages hy- exposed to high temperatures, which can combine natural oxy-
drogen advocates. In the near term, CO 2 repression coLid also gen and nitrogen into varieties of NO).
mean repression of hydrogen manufacture, because production But what if more CO 2 should be consumed in new fuel pro-
of hydrogen from hydrocarbon feedstocks, like other synthetic duction or other industrial processes; what if CO 2 Is used more
processes, generally releases large quantities of CO 2 . But hydro- extensively in greenhouses and other horticulture to accelerate
gen produced by water-splitting, electrically, chemically, photo- plant growth? If ocean culture becomes practical, can it be
chemically, or by combinations of these processes, using, for stimulated by CO 2 injection? Today there are already processes
example solar, nuclear or geothermal energy as the driving for which CO 2 is manufactured at a cost. Perhaps man can
force, would release no CO 2. And, of course, hydrogen as a fuel develop the ability to create or stabilize an optimum CO.
releases only pure water vapor (unless in the process air is balance in the atmosphere, if he can determine and agree on

what that should be.
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Chapter 3

U.S. Aviation in the Fuel Market

Board Room Briefing No. 3 aircraft lose their value more rapil I The pressure on airlines
is increasing Those that suffer from fuel nefficiency may

Refer again to the BRB items of Chapter I:' they are as be unable to finance the nev. aircraft that .jould make themimportant to aviation fuel prices and market forces as those

added here: compethtve
1. U.S. aviation fuel demand increased rapidly, nearly 10% 8 Before the oil price rise of 173 74 the world market

per year, from 1976 to 1979. it is unlikely to increase at that price for crude oi was lower than replacement costs explora-rate again within the foreseeable future. tion and developmenti for new crude. With world demand
2. The 1976-79 increase in et fuel consumption did not increasing rapidly at that time toward the world production rate,
even reTeonthe s6- ncrale o ina pet l consumption , a sharp runup in price was inevitable The OPEC embargo andeven register on the scale of national petroleum consum ption. p i e i c e s s s m l c e t a e n o k a v n a e o h

which experienced a net decrease during the same period, price increases simply accentuated and took advantage of the
3. Due to the controllers strike and decline in the economy. 9. The most influential fator in shorterm prices other than

aviation fuel consumption has declined in 1980-81 and will a Tu e-o il ei al c tor i O PEC pr i o po licy
probably continue down slightly through 1983. Toward the end
of 1983 it should begin a recovery and, after 1984. resume a OPEC is scarcely an ideal cartel, with its many nternal stresses

normal' growth of about 5% per year or less. But Saudi Arabia produces almost half of OPEC's supply and is

4. able to vary its production rate significantly without harming its
Action peakdindstryc n tday would saylthatoU.S.ioilpr economic interests. So near term price is effectively dependentduction peaked in 1970 and that world oil production must o ad rbaspouto oc

decline from 1990 onward. Many forecasters and observers now on Saudi Arabia's production polcy.
consider that view too pessimistic. The outlook appears to be 10. With world demand now about 2 million bd 4.5%)consderthatvie to pesimitic Theoutookappers o ~ below capacity and production controlled voluntarily by pro-
improving rapidly with time. It is likely that a new consensus in

1982 will see U.S. oil production exceeding that of 1970, pos- ducers. price should now be the key variable in supplydemand

sibly for another ten to twenty years, and world oil production forecasts. On the basis of economic supply demand, a 4% real

capacity sustained for twenty to thirty years. price rise per year would decrease demand too much below

5. While only about 15% of U.S. refineries produce iet fuel, capacity to suit producers With no real rncrease in price 10%),5. Wileonl abot 1% o U.. reineiesprodce et el. the demand would soon exceed productilon capaciv It therefore
they are the larger ones, representing about 45% of national would soon e eed proui c reforerefi in g cap cit . A th o g h hei le fu l p o d u tio co se- w o u ld ap p ear th at a lo n g -term real an n ual p rice oncrease ofrefining capacity. Although their et fuel production conse- about 1-2(, may be expected That real be another prediction

quently occupies a small part of their capacity, it claims a
premium price and so refiners give it more consideration than fated for early revision-

the straight quantity would suggest. It can be important to the 11 As of today, complete arrest of jil production from any

refinery's profit margin. Refineries with low jet production single oil-exporting country, .ther than 'saudi Arabia. can be

should be able to produce greater quantities of aviation fuel made up by excess Saudi -:apact. Oil production should
increase in countries outside OPEC This may introduce anotherwithout major alterations, but at a decrease in competing dereofedmtoheakt

products. degree Of freedom to the Market

6. Fuel conservation is already highly developed in aviation 12 The most influential factor in U S energy has been the

and is making good progress in other areas. But, while aviation change in domestic oil policy Before 107(7. oil was rapidly

cannot readily substitute other fuels, stationary powerplants and penetrating a larger share of the fuels market. Now oil is being

other types of transportation are likely to move increasingly out backed out of the U.S market, about 5' per year The wellhead

of oil products. Even if fuel prices soften, built-in momentum in price of natural gas is about $10 per barrel of oil equivalent, but

conservation and substitution should suppress demand for 5-6 natural gas is still demand limited because of restrictions against
its use. A change in gas policies could have a powerful effect on

years. The net effect should be more fuel available to aviation. U uel

although diesel competition with let fuel will increase. 1 Wu tis

7. The airline industry is perceived by lenders to be a below- grea t p ndede o ral gar m etao u l

average investment opportunity. In the past, aircraft have repre mand will drop from about 17 millon bd in 1 OM) to about 14-

sented good security on the investment and older aircraft were 15 million bd i 18t90

retired only as they lost passenger appeal or increased exces- 14 The efc of al l a

sively in maintenance costs. Fuel consumption is now such a

large factor in airline profitability that older, less fuel-efficient policies can be seen readilv hv considering Canada While
Canada has plentiful oil ard is generousli supplied with natural

lii



gas. its pricing policies and domestic ownership policies have will be some inelasticity in total recovery, also partially in an-
stifled production, throttled investment from the U S., and ticipation of a forthcoming lower growth rate for the GNP
stunted its foreign exchange rate. Western provinces are pro- But, in general as shown after 1983. the rate of growth in
hibited from producing as they would wish, while eastern aviation fuel demand is expected to resume a level comparable
provinces are buying cr-de oil abroad At the same time, the to that forecast in September 1980. This amounts to a fuel
eastern provinces have excess capacity for roducino electricity growth of about 2% per year. Among other factors which will

determine if this rate is realized, is the effect of further fuel
Aviation Short-Term Fuel Demand conservation and the introduction of new, more fuel-efficient

The present aviation short-term fuel demand forecast is under aircraft into the airline fleet. For further discussion and con-
revision within FAA because of changes in outlook for the short- sideration of those effects, see Chapter I1 in this volume.

term GNP as well as effects of the controllers strike on traffic The subject of aviation fuel demand elasticity versus fuel
levels. This situation is unprecedented because FAA aviation price may be conspicuous by absence of its analysis in this
forecasts are normally released in September of each year. It is report. The Economic Analysis office of the American Petroleum

the September 1981 issue, therefore, which was still in revision Institute completed a preliminary regression analysis in January

in early 1982. and it may remain in that state for some time 1982. looking at GNP, disposable income, fuel price and related
Unless the GNP forecast is revised significantly, however, the factors. While a relationship was developed and can be used to

general picture can be deduced about as shown in Figure 3-1. describe past events, API was not satisfied with the results. Its
forecasting value is dependent on assuming that airline opera-
tions and fare structures can respond to price increases in the

I future as in the past. which they definitely cannot. (Most

fuel-conservation measures already accomplished are non-
S16 000 I- repeatable.)

0 . Regardless of mathematic&l sophistication, the rebot prob-

I, ACTUAL I FORECAST ably includes too many unassessable factors, such as airline
12000 _ _ competition, to yield a generally applicable result. FAA analysis

0 ,has shown that about one-third of a fuel price rise is passed on in
Z FY 81 FORECAST ticket price. The other two-thirds is apparently absorbed in the
-000airline. As far as ticket price is concerned, traffic elasticity is

8.000 considerably more definitive: a 10% increase in fare price has
been found to produce a 6.4% decrease in passenger traffic.

6.000 This report is not primarily concerned with such fine-grained
1975 80 85 90 supply/demand affairs. Further and fortunately, the outlook is

strongly for stable aviation fuel prices over the next several
Figure 3-1 years, in the absence of major disruptions in foreign crude

U.S. Aviation Fuel Demand supply. To complete this intentional evasion, any significant fuel

Figure 3-1 shows that aviation fuel demand increased disruption scenario will possess major peculiarities which may

almost 10% per year between 1976 and 1979. The FAA drive both the fuel price and demand situations more directly

1980 forecast, 3 1 anticipated a further increase to the end of than will interaction between the two factors.

that year. but fuel demand was reduced due to the controllers So the conclusion here is that aviation fuel demand will climb

strike and artificially curtailed air traffic. Fuel demand has at about 5% (or less) per year over the next ten years, as

definitely fallen since that time and is expected to drop further compared to 10% per year growth during the past several years.

until September, 1983 While new controllers are being trained, This conclusion therefore de-emphasizes two factors that fre-

air traffic control 'ATC) system capacity will drop somewhat quently have been highlighted concerning an expected signifi-

further due to: 1. reducing overtime and increasing vacation cant growth in aviation fuel demand. First, the growth rate

flexibility, 2. returning military controllers to their stations: 3. should be relatively small: second. the rate of growth is almost

normal retirements and return of specially-assigned FAA per- certain to be half or less than it has been recently. So. instead of

sonnel to their previous roles within FAA. As the new control- gearing up for a major surge in aviation fuel demand, as many

lers come on line, there will be some one-for-one reduction in have predicted, the outlook suggests a very moderate change at

capability where they replace more experienced supervisory and the most.

lower management FAA personnel.
Although extensive training is progressing in the facilities, Aviation Fuel in National Petroleum

air traffic will continue to be regulated to a decreas- From a national or a refiner's viewpoint, the history of avia-
ing degree throughout the next three years to avoid extreme tion fuel demand is seen better in Figure 3-2. It is well for the
traffic peaks.' 3 2) This next three years is therefore regarded as aviation user to consider his industry in this perspective. Here it
a period of second impact on fuel demand. By relocating con- is apparent what a small proportion of the national petroleum
trollers from towers at low-density fields, the traffic-handling scene the aviation market occupies, about 5% in the past.
capacity at airports has suffered less than at the 20 continental The aviation percentage of the market increased to b% in
air route traffic control centers (ARTCCs), which guide traffic 1980 and, even with less aviation fuel used in 1981, may
between airports. None of these centers can be closed, even on a actually show a further percentage increase for the 1981 year.
short-term basis. So the centers are and will continue to be the But, with aviation fuel demand having dropped in 1980 and
factor limiting ATC throughout the recovery period. 1981, it is very evident that the climbing share of aviation fuel

After September 1982, traffic capacity should recover fairly in the market is due, not at all to the increase in aviation fuel
rapidly through the following twelve months so that, in Septem- used, but from the decrease of total petroleum products supplied
ber 1983. ATC capability should have returned to full strength. in the U.S. As of the end of 1981. it appeared that total U.S.
As Fig 3-1 shows. it has heen subjectively assumed that there petroleum used again will have dropped at least as much in
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1981 as it did in 1980. Since aviation fuel also dropped in the an increase of about 300%. So in one case, jet fuel rose only
same period, it is simply a question of which decreased the one-fifth the rise of crude prices; in the latter case, jet fuel prices
larger percentage. rose twice as much. Why?

So reports in aviation news media and expressions from re- Among other things, at the time of the first crude price rise,
finers foreseeing a significant new upward share of aviation fuel 1973.74, some airlines held long-term contracts for )et fuel
in the market must be considered in context. The trend is true delivery, so the rise in crude price could not affect them imme-
and, except for less demand in 1980, '81 and '82, the aviation diately. Many suppliers were getting their crude from domestic
share trend should be upward. But, except perhaps for some sources, where the price was still rigidly controlled. Then, of
Individual refiners, the popularly forecast "growth" in aviation course, there were secondary effects such as the slate of
fuel demand does not appear significant for some time to come. products and prices for individual refineries, which swung
By that time, the trends for diesel and other middle-distillate according to the crude supplies they encountered and the cus-
fuels are likely to have more influence on the total picture and tomers they were able to supply. The complex situation does not
on the middle-distillate situation than is aviation jet fuel. lend itself to conclusive analysis or to forecasting events during

future disruptions. Too much depends on the characteristics of
Aviation Fuel Prices the next crude-oil disruption, its abruptness, and market condi-

Aviation fuel prices have impacted the industry much more tions at the time it occurs.
than has fuel demand or fuel availability. In fact, except for the The effect of fuel prices on the aviation economy is well
initial OPEC embargo of 1973-74, availability really has not represented by Figure 3-4, from Boeing, based on CAB data.
been a serious problem. But fuel price has had a most serious Figure 3-4 shows the major components of U.S. domestic airline
effect on airline profitability. Fuel price is shaping the new direct operating costs (DOC) from 1968 to 1979: fuel, crew.
direction in aviation and is expected to play a firm position maintenance and aggregated other costs. It is only too clear how
throughout the future, as far as can be seen. fuel has surged ahead of all other DOC items from 1973

The driver of this situation is foreign crude oil prices, as was onward. As a result, Figure 3-5 shows that fuel, which had
seen in Figure 1-1. Due largely to refining, distribution and traditionally accounted for 25% of DOC, now has escalated to
other costs, jet fuel prices should not necessarily increase as nearly 60%. The exact amount, of course, varies from airline to
rapidly as crude prices. But, comparing the rates of rise in Figure airline, by aircraft type, from route to route, and even from flight
1-1 with Figure 3-3, the effect is erratic and dramatic. During to flight. But the outcome is inexorable. Fuel has been es-
the 1973-74 crude price surge, crude increased by a factor of 6, tablished as the major component in airline costs and, therefore.
a rise of 500%. At the same time, U.S. domestic jet fuel price in airline profit-and-loss balance.
about doubled, for a 100% rise. When in 1979-80 crude oil As will be seen in Chapter 11, the profit margin is presently
prices rose another factor of 2.5, for a 150% rise, jet fuel then very thin for U.S. airlines. A small increase or decrease in fuel
outstripped the crude rise. Jet price rose by a factor of four, for economy can spell the difference between profit and loss By the

same token, any increase in fuel prices must be handled most
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60 1But the converse would have serious consequences much
earlier. If, as many believe, the U.S. will never again approach

Z 50 - - its domestic oil production level achieved in 1970 and if the
U world production capacity tops out in the 1990s due to inevita-8 40 bly lower finds than the production rate, crude prices must

Y) Z 30 -continue to rise rapidly and with little or no significant interrup-
< I.- tion. These dire effects may be delayed by conservation efforts

SI 20 -- _ and may be offset to some degree by alternative energy sources.

0 But, if this thesis is correct, oil would inevitably become scarce
t0 -i and expensive much faster than conservation could mitigate, or

D than alternatives can be brought on stream.
0 The author's more optimistic view is built on a variety of

1970 1972 1974 1976 1978 1980 evidence, but assembled largely from two sources: 1, the 1980
YEAR annual reports from major oil companies released in early 1981.

2, the "API (American Petroleum Institute) issue" of the Oil and
Gas Journal November 9, 1981, in which the U.S. petroleum

Figure 3-5 outlook is summarized. This summary is gathered through nine
Fuel Price Impact on DOC'S articles from the major oil companies (many of them authored

U.S. Trunks-Domestic Service by the same CEO who signed the company's annual report). as

judiciously by each airline in order to maintain a profit at the well as additional assessments by the editor of O&GJ and the
same time as preserving its market share. president of a prominent oil consulting firm. Admittedly, these

As has been said earlier, the present expectation is that crude views all come directly from the oil industry and, particularly in
oil prices and jet fuel prices will hold essentially stable for at the case of annual reports, may be expected to be optimistic
least the next few years, possibly as long as five to ten years. But, on the other hand, members of the oil industry may be
This conclusion does not include the likelihood of a major reluctant to forecast tremendous increases in supplies or the
foreign crude delivery disruption, and consequent possible fuel possibility of falling prices. Some of these same individuals and
price runup, at virtually any moment. So. except for the proba- organizations have tremendous stakes in alternative energy
bility of disruption, the jet fuel price situation looks better than projects which would be severely impacted by excessive opti-
in recent forecasts. mism in the petroleum outlook.

For example, Figure 3-6 shows FAA's reaction to events over
the past three years. By plotting Oil and Gas Deflator (aviation
studies usually identify the price of fuel by this term, harking Oil Company 1980 Annual Reports
back to the propeller days when gasoline and lubricating oil The following excerpts from 1980 annual reports are pre-
costs were lumped together), the figure shows fuel costs relative sented in considerable detail for the convenience of those who
to the rest of the economy. The label "deflator" has caused wish a solid background or a closer feel for events as they
trouble to some readers, particularly when applied during a developed during 1980. Those who are concerned largely with
period of general inflation. What this means is that the GNP is the present, may wish to turn to the Oil Industry Outlook. the
"deflated" with respect to the price of fuel. At any rate, it is the next section following in this report.
conventional term for showing fuel price effects in aviation Company reports included are from: Atlantic Richfield
economic analyses. An increasing deflator is an increasing rise in (Arco), Conoco, Exxon, Gulf, Marathon, Mobil, Occidental.
fuel price, expressed in percent and referenced to some con- Phillips, Shell, Standard Oil of California (Chevron), Standard
venient year. Oil of Indiana (Amoco), Standard Oil of Ohio (Sohio), Sun,

Following the '73-74 price rise, FAA (and many others) Texaco, and Union.
assumed that OPEC would stabilize future prices at a moderate Following their Highlights, Arco begins its report with
rate above the economy, as designated by the line from the FAA "Essay: A New Outlook on Energy." It notes that, " the
FY '79 forecast in Figure 3-6. By FY '80, the two Iranian penalties of dependence on foreign sources outweigh the
disruptions added their impulses to OPEC's assessment that oil rewards of artificially cheap fuel and the profligate consumption
was not priced snugly against the world marginal replacement which it inspired." Then it advises that Arco is searching farther
cost. Based on these price actions, FAA was whipsawed into its offshore, into the Appalachian Province. the Western Overthrust
'80 forecast. Considering d-creasing world demand and "sta- Belt, deeper into Texas, Oklahoma and Louisiana, and searching
bilized" OPEC prices, the FAA forecast which was to have been the Alaskan frontier. "And competition is keen in the search for
released in September 1981, then was adjusted well below the alternatives such as coal and solar, and for a whole range of
FY '80 curve. Now, with world demand below world petroleum other technologies to produce more energy."
production capacity and with production cut back accordingi, it "[t is too early to state with certainty what impact this work
may be expected that the FAA '81 forecast when released will will have on U.S. petroleum production, but the first signs are
be revised downward from the one shown here in Figure 3-6. promising. Natural gas prospects are even more encouraging

Oil Outlook than oil. Last year, the industry apparently came close to replac
U.S. Short-to-Medium Ter O O oing the gas consumed in the country, a striking turnabout from

The outlook for U.S. petroleum supply is improving rapidly, the declining discovery rate of a few years ago." Next it speaks
at least from the viewpoint of this spectator's assessment. There of rising costs and the sizes of investment required, the drop in
is another substantially more conservative view, and the two are U.S. oil demand, and the "startling" conclusion of Arco
discussed further in Chapter 4. As has been mentioned before economists that crude ". . imports in 1990 may be about
and, at the danger of repetition will be mentioned again later, an level with today." The essay mentions risks of Middle East
increase the potential supply of domestic U.S. oil (or other instability, and the fact that, " . U S petroleum earnings
non-OPEC oil) will not necessarily reduce crude oil prices if over the next few years will provide only half the cash that
exploration and development costs are high. industry will need to find and develop new domesti energy
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Oil and Gas Deflator

Taxation policies that siphon off or divert funds from these Act (only about 9% of all federal lands are under lease, are

efforts can have dire consequences for the nation." It expresses expected to hamper the industry's effort in domestic energy

strong belief in environmental protection, tempered with development. Conoco reports, "A total of 400 employees are

balanced federal land policies. (Arco closed the Anaconda assigned full-time environmental responsibilities, including

smelter in Montana during 1980 after assessing its environmen- pollution control and )and reclamation "

tal/economic options). The removal of controls on domestic crude oil is expected to

"Despite these areas of concern.. " the outlook is brighter contribute positively to the nation's energy plan. This process

and Arco is initiating a $25 billion investment program over the could be enhanced by decontrol of new gas and review of

next five years, of which $16 billion will go into domestic oil windfall profit tax rates. Conoco notes that the windfall

and gas. Ten percent will pursue foreign oil and gas.opportuni- profits tax is designed to capture three-fourths of the revenues

ties. Investment in refining, marketing, transportation and generated by crude oil price decontrol.

chemicals will be "relatively modest" but, while concentrating The nation's coal mines have excess production capacity, of

on oil and gas, Arco will continue to invest in coal development more than 100 million tons per year, equivalent to more than a

and R&D. Details of the report outline the company's increased million b/d of oil. On coal, " Congress should balance the

activity in petroleum exploration, development and production. desire for Jlean air with our nations critical need to improve

During 1980, Atlantic Richfield sold its interest in the Colony energy security, revitalize industry, and expand employment

Development oil shale operation and earned comments from opportunities."
industry wags that Arco is the only organization which has Conco's 1980 additions to domestic petroleum reserves

shown a profit in shale for over a hundred years Arco retains exceeded domestic petroleum production on a Btu equivalent

some shale holdings through the Arco Coal Company. basis, the first year since 1968. Secondary recovery, mostly

Alphabetically first, Arco provided a convenient framework waterflooding, accounted for 46% of domestic production and

for assessing the remaining reports. Highlights are included largely accounted for the increased reserves. Conocos natural

where they emphasize or depart from Arco's report and planned gas production decreased 6 7%. principally due to reduced cus-

program. tomer purchases. U S. production of natural gas has held steady

Conoco is encouraged by the nation's approach toward a at approximately 20 trillion cubic feet during 1QI0. about the

balanced energy policy, with less dependence on foreign oil, same over the past six years
increased domestic production and conservation, and increased Exxon says. "The United Sitates is at last adiusting to the

natural gas prices. A 30% increase in exploratory domestic realities of a changed energy environment Higher prices

drilling between 1978 and 1980 is yielding positive results in for heating oil and gasoline have created problems for man

reserves. Coal has also contributed to reduced dependence on people, including some of our shareholders. and they have not

foreign oil. "However, coal's full potential will be realized only hesitated in expressing their feelings to us Explaining that the

if government regulations are amended to remove the measures country would have been better off without price controls in the

that increase the cost of production and limit consumption with- first place offers little consolation
out providing tangible improvement of the national environ- "By the end of the century, we expect total energy demand in

ment, public health, or worker safety.' In 1980. the windfall the United States to be somewhat higher than it is today, but the

profits tax and the Alaska National Interest Lands Conservation share of energy supplied by ,i 1 and natural gas will decline from
I,)



around 75% now to about one-half. That assumes that stepped "The chief beneficiary of (U S crude oil d :ontrol. however
up drilling efforts will result in new discoveries, particularly in is the government Because of higher state ,everance taxes and
frontier areas, to offset declining production from mature fields. the so-called federal 'windfall profits' tax, between 80 and 90
Some of the difference will be made up by increase of directly percent of the additional revenues derived from higher oil prices
burned coal and nuclear fission, although environmental con- is going into federal and state coffers " Gulf hopes for elimina-
cerns and regulatory problems will probably retard the growk.h tion of the 30% tax on new oil to stimulate exploraton. and
in their use. Even so. the country will still need more liquid and natural gas pricing to "close the widening" gap b.'.veen oil and
gaseous fuels than it can produce through conventional means." gas prices. Even with an economic recovery . n 1981. Gulf
The gap represents an opportunity for synthetic fuels expected petroleum demand to grow only frac:no:,ally over the
"We see no lack of investment opportunities. Exxon's capital next five years

and exploration expenditures are expected to grow." 1981 capi- we firmly believe that the best strategy for ,.ilf Oil in
tal and exploration expenditures will be $11 billion and they the years ahead is to continue to pursue an aggressive eiiergy-

expect that such expenditures will grow over the next exploration program Despite the Company's aggressive
four or five years in real terms and over the rate of inflation." exploration and de,elopment program, production of both

"For the first time since 1971. Exxon's proved oil and gas crude oil and natural gas continued to outpace reserve addi-
reserves increased lover that produced)." Domestic oil produc- tions . The major focus of research at Gulf Science and
tion was essentially level with 1979 Natural gas sales volumes Technology Company - Gulf's principal research division - is
were down 7%. "Supplies from Saudi Arabia, the company's to develop and improve technologies for finding and producing
most important source of crude oil, were down slightly from oil and natural gas. Research expenditures reached $134
1979." Exxon is pursuing EOR with a surfactant chemical and million in 1980, an increase of 23 percent over the $109 million
with the largest nitrogen gas injection project in the industry, spent in 1979 . developments should greatly improve :he
Potential production of 140,000 bid from heavy oil at Cold Company's drilling success ratio in the future."
Lake in Canada was delayed by disagreements between Alberta Marathon reported first on its aggressive exploration pro-
and Ottawa. gram. "In the U.S. alone, our level of exploration activity more

"For the first time. Exxon's coal business in the United States than doubled in the last three years "Our estimated total
was profitable enough to cover new business and mine develop- capital and exploration program in 1981 will surpass $1 2 bi-
ment costs worldwide. Production from Exxon USA's two lion, the largest in our 94-year history Nearly 70" of the
underground mines in Illinois and two surface mines in 1981 capital program is scheduled for development of oil
Wyoming increased 33%." Exxon is participating in a coal mine and gas around the world.' About 43%, is :n the U S 'Our 1 q81
development in Columbia and in building a European coal net production of liquid hydrocarbons in the U S wi; snow a
import terminal. Operating losses have continued in uranium, modest increase, assuming early approval by the Texas Railroad
despite renegotiated contracts in about three-fourths of Exxon's Commission to increase the allowable rate of production
contracts. Exxon bought Arco's 60% interest in the Colony shale "Marathon's orincipal reserves of oil and gas are located in
oil project, which is scheduled to produce 47.000 bid, starting the United States. To retain this strong position, we nave greatly
in 1985. with total cost estimated over $2 billion. Exxon is increased the level of our domestic exploratory work Since
exploring a joint shale project in Australia. is testing the Exxon 1977 Marathon has:
Donor Solvent coal liquid process, and plans a $500 million. * Doubled our net acres of potential oil and gas lands in the
eight-year program for coal gasification in Rotterdam. As have United States. with particular emphasis on the Rocky Moun
several of the other oil companies, Exxon has affiliate interest in tain States, the Gulf Coast states and frontier areas.
solar photovoltaic development. e Nearly doubled the size of our professional exploration staff

Gulf reported record income and increased dividends, but
was, ". . buffeted by the winds of change." They note three 9 Increased our expenditures for acquisition of geophysical

major events of 1980: 1, the tightening control of foreign sup- data by more than 400%

plies, 2, the improvement in U.S. regulatory climate and, 3, the 9 Nearly tripled our expenditures for drilling wildcat wells
worldwide sharp decline in energy consumption. "Marathon drilled 106 exploratory wells in 1980. twice as

"As recent as 1974, more than half of Gulf's net income was many as in the previous year. Of these. 58 were successful in
earned outside of North America. and of that amount, a major finding oil and gas."
portion was derived from oil production in two countries - "Essential for further progress is a national energy and eco-
Kuwait and Venezuela. Despite the nationalization of those nomic policy which will responsibly encourage capital formation
properties in 1975, our earnings since then have doubled - and and stimulate the development of all our nation's energy re-
the source has shifted significantly. Last year, 79 percent of sources. Steps leading to such a policy would include.
Gulf's net income came from North Amertca " PursuingGulfs nt icom cam frm NrthAmerca 1 Prsung Eliminating certain categories of crude oil from the 'windfall
development in the U.S. and Canada, Gulf invested $3 billion in
capital last year, a 19% increase from 1979, and plans $4 billion profit' tax to encourage increased domestic exploration and

for 1981. production

"Where oil is concerned, nationalistic measures are not e Providing for earlier termination of the 'windfall profit' tax
limited to the OPEC producers. The Canadian government has on all categories of oil
proposed measures which wou!i grant preferential tax incen- e Changing income tax laws to permit faster recovery of capital
tives to Canadian-controlled companies, give the federal costs for business and to stimulate increased savings and
government the right to acquire without compensation a 25- investment by individuals.
percent interest in any frontier discovery, and require 50- * Developing a national refining policy based on competitive
percent Canadian ownership for any major new project on market forces, with emergency standby authority to allocate
federal lands. . . The British government has also proposed a crude oil supplies to refiners who are the most efficient
fourth tier of taxes on already heavily taxed North Sea produc- producers of the most needed products
tion. which could cause a delay in developing some new fields."
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" Insuring that customer preferences determine how and by will open a new coal-handling facility at Baltimore in early 1982
whom petroleum products ar- delivered to them in the mar- and a new coal pier at Norfolk before the end of the year A
ketplace. million-barrel-per-year coal-oil mixing plant was scheduled to

" Eliminating the complex and unrealistic system of natural gas demonstrate production during 1981
price controls that is now in effect. "Occidental reached its present position in the oil industry

" Opening additional federal lands for oil and gas exploration through successful oil and gas exploration and we intend to
and adopting a more balanced approach toward environ- continue to grow through increased exploration We now have

mental matters. 17 active exploration offices around the world. 6 of which beg&n

" Substantially decreasing the ge'neral regulatory burdens and operation in 1980."
At Cathedral Bluffs, Oxy and Tenneco were scheduled to

simplifying reporting requirements imposed on the domestic bottom their three 2000 ft. shafts in 1981 and, in mid-1982.
oil industry." begin development of the underground shale mine for modified

Mobil is " . giving exploration and producing un- in-situ (MIS) shale oil production. isee Chapter 8).
precedented amounts of new capital. . . . Mobil's success in "Phillips Petroleum Company took major steps during 1980
exploration and producing demonstrates that the potential for to implement a strategy designed to cope with the coming
discovering new oil and gas is not as limited as some thought. decade of continued international tensions, uncertain oil sup-
Our experience indicates that the finding of large new reserves plies and rising costs. Key elements of our strategy include:
is, in part at least, a function of willingness and ability to invest 9 A greatly expanded commitment to find and produce oil and
the necessary funds when opportunities arise." natural gas in the United States

"The government of Canada has made proposals to reduce A continued effort to broaden overseas petroleum produc-
foreign ownership and raise taxes, which, if not modified, could tion, building on our strong position in the Norwegian North
seriously hamper efforts of U.S. oil companies to find and de- Sea.
velop oil and gas. Meanwhile, the province of Newfoundland
and the Canadian government are both claiming interests in the A growing involvement in developing alternate fuels. particu-
offshore area where the Hibernia discovery was made." larly coal and oil shale.

"Funds spent for U.S. exploration rose approximately 50% * An increased flexibility in refinery operations to handle a
over 1979, not including offshore lease bonuses. Results have diversity of raw materials and to respond to shifting product
been promising, particularly discoveries of natural gas in demands.
South Texas, West Texas, Mississippi, Oklahoma, and offshore 9 A selective expansion in chemicals and enlarged participation
Louisiana. . . . Tests were sucessfully completed in the Gulf of in the international chemicals market.
i4exico of a Mobil-developed technique for installing under- "In 1980 Phillips spent a record $1.67 billion - an average
water flow lines at depths below those divers can successfully of $4.6 million a day - to find and develop energy resources,
reach. This has the important potential for producing in waters and expand and modernize refining, chemical and transportation
deeper than 1,000 feet, where conventional platform develop- operations. About 70 percent of these were U.S. expenditures.
ment is not feasible." In 1981 spending for authorized projects is expected to increase

"When completed in 1981, the 750-mile Petroline, being with a capital budget of $3 billion, a 20 percent increase over
built under Mobil management, will provide a direct route to the the projects authorized in 1980 We increased domestic spend-
Red Sea from Saudi Arabia's large oil fields in the east." (by- ing on seismic activity by nearly 60 percent and drilled or
passing the Strait of Hormuz). participated in 816 wells in 1980. a one-third increase over

"Worldwide, Mobil carried forward a dual strategy in refining 1979."
and marketing investment. The strategy focused on: "The energy outlook for the coming decade will be plagued

" Imroving Mobil's flexibility in processing a wide range of by price and supply uncertainties stemming from international
crude supplies including heavy, high-sulfur oils. tensions. . . . A major step toward protecting the United States

" Maximizing refinery yields of lighter, higher-value fuel from future i shocks was taken in January of this year with the
products, such as gasoline, diesel, and jet fuel federal government's decision to lift controls on domestic crudeoil earlier than scheduled. . Even before the government's

In synfuels, "Mobil's emphasis will be to produce liquid fuels decision to remove controls early, the industry was responding
for use in transportation, for which no substitutes are readily strongly to partial decontrol. Nearly 63,000 wells were drilled in
available." In a joint effort with the government of New Zea- the United States during 1980. an all-time high. It is anticipated
land, Mobil began a complex to manufacture 13,000 b/d of that record will be surpassed in 1981 with an estimated 69.000
high-octane gasoline from methanol derived by the Mobil-M wells expected to be drilled."
process from New Zealand's large supply of natural gas. Mobil is "Current air quality rules limit development and use of
a member of the Paraho group for producing shale oil in the U.S. important U.S. resources, particularly coal. . . . Much of the
Mobil is engaged with Tyco in silicon ribbon solar cells and. in energy and mineral potential of this country lies beneath land
1980, started operating a seawater desalination plant with solar and waters controlled by the federal government. At the present
power in Saudi Arabia. time, use of many of these areas is limited to recreational pur-

Occidental reported. "During 1980 domestic oil and gas poses and scenic preservation."
exploration was at a higher level than in previous years, and we "Although scarcely noticed by the public, increasing taxes on
plan to increase domestic exploration further in 1981 and petroleum operations are having a direct impact on the con-
subsequent years." "Occidental's Logan Wash oil shale demon- sumer's pocketbook as well as a long-term effect on the de-
stration project . . is progressing satisfactorily, Development velopment of adequate energy supplies In recent years. taxes on
of the Cathedral Bluffs joint venture with Tenneco is on the oil industry have been increasing dramatically. In 1975
schedule." "Exports of steam coal to Europe sharply increased income taxe took 55 cents out of every dollar of Phillips pretax
in 1980 as utility and industrial plants there began switching income. It 80 they took 67 cents."
from fuel oil to coal, and we expect this trend to continue." Oxv
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During 1980 Phillips estimated their worldwide proved re- progress in conservation and the fact that the new administra-
serves of crude oil decreased 17%. while their natural gas re- tion promises to stress marketplace economics. Chairman
serves declined 12%. In the U.S., Phillips oil reserves were Bookout remarks that energy conservation and development of

about the same as a year earlier." Phillips U.S. gas re- synfuels and other alternative energies are important, -But the
serves dropped 6% during the year. Phillips drilled or partici- key element is still development of conventional oil, gas and
pated in 36% more wells than in 1979 and produced more oil coal, for these must serve as the bridge to a wider range of
from mature fields; the company's total U.S. oil production was energy sources in the future."
essentially the same as in 1979. "Phillips U.S. natural gas pro- Principal near-term objectives include continuing profitable
duction was down 12 percent. . . The decline reflected an expansion of domestic exploration and development and strong
industry trend caused primarily by reduced market demand. R&D, including synfuels and use of CO 2 for EOR.
Phillips continues to be one of the largest U.S. natural gas Standard of California (Chevron) projects an expenditure of
liquids producers as output rose 6 percent. . . An environ- $4.2 billion in 1981 for capital and exploration, highest in its
mental suit delayed drilling in California's Santa Barbara Chan- history. Two-thirds will be invested in domestic activities. "The
nel throughout most of 1980. By the end of the year, however, petroleum industry drilled 64.000 wells in the United States in
three drillships were in place and operating." 1980. This is an all-time high, and its attainment can be at-

"In the United States, the company will continue to concen- tributed, in large mea-sre, to the phased decontrol of oil and
trate its petroleum exploration effort in Alaska, the Rocky natural gas prices."
Mountain Overthrust Belt, the Gulf of Mexico. California's "Chevron U.S.A. achieved significant successes in 1980
Santa Barbara Channel and other areas of the Outer Continental through a strong emphasis on exploration activity and further
Shelf. These are considered to be the most promising prospects refinement of new technology. Investments for finding and de-
for new, large domestic discoveries. . . At the same time, veloping domestic oil and gas reserves reached a high of $1.5
Phillips intends to be an important force in developing other billion in 1980 - representing more than two-thirds of the
energy resources, primarily coal, geothermal and oil shale. Company's total worldwide expenditures for these activities
These are the energy sources that will supplement petroleum as . .. Recent technological advances played a key role in these
the world moves toward the 21st Century. results. Continued improvements and breakthroughs by Chev-

Phillips sees its production of petroleum and natural gas ron Geosciences and Chevron Oil Field Research in seismic field
declining slightly in 1981. primarily because of anticipated recording and data processing techniques have marked signifi-
lower overseas production. Phillips domestic oil production is cance for future operations."
expected to show a slight decrease, natural gas liquids will "The Federal government controls about one-third of all the
increase slightly and U.S. natural gas production is expected to land area of the United States in addition to all the outer
continue its downward trend." continental shelf beyond state jurisdiction. However, less than

Shell, in 1980, added proved reserves equal to 137 percent five percent of these waters has been leased for oil and gas
of liquid and 113 percent of gas production. Oil additions from exploration, and only two percent is under lease currently By
supplementary recovery added significantly to this performance, comparison, 40 percent of the rest of the Free World's shelf area
"We also remained among the top four majors in onshore seis- is under lease, concession or exploratory contracts."
mic exploration, drilling and leasing. . . Our oil and conden- "It has been evident for some time that available crude oil is
sate production increased 8 percent over that of 1979. . . . In becoming heavier and poorer in quality. With the world's supply
1980 we began construction on (coal) mines in Wyoming and of light, easy-to-process crude gradually diminishing, foreign
Illinois; continued planning for development of our lignite mines producers increasingly insist that we take a larger percentage of
in Texas and Arkansas " heavy high-sulfur oils. In light of this, the Company last year

"At year-end. we had 65 rigs engaged in domestic develop- embarked upon the largest single industrial project in its history,
ment operations - a 33-percent increase over 1979. In particu- a $1 billion modernization program at our Pascagoula, Missis-
lar, we devoted large expenditures and substantial effort to oil sippi, Refinery. When completed in 1983. this facility will be
and gas in the Gulf of Mexico; steam recovery of heavy oil in able to process large quantities of heavy crude (and) con-
California's San Joaquin and Los Angeles Basins; and oil and vert heavier crude to a variety of light fuels, particularly jet and
gas development in ea5tern Montana, western North Dakota. diesel."
and Michigan. In all, domestically, we drilled or participated in Chevron is emphasizing geothermal. uranium and shale oil, in
1,110 wells onshore and offshore. Of these, 960 were success- 1981 starting up a semiworks for retorting shale. This would be
ful, 825 oil wells and 135 gas wells. We also initiated 14 the first step in what is presently planned as the largest U.S.
supplemental recovery projects (ones in which gas, water, synthetic liquid fuel project at 100.000 b/d capacity. to
steam, carbon dioxide, or chemicals are injected to obtain oil be attained through modular expansion (100,000 b/d is the
not recoverable through primary production techniques). And capacity of one medium-sized oil refinery).
we announced plans to participate in a $2.3-billion oil recovery Standard of Indiana (Amoco) - "Capital and exploration
project using carbon dioxide." expenditures in 1980 came to a record $4.2 billion, an increase
"In 1980, we began modernizing our California refinery com- of 38 percent over 1979 United States spending tot3led

plexes to improve energy efficiency and increase our ability to $2,858.6 million, 68 per cent of the worldwide total. Of this
refine heavier, high-sulfur crudes. This program will enable us to amount, $2,182.6 million was spent to find and develop domes-
replace purchased light crude with heavier oil from our own tic supplies of crude oil and natural gas, 40 per cent more than
California offshore and onshore fields. It will also enable us to in 1979.. . . Our efforts in 1980 replaced 106 per cent of the
upgrade high-sulfur residual fuel to premium light products." crude and natural gas liquids we produced in the U.S. and 73

"In the 1980s. the United States has the opportunity to make per cent of our natural gas production. Worldwide, we replaced
decisions and take actions that will make it more energy self- 107 per cent of the crude oil and natural gas liquids we pro-
reliant and thereby reduce its heavy dependence on imported duced in 1980, and 125 per cent of our natural gas production"
oil. Principally, this involves developing its own energy re- "The Board of Directors has approved a capital and explora-
sources and using energy more wisely." Shell remarks about the tion budget of more than $5 1 billion for 1981 Seventy per cent

of the budget will be spent in the U S "
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"For the U.S. as a whole, total energy consumption declined During 1980. Sohio part.,pateo :n 38 exploration wells in

about 3 per cent from 1979 we nevertheless continue to the lower 48 states, compared with three in 1979 Of these 38
import about 40 per cent of our supply As a result of the wells in which the company had working interests, ten were still
1980 election, there is evidence that stepped-up production will in pr , "ess at year-end. Of the 28 wells completed. 12 ,.ere
receive as much encouragement as conservation Conservation judgeu to be commercial."
continues to be important, but it alone cannot solve our energy after peaking in 1978. gasoline consumption fell 5
dilemma." percent in 1979, and an additional 6 5-percent decline was

"The industry's total domestic oil production is expected to recorded in 1980 As the consumption of gasoline continues to
decline by I to 2 per cent in 1981. while natural gas production decline. Sohio has the flexibility to ncrease producticin of diesel
may change slightly, depending on weather and the national rate and other fuels as their demand grows
of economic recovery. . . Our company's domestic oil pro- Sun comments that the improved economics oi the oil and
duction is expected to decline about 5 per cent in 1981 For gas business invite strong participation. that coal will be a very
several years thereafter, production is expected to remain stable significant energy source in the mid-1980s and bet.ond, and that
as oil from recent discoveries begins to flow In October other undeveloped energy sources will emerge in this decade
1980, the Canadian government announced its National Energy Sun pioneered in syncrude from tar sands, is actively developing
Program The program is designed to favor Canadian companies geothermal resources. and is participating :n oil shale develop-
and individuals to the disadvantage of foreign-owned companies ment. Sun bought the domestic oil and gas properties of Texas
such as Amoco Canada. The scale of our operations will be Pacific Oil Company from Seagram for $2 3 bilhcn and spent
curtailed in 1981 because of this program." $673 million capital investment in exploring for and developing

"Standard continues to view its oversees investment as a domestic oil and gas reserves in 1980. an :ncrease of 76% over
means of increasing and diversifying its oil supply base Foreign 1979
production should continue to make significant contributions to "Sun plans to invest more than $250 million over the next
earnings." three years for development of reserves on ine Sun Texas pro-

Standard of Ohio (Sohlo) " . owns the largest reserves ducing properties The newly acquired properties also contain
and is now the largest producer of U.S. crude oil. . For the significant amounts of carbon dioxide gat. This is a highly effec-
first time since production of crude oil from Prudhoe Bay began tive agent for enhanced crude oil recovery, and under proper
in 1977, the field operated for a full year at the maximum conditions can be used in certain of Sun's West Texas proper-
allowable rate of 1.5 million barrels per day. In coming ties. Also. a market is expected to develop for any excess carbon
years. exploration for oil and gas will assert a dominant role in dioxide . The number of net development wells drilled, for
Sohio's picture. We plan to become a major factor in coal. And both oil and gas, will average 660 a year in the next three years,
synthetic fuels, although longer-range, continue to be of interest up from 423 in 1980.'
to us." Sun expects to increase its coal production from I I million

"In line with our aggressive posture toward exploration and tons in 1980 to 17 million by 1983 and 30 million tons by
development of oil and gas, optimal recovery of our existing 1990. In synthetics. Sun with its partners, Sohio and Phillips are
reserves in Alaska will remain one of Sohio's highest priorities updating feasibility studies for a 50,000 bd shale oil plant by
In fact, almost half of 1980's total capital expenditures were for 1989 Net synthetic crude production from Athabaska oil sands
this purpose, and we expect that $6.3 billion will be required in averaged over 46,000 b/d for 1980. up nearly 10% over 1979
the next ten years foi continued development of the Prudhoe Sun faces a major problem in its sand syncrude production
Bay field." Canada originally granted Sun the world price for its entire

"Sohio believes the use of coal as fuel under boilers will grow production. However. beginning November 7, 1980. under its
substantially over the remainder of this century. We feel that it new laws, the Canadian Government determined that the sand
makes far better sense to preserve oil and gas reserves for use as production would receive only the same price as conventional
transportation and heating fuels. .... Synthetic fuels such as crude oil, despite much higher costs in mining the oil sands This
those from shale, tar sands and coal continue to be important to reduced Sun's price from $32 per barrel to $14 per barrel.
Sohio and to the nation as a further source of potential energy despite the fact that the only other plant operating will continue
for the future. However, in addition to the economic uncertain- to receive the full price.
ties of developing appropriate technologies in these areas. Sohio Texaco in 1980, like others, recorded a record year for earn-
and others in our industry must cope with regulatory restrictions ings and a record year for investments Also like others. Texaco
which are sometimes severe." expects to exceed this investment in 1 81 Texacos plans con

"The rate of flow from the Prudhoe Bay field, ,n which Sohio centrate on five basic areas during the next five years
maintains a 53-percent working interest, is expected to remain e Selective, but increased exploration for oil and gas
at approximately the present level through the mid-1980s, pro-
viding an estimated average gross production of 1 5 million e Continued modernization of downttream facilities, with first

barrels per day. After that time. increasing gas and water pro- priority in the United States. $1 4 billion has been com

duction combined with falling pressure will result in some na- pleted, started or announced during the past two years

tural decline in production for the remainder of life of the field. "These prolects will allow the Company to use a wide- range

. . Sohio s average wellhead price for Alaska crude was of crude oil feed-stocks. including heavy and high-sulfur

$16.79 per barrel in 1980, com'ared with $10.72 in 1q79 The grades, to produce high-quality products at more competitive

average wellhead price for Sol o's crude oil exclusive of Alaska costs

was $20.65 per barrel in 1980, up from $12.1 per barrel in a Continued petrochemical expansion
1979." * Emphasis on alternative energy where economically aitrac-

"During 1980, Sohio participated in seismic surveys totaling tive
more than 700 crew weeks with an exploration staff which has e Nonenergy areas
grown to 330 people from only bO at the beginning of 1978



Outlook - Middle East stability is the key Texaco is budget have resulted in a 19 percent drop in oil imports in 1980 from
ing an all-time high of $4 billion in capital and exploratory the prior year. With continued encouragement, this nation could
expenditures in 1981, about 59% to exploration and produc stabilize or improve domestic oil and gas output We could cut
tion Seismic activity is running about twice that of 1979. with oil imports in half We could double our use of coal We could
further increases in 1981. drilling has been accelerated with the triple nuclear power by finishing plants that already have
number of wildcat rigs nearly doubled during 1980 government permits"

Texaco shows dropping reserves in oil and gas during the past "We could get synthetic fuels and renewable energy sources
several years. It comments that the 1980 drop in natural gas on a faster track. We could strengthen the doliar by keeping tens
came from a revised study of Louisiana, while improved re- of billions of dollars that otherwise would be spent on foreign oil
covery techniques increased the estimate for U S. oil in 1980 in the United States We could make our personal life style more
Increased natural gas reserves in Europe during 1980 came from secure by providing assured energy for jobs, homes and cars. In
discoveries in Germany short, we could strengthen both our military and our economic

"Texaco's drilling program is beginning to show results In security."
1980, 67 wildcat wells were completed. of which 11 were oil "During 1980, Union increased its naturai gas and geother-
discoveries and 12 gas discoveries. Development drilling in matl reserves while crude oil and condensate reserves declined,
1980 included 931 gross development well completions a 33% principally as a result of deletion of 80 million barrels of Iranian
increase over 1979." Texaco comments that Canada's new reserves Crude and condensate, natural gas and geothermal
energy policy may adversely affect their investment plans in reserves, expressed in equivalent barrels of oil, amounted to
Canada. 2.38 billion barrels, down less than 12 percent from 1979. The

Texaco maintains an active interest in aviation fuels, pointing results of our intensive program to find new sources of oil and
out that it supplied about 16% of the U.S. market and about gas in the United States were encouraging. We had successes in
11% of the world market. wildcat drilling, in exploiting prior discoveries through the

Union reports. "In 1980, the company spent $1 7 billion for discovery of nev, zones and fault blocks and :n augmenting
capital and exploration projects. Of this amount, nearly $1.3 reserves in long established fields "
billion was spent in the United States. principally on petroleum, "Exploration and development activities overseas were at a
geothermal energy, uranium mining and oil shale projects. For high level during 1980 Union participated in 30 exploratory
1981, we plan to spend almost $2 billion on capital and wells and 22 development wells, t..:" an additional six explora-
exploration projects, more than triple our 1980 earnings, tory and three development wells drilling or testing at year's
Seventy-seven percent of this - or more than $1 5 billion - end. Fifty percent oi the exploratory wells were successful. Oil
will be for projects in the United States. The 15 percent increase discoveries were made in the Netherlands. Norway. the United
in capital spending reflects planned higher oil and gas explora- Kingdom, and Indonesia New gas oiscoveries were made in the
tion and development activity, both domestic and overseas, and central part of the Gulf of T'.ailand where Union holds substan-
development of geothermal and oil shale resources." tial interests in five large blocks."

"Union plans to participate in drilling more than 600 wells in "In October. Prime Minister Trudeau announced a new
the United States in 1981, an increase of nearly 20 percent over energy policy and put in place an eight percent severance tax on
those drilled in 1980. For every dollar earned in 1980 the al! crude oil produced in Canada Further. effective January 1,
company paid $1.40 in income, property, severance, the so- 1981. the tax is not a deducitble expense for Canadian federal
called 'windfall profits' tax and other miscellaneous taxes. This income tax purposes. As a result of this unbelievable taxation
is a total tax of $905.1 million." Regarding oil price decontrol policy and other proposed provisions of the new federal budget
- "Approximately 80 percent of the additional revenues re- and National Energy Program. Union of Canada is facing a
ceived flow to government and 20 percent to the companies." drastic reduction in net earnings and cash flow Exploration and

"While we as a company are moving ahead to develop addi- production programs in Canada therefore have been reduced to
tional energy reserves, our national energy goals are still too an absolute minimum."
vague. In the last several years, our country has wavered in "Union Oil Company is the largest producer of geothermal
efforts to forge a national energy policy. We face two energy energy in the world It supplies steam for 1 2 million kilowatts of
futures. We can choose to reduce our reliance on imported oil electrical generating capacity on line in the United States and
- and we have the energy resources to do so Or we can the Phillipines.' Union has a half interest in The Geysers in
muddle along, subject to the whims of exporting countries. Our northern California. the largest single geothermal operation in
nation has the energy resources we need and we are improving the world, at 746,000 kW. Union plans to open an additional
our energy efficiency. We have more undeveloped oil, more 110,000 kW capacity in 1982 and another 100,000 kW in
natural gas, more coal, more uranium and more geothermal 1983. Union completed a 10.000 kW project in the Imperial
energy than we have yet produced in the history of our nation. Valley of California in 1980 and another 10.000 kW is
Development of these resources, plus alternative energy sources scheduled to begin operation at the Salton Sea in 1982. Union
such as oil fror' shale and more electrical power generation, calls the Imperial Valley the "Saudi Arabia" of the world's
gives us the time for technological breakthroughs on renewable geothermal energy resources, capable of producing more than
sources." three million kW of electrical power In cooperation with a

"Still required, however is broad appreciation of the fact that public utility and the U.S DOE, Union is developing the Baca
this nation can determine its energy future. To do so requires project in New Mexico, where the first plant of 50.000 kW is
regulatory consistency and balanced environmental policy, scheduled for completion in late I q82, subject to permits.
greater reliance on the free market: broader access to public "By far the largest and most itoportant (alternative to oil and
lands for energy exploration while preserving wilderness areas, gas) resource to Union is oil shale. During I q80, we began work
and wider use of coal and nuclear power without sacrificing an a 50.000 barrel a day shale oil production facility in Color-
health and safety considerations." ado. This is the first major shale oil project to get underway in

"Higher prices, more efficient energy-consuming machines the country. The project is being planned in two phases Phase I
and greater dedication to the total conservation ethic already
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will consist of a 12,500 ton per day mine and 10,000 barrel per energy demand dramatically lower man predicted as recentl, as
day retort and upgrading plant to produce high quality, pipe- last year In the U S_ oil consumption may have reached its
linable syncrude which will be a premium feed-stock for any historic peak in 1978 The reason the demonstrated abiltt, of
refinery. Completion of Phase I is scheduled for 1983 Phase I1 rising prices to rein demand Just as supply and demand respond
will entail additional mine. retort and upgrading capacity to to price, crude oil exporters have found that the reverse is also
bring the total production to 50,000 barrels a day of syncrude true Even a cartel cannot sustain price levels that cause massive
by 1988." 50,000 bid is the capacity of one small refinery U.S conservation and fuel switching
aviation uses somewhat less than a million bid of jet fuel. -We "Here are highlights of recent forecasts of energy supplyi
are proceeding with the expectation that the company will be demand through 2000 from key oil companies and industry
able to enter into a products purchase contract with the Depart- analysts.
ment of Energy for the full 10.000 barrel per day production of e Non-Communist energy demand will climb to 115-131 mil-
Phase 1." lion bid of oil equivalent in 1985 and 139-155 million bid in

"A new combination hydrotreating and catalytic process was 1990 from 95-100 million bid at present. Demand in 2000
developed for upgrading crude shale oil to a high quality syn- will be 139-172 million b/d of oil equivalent.
crude which will remain liquid at low pipeline temperatures The Energy demand for developing nations will increase two to
syncrude is of such high quality that we are able to produce let four times the rare of increase of industrial nation demand.
and diesel fuel by simple distillation.''fu"ie h aeo nraeo nutilnto ead

a Oil's share of non-Communist energy demand will fall to 30-

Oil Industry Outlook 40% by 2000 from about 50% in 1980 levels, but oil use in
absolute terms will increase.

On the occasion of the annual meeting of the American Petro-

leum Institute in November 1981, Gene T. Kinney, Editor of * Production from countries outside OPEC will increase.

The Oil and Gas Journal '3 4' introduced their November 9 issue 9 OPEC exports will be about even with or slightly less than

by noting that oilmen face a vastly different world from the one 1978-80 levels, but oil demand by developing countries will

that existed ten years ago. "Consider international crude prices. increase, so OPEC production will have to increase during

Who could have imagined such a staggering increase during the the 1990s.

decade? And who could have foreseen the nosedive in demand2 ' Non-Communist economic growth will average 2-3.5%iyear.
The National Petroleum Council enlisting the best minds in the 9 World crude prices will increase slightly faster than inflation.
industry, overestimated 1980 oil consumption in the non- e In the U S., energy demand will increase, but the oil and gas
Communist world by almost 25 million b/d." share of total demand will decrease from about 70% in 1980

"Texaco's John K. McKinley dramatizes the enormous impact to about one-half in 2000. Oil's share of total demand will
of past conservation: 'It is equivalent to two and a half times the decrease to less than 30% in 2000 from nearly 50% at
recent daily production of Saudi Arabia.' Consultant John H. present.
Lichtblau assesses the future effect: 'World oil demand will start * US oil demand will average 14-15 million b/d in 1990.
recovering next year but will climb at a very slow rate and is compared with about 17 million b/d in 1980. Forecasts of
unlikely to exceed the 1979 level of about 52 million bid in this U.S. oil demand in 2000 range from less than 13 million b/d
decade.'" to 16 million b/d.

"Several of the chief executives see an end to shortages.
barring some new political disruption As a result of the slacken- The U.S. wil continue to import substantial volumes of oil
ing of demand and the rise in non-OPEC supply, Mobil's through 2000
Rawleigh Warner Jr. believes the full OPEC capacity is not likely e Communist countries as a group may become net importers.

to be called on in the 1980s. Standard of California's George M. but they won't put as much pressure on international crude

Keller goes beyond that: 'Socal is looking for a demand-con- markets as some analysts once thought

strained world market through the end of the century, resulting "Texaco says, 'And, even with strict and enforceable produc-
in a continuation of today's surplus in prodaction capacity.' In lion controls, it ;s doubtful that OPEC can maintain price escala-
the view of Shell's J F Brookout, the U.S. demand for oil tion rates in excess of 2% per year.' Texaco points out price
peaked in 1978 at 17.8 million b/d and will decline to 15 increases boost supply by stimulating drilling activity. But the
million bid by 1990. effect is impossible to measure in the short term because of

"The opportunities for the U.S. industry are emphasized by uncertainties about exploration results.'"
Standard of Indiana's TB. Redmond. He predicts '90.000 wells/ "Variations among forecasts hinge mostly on assumptions
year by 1985 and more than 100.000 wells/year throughout the about price increases and their effects, economic growth, and
decade of the 1990s.' Exxon's C.C. Garvin. calling today's glut chances for further major supply interruptions from Middle East
transitory, believes the long-range energy problem remains basi- and African producers. At one extreme edge of possibility, a
cally the same. And he concludes - as we do - on this crash in crude prices could reignite demand, snuff the drilling
cautious note: 'It would be dangerous to allow today's euphoria boom, and shatter economics of oil substitutes, creating new
to distract us from what needs to be done.'" supply problems."

Other highlights from this "API Report" issue of the O&GJ In an anonymous article, the O&GJ13 
6 concludes that the oil

follow. The coverage is much briefer here than in the oil com- industry will need to borrow funds in the 1980s because, largely
pany annual reports, in spite of the fact that the information is due to exploration and development expansion, capital ex-
more timely, because the origina! is readily available and, for penses will exceed earnings. Internal cash flow will provide 73%
those interested in more context, each of the four editorials and of industry funds. In an interesting aside, Exxon is noted to have
the ten articles from industry is relatively short, averaging less remarked: "If economic growth rates, for example, were to vary
than two pages apiece. by 0.5%/year from those projected here, energy demand could

Robert T. Tippee. Senior Editor in "The Oil Surplus - a vary by about plus or minus 17 million b/d in 2000." That is

Fleeting Phenomenon"" ' 3 
5 "The key change- oil and overall equal to the entire U.S. petroleum consumption in 1980.
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(Sohio) projects U.S. energy demand increases averaging "When comparing crude oil price decontrol and natu, I gas
1.25%;year through 2000. reaching 100 quadrillion BTU price decontrol as presently scheduled, there is a deciced differ-
year ' This seems to have been the consensus of most analysts ence. Under the Natural Gas Policy Act of 1978. which allows
in the industry and government, but about six months earlier for gradual decontrol of natural gas prices, between 40% and
Today the consensus would probably be lower, but 100 quads is 60% of all natural gas will continue to be permanently subject to
a convenient figure to remember and use some sort of government control. Moreover, natural gas is being

The same article adds "In short, says Davis Gulf., "low oil sold in the U.S under contracts that were made many years ago
prices would be popular with consumers and would stimulate when prevailing prices were quite low. ,As a result, under current
economic growth But low prices would sharply increase our law and existing contracts, some natural gas may not reach
dependence on foreign suppliers and would reduce our national equivalency with the world price levels of crude oil "
security. Higher prices wouldn't make consumers happy, but "Unfortunately, while the U S. moves toward a more sensible
they would stimulate domestic energy production and cut energy policy, some of this country's closest allies are adopting
deeply into our appetite for foreign oil." "Already. Lichtblau counterproductive measures. Canada's new energy program,
points out. synfuel projects are being scrubbed or scaled down which discriminates against foreign companies, as well as its
because of price moderation " Lichtblau also says. "This the recent crude oil tax increases, has dampened exploration and
new price uncertainty) is why forecasting a supply and demand production activity in its petroleum industr. The U.K.'s con-
balance for 1Q90 is more difficult today than a year ago. when tinued increases in tax burden have caused the delay. and
the direction of the oil price trajectory for the 1980s was ac- perhaps even termination, of several important producing
cepted as a matter of faith." projects

C.C. Garvin Jr.. Chairman and CEO, Exxon Corp. 3 7 - "The George M. Keller. Chairman. Standard Oil of California .i

most striking development has been the decline in oil consump- - "Long-term. Socal is looking for a demand-constrained
tion around the world. Over the past 2 years, the combined world market for oil through the end of the century - resulting
consumption of the U.S., Europe, and Japan has fallen by 13%. in a likely continuation of today's surplus in production capa-

Since internationally traded oil is priced in dollars, and city. In our economists' view. crude demand is expected to grow.
since the dollar has gained in value vis-a-vis other currencies on average, by less than 1%,,year through 2000. . 'We now
during most of this year. foreign economies have been subjected expect (prices) to grow slightly faster than the rate of inflation
to an even greater price shock than has the U.S. Here again, the forecasters are talking about a long-term

"My conclusion is that while oil supplies, in the absence of a average."

new Middle East crisis, should be comfortably available for "Even if real energy prices - adjusted for inflation -
some time to come. the immediate surplus is more likely to increase no further in the foreseeable future, our economists feel
shrink than to grow." Largely because surplus stocks have been it is clear that the upward price movements of 1979-80 will
drawn down). "Because the cost of carrying inventory at today's continue to promote conservation measures as old machines.
interest rates is so high (its currently in the $8-10/bblyear plants, buildings, and vehicles are replaced by new, more effi-
range), because importers have been reluctant to pay the high cient ones. The net long-term result should be a respite from the
prices that some of the more hawkish oil exporters have been price surges of the 1970s. and this should permit the anticipated
demanding, and because of the recent production cut by Saudi modest increase in oil demand to occur in the coming years
Arabia, we are now beginning to see a liquidation of this without undue strain on existing supplies Socal expects)
cushion." (Saudi Arabia) ". is a country with the latitude to " a demand-constrained market through the end of the
vary its production significantly without harming its basic eco- century"
nomic interests.. . OPEC production levels of recent months "Like energy supplies, energy prices will continue to be
. . have fallen to about 20 million b/d from a previous high of highly sensitive to unpredictable political events. Certainly
almost 30 million bid." unforeseen military or political events affecting the Middle East

John M. McKinley. Chairman and CEO. Texaco. Inc.3 , _ could drastically change today's picture However. barring a

"As can be seen now in retrospect. incredibly cheap energy in protracted loss of a large supply element, world oil consumption
the 1950s and 1960s - energy priced at far below its replace- through the end of the 20th Century seems likely to move n a
ment cost - led to unsustainably rapid growth rate in consump- relatively narrow range "
tion. Many industry experts felt that oil demand would continue "The U S. component )f our forecast assumes an aggressive

to rise rapidly. A study by the National Petroleum Council in the domestic energy development program to minimize American

early 1970s projected that free world demand would reach 73 vulnerability to disruptions in world oil supplies It also suggests

million b/d in 1980 . this projection is almost 25 million the following course of action for the nation

b'd above 1980's actual level *" Energy efficiency improvement must continue high on
"With considerable short-term excess in production capacity, the list of national priorities - even n times of surplus

Texaco expects real world crude oil prices to remain relatively supply
stable over the near term. barring a new major supply disrup- e Oil and gas exploration and production programs must
tion.. Texaco now projects that free world energy demand remain at high levels. More federal and state properties need
will increase at about 2.3%/year between 1980 and 2000 How- to be made available for exploration
ever, the switch to alternate fuels, primarily coal and nuclear Natural gas regulations must be adapted to the realities of the
worldwide and natural gas outside the U.S., will slow the marketplace
increase in oil demand to only about 1% per year"

"In Texaco's judgment, petroleum demand in the U.S peaked All alternative forms of energy must be developed to the full
in 1979, and will remain relatively stable at about 16 or 17 extent of their economic viabiity Near term. these sources
million bid through the end of the century. Increases in distillate include especialy coal and nuclear Longer term, liquid syn-
and jet fuel demand are expected to offset declines in the de- thetc fuels
mand for gasoline and residual fuel
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Fred L. Hartley. Chairman and President. Union Oil Co. ' The energy outlook for the 1980s will continue to be
of Callfornia, 3 1)' - "In 1970, it took 62,000 BTU of energy to plagued with price and supply uncertainties stemming from
produce $1 of GNP. In 1980 the ratio had dropped to 55,000 international tensions. Even in the face of these uncertainties,
BTU/GNP dollar. If this trend continues, it will take only 40.000 the oil industry will react to longer-term incentives and
BTU of energy to produce $1 of GNP by the year 2000. persevere in its efforts to produce more oil and gas - both at
. . By putting our own house in order, America has made a home and abroad."
major contribution toward stabilizing the world oil market. Jerry McAfee, Chairman and CEO, Gulf Oil Corp. 3 _
•. . Since 1980, following the start of phased decontrol of "Several years ago the chairman of a major, overseas-based oilcrude oil prices, U.S. oil production has held fairly steady, after company remarked that. in energy matters. the most important
years of decline. Natural gas production, which has had some nation in the world was not Saudi Arabia but the U.S His point
price improvement, has also held steady Thus, we not only was that, notwithstanding the massive oil reserves of the Saudis.
began to use less, but also to produce a larger proportion of the the U.S. exerted the most influence on energy matters because
oil and gas we use." of our position as the free world's largest producer and con-

"While overall energy demand in the U.S. is expected to sumer of energy."
continue to increase through the rest of this century, oil and energy"Amon energy experts, there are basicallks~ ,,.views about
natural gas consumption will probably decline We can now
expect increased utilization of coal, nuclear, geothermal, hydro, today's surplus of crude oil. On the one hand we have the

and solar over the next two decades, as well as the beginning of optimists, who believe that the situation reflects inderlyig

the synthetic fuels industry - especially from oil shale." structural changes in petroleum markets and consequently see a

"Federal lands are estimated to hold 37% of our undis- very favorable outlook for the consuming nations On the other
hand, we have the pessimists, who contend that what appears tocovered crude oil, 43% of our undiscovered natural gas 40% of be a market change is really nothing more than a fami. feud'our demonstrated coal resources, 80% of our recoverable oil
among Organization of Petroleum Exporting Countries memshale, and 95% of our tar sands. Yet, despite the promise these bers."

lands hold, about two-thirds are formally closed or restricted to "Of course, in a strict sense, the discussion about 3ii gluts
mineral operations." masks a fundamental reality - just as did the talk in the 1970s

America is still importing about 35% of its oil, and it about oil 'shortages.' In fact. at no time since 'World War I1 has
will take a lot of effort to reduce that dependence substantially. the world rad a physical shortage of oil. with less capacity to
We will continue to live with the threat of a serious disruption in produce than demand required. Instead, we have experienced
world oil markets which could seriously impact our economy. the willingness of certain exporting nations to withhold available
While free world non-OPEC oil production has been increasing oil. resulting in occasional shortfalls of supply.'
steadily, it is expected to slow in the late 1980s. Combined with "After all, OPEC does control three-quarters of the worlds
rising demand, this slowdown will allow OPEC the chance to known deposits of petroleum. . If Saudi exports dried up,
again raise prices in real terms. . . . The progress we have they could not be made up fully from surplus productive ca-
made in the past 2 years shows that increased energy security pacity in other nations. . . barring a massive disruption of
lies within our grasp." Saudi exports, it is doubtful that OPEC would cut production

"The pace of synthetic fuels development has picked up. For much lower than current levels of less than 22 million b/d. In
example, my own company will start operating the first com- order to meet the financial and development needs of its mem-
merclal superquality synthetic crud,_ oil plant utilizing oil shale ber states, OPEC collectively must produce some 21 million bid.
rock by summer 1983. This $500 million, 10,000 bid plant is a while as recently as 1979 they produced more than 31 million
100% private investment, and the taxpayers are not involved in bid. Thus, at this point, OPEC does not enjoy nearly the latitudefunding or guaranteeing loans to build the project." to reduce production that it once enjoyed. Moreover, as the

William C. Douce. President and CEO, Phillips Petro- recent spate of price-cutting by petroleum exporters ndicates,
leum Co. 3 11- - "Public apathy diminishes enthusiasm for many OPEC nations want to increase their production"
efforts to find more oil and gas, It reduces pressure to conserve. "In fact, OPEC's fundamental problem - slackening of de
It lowers the priority for developing synthetic fuels. It slows the mand for its product - has been generated not so much by the
effort to reinstill public confidence in nuclear power. And it policies of the Saudis as by the workings of the marketplace
blunts long-term programs to tap the energy potential of the The rapid decline in demand has taken most observers - in
sun. With a surplus of petroleum in the marketplace, the most cluding those in OPEC - by surprise. it appears that the
recent polls conclude that only one in 10 people considers switch from oil to other fuels has only begun. Given these
energy to be one of the two most pressing problems in the realities, it seems evident that Saudi Arabia clings to its current
country. course mainly because of economic reasons. The Saudis appear

"Worldwide petroleum production is now approaching 45 keenly aware that OPEC may have taken the price of crude oil
million bId, 2 million bbl above daily consumption. But the up so far that energy efficiency and fuel-switching could irre-
surplus is fragile and could be turned to scarcity overnight by versibly limit future demand for oil In other words, the
decisions in Middle East capitals to cut production or reduce Saudis don't want to be stuck with a 60.year supply of a com
export levels." modity that history has passed by."

"Although oil production in the U.S. has probably passed its "In addition, the moves in recent years to market pricing have
peak and will decline gradually, petroleum will remain the domi- produced a stunning supply-side response in the U S Spurred
nant energy source through the rest of this century. , .. There by higher prices, U.S. well completions this year are expected to
is more domestic oil and gas to be found - possibly more than top 77,000 - nearly 30% more than last year's record total
has been found to date - and rising prices will assure that it is . . . Although the decline in production continues. it has been
discovered and brought to market . .. The opening of more cut to only one-sixth the rate of decline experienced in the
federal owned lands for exploration is a positive step to boosting 1970s. Gulf's economists are now predicting that industry re-
domestic production." serve additions may soon equal production, a development that
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augurs well for keeping production at healthy levels . . I have contributions in the 1990s, but they are not expected to provide
no doubt that we can reach the goal of reducing oil imports to 4 major sources of energy until the next century."
million bid - or less - by 1990 After all, with imports having "This outlook implies that the next 20 years will be a period
decreased nearly 2.5 million b/d in the past 2 years, we are of great opportunity for our industry. We believe the size of
already more than halfway to our goal." hydrocarbon deposits in the U.S. and its offshore is large. Also,

"Unfortunately, the U.S. has not been able to give up com- there are large amounts of discovered oil, the development of
pletely its national habit of interfering with the workings of the which lies beyond the capabilities of most contemporary pro-
marketplace. For example, the Natural Gas Policy Act, although duction methods."
it did contain some improvements over previous policy, unfortu- John H. Llchtblau, President, Petroleum Industry Research
nately continued controls on some categories of natural gas. In Foundation. Inc. 13 

14
, - "To get a measure of the hazardous-

the case of domestic crude oil, the 'windfall profits' tax is a ness of long term oil price forecasts, one only needs to look at
triumph of politics and prejudice over logic and economics. We the 10-year predictions made in 1970. None of the experts
estimate that in 1981 that excise tax will siphon off from Gulf came even remotely close to the actual world price of last year.
Oil Corp. about $1.1 billion - more than 90 million/month." Nor did they do much better on supply and demand projec-

T.B. Redmond. Vice-President. Planning and Economics. tions."
Standard Oil Co. of Indiana ' 3 -13

, - "We expect economic "We can see some structural changes in the marketplace
growth in the free world to year 2000 to average about 3.5%/ which should make the 1980s very different from the 1970s.
year and population growth to average about 2%/year. For But to guess at the specific price in 1990 is still quite hazardous
almost every country, the GNP growth rate will exceed the Market trends in the 1960s were such that a substantial increase
population growth rate, implying an improving standard of liv- in the real price of oil would have been inevitable even without
ing. Free world energy demand growth to 2000 is expected to the Organization of Petroleum Exporting Countries from the
average about 2%/year - significantly lower than the economic mid-1970s on. The sustained growth rate in world oil demand
growth. Still, energy demand will increase from the equivalent at the pre-1973 price level was simply too fast relative to
of 94 million bid of oil in 1980 to 139 million bid In 2000. The physically available supply and thus had to be substantially
increase. 45 million bid. is about the same as the expected free curtailed by means of higher prices to restore a market equi-
world oil consumption this year " librium."

"The oil consumption of industrial nations dropped to 38 "By 1978, after the price increases of 1973-74 had eroded
million b/d in 1980. Partly due to the economic slowdown, it is somewhat in real terms, oil demand began to rise again at a rate
forecast to decline another 3 million bid this year. Even after which, if continued, would have led to supply tightness within 5-
some near-term increase as economic activity picks up again, we 6 years. Thus. by the early 1980s a further real price increase to
expect a further reduction to 33 million b/d by 2000 U S oil balance supply and demand would have been required even in
consumption should decline from 16 million b/d of crude oil the absence of the Iranian revolution,'
equivalent in 1980 to 15 million bid in 1981 and 13 million b/d "There is a debate over what part of the decline is cyclical
in 2000." and what part is structural The cyclical part is ephemeral and

"In the context of such modest oil demand g.owth. we believe will be reversed once the industrial onomies of the world
the oil supply situation should be fairly comfortable for the recover from their present slump which is now expected in the
balance of this century. . . . demand for OPEC oil should be second half of 1982 The structural changes underlying the
about 25 million bid in 2000, of which OPEC domestic con- demand reduction are of course more enduring since they reflect
sumption will account for 7 million b/d. OPEC oil exports, economically motivated trends to conserve oil. use it more effi-
which peaked in 1973 at almost 30 million b/d, would be down ciently. and substitute other fuels for it In the short run these
to about 18 million b/d in 2000, a figure last seen in 1968." trends are not readily reversible nor even arrestable " The cych-

"U.S. natural gas consumption will remain essentially flat cal component has been a significant part of the recent drop in
over the next 20 years, but in foreign areas it will increase demand as inventories have been decreased But recovery in
significantly. The OPEC countries have prolific resources of demand will " be strongly tempered by a continuation of
natural Igas, and these will be increasingly utilized in the local as the structural downward trend in oil consumption "
well as export markets. . . Coal will contribute the largest world oil demand will start recovering next year but
portion of the free world energy consumption growth, and its will climb at a very slow rate and is unlikely to exceed the 1979
share of total energy will increase from 19% currently to 25% level of about 52 million bid in this decade. Meanwhile, the
by 2000. Nearly 40% of the coal growth will be in the U.S. existing production constraints resulting from the Iranian-Iraqi
where coal consumption is expected to double from 7 million war can be expected to end, freeing substantial additional OPEC
b/d of crude oil equivalent at present to 14 million b/d by the supplies for export. Also. non-OPEC supplies will continue to
end of the century. Electric utilities will account for most of this increase, perhaps at an annual growth rate of about 500,000 bid
increase." to 1985 and somewhat less thereafter."

Although free world nuclear power growth has been moderat- "Thus. market conditions do not require an increase in the
ing for several years. . "it is expected to have the fastest real price of crude oil for the next 7-8 years to balance supply
growth rate of any energy source in the free world, increasing and demand, since throughout this period there will be excess
from 3 million bid o' oil equivalent in 1980 to almost 11 million producing capacity. In fact, for the next 4 years the magnitude of
bid of oil equivalent at the end of the century. Its share of energy the excess will be such that on the basis of market conditions the
will increase from 3% in 1980 to 8% in 2000 .... Hydropower real world oil price should decline from its present level This is
development is relatively mature in the developed countries in sharp contrast to the 1 q70s when market conditions, as we
where little growth is forecast. However, in many of the de- have seen, put upward pressure on rrices -

veloping countries, especially in Latin America. many suitable "Since no OPEC member is attrmpting to sell below the floor
sites are still available; therefore significant growth is expected, price, the organization remains effective, although its upwad
Other renewable sources such as solar will begin to make small price mobility is severely curtailed hl market forces With
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13 million bid of readily producible OPEC oil overhanging the OPEC capacity is not likely to be called on oil consump-
market, some members may succumb to the temptation to sell tion worldwide may be more affected by reduced demand
more oil by offering hidden or open discounts to their cus- growth than by tight supply for the next several years."
tomers. Once this process spreads it would rapidly undermine "The U.S. will have to increase production of its domestic
OPEC's floor price defense and cause prices to tumble." energy supplies. That's the price of regaining a reasonable,

"Probably OPEC's long term survival will depend on its feasible degree of energy security. It's unlikely that the U.S will
ability to maintain its crude oil output between 22 million bid in the 1980s become entirely self-sufficient. That would be
and 28 million bid. As of now, it seems that an OPEC produc- prohibitively expensive and unnecessary.
tion level within this band is more likely during the 1980s than "Nuclear energy is one way we can reduce our dependence
one below or above it." on fossil fuels, and nuclear fuel is more inflation-proof than

J.F. Bookout, President. Shell Oil Co.,315 "The 1970s proved fossil fuels. Our use of nuclear energy to generate electricity can
to be a nightmare for those given to forecasting - economists, be substantially increased, with safety, provided the issue can bepoliticians and oil people." taken out of the political and emotional arenas, and returned to

"Since 1979 and OPEC's further price increases and the the scientific arena - where it belongs."
decontrol of domestic oil prices, the decoupling (between
energy and GNP) is proceeding apace. Total energy use is de- 1982 Update
clining somewhat, and oil use has been declining 4-5%/year, According to 1981 annual reports from most of the oil com-
these last years. Before 1978, oil was penetrating the fuels panies, as might have been expected, the conclusions on
market; since then it has been backed out. . . . Shell expects exploration and production capacity developments during the
these trends, including the 'backing out' of oil from the energy year are variable. Some show successes and optimism; some
supply mix, to continue. By 1990. we expect total U.S. energy show declines in reserves and are cautious about future produc-
demand to have grown by less than 1 %/year." tion, particularly domestic. In view of the declining petroleum

"We believe demand for oil peaked in 1978 at 18.9 million market during the year and particularly curtailed refinery ac-
b/d and that it will decline to approximately 16.3 million bid by tivity, a cautious report to stockholders would seem appropriate.
1990 Oil will have dropped from 47% of our primary energy In a depressed market, it is questionable whether new finds
mix in 1978 to about 37% by 1990." should be publicized.

"We are learning that oil-consuming nations have leverage in While current news reports declining exploration activity, a
the producing countriesiconsuming countries' 'contract.' large percentage of the recent decline is from independent

we must continue to practice conservation. We must operators. According to their reports, the majors appear to be
encourage switching from oil to other fuels. And we must de- forging ahead with their development plants. But, it is also true
velop our own energy supplies. In our opinion, striving to that independent operators account for a high percentage of
hold present domestic oil production levels requires accelerated new wells brought in. The independents are important in de-
federal leasing and greater enhanced oil recovery from existing veloping new oil and gas production capacity.
oil fields and continued constructive public policy. . . . The Excepts from representative 1981 annual reports are included
decline of U.S. oil and natural gas liquids production has now here to provide a sample of the situation. The Atlantic Richfield
been slowed, because of the greatly accelerated drilling activity report is typical in describing the general economic climate and
to about 1%1year." petroleum market situation "Final decontrol of domestic oil

"it is interesting to note that while energy began to be used prices in January (1981) greatly changed the environment for
more efficiently after 1973, the backing out of oil in U.S. fuels Atlantic Richfield and the oil industry, restoring competition to
markets only started after the 1979 international oil price hikes the marketplace and proving there is more elasticity in oil de-
and after domestic oil price decontrol was started." mand than expected. Immediately following decontrol, domestic

Rawleigh Warner Jr.. Chairman. Mobil Oil Corp. 3161 "Now crude prices rose to world market levels, which then fell within

the industrialized world is in the process of assessing the effects weeks in the face of declining demand. Petroleum product con-

on their economies of the events of the past few years. The sumption in the U.S. dropped to its lowest level since 1973. and

process of adjustment reflected in inflation and real economic most forecasters believe the decline will continue. Meanwhile,

growth is far from complete." the recession dampened the general business environment and

"In reality, the full impact of the 1979 oil shock has not yet thus earnings "
been translated through the world's economy, for we have not . For Atlantic Richfield. the highlight of the year was the
been in a 'normal' situation for some years. Nevertheless, we start up of the Kuparuk River oil field on the North Slope of
have seen some significant changes that have long-term implica- Alaska in December. three months ahead of schedule. Produc-
tions for our industry. The most important has been the marked tion rates of 80,00(0 barrels a day are expected to grow dra-
decline in free world oil consumption since 1979. Several fac- matically and could reach 250,000 barrels a day by the late
tors have caused this. The importance and permanence of each 1980s . With the addition of Kuparuk, the Company expects
will be revealed with time. They are: to be one of the few companies to maintain domestic crude oil

" Price-induced conservation, production at current rates through much of this decade
"Management affirmed its commitment to a more vigorous

* Fuel-switching for a new energy source mix. domestic oil and gas exploration program by forming ARCO
" Widespread recession, primarily in industrialized nations." Exploration Company in 1981. The Company invested $1 bil

"With this background, let us now examine the price and lion, out of a total capital program of $4.1 billion, in domestic
supply picture for the rest of the decade. On the supply side, we exploration during the year, a record for Atlantic Richfield.
see the 1980s marked by moderation in crude oil demand. In These efforts are building what we believe to be an attractive
addition, oil supplies from non-OPEC producing areas have portfolio of high-potential domestic prospects for the Company
increased. One result of these twin factors will be that the full Another $1 3 billion in capital investment went for domestic oil

and gas production
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"The Company will continue to invest heavily in these activi- Occidental - "The Oil and Gas Division is proceeding with
ties tn 1982. A total capital program of $5 billion is planned, its most expansive exploration program ever. The Natural Gas
including $3 ' blion for domestic oil and gas exploration and Policy Act of 1978 and decontrol of domestic crude oil in 1981
development. The Company's international oil and gas program substantially improved U.S. exploration and development
is also expanding, with $250 million targeted for these efforts in economics."
1982." . . . Overseas, we have active programs in 15 countries,

Conoco (DuPont) - "Capital expenditures for petroleum nine of which began operations in 1980 or 1981. These
exploration and production totaled a record $1.2 billion for the stepped-up efforts, which began in 1978, are now beginning to
full-year 1981. Approximately two-thirds of these outlays were show results."
made in the United States, reflecting the company's emphasis on Phillips - "Phillips estimated worldwide proved reserves of
finding and developing secure petroleum supplies, and slowing crude oil, .ondensate and natural gas liquids decreased 10 per-
or reversing the rate of decline in domestic crude oil and natural cent to 916 million barrels. Worldwide natural gas reserves
gas production." totalled 6.77 trillion cubic feet, about the same as last year.

"Future levels of domestic petroleum production will depend "Year-end estimates of proved reserves are based on then
in large measure on the success of Conoco's exploration activi- current reservoir infor ,'ation, technology and economics. Such
ties and on progress made in the development of economic reserves, however, cannot be measured precisely. Adjustments
methods of enhanced oil recovery." are made to reserve estimates to reflect changes in economic

Exxon - "As a result of an increase in gas reserves, Exxon's conditions, results of drilling and production and technical re-
combined oil and gas reserves in the United States showed an evaluation of reservoirs."
increase for the first time in more than a decade.. . . Additions Shell - "We believe we remained the leading major oil
were particularly significant in the lower 48 states, where they company in replacing domestic oil and gas production over the
exceeded production by 20 percent." last eight years. In 1981, we added proved reserves to 98

"Exploration drilling on Exxon USA's prospects onshore and percent of U.S. natural gas production and 65 percent of U.S.
offshore continued at the highest levels since the mid-1960s. crude oil and other liquids production.
The company made two significant natural gas discoveries in the "We also continued to rank among the top majors in domestic
overthrust area of southwestern Wyoming, and participated in seismic exploration, drilling and leasing We are active in some
several gas finds in Louisiana, Texas and Oklahoma. Exploration 50 domestic geologic 'plays' and participated in discovering 24
drilling also confirmed commercial quantities of oil and gas at oil and gas fields in the United States.
Pescado, an earlier discovery off southern California." "In all, we drilled or participated in a total of 1,560 explora-

Exxon goes on to headline, "European Exploration Efforts tion and development wells in 1981, more than in any year in
Led to Gas Discoveries in Norway, Oil Find Confirmed in our Company's history. . . . We also remained an industry
Columbia. Onshore Gas Find Made in Thailand, and More leader in supplemental oil recovery - particularly in steam
Exploration Acreage Acquired in the U.S. Offshore and in injection to increase production in our heavy oil fields in Cali-
Frontier Areas Abroad." fornia. Preparations continued for major carbon dioxide injec-

Gulf - "in 1981, operating earnings for Gulf Oil Exploration tion programs to increase significantly oil recovery from existing
and Production Company increased 33 percent to $1.8 billion, fields in the West Texas/southeast New Mexico and Mississippi/
with over three-fourths generated in the United States. The Louisiana areas."
principal contributing factors were higher crude oil and natural Standard Oil of Indiana (Amoco) - "At year end we held 41.3
gas prices, which also spurred record exploration and drilling million net acres of exploration and production rights - the
activity. With greater incentives and higher cash flow, Gulf most in the industry - and owned 20,615 net oil and gas wells
increased capital and exploration expenditures for oil and gas on 2.9 million net producing acres. Crude oil production de-
projects by 35 percent to $2.4 billion, and like earnings, over dined 6 percent, and natural gas liquids volume decreased 5
three-fourths was spent in the U.S. percent. Our estimated U.S. net crude oil and natural gas liquids

"In 1982. the search for new reserves and the development of reserves were 1,674 million barrels at year end. compared to
previous discoveries will require a similar level of investment as 1,663 million barrels at the close of 1980. Exploration and
greater attention is placed in frontier areas. To meet the long- development drilling and revisions to previous estimates added
term expectdtions of of its shareholders, Gulf's primary goal is to 170 million barrels, replacing 107 percent of our total U.S.
minimize, and as quickly as possible, reverse the decline in its liquids output of 159 million barrels in 1981.
U.S. reserve and production levels." . . Our estimated U.S. net proved reserves of natural gas

Despite this increase in drilling activity, production were 8.857 billion cubic feet at year end, compared with 8,434
continued to outpace reserve additions." billion cubic feet a year earlier."

Mobil - "Mobil continued to seek out and develop new Standard Oil of Ohio (Sohlo) - "Over the next ten years.
supplies of oil and natural gas to meet future needs, with the company's planned investment of about $30 billions in
exploration and producing expenditures of $2.9 billion, the dollars of the day for exploration and production will draw
highest to date. largely on cash from Alaska. This amount, half of Sohio's

Promising new discoveries were made in Europe and Africa. planned capital investments for the next decade, will be used to
Evaluation continued of earlier finds in Mobile Bay, off the coast carry out a basic strategy for exploration and production that
of Alabama; in the Grand Banks and Sable Island areas of the involves four objectives:
Canadian Atlantic, and in Germany." * "to optimize production of Prudhoe Bay field reserves;

"Mobil is preparing for increased hydrocarbon production
from its reserves in the Gulf of Mexico and the North Sea. * to develop recently discovered reserves on the North Slope

of Alaska;
Final terms are being negotiated for our participation in a

pipeline that will transport carbon dioxide from Mobil reserves * to explore for, find, and develop new reserves in Alaska and
in southwest Colorado to west Texas. Construction is scheduled other geologic frontiers of North America: and
to begin this year. The carbon dioxide will be used to increase e to apply the latest technologies in the search for and develop-
oil production." ment of these reserves
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Texaco - "Texaco is placing its major emphasis on explora- In 1981, the Company participated in 504 gross
tion and producing, the area of the business that offers the exploratory wells around the world - more than two-and-one-
greatest potential for profit. These activities are concentrated in half times the 188 drilled in 1979.
the United States and other politically secure areas where there ". . Texaco's aggressive program of exploration and pro-
are prospects for reasonable returns. d4ction in the United States has been noticeably effective

"Since 1979, worldwide capital and exploratory expenditures Liquids production, which had traced a declining curve in recent
have nearly doubled, with the largest portion allocated to years, showed a reduction in rate of decline in 1981. There is no
exploration and producing investments . .. 69% was spent assurance that this improved trend will continue, but these
for finding and producing oil and gas. results do justify the expansion and search for new reserves.
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Chapter 4

U.S. Petroleum Forecasting

Board Room Briefing No. 4 8. Oil companies' views about new finds and development

1, It is axiomatic that U.S. petroleum is a finite resource are optimistic Certainly exploration is proceeding at an

which will finally become uneconomic for fuels when depletion unprecedented pace and plans are for greater expansion in the

leads to much higher production costs in the future. The ques- future. Many believe that success in finding oil and gas is limited

tion is whether, neglecting international interruptions in oil sup- only by the incentive,
tin pies whe g9. Establishment of confirmed reserves (by seismic explorastrongly, and when. tion and drilling) is expensive. An unproduced inventory bears

2. U.S. oil discovery and production data cover a period of interest costs and may be taxed. Institutional factors of this type

over a hundred years. The U.S. has been explored and drilled far discourage exploration and finding of oil, as well as listing of

more than any area in the world. If petroleum production ex- finds when they are made.

perience for any part of the world can be assessed and forecast 10. Many oil forecasters and oil managers feel strongly that

with confidence, the best results should be obtained for the U.S. the limit on U.S. production now is placed by the political will to

3. In 1962. statistical analysis of U.S. oil discovery and pro- produce. That is, regulations, restrictions on lands, tax structure

duction data indicated that the peak of U.S. production would and the like, control production more than other factors.

occur in about 1970. If experience followed the curve as the
data indicated, U.S. production would decrease irretrievably Introduction
beyond 1970. The earth's central core is generally agreed to be molten

4. Historically, U.S. production did peak in 1970, while nickel/iron. If, instead, it were prime crude oil, man's liquid-fuel
subsequent discovery and production data continue to follow dilemma would not be improved without some technical or
the mathematical trends derived from the historical data. (There economic breakthrough we cannot imagine now If that fictitious
was one excursion in discovery, Prudhoe Bay, Alaska, in 1970, .,oil core" could be tapped with today's technology, which it
but it did not alone alter the trend.) could not, the oil produced would have to compete on today's

5. Many forecasters and geologists conclude that this analy- market with coal, natural gas. shale, peat, geothermal, nuclear,
sis forecasts the realistic and inevitable exhaustion of U.S. oil. In solar, biomass, et cetera. It could not: the cost of drilling and
turn, the analysis sets a firm ceiling on the amount of oil that can lifting it would be too high per barrel.
be recovered in the U.S. and also sets a timetable for its exhaus- In that sense, the supply and depletion of domestic petroleum
tion. Since, in this concept, final depletion is already in process, in the U.S. has little bearing on our long-term future The time
the long trend for U.S. oil prices must be to inexorably acceler- will inevitably arrive when no oil in the U.S. can be produced at
ate upward. costs competitive with other available energy sources At that

6. Many other forecasters now, particularly economists, be- point it doesn't matter whether there is still oil under U.S land
lieve that the future supply of oil is sufficient, short- to mid- or not; it might be as uneconomical to reach as trying to mine
term, such that the total amount is of no real consequence. They the iron core. So the questicn is not how much petroleum
see the present demand/supply balance simply stretching out in reserve we have, but whether we are presently at or nearing the
time. with prices rising as necessary to provide the balance. Due point where our production costs will become uncompetitive
to the unprecedented price rises in 1973-74 and 1979, they This question is affected by whether our economically com-
expect that much more oil will now be found and produced. petitive oil production is in its early stages or whether it has
Other constraints such as taxes, federal land leases, regulations already passed Its peak into a regime of inevitable decline If it is
and so on, are viewed as restraints on production, rather than already in decline, we must expect that domestically-produced
physical depletion, costs will rise henceforth on an accelerating scale and that the

7 Energy conservation both in the United States and in the rest of the world, not only OPEC, will escalate their oil prices
world, has been much more effective than even optimistic accordingly.
expectations. As a result, world demand is now less than world The question must be answered only in gross terms Are we at
production capacity. Production has been curtailed by Saudi that point now or do we have one or two generations. or more,
Arabia accordingly. The margin between supply and demand is before our fuel transition from petroleum is forced upon us- It
still narrow, but conservation develops inertia and demand may be surprising that the answer today is not known with
should drop further, even without price increases, assurance, even in gross terms. In fact, we are in the midst of a
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debate comparable to the astronomers' arguments between the large audience of 150 or more appeared to be from organiza-
geocentric versus the heliocentric concept of the solar system or, tions already engaged in or directly concerned with oil produc
in our generation, the argument between the hydrogen nuclear tion. One might have thought they had already fuiiy developed
cycle versus the helium nuclear cycle in our sun. their philosophies and techniques for oil forecasting Where the

iA Washington meeting was reflective and scholastic, this meeting
Oil Resource Forecasting was as dynamic and pragmatic as the stock exchange

There was virtualt v no discussion on the geological resource
Washington Meeting of oil in the U.S., this meeting was concerned with supply and

In the summer of 1980, the Department of Energy and the demand: prices, costs, world supply, political policies such as
National Bureau of Standards sponsored a symposium on oil the new policy emerging in Canada), OPEC operations.
and gas supply modeling in Washington. (4-1

1 It was attended by Communist interests, federal regulations. domestic drilling and
40-50 people. Although some attendees were from oil produc- demand, windfall profits taxes, and policies of the new Adminis-
tion organizations, most appeared to be from universities, tration. Pred'ctions were all based on supply and demand, with
government offices and data-processing contractors. Material emphasis on demand.
presented and the discussions fell into three categories: In fact, the Washington meeting could be said to have been

1. About 75% of the activity was on conventional oil- preoccupied with physical supply, this Houston meeting was
forecasting modeling concepts and variations in modeling tech- equally preoccupied with demand and its interaction with prices
niques, input geological data, oil drilling and production This may have been because the drop in demand was beginning
statistics, and modeling results. to be seen and because demand at that time was in extremely

2. About 15% was concerned with the fact that modeling delicate balance with supply. And it was rate of supply which
inherently assumes the future must be deduced from the past. concerned this group, not the total amount of resource avail-

3. The remaining 10% of activity had concluded that the able.
future will not be like the past, emphasizing that effects of It also may be fair to add that the Washington meeting
economics, regulations, taxes and other sociological conditions probably was concerned more with mid- to long-term forecast-
could affect production as much as the geology and engineering. ing, ten to fifty years in the future. The Houston meeting

Formal petroleum forecasts in the past have been based on appeared more occupied with the next three to five years, pos-
geological data and mathematical analyses to show what might sibly out to ten years. Nevertheless. at Houston the longer-term
be expected in the future. For convenience, this is called the concerns were still with demand/supply, not with physical
physical approach. limitations.

A newer approach is based on market considerations. Ba- One oil planner who spoke at Houston did acknowledge the
sically, its concern is with supply and demand. But it also recog- physical approach. He observed that geologists and economists
nizes that supply/demand balance in the market is affected by a are not only answering questions from two entirely different
host of other institutional, political and sociological factors, the points of view, they are answering two different questions. The
most direct of these being the price of crude oil and other forms geologist is concerned with "what is there." while the economist
of energy. For convenience, this is called the market approach. is interested in "what should be produced." He went on to

The physical approach acknowledges that the price of crude observe that, while neither approach is "wrong," both over-
oil will have some effect on its final production. But it regards emphasize the influence of their factors, while they practically
the effect of price as having far less influence than the earth's ignore the validity of the other's.
physical supply of hydrocarbons and the effect of scarcity on While the "ultimate" supply is not ;nfinite. as economists
production rates. effectively assume for convenience, neither can the source sup-

In turn. the market approach acknowledges that prices will ply be protected entirely from past production statistics. This
inevitably rise as oil becomes increasingly scarce. But market speaker concluded that taxes and regulations predominate at
forecasters are generally convinced that past history cannot present. And there is no historical experience with either the
project future finds and production, since future economic present market or political conditions He would not hazard a
conditions need not follow the policies and conditions of the guess about future political and sociological conditions, while
past. the subject of taxes is in active debate.

At the meeting, it appeared that the physical forecasters were From more than a hundred years of U S production, gargan-
primafily geologists and mathematicians; the market forecasters tuan amounts of physical data have been recorded The anaiysis
were apparently economists and business analysts. The geolo- of these data has been highly professional and the results are
gists outnumbered the economists. The differences did not fairly awesome. As a background for approaching the future and
really surface until most of the papers were presented (at least, assessing the relative influences of these physical data. the
so it seemed to a novice like the author), but the discussions classical or statistical approach to oil resource forecasting will be
became increasingly forceful. reviewed briefly. Further discussion will be found in Volume 2

The three-day meeting ended without any seeming compro- and in the references provided.
mise or closing of the gap. Discussion emphasized more the
differences between the two approaches than their similarities. Physical Oil Resources
Beside the author, some of the other attendees appeared to be It is interesting that. before the turn of the 20th Century there
encountering this issue for the first time. had already been several alarms that U S petroleum supplies

Houston Meeting might be running out At the time of the Great White Fleet, theU.S acquired lands for the Naval Petroleum Reserve. which it
About nine months later, a conference on crude oil forecast- still holds today Other alarms occurred into tf-e 11420s But the

ing was held in Houston. 4 2' Although the sponsor charged a fee depression of the '30s and improved exploration and develop
and the speakers were largely from oil consulting and market- ment methods, together with significant petroleurm finds around
pro)ection companies, surprisingly, a large proportion of the the globe. nearl, erased concern about petroleum depletion for

some time
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World War II was "fought with U.S. oil," but there was no eastern Canada, Scandinavia. and a large part of Africa. the
immediate concern about supplies even then, and the U.S. re- rocks of the basement complex occur at the surface of the
mained the largest petroleum producer and exporter in the ground."
world. Toward the end of the '50s. the question of depletion and "In other areas these rocks are covered with a veneer of
ultimate U.S. (and world) resources regained interest. An Energy rocks such as sandstones, shales and limestones, which are sedi-
Resources Study was established by the National Academy of mentary in origin The thicknesses of these deposits of sedimen-
Sciences. National Research Council. chaired by Dr. M. King tary rocks vary from zero to possibly 10 miles or more The
Hubbert. of Shell Oil Research and later of the U.S. Geological average thickness is probably no more than about a mile"
Survey The report, published in 1962, '4 3 was addressed to the These sediments occup'; basin-like depressions in the upper
NAS-NRC Committee on Natural Resources and was concerned surface of the basement complex Where internal stresses have
with all types of energy. Based on extensive earlier work by distorted and convoluted the underlying basement complex, the
Hubbert. it was more than a landmark report: it was a water- overlying sedimentary layers have been distorted and displaced
shed accordingly.

Since that time, serious discussions of physical depletion have These sediments were the sands and muds in which the
referenced Dr. Hubbert's work either directly or indirectly: organic remains of the geoligic past were buried and preserved,
technical reports, articles in professional publications, popular all the fossil hydrocarbons with which we are familiar. *These
discussions, textbooks, encyclopedias. As recently as late 1981. rocks, or contiguous fractured basement rocks, are therefore the
Dr. Hubbert received the Vetlesen Prize, awarded each year only rocks in which commercial quantities of fossil fuels have
from Norway for the world's outstanding achievement in earth been found or are ever expected to be found." (Methane hy-
sciences (which are not included in the Nobel Prize categories). drates and deep-earth methane may not fall into this classifica-
Some encyclopedias. 4 4A 5 for example, have either had the tion, as discussed in Chapter 7)
appropriate section written by Dr. Hubbert or have included a Sedimentary rocks are mostly porous, with the pore volume
thumbnail account of his resource depletion theory and its about 20% of the total volume. This pore space forms a 3-
derivation, dimensional interconnected network which is normally filled

His derivation by statistical analysis is both impressive and with water, having been formed in seas or lakes, or often de-
elegant. It applies not just to oil and gas, but to coal, uranium, posited at the mouths of prehistoric rivers. "Exceptionally, in
diamonds and other minerals, any resource which is sub)ect to very local regions of space whose horizontal dimensions may
depletion without replacement by natural means. range from from a few hundred feet to some tens of miles, oil

His approach brings to mind the use of pure dimensional and gas may have displaced the water in certain strata of the
analysis 'n the derivation of Reynolds number for scale effects in sedimentary deposit. These local concentrations of oil and gas in
subsonic fluid flow, 4 1" which can also be used to derive Mach the sedimentary rocks are the sources of our commercial pro-
number (for supersonic flow), Froude number (for free fluid duction of these fluids."
surfaces, such as for ships), Nusselt number (for heat transfer) Hubbert notes that the initial supply is finite, the rate of
and a host of other scaling indexes. One could enthuse and renewal is negligible, and the occurrences are limited to those
compare it with Pythagoras' proof that the square of the hypo- areas of the earth where the basement rocks are covered by
tenuse is the sum of the square of the other two sides, thick sedimentary deposits.

Dr, Hubbert's discussion of geology and oil occurrence in "The geographical distribution of all of such basins on earth is
nature is also elegant and eloquent. Its essence is presented here reasonably well known. If we can estimate about how much oil
as the most lucid encountered. He points out, as do many, that and gas is contained per unit volume in the sediments in the
oil and gas resources are much more difficult to estimate than better-known areas, such as the United States. then. by assum-
coal or oil shale, for example, and his explanation of the physical ing comparable oil and gas contents in similar sedimentary
characteristics make the reasons very clear, basins in the rest of the world, an estimate in advance of exten-

In Reference 4-3, Dr. Hubbert also makes a philosophical sive development can be made of the possible oil and gas that
observation which may be pondered: "A fairly widespread delu- other areas may eventually produce."
sion among the citizens of the United States is that this country "The sedimentary rocks of the United States and its conti-
owes its phenomenal industrial development, as contrasted with nenta shelves to a depth of two miles have a volume of about 3
the lack of development of regions such as Africa, South and million cubic miles. With an average porosity of 20 per cent the
Central America, and India, to the superiority of American pore volume of these rocks would be about 600.000 cubic
personal and institutional characteristics. It may be well to re- miles. Now suppose that these rocks contain 1 .000 billion bar-
mind ourselves that. but for a fortuitous combination of a large rels of crude oil in commerciali, producible concentrations. The
fraction of the world's resources of coal and iron in the eastern volume of this amount of oil would represent a fraction of 5.7 x
United States, the growth of which we are justly proud could 10 -' , of the entire pore volume, or about o parts per 100,000."
never have occurred,"

The example of Japan had not yet reached its impressive "There Is no geological information in existence that will
stature in 1962; perhaps the answer is incentive. But Hubbert permit us to know whether this is a high figure or a low figure
makes a strong point that we should not be dissolute or compla- (emphasis is Hubbert's) We have no a priori way of knowing
cent with our domestic energy and other resources. Also, that whether the average content of oil occurring in commercial
energy is a significant component in economic success. quantities in sedimentary rocks should be a few Darts in

100.000, or ten times or one-tenth this amount. ti.e only
Oil Geology possible way we have of determining how n , 1, oil the United

Paraphrasing Dr. Hubbert. if a well is drilled deep enough at States will produce is b, pure empicism. ba,,A on our actual

any place on earth it will eventually strike some rock formed in experience in the exploration and production of petroleum "

the basic hardening of the earth's crust. This rock. called the This problem is further complicated by the nature of oil and

basement complex, has grains so tightly packed that the pore gas. Unless trapped beneath an impermeable layer of additional

space is practically zero. "in many parts of the world, such as in '~ i



sedimentary rock. liquid material may rise to the surface, evapo- I I
rate, oxidize, erode or otherwise be carried away. Gas is espe- 0,

cially elusive. These hydrocarbons can also migrate into other W> , ",E,, .

porous rocks which bore no fossii material during their forma- V) 500 -,

tion period, or into fissures in the basement rocks. As has been c - ., ,'o 6

mentioned, the areas can be distorted by movement of the c 00 . '4,S00oO-

basement rock, as well as by slowly rising "bubbles" of material 11 ,'

like salt or sulfur, which are lighter than the parent rock. ' C 300 .EE. 0SO

Oil Resource Analysis 200 - .- Ok

In 1948. L.G, Weeks. Standard Oil of New Jersey, then the e-- Oa

world's largest oil company, published results from a world-wide 00
Lo HUBBERT -REF 1401

study made over several years along the general lines sketched W r 1 1
above. Two years later at Lake Success, New York, he expanded 0 1950 955 1960 1965
this material for the United Nations Conference on the Con- YEAR OF ESTIMATE
servation and Utilization of Resources. Among his comments.
"As previously stated. I feel that the actual measure of oil Fgure 4 1
recoverable by conventional methods and under present Estimates of Ultimate Recovery of Crude Oil
economies is more likely to be fifty percent larger than 10
percent smaller than my estimate of same. However, again I
must warn that these are not proved reserves. The actual figure try: (1) the quantity of crude oil produced in the United States
of ultimate reserves may very easily vary from my figure by per year. for which data are available annually since 1860,

considerably more than the percentages I have just cited." and (2) the estimates of proved reserves of crude oil in the

Over the next few years many got into the act and estimates United States made annually since 1937 by the Committee on

of both U.S. and world oil resources varied widely as individuals Petroleum Reserves of the American Petroleum Institute."

considered reasons why the amount should be greater or (Critics are uncomfortable with the data from API, being

smaller. In general, however, the estimates tended to grow from subject to reporting policies of the individual oil companies. But

Weeks' original 110 billion barrels for the U.S to 372 billion there is no better source; each oil company is likewise depen-

barrels estimated by Resources for the Future. In 1958 Weeks dent on the reporting integrity of its peers).

raised his 110 billion estimate to 240 billion, including U.S. Hubbert then listed a series of definitions and notations.

offshore. He mentioned that a means might ultimately be found which will not be used here. His mathematics will also be

to double this amount through enhanced oil recovery (EOR). skipped and the highlights described verbally.

The next year. Weeks raised his estimate to 460 billion barrels. He discusses the basis for statistical analysis, particularly the

In November 1961, the U.S Geological Survey (USGS) re- way in which U.S. oil production has accumulated with time

ported an estimate of 590 billion barrels to the Federal Science since 1860. The resulting curve is shown in Fig. 4-2 of this

Council. The USGS bulletin remarked: "But this much is cer- document. It is accompanied by a similar curve of cumulated

tain: it cannot be safely assumed that even the 20-percent mark proved discoveries, also shown in Fig. 4-2. The curves of cu-

has been reached in exploration for petroleum in the United mulative discovery and cumulative production turned out to be

States. excluding Alaska and excluding rocks deeper than identical, but displaced by a constant spread of years. Hubbert

20,000 feet." With 100 billion barrels found by that time, observes that a time plot of proved reserves (the only source

USGS concluded that an objective estimate might soon be in from which oil can actually be produced) starts at zero and rises

sight. to a maximum at about the halfway point, and then gradually

Loftness notes 4 5 that USGS estimates of undiscovered U.S. declines to zero. also shown in Fig 4-2.

oil and gas reserves increased by a factor of three from 1974 to
1975. "

In his 1962 report to the National Academy, Hubbert plotted
all the estimates he considered significant, as shown in Figure 4- 200 -
1. He noted that, if either the highest or the lowest estimate 2 00
should be right, then the others would be hopelessly out of J 170 B BBL ULTIMATE PRODUCTION

range. cc160 -
"If the correct figure happened to fall about mid-range, say at < - -

370 billion barrels, then the errors on either side would range 2o

between zero and about 200 billion barrels. It is thus demonstra- 0 CUMULATIVE CUMULATIVE

ble . . that the preponderance of recent attempts to deter- CO PROVED /P --

mine this quantity are grossly in error. This raises the question 0 DISCOVERIES
of whether the desired quantity is intrinsically indeterminate, - PROVED
except within these wide limits, or whether from data now M 40 --  RESERVES
available it should be possible to determine this quantity within
a much narrower range of uncertainty. It is the thesis of the 0

present report that such data do exist, and that from them a 1850 1900 1950 2000 2050

much more reliable estimate can be made." YEARS

Hubbert's Analysis Figure 4 2

"The method we shall now employ makes explicit use only of Hubbert's 1 962 Oil Depletion Analysis
the two most reliable series of statistics of the petroleum indus



If U.S. oil production follows this trend uninterrupted to com- I l I I I I
pletion, the final oil would be produced in about year 2030
Also, using the statistical formula which is derived from curve- cc - RATE OF -

matching both cumulated discoveries and production, thin total U RATE OF/ PRODUCTiON
oil produced in the U.S. should be close to 170 billion barrels. 30 - PROVED *,
much lower than many of the previous estimates. D

Hubbert has been criticized unjustly in that most of his curves 0 2 0
discussed elsewhere, as these, are symmetrical about the mid- Z /
point. Hubbert's papers discuss the fact that there is no reason 0 1 0 -,,
to assume symmetry: he points out the fact that the time plot of ' - " %

proved reserves can have a variety of shapes, with double or c 0 RATE OF CHANGE -

multiple maxima. The reason his curves take the shape they do RE SEVES
is that they have been constructed to match the data. Then, from 1 0 t RESRVES1  r- .
having matched the data, he deduces the characteristics of the 1875 1900 1925 1950 1975 2000 2025 2050
phenomena from the shapes of the curves. YEARS

By the same token, however, curves that matched the data in
the past will not necessarily forecast future events, if the forces Figure 4 3
affecting future events are significantly different from those Correlation of Hubbert Analysis
which guided the past. Hubbert also fully acknowledges that
principle.

But, using the data available in 1962, the results were not 2B
only consistent and elegant at that time, they have been borne 3 ItA
out by subsequent experience, at least until 1980. 3 1 1 1 1

The solid lines in Fig. 4-2 are from data available to Hubbert
at that time; the dotted portion of the lines are extrapolated X 2

using the formulas derived from the actual data. Data for cu- V -Cr
mulative production are so consistent that they plot, literally, 
within the width of the line shown in Fig. 4-2. As would be W 1 0-
expected, discoveries are not quite so consistent; they vary by oD
effort and luck from year to year. But over the 200-year base of a. C 00
Fig. 4-2, the cumulative discoveries wandered little more than n

three times the width of the line. That means no more than a z _
width of the line from the line as shown, at this scale. The - 0

consistency is remarkable. (z 1 0
Data scatter (which is not shown by Fig. 4-21 simply makes < 0 POSTO 962 DATA

M 0
the discovery line appear to be more freehand than mechanical, o 20
but the trend is consistent and true. From the two curves, 1900 '0 2C 30 40 52 52 7 -52
Hubbert could deduce accurately that production lags discovery YEARS

by 10.5 years. That is, after new oil is discovered, historically it
has taken an average of 10.5 years to produce it. Figure 4 4

Moving from the cumulative data, he then examined the rate
data more closely. On an enlarged scale, Figure 4-3 shows the must have peaked. Except for year-to-year variations and luck.
actual data for rate of production from 1875 through 1962 and, once the change of proved reserves truly crosses to the negative
simplified, indicates the corresponding curve for rate of dis- side, production must inevitably decline out toward final
covery. The 10.5-year lag is confirmed. Since a rate is mathe- exhaustion!
matically a first derivative (the slope of the cumulative curve at Of course, production could be accelerated artificially. and
any point in time), rates or slopes would be expected to show even finding rates could be given a temporary boost by artifi-
more irregularity than the cumulative data. So the variation of cially increasing exploration. But if the success of the past has
Fig. 4-3 is not at all surprising. What is surprising is that it is still been primarily the result of the earth's geology and if oil
so consistent. exploration and production have been shaped by events in

As shown in Fig. 4-3, Hubbert indicated that the real test of herent in world history, the curves should play out as shown
what was happening and wtien it would happen, must be repre- Any near-term acceleration in production would simply create a
sented by the second derivative: the rate of change in reserves, balancing acceleration in decline sometime later
Again, mathematically, since the second derivative is the slope Figure 4-4 deserves further attention. Variations in the data
of the first derivative, a plot of that function would be expected represent the way oil has been found in the United States since
to be substantially more erratic. The data available to Hubbert 1900. As Hubbert and others point out, the variations have
in 1962 are shown in Figure 4-4. Being a function of discoveries been largely due to changes in geological knowledge. wars and
(change in reserves is the difference between oil produced and variations in economic activity. including the depression of the
oil discovered in any given year). this curve would be expected 1930s. In these data. oil historians can point out all the indi
to show considerable irregularity from year to y, ear. It is the vidual fields and finds; they should, that's where the data come
general trend which is important. from!

The date at which the change of proved reserves reaches zero In 1962, Hubbert could see that proved reserves should have
therefore assumes primary importance, at least from a concep- crossed from positive to negative early in 1961 Appling his
tual standpoint. For, when the theoretical curve of Fig 4-4 10.5 year spread then. the data indicated that the peak of U S
crosses the axis from positive to negative, the rate of production production might occur in 1)70. or a little beyond Historicallv.
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that is what has happened: U.S. oil production was greater In would lead to different conclusions. The economist simply
1970 than in any year before or since! accepts it as apparent that these chaiges have now taken place.

This author has added plotted data to Fig 4-4 from 1903 The most obvious may be the rise of crude oil prices, shown in
through 1980. as reported by the DOE. They show that the Figure 1-1, which is repeated here as Figure 4-5 for con-
discovery of Prudhoe Bay, Alaska in 1970 is completely off the venience and emphasis.
scale Some critics have made much of that point But Prudhoe If most of the history of petroleum production took place in a
Bay is still only a single point on a trend line Looking at the world of two-dollar oil and only the last few years are excep-
other points over many years. it is clearly an anomaly. Nothing tions, the economist would say that the hundreds of thousands
approaching Prudhoe Bay has been reported in the U.S before; of wells and the hundreds of billions of barrels were recorded in
we cannot expect to find Prudhoe Bays very often, if ever a different world than today. All the ramifications are apparent
again. Looking at points over the other years, the variation is to him and require no elaboration. Many of these factors and
still there, and the trend for proved reserves is unquestionabiy consequences have been noted before, sprinkled through the
from positive to negative at around 1961-63 report.

Although the data points from 1961 to 1967 are a little more They include the withholding of federal land from production
encouraging, the data from 1968 to the present, except for and even from exploration. Geologists agree that offshore lands
Prudhoe Bay. are all firmly negative Any mathematical analy- probably hold more reserves than onshore, while we've lust
sis. any eyeball analysis, would have to conclude that Hubbert's begun on that prospect. Drillers are finding layers of oil folded
forecasts not only look as good now as when he proposed them. into more complex geological formations and, equally impor-
but that his predictions have come to pass with remarkable tant. ways have been developed for locating these fields, Hub-
accuracy The whole concept. the methods and results, are all bert's original assessment ended at 10,000 ft. depth. His limit
extremely impressive has since been extended, but oil is being found at depths pre-

,It must also be noted, however, that domestic drilling viously thought unrealistic Some believe that even vaster
dropped off rapidly toward the end of the 1960s when oil was amounts may be found in deeper offshore water. (But can pro-
found and produced so much cheaper in the Middle East. It is duction be economical?)
only n the 1970s. -and generally since oil deregulation, that By simple economics, some operations such as the Belleview
domestic activity has resumed.) Field in North Louisiana. stopped pumping in the 1920s after

While the process will not be reviewed here, Hubbert also only 5% of the known oil in place was extracted. The remaining
checked his conclusions independently by analyzing results oil was too thick to pay for costs of pumps and fuel. With the
separately from large fields and small fields, giant fields being price rises of Fig. 4-5. it is all too apparent how new pumps can
those expected to produce more than 100 million barrels. The
Rand Corporation and others have also run analyses of this type. ,
Answers correlate well. The consensus is that, as long as one S
uses the same basic recorded data, no matter how one PETROLEUM INTELLIGENCE
approaches the sublect and what his method of analysis. he S36 WEEKLY NOV 10 1980
should get essentially the same results as Hubbert.

At least we no longer have contention among the physical "
analysts, as we did before Hubbert's reports. Now we have those S32 SPOT PRICES
who accept the statistics for forecasting, versus those who be-
lieve that physical data are not significant in forecasting future
petroleum production. S28

The questions and the conditions that critics have raised were
largely anticipated by Hubbert. He does not contend that the I?

future is inexorably bound to the past or that future conditions 00 $24

could not change or reverse experience up to date. He simply
points out that this is what the data tell us so far. The same
trends have been seen for other minerals and, in fact, with other u t $20
types of variables which depend on similar depletion or produc- LL

tion characteristics. W
Hubbert and his supporters ask whether new prices, new land L) $16

openings, relief from taxes and regulations, new technology a

(which also occurred throughout the recorded period), indeed
whether anything new in the world, can affect the picture as - SI 2
projected. After all, hundreds of thousands of wells and hun-
dreds of billions of barrels of oil produced (100 billion from U.S.
wells) should tell us something about the ground rules. Can the $ 8E
ground rules have changed enough to affect the outcome? TED

Economists are not wedded to history or technology. To the PRICES

above questions, they answer, "Yes." And they move on ac- $ 4
cordingly.

Oil Production Forecasting by Economics 01
1960 64 68 72 76 80 1984

The author has seen no formal economic argument which

refutes Hubbert's physical forecast of crude oil production. The YEARS

economist sees no need to engage in debate. Hubbert himself
pointed out many variables which, if changed in the future, Figure 4-5
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be bought and operated, how steam can be intected to reduce The economist need not concern himself with these matters.
the oil's viscosity, how chemical extraction might become feasi- He is confident the oil will be produced when market conditions
ble. and how agents such as carbon dioxide can be pipelined to make production attractive. Therefore, he applies his attention
wells and intected to stimulate new production. With only about to market conditions. As would be expected, this view is
a third of the known oil produced from all the fields in the U.S generally more concerned with the shorter spans of time. After
and the world, even after water flooding, economics can dra- all, who knows what the world's economic or political condi-
matically increase reserves as well as production prospects. And tions may be in ten years, five years, or even next month9
that can occur without any further exploration or drilling. Certainly no one engaged in economics will concern himself

One further, final example will be given simply to illustrate about proved oil reserves out to 2000 or 2050. Reserves proved
the case for the economists. There are many other examples, but that far in advance of market requirements are by definition an
it may not even matter what the total U.S. resources might be. economic heresy'
As mentioned previously, unless new finds can be produced
below the current marginal market price of crude oil, or unless Pragmatic Oil Production
so much oil can be produced at the marginal price that the world As pointed out by speakers at the Houston conference, oil
price is held down, it really doesn't matter if the oil is there or companies generally approach forecasting and production from
not. At least, it w!ll not participate in the market until the the standpoint of annual market demand. From their forecast of
marginal price rises enough to make production economically the market, they plan their refinery output schedules for each
attractive. type of product These demands will then be met by reviewing

That is the point of the economists: supply will be produced their oil-well and land-leasing schedules, adjusting their
to meet demand as long as the user will pay the price, exploratory activity accordingly.

Back to the final example. Seismic exploration and explora- Very sensitive economic analyses of costs, regulations and
tory drilling for oil are expensive. Exploration depends on de- taxes determine where their investments will be made, starting
mand. As fuel is the largest cost component of airline direct with major geologic areas and working down to specific
operating costs (DOC), exploratory drilling is the largest cost locations and individual wells. These projected costs and invest-
component in the entire oil production process. Money is re- ments must be balanced off against refinery, shipping, distribu-
turned on that investment only when the oil found is produced tion. and other costs and considerations, including prices, grades
and sold. and loations of crude stocks which may be bought on the

Unless the market is demanding oil at a price which makes market. Decisions are made by working the list of properties
exploration and production profitable, then money should not down from the most economically attractive as far as necessary
be spent to prove reserves earlier than they will be produced. to meet the market forecast. Obviously, if some properties look
This is particularly true in a time of high interest rates. Further, unattractive from the standpoint of costs, taxes, etc., their pro-
taxes are applied to known oil reserves. So knowledge on re- duction will be deferred, they may be traded, or their options
serves will never be complete. consistent from various pro- may be allowed to expire What is productive for one company
ducers, or necessarily reported before they are planned to be and its set of conoitions may not be economic for another
produced. organization at the same time.

Proved oil reserves may be a liability, rather than an asset Market demand forecasts beyond a couple of years are con-
to the owner, except for raising capital, for promotion, and the sidered fuzzy because of the recent unprecedented market fluc-
like. Ideally from the economic point of view, we should have no tuations. Long-range supp', forecasts are still based largely on
reserves. We should not spend money to establish an unused proven technology, but economics is what drives the rate of
inventory. Indeed, the history of oil "discoveries" indicates very production.
strongly that oil finds are not necessarily reported when encoun- This process is even more fundamental with producers like
tered: they are reported at the convenience of the owner. Much Occidental, which have no refineries and, particularly, no retail
of the wide data variation in Fig. 4-4 may be due to economics outlets. With them, there are no compromises to serve particular
and taxes, rather than to geology and finding success, customers or to support refinery peculiarities. A barrel of oil

H. William Menard. Director of the USGS notes,471 the effect may have peculiarities of its own, but its market is active. Out
of taxes on oil finds: "Restraint in exploratory drilling is encour- there somewhere is a customer who will buy it at its going
aged by the common practice of levying property taxes on the market price So the decisions on production and associated
volume of declared oil reserves. A notable example is the re- activities are very direct for these organizations. Curiously, the
strant ex-cised by industry in drilling the almost continuous oil same staff officer at Occidental who outlined these pragmatic
sands of the giant Dominguez oil field in California. Following operations. also suggested that The Institute for the Future
the discovery of oil at the '1st Callender' horizon at a depth of might provide valuable inputs for this study. Even pragmatism,
3,950 feet in 1923, it was 13 years before the drilling was apparently. is guided by long-range planning
extended a further 3,000 feet. In that period additional oil was The flavor of the Houston meeting can be caught from brief
'discovered' at seven lower horizons." remarks by some of the speakers:

Taxes may exert a stronger restraint on oil discoveries than Charles L. Campbell. Senior Vice President. Gu# Trading and
technology can provide incentives. This is absolutely proved in Tharttio Camp nir ic esdto l a dn af
enhanced oil recovery, where many fields are currently not Transportaoton Company: 'It is easy to place all the blame for
being produced because of adverse tax structure. The difference our energy problems on OPEC, but the fact is that we are
with EOR is that the oil was known positively to exist before responsible. OPEC is only acting in their self interest. The U.S.

production was stopped. Oil never produced may remain "un- possesses the world's most abundant supply of untapped energy

known," unrecorded, and therefore nonexistent in the data used sources - crude oil, natural gas, coal, oil shale and uranium.

for statistical and other analyses, A favorable change in price, But we are doing amazingly little to develop these resources

regulations or taxes can instantaneously spring such oil into properly."

activity! If we in the energy industry are going to help the
nation make a successful transition to the era of synthetic and
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renewable energy resources - if we are going to become less "Our principal assumption in this analysis is that the market
dependent on unreliable imported oil - we must be able to rely price of oil will grow at an average rate ci 13 percent reaching
on government to do what it promises to do. We must know that $77 per barrel by mid-1986 Production of oil will reach
government will not retroactively interpret the rules and regula- ten million B/D by 1986." inote in Fig 4-3 that Hubbert's curve
tions. We must be assured that the government will not impose would indicate about 7 million barrels per day production at
punitive and discriminatory taxes and restrictions.. . . On the that time - 2.5 billion/year divided by 365 days
other hand, government has an equal right to expect those of us John M. lannone. Vice President. Ofi Deportment. H. Zinder
in the energy industry to keep our word, to act responsibly and & Asociates: "Thus, price controls and federai land restric-
to present the facts fairly and honestly. . . . This kind of trust is
a fragile, intangible, almost delicate thing. Once it is lost, it is tin and enronmetal das he gie istorted picturesofterrblydificut toreb ild" 'the U.S. petroleum resource base The terrible irony of all this is
terribly difficult to rebuild." that the U.S. is one of the few oil importing nations that could be
Robert W. Witt Jr.. Consultant, Market Analysis Group, The using its own oil resources to help stabilize - or perhaps even
Pace Company Consultants and Engineers: "Offshore crude cut - oil imports over the next several years ... it's reason-
oil production is projected to increase from 13 percent of total able to hope that the U.S. could, with current incentives and
Western Hemisphere production in 1980 to over 22 percent by future prices, maintain oil and natural gas liquids production
1990. Mexico is projected to have the largest increase in off- toward the higher end of the ranges I discussed earlier - around
shore crude oil production, up from 90,000 barrels per day in 10 million barrels a day. It's reasonable to expect that the U.S
1979 to 2.5 million barrels per day by 1990." could stabilize oil production at something close to present

In the North American offshore acreage, 74 percent of levels and hold that for more than a decade, as many of the
the total continental shelf is considered geologically prospec- forecasts say."
tive. As of May 1980, only 19 percent of the geologically '. . . a similar line of reasoning and conclusion holds for
prospective acreage was unoer some form of lease/license other important U.S. fuels - coal and nuclear energy now, and
arrangement. However, less than one-half of one percent of the the prospects for significant synthetic fuel supplies in the future.
Alaskan acreage - having some of the highest hydrocarbon . . . I believe that this evidence and discussion illustrates the
potential of any region in the Western Hemisphere - is under the U.S. energy problem is not a resource problem but a political
state and/or federal lease. . . . It is important to note that the problem
number of exploratory and development wells drilled from 1975
to 1979 in the Gulf of Mexico has not increased in line with The Georgetown CSIS Forum
what mobile rig demand would suggest. The factors which are At the Georgetown Center for Strategic and Interna-
influencing mobile rig demand in the Gulf include the United tional Studiesi 2 ) on October 20, 1981. the subject of oil pro-
States leasing policy, and the average size field being discovered duction outlook was discussed by Dr. Theodore R. Eck, Chief

- and developed has been decreasing." Economist, Standard Oil Company of Indiana (Amoco) and by

Dr. Eva Norrblom, Special Assletant to the Director of Oswald W. Girard, Jr., Deputy Chief for Oil and Gas Resources,
Federal Agencies, American Petroleum Institute: "Forecasts U.S. Geological Survey. Following them. Dr. Joseph D. Parent,
made in recent years by consultants, government and industry Consultant and Dean Emeritus of the Institute of Gas Tech-
are projecting significantly lower levels of production in 1985 nology, commented from his viewpoint of long having analyzed
and 1990 than estimates made five and six years ago. The more and compared the energy resource forecasts available in the
recent projections of U.S. crude oil and natural gas liquids Free World. Their views are best expressed in some of their own
production in the 1 990s are more than 35 percent lower than words.
earlier estimates. . . . In summary, the increased pessimism At a previous meeting in Washington.'4.1 Dr. Eck was intro-
about the outlook for U.S. domestic oil production is due pri- duced as representing the company which has spent the most
marily to U.S. government policies. . . . The greatest uncer- money in exploration, drilled the most wells, and found the most
tainty shows up in the estimates for future discoveries in Alaska oil in the world. The essence of his message was, "We think
and the Lower 48 states. For production from EOR techniques, there is an immense amount of material still to be found in the
the projections differ depending on the assumptions made about U.S., OPEC and especially in the Free World. When you see
oil prices, WPT (windfall profit tax) and recovery costs, includ- what's happening with exploration activity, there's a tre-
ing costs of environmental restrictions." mendous increase in activity outside of OPEC overseas."

"Exploration on government-owned lands must be acceler- "We're starting to get some major discoveries, some of which
ated to allow the size of potential areas to be determined. This have and some of which have not been announced. We're de-
information is vital since estimates of domestic production may veloping some new major discoveries, much of which is gas. We
have a significant impact on U.S. policy decisions to adopt continue to discover more hydrocarbons overseas than we're
strategies that promote inter-fuel substitution, reduce demand producing and the production line is flattening out. We think in
and speed up the commercialization of alternatives to oil." the future that discoveries will exceed or at least match produc-

Frederick Z. Mills. Vice President. Rotan Mosle: "In our pre- tion, so there is no indication of a supply restraint for geologic

vious report, 'The Outlook for Domestic Drilling,' dated May 1, reasons.

1980, we examined the historical drilling response to changes in "Our forecast shows the world oil production increasing

real price of oil. Applying this relationship to recent changes in steadily out through the end of this century. We do not concur

oil prices, we projected a boom in oil field activity lasting well with the forecasts that expect world oil production to peak in the

into the 1980s. In this new report (March 1981). we analyze 1990s. We view the peak as well after 2000."

how historical drilling activity and expenditures have related to "That isn't meant to say that the world will be swimming in

the primary source of funds for drilling, i.e., revenues realized oil; this is excess in the sense that it isn't going to be produced.

from the production of oil and gas. . . . The analysis is based But the capability of increasing production exists and will repre-

on oil and gas policies in effect at this time." sent some sort of discipline on world oil prices. That's particu-
larly true in that more than half of that surplus is in Saudi Arabia
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and they have the capacity to maintain that share into effective "If you believe our numbers. we've already discovered

infinity, due to their immense resource base." between 60-75% of all our conventional gas and only dis-

"To finish up my optimistic viewpoint of where the U.S. covered between 55-66% of all our conventional oil. I don't like

petroleum business is going: This is a great year; we're going to looking at rates, but at current consumption: our oil will last 11 -

drill 77,000 wells, more than twice as many wells as we drilled 18 years and the gas 24-37 years. That just gives a feel for the

four years ago. . . . Last year was a great year. We think we size of the numbers. It is a dangerous guessing game."

found as much in this country as we produced and you will Dr. Parent remarked that he basically uses USGS data,

notice that oil production is headed up, rather than down." evaluating it along with everything he sees published in the U.S.

"As economists, I think we are guilty of underestimating the "The trend of oil and gas discoveries in Mexico has been in-

elasticity of both supply and demand. The world oil picture may teresting to me. Mexico produced oil before 1900 and was the

balance even more quickly than we suggest." His comments second-biggest producer in the world in 1920. Forecasters may

already have been borne out in demand; the supply-side reports note that when the well logs were re-examined from the Re-

are yet to come in. forma Field and deeper drills were made, they came into hugh

Mr. Girard acknowledged the amount of exploration going amounts of new oil and gas. These would never have been

on, but remarked that he could not share the enthusiasm in forecast on the basis of the finds at shallower depths. . . . In

domestic or world prospects. As opposed to drilling rate, he the early history of a process, you can probably fit any number

notes that finding rate, ". . . especially in the U.S., is a dra- of equations to the data and extrapolate them to almost any

matically declining curve." He agrees that the percentage of dry value you want."
wells has declined, " . . and that a lot of new wells and fields Tapes from the Georgetown CSIS meeting are included in

are coming in. But the supply is not really coming in to turn Appendix C.
up the curve. In fact, the USGS just completed a study of all So there we have it. Are we in the declining phase of a long-

the offshore areas of the world, excluding the Soviet Union and drained resource, or are we on the threshold of new finds in new

China, and the same type of decline curve is apparent in all the provinces and at greater horizon depths? It is too early yet to tell

offshore areas as in the Lower 48. To me, the evidence is with certainty. If the situation should actually be favorable,

overwhelming that the supply really is not there." 1981 and 1982 drilling results should give some indication. On

"There is another problem. In order to meet consumption, the other hand, it may take until 1983 to establish any real

you need to deliver the product at a particular rate. I think this validity.
country is well endowed with resources and the resources are But with our demand down and likely to continue downward,

there world-wide. However, the field-size distribution of these the outcome now may carry less pressure. Our world demand is

resources, as well as for shale oil, geopressured zone, oil and gas now below world production capacity and it is no longer strictly

from eastern shale, does not allow them to be put on line and a seller's market. Let's hope it will stay that way for a while.

produced at the rate we need. It's like draining an Olympic-sized
swimming pool with a garden hose." (Also see Reference 4-7 on
this point.)
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Chapter 5

Enhanced Oil Recovery (EOR)

Board Room Briefing No. 5 and costs are relatively low. Only such favorable conditions can

1. On the average, in both the United States and the world, overcome the unfavorable institutional restrictions on EOR

only about 113 of the original oil in existing reservoirs is pro- production.

duced by primary (natural pressure and pumping) and secondary 8. EOR by other, chemical methods has reached a high de-

(waterflooding) methods. With today's technology, the potential gree of sophistication, but considerable testing, analysis, prepa-

exists to produce an additional 10-15% of the original oil in ration, investment, time and risk are involved before production

place from existing wells by tertiary or enhanced oil recovery can begin at any given location. With these natural hazards

(EOR). likely to remain in force, the only possibility for significant

2. The consequences of the above conclusion mean that oil expansion of EOR appears to be by reducing its institutional

recovered from the average of all existing fields in the world, barriers.

including abandoned fields, and all the new fields yet to be
discovered, could be increased by 30-50% through EOR. [f Why EOR?
brought to reality, the results would have almost inconceivable "Why is oil difficult to extract? The basic reason is that oil
effects on the world energy situation. If achieved in the United does not exist in underground pools as commonly thought.
States alone, it could greatly reduce or eventually eliminate our Instead, it clings to the microscopic pores of sandstone. Hold a
need to import foreign oil, with all the military, political and typical oil-bearing rock in your hand and without a microscope.
economic ramifications associated with that dependence. you would have difficulty telling that it was anything but rock

3. In the U.S. today, EOR contributes only about 3'.. of the I . . After as little as 10 percent of the oil is extracted, the
national domestic production; its near-term potential could be production is so slow that the well becomes 'dry.' Primary
at least 10-15%. Since EOR should continue and enhance futuic production is over. To extract more oil, enhanced oil recovery
petroleum finds, EOR production should increase further with methods are required."
time, at least through year 2000. Encouragement of EOR pro- "Enhanced oil recovery (EOR) is simply the intection of a
duction would appear to be one of the most immediate, certain fluid which speeds the flow of oil toward the producing well and
and effective avenues the U.S. might use to improve its energy also sweeps more oil out of the porous rock. The speed at wnich
situation before synthetic fuels become available in appreciable the oil can be driven through the reservoir depends on the
quantities. permeability of the rock and the viscosity (or thickness) of the

4. With some exceptions, EOR is very risky and technically oil, and the driving mechanism." 51
difficult, but techniques have been developed for many ways of Permeability is a measure of how well the rock pores are
proceeding. EOR is generally less risky and less expensive in interconnected. Although oil-bearing rocks are as dense as a
recovering heavy oils by thermally-assisted methods. brick or a concrete floor, the pores are connected by passages.

5. EOR is expensive. In addition to the initial drilling costs, This permeability has been compared to the hallway network in
secondary production costs another about 5 cents per barrel. By a building, where the rooms are likened to the rock pores The
comparison, tertiary or EOR incremental production costs aver- hallways have their own characteristics, almost independent of
age about $15 per barrel, the rooms. This becomes evident in a building during a fire drill

6. Federal regulations and taxes are the most restrictive Depending on their average widths, constrictions, multiple
forces inhibiting EOR production in the U.S. Even with techno- paths, twists and turns, etc., the interconnections between pores
logical advances and tremendous increases in crude oil prices, may affect oil recovery as much as the characteristics of pores
EOR remains at about the same production rate today as it did themselves.
ten years ago. Unless U.S. taxes and regulations are revised to "The simplest technique for enhancing oil recovery is water
encourage EOR, it is likely to remain a small contributor to U.S. flooding. A new borehole is drilled in the vicinity of one or more
energy production, producing wells and water is pumped into the the oil producing

7. Thermal extraction accounts for three-quarters of US. formations at selected intervals depending on the geology As
EOR and its percentage of EOR production is on the increase, the water moves into the rock. it provides the necessary pressure
Thermal methods are usually used for heavy oil; heavy oil is by to keep the oil flowing toward the producing well The exact
no means such a high percentage of U.S. oil resources. Thermal location of the well and the selection of water injection points
extraction is usually limited to shallow fields, where both risks requires considerable geologic expertise

5q



"The technique, which has been practiced since the 1920s, is Oil price rises 'Fig 4-5) have improved that picture, but the
the recovery method that is usually first employed after pump- taxes levied on old oil are more stringent than those on new
ing no longer produces oil at a reasonable rate. Today water- discoveries. EOR still holds a frustrating potential which has not
flooding is used as secondary recovery in 90 percent of the U.S. been realized. It is a known quantity, here and now It could
oiI fields." 15 1 reduce our dependence on foreign imports If exploited. it would

By definition in the oil industry, the term Enhanced Oil Re- help our national energy picture much in this decade, before
covery (EOR) is now generally reserved for tertiary recovery alternative energy resources can be developed Economically. it
from an oil well or field. Primary recovery is by natural pressure could help us bridge the transition period, putting the pressure
or pumping. Waterflooding is now usually called secondary re- on OPEC and world oil prices.
covery. Tertiary recovery is use of steam, heat (such as by With advanced EOR development. OPEC resources in the
fireflooding, or underground combustion), gas, or fluids other ground and all the other oil stocks in the world are automatcall.
than plain water. Today, EOR usually refers only to tertiary raised, If we can improve that 33% recovery to 35%, 40% or
recovery and does not include waterflooding. So literature may 50%. we are increasing the world's stock available by the same
be somewhat ambiguous, depending on its age. factor, improving the supplyidemand balance, increasing the

There are apparently rare cases when production of a well or production capacity, decreasing the decline rate. and all those
field goes directly from primary to teriary methods, skipping the good things that mean more oil at lower prices for more years.
waterflooding stage. But waterflooding is not only common, it is Better EOR would also decrease mental tension in OPEC and
practically the rule. Approximately half of the oil being pro- other less developed oil-producing countries, because it would
duced in the United States today is by primary production. offer them more time to develop their economies before their oil
Virtually all of the remaining oil produced, the other half, is by runs out. In a market where psychology -an have such an
secondary production, waterflooding. The necessary conclusion impact. EOR could be a major factor. We have certainly seen the
is that an almost negligible contribution is being made now by panic effect a shortage has had on oil prices, one would hope
tertiary production. that increased confidence in the supply would have the opposite

EOR has received a fair amount of attention in both the press effect.
and the oil industry, as well as considerable and intensive re-
search effort. It is a large undertaking in some fields and may EOR Potential
draw active interest. Today, EOR accounts for between 250,000 The U.S. DOE Bartlesville Energy Technology Center (BETC)
and 400,000 bid of the oil produced in the U.S.. which is is responsible for the Government's contract activity in EOR.
enough to feed two or three respectable refineries. But, con- (Bartlesville, Oklahoma is also the home of Phillips Petroleum).
sidering that the U.S. produced over ten million b/d in 1981, As expressed by Harry R. Johnson. Director of BETC. 2' "The
EOR accounts for only about 3%. If EOR could be converted domestic target for EOR is enormous. A total of 450 billion
100% into jet fuel, it would supply only one-quarter of demand barrels of oil have been discovered - this is not speculation but
in the U.S. The amount may appear hardly worth discussing. demonstrable fact."

But in the U.S. and around the world, on average only about "Of this total, only 118 billion barrels have been produced so
one-third of the oil known to exist in fields is produced by both far (nearer 140 billion barrels, now in early 1982) ,- that is
primary and secondary means together before the fields are shut roughly one-quarter of the total. Best estimates indicate that 28
down. The other two-thirds of the oil which remains there billion barrels of reserves remain to be produced by primary and
unproduced is fully located and identified. There is no question secondary methods."
about its being there. Production problems, taxes, regulations, "Through the application of current and advanced enhanced
economic conditions, risks, or alternative, more attractive recovery techniques we believe that an additional 18 to 52
investment options, have convinced the producer that re- billion barrels can be recovered. This amount of oil is equal to
covering that oil is not economically attractive. the total output of about 70 synfuel plants, each producing

It might be thought that U.S. oil production technology being 100,000 BPD over a 20 year period. . . Still, over 250 billion
the most advanced, we should be producing a higher percentage barrels would remain as a target for future generations of Ameri-
of our oil than wells abroad. Ironically, most of the foreign fields cans. using techniques which are only concepts today."
operate on U.S. technology, while OPEC countries, ior example, (Note that Johnson's estimate of 450 billion barrels does not
not only have been developed with later U.S. technology, they correspond to Hubbert's 170 billion barrels of U.S. resources
have funds more readily accessible for production investment, because Hubbert's method protects recovery only in proportion

So U.S. EOR production percentage runs about even with the with past experience. Johnson's 140 billion barrels produced
world average. Oil price decontrol in the U.S. might be expected compare closer to Hubbert, where Hubbert concluded the U.S.
to stimulate EOR here in the future and to soon increase our was half-way through its production cycle in 1970. Or, looking
percentage of oil recovered from domestic fields. But, as will be at it the other way, Hubbert would be saying that about one-
discussed later, regulations and taxes are still not favorable to third of Johnson's oil resource would be produced by the con-
EOR. Most operators find that wildcatting is a more attractive ventional, historical methods; so the two are in reasonable
economic venture than EOR. agreement.)

As was mentioned earlier, the Bellevue field in Louisiana was Although a potential of from 18 to 52 billion barrels from
originally developed during the 1920s, but only 5% of the oil EOR may appear small, the lower figure is greater than
known to exist in the field was extracted before operations were all the oil expected to be recovered from the Prudhoe Bay and
shut down. The viscosity of its oil was so high that pumping Gulf Coast combined."" 4 And. "When all of these sources are
costs became uneconomic In one heavy oil field in California. considered, the potential target is 55 billion barrels - 35
steam increased the production from I% to 38% of the original billion barrels in sandstone reservoirs and 20 billion barrels in
oil in place.
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carbonated Combined with conventional production, the ulti- when Egypt sank 40 ships in the Suez Canal and cut off its flow
mate recovery efficiency overall would be about 45 percent - a of tankers. Shell then intensified its interest in heavy oil in
good target to shoot for.'- 4, Venezuela, Alberta and Yorba Linda, California.

Further, if new oil discoveries are made beyond the Hubbert Dr. Doscher remarked, "Heavy oil is oil that is so viscous that
or :-obabilistic forecasts, a recovery factor of 45-50% instead of traditional primary and secondary operations result in a very
33-35% could be applied, which means more oil all around. small, a few percent or less, recovery of the resource. These

And there is the economic potential. June 28-29, 1979. the accumulations were known because they were shallow and had
UOE held a symposium on EOR technology at Williamsburg, seeped to the surface. In addition, they often gave us indication
Virginia. At the opening of the meeting, Richard Hertzberg, then of the location of lighter oils at greater depths."
Director, Division of Fossil Fuel Extraction, DOE, remarked, 5 

5 "Two technologies were investigated - the use of solvent
"After the sessions, when you walk down through the restora- and the use of heat. The former was abandoned rather quickly.
tion and to the House of Burgesses, you might realize that our Heat, on the other hand, appeared to have promise. In the
situation has not changed much. When the founders of the laboratory, it was relatively easy to fill a tube with greasy sand.
nation debated the great events of the 1700s in the House of put steam through it, and recover all the oil."
Burgesses, they were true revolutionaries. They were reacting to "One day we received a telegram from Venezuela stating that
the unfair tax structure of the crown and the fact that they did the well in which the steam was being injected had blown out
not control their own destiny." around the casing. . . . The well was recompleted; the test was

"This morning I listened to the Today Show and heard that continued; but the well blew out again a short time later."
OPEC is talking about a $23.50 ceiling price, with the Saudis "This time it was too difficult to plug the well. The hole
holding out for about $18.00. In terms of our imports that is around the wellbore was too big. However, it was observed that
approximately $200 million a day that we are now paying for oil after the steam stopped flowing, a steady flow of heavy oil
imports. With these outlays and the uncertainty of imports, it is began. The flow was so steady that the area around the well was
questionable whether we are in fact in control of our own soon covered by heavy oil. The best course of action appeared
destiny. What will our response be? Mr. Fumich mentioned that to be to connect the well to a flow line and collect the oil. By the
there is a major debate underway on the Hill. Synthetic fuels are time the oil stopped flowing, it was decided to put a pump on
the primary topic of discussion; although EOR is also being the well. Between flowing and pumping, the well produced a
mentioned, every major technology is being examined as to its tremendous quantity of oil -much more than anyone would
potential for contributing to domestic production." have anticipated from the tests that had been proposed."

EOR started with the Bureau of Mines and was expanded by "Thus the steam soak (also known as the 'huff and puff' or
ERDA, whose goal was to produce 900,000 barrels a day. ERDA cyclic steam injection) was invented. Call it what you will; it is
has come and gone; the DOE is either on its way out or severely today one of the most powerful and economic techniques for
curtailed. In EOR, we are producing only about a third of the producing oil."
ERDA goal, nowhere near the 900,000 b/d believed eco- "Use of steam for the production of heavy oil in California
nomically and technically possible several years ago, before the soon followed. Production reached a level of 150,000-200,000
1979-80 major jump in oil priceal barrels per day within a few years, thereby reversing the overall

Oh, for the good old days of 1979, when the price of oil was decline of oil production in that state, and restoring California
being debated around $20 a barrel, only ten times the historic production to about one million barrels per day. In Venezuela,
price, when we paid only $200 million a day for oil imports, and production has reached levels on the order of a half million
when we thought our "House of Burgesses" was going to loose barrels of heavy oil a day. However. in Canada, where I found
the might of America against its fuel problems! myself in 1962 proposing a 36-million barrel a year plant, the

Alberta government decreed that heavy oil production was
EOR Methods inimical to the best interests of that province. They did not

The mechanisms used for EOR include: (1) steam injection, to believe our forecasts of demand nor o,r forecast of diminishing

reduce viscosity of the oil, scrub it from the rock pores, and discovery of reserves. Our plan was judged to be overall detri-

drive it toward the producing well; (2) fire-flooding (under- mental to the normal cycle of exploration and development.'

ground combustion) to provide heat and reduce viscosity; (3) "Today (June, 1980), heavy oil production is an established

miscible fluids or gases, with which oil is soluble, and which can art; yet production of heavy oil in the United States and

therefore release oil from its pores and transport it toward the Venezuela is not much greater than it was in 1965 In Canada.

well; (4) chemicals or detergents, which act about the same as heavy oil (tar sands) production is being realized by mining, and

solvents; (5) micellar solutions, which fill up open channels in in-situ production is still in its infancy."

the rock pores, so as to force the scavenging fluid through the "One final note .... We had no insight about the possibility

volume of rock otherwise bypassed or short-circuited; and (6) of the steam soak when we went to the field, and there was

mining the rock, somewhat like oil shale. These will be reviewed virtually no way we could have conceived of the steam soak

briefly and the outlook for all will be discussed jointly, short of working in the field. In this story there is a lesson of
empiricism that I think should be heeded. Research is needed."

Steam Drive But it must be carried out at a very sophisticated leve to be
successful. "Sometimes, it will be necessary to conduct very

At the DOE Williamsburg conference, heavy oil was discussed expensive and well monitored field operations without the bene-
by Dr. Todd M. Doscher, Pahlavi Professor of Petroleum Engi- fit of conclusive experimental results in the laboratory. This
neering, University of Southern California.' 5s

6" (The name must be done on the strength of intuition and inference of
"Pahlavi" is nostalgic. the surname of the Shah of Iran). Profes trained, yet visionary technologists
sor Doscher had been with Shell Oil during WW II and in 1957,
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As opposed to steam soak or huff-and-puff, steam drive is a I I I I | -7-F7-
continuous process, much like waterfloodng. Ideally, steam is
injected into wells surrounding the producer, creating a satu- 80
rated zone. As steam moves away from the injector, its tempera- 0
ture falls and it expands with the pressure drop. At some /
distance from the injector well, the steam condenses and forms a 70 -
hot water front. In the steam zone, oil in the rock pores ;s
distilled by the steam and displaced by its pressure. In the hot /
water zone, the oil viscosity is reduced greatly, and it expands 60 -
with temperature, further increasing oil production. w

About half of the steam operations are now continuous steam 0
drive (the other half being huff-and-puff) and the proportion is a.
increasing. However, there are advantages to letting the U STEAM

operation heat soak at periods, so that some steam drive 40
operations are intermittent from time to time. W ,-'STEAM

DRIVE

Fireflooding 30.
Although fireflooding is also used to reduce the viscosity of -l .

the oil in the ground (in situ), it is a totally different mechanism 20
than stream drive. Like continuous steam drive, firefloodtng .0-..-O
requires drilling auxiliary injection wells near the producing IN SITU
well. A fire is lighted in an oil-bearing formation at the selected 10 COMBUSTION -
level in an auxiliary well and air is continuously injected to
support combustion. 0 I I I I I I

As the fire front advances through the formation, heat ahead 1970 1972 1974 1976 1978 1980
of the front reduces the oil's viscosity, while pressure from the YEARS
air supply and the combustion gases drive it toward the pro-
ducdr well. Fireflooding requires considerable power for the air
compressors, which are often electric-driven, and consumes Figure 5- 1
about a third of the oil in the ground in the combustion process, Number of Thermal Recovery Projects in U.S.
actually the coke deposited by the crude oil as it moves ahead of
the combustion front. The largest EOR operation today is Getty's steam soak/steam

Many factors limit the suitability and the effectiveness of a drive Kern River field in Kern County, California, which has
fireflood operation. The fuel concentration deposited in the been producing over 50,000 b/d. Getty's Bellevue field in Bos-
reservoir rock as the oil departs, along with the air supply, sier Parish, Louisiana. is a combustion project yielding over
determines if enough heat can be generated to support combus- 2,500 b/d. Other successful EOR projects are more in the range
tion. Otis that leave very high deposits are uneconomic because of only 400-600 barrels per day.
of the larger air quantities (and pumping costs) they require. If a
low concentration of coke is left, the combustion process may Miscible Fluids
not propagate. Formations less than ten feet in thickness Thermal methods, or steam and fireflooding together.
generally produce insufficient oil. or absorb too much heat, to account for about three-quarters of EOR production in the U S.
be economical. Where thermal methods are used to produce heavy oils, the

Since compressor investment and power used are the two other EOR methods are used for producing light oils after water
largest osts in a fireflood operation, generally the economics flooding has been completed. Thus, in the U.S., the potential for
are determined by the amount of air required for the oil pro- EOR production quantity is much greater for the non-thermal
duced. Successfld operations have air-oil ratios of less than methods, to increase yields in the light-crude fields where pro-
20,000 SCF/bbl (standard cubic feet of air per barrel of oil duction has been terminated.
produced). Elkins (s 4 ) shows this graphically in Figure 5-2. His base pro-

In the dry combustion of fireflooding, more than half the heat duction, "Old Oil Primary & Secondary." corresponding to
Is contained between the combustion front and the air injection Hubbert's projections, shows U.S. production declining after
well. Wet combustion is a process in which water is injected 1970 and nearing final depletion in 2000. His second segment
along with the air. Water then transfers this available heat is primary and secondary oil from new discoveries, more opti-
forward toward the production front, increasing the size of the mistic than Hubbert. His third segment is "North Slope," and
steam zone downstream of the advancing combustion zone. his final segment shows the contribution from enhanced oil
"This water injection can have a significant impact on the air/oilrati. Ifea scaangngvia atefbod afer n stu cmbutio is recovery.
ratio. Heat scavangtng, via waterflood after in situ combustion is Keep in mind that this chart was presented in the middle of
another approach to more effectively use the heat contained in 1980, when only the daring suggested that there may be ways of
the reservoir rock.' 5- 7) Figure 5-1, taken from that reference,
shows the relative activity in cyclic steam, steam drive, and recapturing the U.S. production level of 1970. So Elkins would

expect EOR to exceed the output of Prudhoe Bay and, more
fireflooding since 1970. important, would show increasing production out beyond 2000.
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HISTORY PROJECTED fluid, interfacial tension and related capillary forces between the
>_ 10 two fluids and the rock are absent, so the driving fluid can

ENHANCED totally displace the residual oil in place in the rock entered by
8 the driving fluid. Because of this, miscible displacement hasobvious technical potential for enhanced oil recovery.

a:r 6 The first efforts with miscible displacement began in the
rNORTH SLOPE 1950s with propane, methane (natural gas) and with methane
< - WOIL enriched with liquid petroleum gases (LPG). These methods are
Z OLDOIL P & _ apt to be expensive, particularly when the driving agents can be

--% 2 PRIMARY & SECONDARY - marketed directly on their own.
- An alternative that promises to be cheaper is carbon dioxide

0 1 960 or CO 2 injection, which has been investigated for more than
1950 1960 1 970 1 980 1990 2000 twenty years. Carbon dioxide is the gas that freezes into dry ice

YEARS without passing through a liquid phase. Under pressure, how-
ever. CO 2 can exist as a liquid, and at the temperatures and

Figure 5-2 pressures encountered in many oil formations CO 2 remains

Projected USA Crude Oil Production Rate a liquid. 5 -
1 Liquid CO 2 is miscible with crude oil, but not in the

same sense that gasoline or propane will mix with crude oil
completely and in all proportions.

rather than declining. By 2000, his projection would have EOR Instead, CO 2 develops what is called multiple-contact or dy-
production up to nearly three million barrels a day .(MMBD), namic miscibility within the rock formation. CO 2 dissolves in the
about ten times its rate today. And he points out that 3 MMBD oil while at the same time extracting hydrocarbons from
represents only one-fifth the reasonable target for EOR. the oil. 5 -91 At high pressure, the miscibility pressure, this mass

In Figure 5-3, Elkins shows how he would expect the EOR transfer of hydrocarbons proceeds rapidly and very efficiently.
contribution to break down among thermal, C0 2 -miscible, and Stalkup shows in Figure 5-4 that the displacement efficiency can
chemical. The latter two deal with light oils. Since thermal EOR be high enough to recover up to 90% of the oil in place. Some
now accounts for about three-quarters of U.S. EOR production; report that, if fully effective, CO 2 dissolves in the oil. expands it,
EOR from light oil reservoirs has not yet reached a significant and reduces its viscosity to near zero. Under ideal conditions, it
commercial level. could strip all but 2-3% of the oil in a reservoir.
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02 -THERMAL _ Displacement of a West Texas Oil

0 1 by CO 2 at Various Pressures

1980 1985 1990 1995 2000
YEARS One may dream by applying this factor to the world's unpro-

duced light oil reserves. Here is some potential to get excited
Figure 5-3 about. But, although the displacement is miscible, several
fgr e n M s mechanisms can cause oil saturation to be left in rocks swept by

Projected Split of EOR Between Methods CO2 At low temperatures in some basins, such as the Permian

Basin in West Texas. multiple phases are formed when the CO2
" 'A mtaelbfe displacement of fluid from porous material and oil are mixed. Under some conditions four phases - two

occurs when no interface exists between the driving fluid and liquids, a gas, and a solid - are in equilibrium. This multiple
the driven fluid because of the miscibility, or mutual solubility of phase formation is not yet well understood.
the two fluids. This is in contrast to immiscible displacements But carbon dioxide has been tested successfully down to
such as water or low-pressure gas drying oil. where identifiable 12.700 feet over a range of temperatures and over a wide range
interfaces exist. In the miscible displacement of oil by another
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t :rude Ail viscosities CO. appears to be useful over a much Mining for Oil
.,tder range of conditions than the other methods. Some have Considering that mining of oil shale appears to be a feasible
sa,d that the application of CO 2 is limited more by availability of operation and that liquid oil is bound in the pores of rock as Is
the gas than by any other factor. the solid hydrocarbon (kerogen) in oil shale, it may not be too

Large quantities of natural CO 2 have been tapped during the outlandish to consider mining oil-bearing rock or heavy-oil
last few years in southern Colorado and a cooperative pipeline bearing sands. This possibility has been studied in some detail
,kill be transporting it to the West Texas and New Mexico fields. and some pilot operations have been tried.
More recently, CO, resources have been struck in Texas. Each Energy Development Consultants, Inc. and Golder Associates
find seems to have discovered more CO 2 than required by the jointly studied petroleum minimg for about a year under a grant
oil company needing the CO 2. From a technology limited by from the Bureau of Mines. 5 - 11 )
availability of CO 2, the situation seems to be improving rapidly. One concept is to sink a shaft and system of tunnels below a
In the future, this area of West Texas-New Mexico could again bed of heavy oil, then drill short shafts upward into the forma-
become a major otl producer. tion, and drain it by gravity. Study indicated that the economics

could be very attractive, but the technical risks are high. There is
Surfactants, Chemicals and Micellar-Polymers the question of drilling through pressurized reservoirs. It is be-
Just as it is difficult to wash out oil that has saturated a garage lieved possible with careful techniques, but it is not yet proven

floor. water is not ideal for flushing oil out of rock. Water tends practical in the field. One of the problems is to know precisely
to flow through the freer channels of the rock, bypassing oil in where the bottom of the reservoir lies and how closely below it
the smaller channels, which remain isolated. the tunnels can be cut. It may be necessary to run the tunnels as

Promising agents include detergents, surfactants, and chemi- close as fifty feet below the bed to make the process eco-
cals icaustic, base or alkaline) which react with chemistry within nomically competitive. Since it is expected pressure locks will be
the oil-bearing formation to form surfactants in place. needed in the tunnels for safety and pressure locks cost

"Certain chemical solutions, which are similar to detergents $150.000 apiece, the costs could mount rapidly.
and called surfactants, are capable of reducing the surface ten- Another concept is, instead of moving the oil horizontally to a
sion between water and oil, thereby permitting the water to be well, where it is lifted vertically, to move the oil vertically. This
more effective in driving out the oil. These chemicals are made might be done in a shallow formation by stripping off the over-
up of molecules which have one end that is repelled by water burden and then laying a stabilization bed of hot water on top of
while the other end is chemically attracted to water. When a the reservoir. If steam is injected below the bed to reduce its
surfactant is mixed with oil and water, some ends of the mole- viscosity, the oil should rise through the water, to be collected
cule orient themselves toward the oil while the other ends are off the surface.
attracted to the water, and the oil is organized into tiny droplets Mining engineers contend that this technique could be used in
called micells." deeper deposits by exposing the top of the formation and going

"Because the micelis are much smaller than the particles of through the same process. All the knowledge on surfactants and
oil that form a mixture of pure oil and water, they are much density changes could be used to enhance this type of oil pro-
easier to move throug' a rock formation." duction.

"After the surfactant has been injected into the ground in Most of the companies which have studied these mining
much the same way that water is injected for waterflooding, operations apparently conclude that other EOR techniques may
specially prepared polymer solutions are injected to act as 'pis- be more attractive. At least, they are generally judged less risky.
tons' to drive the micells through the formation. Polymer is a There are cost trade-offs, however, which are interesting.
general term for a large organic molecule." Balanced against the cost of mining is the number of pumping

"The polymer solutions used in enhanced oil recovery are units needed to operate a field from the surface, about 625
carefully selected to relate directly to the density and viscosity installations per section of land. The mining operation may
of the micellar mixture of oil and water. Finally, water is used to require even more capital costs, but lower operating costs per
push the polymer solution, which in turn pushes the micellar barrel. If the percent of oil recovered is increased from 33% to
solution and the oil toward the producing wells." approximately 90%. as compared to a representative 40% for

"The micellar-polymer process is much more expensive than EOR, the costs would be spread accordingly.
waterflooding, and it ',,is been tested only in small-scale field Where recovery costs are marginal. "stripper" wells move
tests . It takes a long time before the results of a micellar- into and out of operation. as oil prices increase and stripper
polymer experiment are fully known. Typicaliy, the lifespan of a costs increase successively. In a mining type of operation, the
micellar-polymer flood study is about five years. More than two low operating costs would remain nearly fixed and the economic
years may pass before there are definite signs of success or limit should be predicted with more confidence, if the costs can
failure."'5 " be estimated with any confidence in the first place There are so

Alone, "Polymer flooding does not lower residual oil satura- many factors, especially including taxes, that enter into a com
tion significantly. It improves oil recovery beyond water parative analysis. that it is not surprising the special conditions
flooding by increasing the volume of the reservoir contacted. for attractive mining have not taken hold When marginal costs
Therefore, polymer flooding is applied most effectively in the on other petroleum climb higher, perhaps costs of mining
early stages of a waterflood while the mobile oil saturation various formations will be found practical.
is still high. The higher the producing water-oil ratio, the The overall effect on the market and, in turn. on aviation fuel
higher the risk will be of failure, as indicated by some of the prices, is apt to be slight The significant fact is that. as fuel and
field tests."", I0) crude prices rise, there are techniques which can and will bring

So polymer flooding could be used twice; once during the additional oil to market. Or, conversely. if reduced regulations
straight waterflood phase, and later to drive through a charge of and taxes can relieve some of the marginal oil production costs.
surfactant more oil should be offered to the market and prices should be

reduced.
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Aviation users should be interested because some develop- at the selected depth in a well. This concept offers the possibility
ments or improvement in these relatively remote or indirect of delivering high-quality steam at greater depths with reduced
areas could end up reducing the price of aviation fuel. heat loss, also containing the combustion/emission problems. A

test operation is currently under way in downtown Long Beach,
Problems of EOR Production California to try out this promising equipment.

Many of the production problems associated with various Many more problems and their details are available in the
EOR methods could be seen or inferred as the methods were literature. The point is that EOR is generally regarded overall as
described. Like wildcatting, EOR is a financial risk. One risk risky as wildcatting. But wildcatting is attractive to some as a
absent in EOR is the presence of oil; oil is already known to more known quantity, to others as a quicker return on the
be there. It has already been produced by primary, probably investment, and to all as a better tax situation.
secondary, and possibly by some previous tertiary process.

Generally, well logs are available, describing the geology of EOR Costs
the area. The type of oil is known, as well as its chemistry, and EOR is almost intrinsically limited to fairly shallow wells in
the chemistry of the formation may be known to varying de- many techniques because, if a formation is at 3,000 feet or
grees. Often, a good idea of the quantity of oil is known. What is more, auxiliary wells cannot be drilled at a dense enough well
the risk? spacing to recover the oil economically.

A well may have delivered primary production near the edge A fairly rough indication of how EOR is regarded is given
of a blocking fault without any apparent difficulty. But a fault by the report of the DoD Shale Oil Task Force, 5 Octo-
between a producing well and one or more of its injector wells ber 1978,15121 which will be discussed further in Chapter 8. But
may mean that the injection will be blocked and never reach it may be noted here that the report rated a variety of alternative
through. Conversely, there may be a fault or fissure where all fuels versus conventional petroleum as a source for military jet
the injection disappears inexplicably forever. Underground aircraft fuel. Jet fuel from conventional petroleum was listed at
geology must be known with some confidence before invest- $18.19 per barrel at 1978 prices. By comparison, shale oil and
ments are made for the injector wells and the injection equip- tar sands came out at $23.00; coal liquefaction at $33.00; and
ment. There are always ample opportunities for unknowns. tertiary recovery at $33.50 per barrel of jet fuel. EOR comes

Even fireflooding, which burns the energy within the forma- fairly far down the list if produced in the quantities needed.
tion, may require so much air injection that oil producers joke This would confirm that our present EOR production in the
there is no place to put all the "iron" (pumps and equipment) on U.S. is only skimming off the lower-cost operations. Or. the
the land above, other way around, that EOR costs are very high versus conven-

And visualize the planview of a producing well surrounded by tional production, or even versus U.S. shale oil, if large quanti-
injecting wells. The injected fluid must flow toward the pro- ties or production rates are required.
ducer, not in other azimuths (or into some fracture, as has been It will be recalled that some EOR spokesmen estimate that
mentioned). Looking at it in profile as well, the injected fluid 900,000 b/d of EOR could be produced if regulations and taxes
should sweep all the oil-bearing formation depth as it were more comparable to that for new oil. The DOE has
approaches the producing well. Often, due to differences in observed that it takes on an average up to six years after primary
density or viscosity, the injected fluid will probe out in fingers of and secondary production of a field have been halted before
least resistence. It may easily short-circuit or blow-through to tertiary operations can begin, largely because of the regulatory
the producer while sweeping a minimum of oil. Slugs of polymer delays. Tertiary production is inherently slow because of studies
fluid are supposed to reduce this tendency. and tests required before the investment should be made, as

One of the real financial risks is time. Oil must be produced at well as the time for the operation itself. Where well costs in an
rates sufficient to pay off the investment. Some EOR processes oil field used to average about $11,000/acre. EOR now runs
need time to take effect. One professional oil consulting firm has over $114,000/acre. 5 13)
seriously proposed injecting fields with the appropriate fluids Once the investment is made in injector wells, pumping
(selected by analysis and tests), then sealing off the field for plants. etc., field production must be profitable long enough to
about five years to let all the oil-loosening processes operate amortize the investment. In California in 1979, it was costing $9
and stabilize. After the five-year period, the field would be to produce a barrel of heavy oil with thermal extraction, while
opened and produced. In addition to anxiety and hang-fire plans the average sales price was $8.50. At that time. 5,800 wells shut
while waiting to see if the ield will produce, high interest rates, down in California. 6s 14)

land leases and taxes discourage this sort of approach. Not an inconsiderable factor is the skilled and specialized
Also, suppose a misjudgment was made in the chemistry, manpower required, the laboratory support, and the close

geology, rheology, thermodynamics or economics of the analy- management attention and control which must be applied in an
sis. Five years is a long wait to find out. Further, during the wait, EOR program. In a business with rapid expenditures and multi-
a rise in taxes or adverse regulations could render the operation pIe options, oil producers must keep good track of an EOR
uneconomical before production can begin! project to catch it quickly before it develops into a runaway loss.

Steam drive projects, and even underground combustion in How does one determine when he is throwing good money after
fireflooding. have created environmental and emission prob- bad?
e'ems. Some projects have had their production limited or have Where conditions are right, EOR can be profitable. Professor
been shut down because of the environmental costs. Steam Henry J. Ramey of Stanford says, "The in-situ combustion
generated on the surface cools rapidly as it is injected down into operations that started in the early 1960s are still operating, and
the well and rock so that, generally. steam is not practical at all are profitable. The primary advantage is the very high oil
depths below about 2500 feet. recovery, perhaps 80 percent in ideal situations."'S 151 This is

Combining the combustion techniques learned in rocket true even though the fields he refers to require about one-third
engine design and compact mechanical engineering from nu- to one-half the energy of the oil produced to generate the steam
clear weaponry, the DOE Sandia Laboratory has designed and drive.
built a "down-hole" steam generator which generates its steam
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When it comes to chemicals, the risks, requirements and costs Without going into all of the particulars, a few comments will
seem to defy the possibilities for success. One cubic foot of rock give an idea of the tax problems faced by oil producers and.
presents a surface area equivalent to 20-25 football fields which particularly. EOR. From a reference written by accountants to
must be wetted by a detergent to release the adhering oil. 5 ' guide those concerned with federal taxation 1' "In general.
Where wLter drive costs about five cents a barrel to produce, from the producer's point of view, the imposition of a windfall
successful chemical treatments cost up to $15 and more. If much profit tax on the sale of crude oil has the same economic effect
more, the answer is simple; the reservoir is abandoned. as continued price controls but at a higher controlled price

The chemistry of the oil, its resident water, the drive water. However, for any oil that has not been subject to price controls.
the reservoir rock (including its sands, clay, etc.) all must be the tax has the effect of a price rollback on the producer."
compatible with the charging fluid. Also, chemistry must be The windfall profit tax (WPT) contains interesting ramifica-
reasonably uniform throughout the oil field. In addition to tions: "The full amount of state severance tax applicable !o a

chemical and geologic structure of the reservoir, its microscopic, barrel of oil is not fully deductible from the selling price for
ionic and electrical conductivity characteristics must be under- purposes of computing the windfall profit tax, although it is fully
stood. Chemicals must be relatively cheap and effective at fairly deductible for purposes of computing federal income tax." Car-
low concentrations in water. Chemical prices must not rise more tain tertiary methods can be self-certified by operators and a
rapidly than oil market prices, which may be artificially held by petroleum engineer. Others must be certified by DOE, the USGS
regulations or taxes. or a state regulatory body, "Qualification will be lost if the

The EOR process, and the decision whether or not to pro- project is discontinued.'''- I s , The IRS issues advanced de-
ceed. can become extremely complex. termination of the project's WPT status. This determination,

naturally, requires application and submittal of the appropriate
Future of EOR information.

It would be pleasant to be able to say that the future of EOR is Definitions get sticky among Tier 3. Tier 2. and Tier I oils.
as rosy as its vast potential. The fact that EOR production has their base prices, and whether a well is a "stripper" or not. Since
not increased in volume significantly over more than ten years a stripper well is one produced . . "at an average daily rate
says a lot, particularly since the price of crude oil has increased of 10 barrels or less per well during any twelve consecutive
so much during that time. Referring again to Figure 1-1 or months after 1971 .... " there is an incentive to hold low-
Figure 4-5, one could not expect a mere future price rise to producing wells to the 10 b/d level and qualify for the more
"liberate EOR." favorable stripper price. "Due to the fast moving pace of price

Similarly, except for a real breakthrough, technological de- changes during the latter half of 1979, several significant prob-
velopment is not likely to overcome most of the EOR economic lems are encountered in applying the statutary formula." There
negatives. Technology, however, may whittle away at the costs are difficulties in definitions between "pools" and "fields," to
and nudge some operations into the profitable catergory. These which different tax conditions apply. "The uncertainty and
developments may be significant to individual producers, but confusion caused by the ambiguous concepts lay a foundation
are not likely to affect the petroleum supply picture appreciably, for inevitable controversy and litigation."' 5 

18,

much less lower the price or increase the availability of jet fuel. A complete compendium of the entire energy tax and regula-
At the 7th Energy Technology Conference in Washington in tory structure, surprisingly brief because it offers no analyses.

March, 1980, some participants expressed the opinion that U.S. conclusions or recommendations, is given in Reference (5-19.
EOR had already peaked and would decline in the future, in Some interesting conclusions are given by the Interstate Oil
spite of the then recent sharp rise in crude oil prices. Compact Commission, 5

-20 such as: "The Windfall Profit Tax
Thermal recovery continues to be the dominant mode for becomes a tax on salt water production from stripper wells

EOR. The Oil and Gas Journal reported in their EOR fea- ...exceeding $800 to $2,400 per well per month. . . Nation-
ture issue, March 31, 1980, that steam accounted for 77% wide the Windfall Profits Tax on stripper crude oil is forecast to
of U.S. production, up from 67% in their prior report of prevent the additional recovery of at least 490 million barrels of
March 1978.5-171 This means that mostly heavy oil is being crude oil due to a reduction in economic producing life of
produced from shallow wells and that the chemical approaches producing oil wells. Exemption of stripper wells from the tax has
for extraction of light oil are generally too costly. But light oils the opposite effect."
are a significant proportion of our unproduced resources. The report goes on to say that the immediate effect is to

For those interested in more or later information, the Oil & reduce domestic production by approximately 131,480 b/d and

Gaa Journal April 6, 1982 issue again features EOR. that the value of the reserve thus lost is $17 16 billion.
Although a down-hole steam generator may improve the H.J. Haynes. Chairman, Committee on Enhanced Recovery

thermal process and extend it to greater depths, while CO 2 may Techniques, National Petroleum Council 521) sums It up brieily
make light oil extraction more attractive, the fact remains that and unemotionally: "Enhanced recovery processes are in-
EOR is difficult at medium or great depths because of the cost of herently high-cost methods designed to recover oil which is left
injector wells. in the reservoir by lower-cost conventional recovery methods

But all the technical advancements realized or imagined for These high-cost processes are not widely used at present be-
the future seem woefully dominated by regulatory and tax disin- cause current domestic oil prices and other economic factors do
centives. Taxes and regulations continue to favor new oil over not permit profitable application, even when they are tech
production of that already found. Even if an EOR venture is nically successful."
forecast to be profitable, when any producer has a new oil Robert P. Murray of Cities Service says EOR is, " like
prospect which promises to be more profitable, he will un- cleaning tar from a baby. It's sometimes easier to have an
doubtedly defer the EOR until later. The EOR project will other baby. ' 5 

131 Especially since a new baby also brings a tax
probably have to appear a clear winner, with substantial margin, break!

before it can justify the risk of resources it will require.
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Chapter 6

Petroleum Refining and
Aviation Fuels

Board Room Briefing No. 6 standards are relaxed It is not evident that the costs of aircraft

1. To provide more jet fuel from a barrel of crude oil and to modifications or of new equipment, or even of degraded aircraft

reduce pressure on jet fuel prices, oil companies particularly performance, would be offset by lower fuel prices. It is doubtful

have suggested that aviation Jet A (kerosene) fuel specifications any price reduction could be assured over the amortization life
should be extended on both the lighter and heavier ends. of capital investment.

2hould Extendeon ot the lighter aind thefasen. o t 8. A heavier Jet A would compete more with diesel, heating
2. Extending the lighter end flowering the flash point) of Jet anohemdd-dsiaecuter.Tsmretsgowg

Awould introduce no performance or equipment problems. One and other middle-distil late customers. This market is growingA wuldinrodceno erormnc oreqipmntproles. ne and is forecasted to expand further. Lowering the heavy end of

expects a more volatile fuel to be less safe, but experience is not and ieted o ead fther. Loeition.

entirely conclusive on that point. Gasoline and other volatile the Jet A spec could increase its market competition.
9. To process lower-grade feedstocks and deliver more

fuels are used regularly and safe handling methods are well aTtrpti e ns erd to the arket.
attractive finished products to the market, many refiners are

established. U.S. aviation equipment is also certificated tooperate on Jet B, which has no flash point requirement and is improving their plant flexibiity. These refiners will have little
oelreate o B.whihaso n o fdifficulty in producing high-quality aviation fuels within specifi-

closely related to gasoline. cations at competitive prices. The future trend may be stronger
- 3. Because much less static electricity is generated in pump- intsdreio.Dvlpnsincayicrcsesrmseo
ing Jet B than Jet A. this quality tends to offset the volatility in this direction, Developments in catalytic processes promise to

disadvantage of Jet B. Anti-static additives can decrease this increase refinery capability further and to eventually decrease

problem for both fuels, while electrical grounding procedures costs of special operations. Even super-grade fuels may become

are standard during fueling operations. It is generally agreed feasible in a few years.
10. Shale oil processed into jet fuel yields a high-qualitythat Jet B is more hazardous in a crash fire or an in-flight product which receives no advantage from relaxed specifica-

lightning strike. A mixture of Jet A and Jet B is as hazardous as prodvr
Jet B; in some conditions probably more hazardous. 11 In summary, there appears to be little incentive for the

4. Recent decrease in U.S. autogas consumption and future at indsu ry tere apea tbe teictior th
predictions for its further strong decline suggest that the lighter aviation industry to embrace a degraded fuel specification. Onpetrleu frctins illbecme ncresinly vaiabl. I opc.- the other hand, it should be valuable to know the opportunitiespetroleum fractions will become increasingly available. n opp.- and penalties for using degraded fuel temporarily during near-

sition, there is also evidence that demand for light naphthas will term crude-oil disruption emergencies.
increase as feedstocks in petrochemical operations. But overall, tr c il drin emergencies.
it is expected that future fuel trends, including periods of crude- 12 High price and limited availability of aviation gasolineotlsuply isrptinswil prvid moe lghtfratios fr aia- are plaguing general aviation operations in the U.S. and abroad.
oil supply disruptions, will provide more light fractions for avia- There may be some partial relief, at least for recreational flying

Jinuri e t Auel. s fi t l lwith lower-octane gasoline, but there is no encouragement inExtending Jthe area of high-octane aviation gasoline. While aircraft depen-
introduces an entirely different set of considerations than thefracion. Lwerfracion ted t thckenandsoldif in dent on avgas will continue to find fuel, the supply and price
lighter fractions. Lower fractions tend to thicken and solidify in difficulties may become chronic, particularly outside the de-
the low temperatures at high altitude; a change in cruise altitude veloped countries. New aircraft and engines designed to operate
can cost significant fuel consumption. Lower fractions cause on jet fuel should enjoy significant fuel price and availability
harder starting, have more tendency toward fuel-system fouling, advantages.
and burn with a more luminous flame. This higher radiant heat
is more hostile to engine burners, fuel nozzles, turbine blades, Introduction
and maintenance costs.

6. Prolonged use of heavier fuel could require modifications In previous chapters we have been concerned with the world
to aircraft engines and fuel systems, including adding insulation fuel supply/demand balance, aviation fuel in the market, and
or heaters to fuel lines and tanks. The new-generation aircraft, with resources and production of petroleum. An important
not yet delivered, would encounter similar problems: higher component of aviation fuel price and availability is the pe-
capital costs, penalized payload or range, and higher fuel con- troleum refining process and specifications for fuel.
sumption. In the past, approximately three-quarters of the cost of jet fuel

7. Refiners have not really offered improved fuel availability has been in the crude itself. one-fourth in its processing and
or lower prices if Jet A specs were broadened; they infer only distribution. Many refiners believe that jet fuel processing costs
that availability and price pressures will be eased if the present
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will increase faster than crude costs and that it will be increas- molecule consists of one carbon atom with four hydrogen atoms
ingly difficult for them to deliver the quantities desired within attached This molecule is CH 4, methane, natural g]as Note that
the existing specs With regard to processing costs, jet fuel is methane is the hydrocarbon Aith the most hydrogen atoms per
expected to become more like diesel, gasoline and heating oils, atom of carbon. it therefore contains more Brus ot combustion
for which refining costs are a larger percentage of their total energy per pound than any other hydrocarbon
cost There are literally millions of more complicated ways in

Aviation fuel naturally has to compete with the other refinery which hydrogen atoms can be attached to combinations of car
products and customers, both in fuel price and in specifications. bon atoms and crude oil contains many of them In 1928 a
The two factors, refining and specifications, will be discussed in research project was established to isolate and identify the con-
this chapter only enough to indicate how they influence price stituents in crude oil. there being many in addition to the hydro-
and availability, and how these effects may vary in the future carbons. In 1968 the project was put on the back burner because

The subject of aviation gasoline had been intended to be it appeared that the task literally never could be completed
reviewed in considerable detail in this report, because both its Crude oil analysis still goes on. but now it uses gas chroma-
price and availability have become so unfavorable in recent tology (GC), mass spectroscopy (MS) and nuclear magnetic
years. Gasoline users probably feel the picture is poor, that the resonance (NMR). Composition can be determined up through
future looks worse than the past, and that aviation gasoline is C9 and C IO the compounds can be typed up to about C4, ' 3

one of the most critical problems facing those that must use it. "The various pairings of hydrocarbons make up each of the
There may be some relief in the situation for low-octane, recrea- different petroleum products. It is the job of the refiner to
tional users, but the world supply of high-octane aviation gaso- combine the hydrocarbons in crude oil into these products " '
line is likely to remain erratic. He may achieve these results by separating out various groups
In the long run, avgas is likely to become a refinery specialty of hydrocarbons or individual hydrocarbons. by cracking large

product; some say it has already reached that status. It appears molecules into smaller ones, or by polymerization, combining
desirable to design new equipment for operation on more uni- smaller molecules into more complex structures.
versal fuel, such as Jet A, Jet B. or both. He may introduce other elements, such as nitrogen, to syn-

As we have seen, all aviation fuel accounts for only about 6% thesize ammonia or other organic materials which are not
of U.S. petroleum. In turn, aviation gasoline makes up only hydrocarbons.
about 5% of the aviation fuel used: the remaining 95% is jet But the primary job of a refinery is separation of the crude
fuel. But this relatively minute quantity of gasoline is important feedstock into its basic hydrocarbon components, which is done
to the U.S. economy and to U.S. aviation. Chapter I briefly largely through distillaticn This may be called fractional dis-
outlined some of its characteristics. tillation since the purpose is to separate the crude stock into its

The whole picture of general aviation need not hinge, how- various fractions, by molecular weight. The earlier refineries and
ever, on aviation gasoline. In addition to the brief discussion of some of the unsophisticated refineries today perform only frac-
gasoline in this chapter. general aviation readers may be in- tional distillation. Many products. including some gasoline and
terested in a section of Chapter 8 on alternative fuels, which jet fuel (kerosene. may be marketed straight as they come from
discusses other fuel and propulsion options for small aircraft. To the fractional distillation tower This may be done. however,
this author, it appears that liquid methane is an attractive early only if the crude oil had suitable characteristics in the first place.
alternative for all octane requirements in short-range A distillation process can only separate a ieedstock into the
operations. Once the fuel system modifications have been in- components it already contains
stalled, liquid methane appears to offer substantial fuel cost In distillation, the important factor is the boiling point of each
advantages, fraction because that is how the separatior is made. The range

This chapter, then, is divided among petroleum refining, jet of boiling points is great. as low as -250'F for some compo-
fuel specifications, and aviation gasoline. nents and over 1 .300'F for others Those with high volatility are

called light ends and those with low volatility like asphalt) make
Petroleum Refining up the heavy ends. Depending on the product slate the refinery

Petroleum refining will be outlined here only to indicate its wants to produce and the crude oil it will be supplied, its

influence in aviation fuel price and availability, aviation's com- fractionating tower is either built or adjusted to separate out the
petition with other refinery products, the possible effects of components according to their appropriate boiling points. After

crude oil characteristics and trends, as well as effects of refinery separation, components can be recombined or blended to pro-

operations on the future of aviation fuels. The basic capabilities duce intermediate products
of refineries are also important in understanding alternative Fractional distillation begins by heating the crude to the boil-

(synthetic) fuels for aircraft. ing point of the heaviest product to be produced, most of the

It is even appropriate to have some minimum understanding crude is vaporized. By progressively cooling and condensing the

of petrochemical operations, since developments and alteration vaporized mixture as it progresses up the fractionating tower.

in their feedstocks may affect the petroleum market, compete components are drawn off at appropriate temperatures as the
with it, or release stocks for aviation fuel. The following account lighter fractions proceed to the higher levels The lightest liquids
refers liberally to References (6-1) and (6-2). are taken off at the highest level and the gases come off at the

The name organic chemistry, the chemistry of carbon com- top.

pounds. is derived from organic, or previously living organisms. Inside the fractionating tower is a stack of trays in which the

For crude oil and other fossil fuels, this is particularly appro- vapors condense. The arrangement is shown in Figure .-

priate because it is believed that these hydrocarbons were de- As shown in the small detail, vapors pass up the tower through

posited as the fossil remains of prehistoric life. (Interest- short tubes in the condensation trays. A bubble cap on top of

ing possible exceptions are methane hydrates and deep-earth each tube requires the vapor to pass down through the conden-

methane, which are discussed in Chapter 7.) sate in that tray Molecules of the same weight boiling tempera-

Hydrocarbons are organic compounds which contain only ture) as the liquid in that tray will condense and join the liquid.

hydrogen and carbon. The most fundamental hydrocarbon Lighter molecules bubble out from the liquid and pass on up.
through the tubes to the next higher tray
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Figure 6. 1
Typical Modern Fractionating Tower
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Liquid which overflows from a tray drops down to the next have 75.', 3 One of the primary groups of hydrocarbons is the
level below, where it revaporizes. This flexibility in flow rate alkane or straight-chain paraffin series, which have the general
permits the refiner to continuously take off the fractions he formula C H,,2, as described verbally above. Petroleum is the
wants at the appropriate levels of the tower without concern principal source of paraffins and they are separated by fractional
about mixing fractions. distillation. One carbon atom forms methane: two, ethane: three

Straight-run distillation is limited in that it may not be able to is propane: four is butane: five, pentane; six, hexane; seven,
yield various products in the proportions and quantities needed heptane: eight, octane, and so on.
for the market. For example, a relatively small amount of So normal octane is a simple linear chain of eight linked
straight-run gasoline can be distilled from crude oil. carbon atoms with hydrogen atoms attached. Iso-octane is a

Notice that Figure 6-1 indicates the types of products drawn more complicated arrangement of the carbon atoms. The origi-
off at the different levels, as well as the number of carbon atoms nal octane engine knock raiing came from percentage of the iso-
in the molecules. It is seen that gasoline molecules vary from 6 octane, 2,2,4 trimethylpentane. in a mixture with normal hep-
to 10 carbon atoms, while kerosene molecules have 11 or 12. tane at which knock would develop in a standard engine under
(incidentally, the petroleum industry usually spells it "'kero- standard conditions. Normal heptane has an anti-knock rating of
sine." as compared to the popular spelling "kerosene"). 0, while iso-octane is 100. (Normal octane has an anti-knock

A carbon atom forms four junctions; one carbon atom cap rating lower than 0).
tures four hydrogen atoms. So methane, having one carbon Although kerosene was shown in Figure 6-1 as having 11 or
atom, captures four hydrogens to make CH 4 . But one or more of 12 carbon atoms, it may have as few as 9 or as many as 14.
the carbon junctions can be with another carbon atom. If two Middle fraction, with molecules to C20 H 42 is sold as diesel fuel
carbons link, they use two of their eight junctions and leave six or heating oil while heavier fractions with molecules above
available for hydrogens: C 2H6, ethane. And so on up the line. So C20 H42 become gas oils which are cracked to smaller molecules
kerosene is generally a mixture of C1 iH 20 .24 and Cl 2H 22 .2 . or are processed as lubricant base stocks, waxes, greases or

If larger hydrocarbon molecules are cracked into smaller special fuels and fluids. Residium from distillation is sold as
molecules, some carbon-carbon bond(s) must be broken and heavy fuel oil, tar or asphalt. Processed further it will yield coke.
hydrogen atoms added at the breaks. So cracking requires addi- which is almost pure carbon, used for production of batteries.
tion of hydrogen atoms. They can be derived from the same graphite or electrodes for refining metals or chemicals. Accord-
crude stock by stripping some of its carbon atoms entirely of ing to the American Petroleum Institute tAPI). 95% of each
hydrogen, producing coke and free hydrogen. Conversely, if barrel of crude is converted into a marketable product, the
smaller hydrocarbons are combined or polymerized into larger. remainder being burned as refinery process fuel,
more complex hydrocarbons, the process will release hydrogen The production of lighter products also lowers the average
which can be used for other purposes. density so that the volume of all products tends to exceed the

One complication which arises in organic chemistry is that the volume of crude input by as much as 10%. It is important.
familiar chemical formulas are no longer adequate. Different therefore, to carry out process and economic analyses on a mass
arrangements with the same number of atoms can result in basis.
different compounds. For example, C2H5OH may be either Petroleum cracking was developed to yield more gasoline
dimethyl ether or ethyl alcohol. To avoid confusion it helps to than naturally occurs in crude oil. This was first done during
use structural formulas to indicate the atomic arrangement. As World War 11 by using higher temperatures and pressures than in
an example, butane, which is C4 H 10, can be in the form of a the normal fractional distillation process. Under these condi-
continuous carbon chain: tions, the larger molecules literally fragment into smaller

components. When pressure is released and temperature re-
H H H H duced. the hydrocarbons recondense into smaller molecules.

Although the cracking process was ". . very poorly under-stood by chemists . "6 2' at the time, cracking units wereH- C- C-C-C - H designed, built and operated on a large scale. "As research

I I I I provided details on the basic reactions involved, refinements
H H H H were made in designs and operations." Significant details to be

learned included knowledge about the speed of the reaction.
However, another possible arrangement is: how equilibrium of the reaction is reached, the optimum condi-

tions, development and use of catalysts to assist and control the
H H H reaction, and so forth.

I I I Catalysts do not take part chemically, but accelerate the
H - C - C -- C - H reaction by providing a compatible surface or pores where the

reaction may take place. Catalytic cracking can be done under
much less pressure than thermal cracking and is therefore

H H cheaper. Catalysts range from solids such as alumina pellets,
clays and metals (platinum, cobalt, molybdenum) to liquids such

H - C- H as acids,
IIn addition to more gasoline quantity, cracking produces a
H better grade of fuel with higher octane rating. especially with

catalytic cracking. I
The first form is called normal butane; the second is iso- "Polymerization is the opposite of cracking, In polymerza

butane. These two compounds with different arrangements of tion, smaller hydrocarbon molecules are condensed into larger
the same atoms are called isomers. With molecules having more gasoline molecules. Before polymerization was introduced, most
carbon atoms, the possible isomers are more numerous. 6 21 of these smaller hydrocarbons were regarded as waste gases and
Octane, for example, may have 18 isomers; decane may either burned (as fuel in the refinery) or simpli allowed to
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escape out the top of fractionating towers. These gases are now mercaptans) of the fuel, desulfurization by hydrogen treating,
exposed to high pressure, heat and catalysts. This forces the caustic washing to remove organic acids or hydrogen sulfide and
molecules to unite and form liquids called polymers. Polymers final cleansing in water wash and clay tower. These additional
are the essential components of high octane motor and aviation processes are not peculiar to aviation fuels.
fuels." Straight-run jet fuel is generally cheaper to produce than

Another key process for creating large molecules from smaller gasoline. It is almost identical to the lamp oil that oil companies
ones is alkylation. Alkylation makes high-octane molecules produced in the pre-automotive era. At that time there was no
particularly well suited for blending motor and aviation gaso- ready market for the smaller gasoline fraction and it was often
lines. dumped into local streams. Tales of the Chicago River catching

"The American Petroleum Institute (API) estimates that with- fire may not have all been legendary.
out conversion refining, an additional 3.5 billion barrels of crude Most kerojet fuel is produced by the major oil companies. In
oil per year would be needed to meet today's (March 1980) fact, according to the Department of Energy (DOE), only 14 oil
gasoline requirements. Put another way, conversion has enabled companies throughout the country are responsible for the pro-
refiners to produce over 20 gallons of gasoline from a barrel of duction of 97 percent of all jet fuel. 'I, That is, out of about
oil vs. only about 11 gallons if no conversion process were three hundred refineries in the U.S.. about 20 refineries provide
in use."( 6' 11 (A barrel contains 42 gallons of crude oil; the most of the jet fuel production.
precedent was set when Drake first shipped his crude out of
Titusville, Pennsylvania in 1859, using 42-gallon barrels). Jet Fuel Specifications

Cracking and polymerization can yield more of a desired Stimulated by fuel shortages and the sharp price rises in both
product from a barrel of crude, but they lead to direct conflicts 1973-74 and 1979-80, refiners have become interested in the
between products and customers. If the market demands more possibility of broadening jet fuel specifications. The feeling is
gasoline, heavier fractions can be cracked to increase the gaso- that broader specs should make available a larger yield of jet
line yield. This leaves less for diesel and jet fuel, which compete fuel from a given barrel of crude at the same price, or the cost of
for the same fractions. producing an equal amount of fuel should be less. Perhaps both

Literally, it should be possible to produce any product from benefits could be realized at the same time.
any hydrocarbon source, if cost were no object. Asphalt could be In times of crude-oil supply disruptions, this broadened
dug from the street and cracked into gasoline. Some refinery flexibility might permit refiners to deliver batches of middle-
coker processes are not too far removed. But the process costs distillate fuels which would not comply in all respects with
are higher than for fractional distillation and either a large existing specs. Or refiners may be able to produce jet fuel from
source of excess hydrogen is needed to fill in the smaller mole- inferior grades of crude oil which could not be produced into jet
cules, or fantastic quantities of asphalt would be used to extract fuel practically or economically under existing specs.
the small amount of hydrogen it contains. There are several qualities specified for jet fuel which may

The product slate of a refinery, the prices of its products, its effect availability and cost. Its primary characteristics, however,
customers' demands, the refinery's processing capabilities and define the upper limit for light components of the mix and the
costs, and the type of crude it uses for feedstock, are all inexora- lower limit for the heavier components. Since extension of the
bly tied closely together, although individual customers may not light end or of the heavy end requires relaxation in opposite
participate in the decisions. directions, their effects on aircraft operations and their effects

on market conditions are considerably different. The light end
Aviation Jet Fuel and the heavy end will therefore be discussed entirely separately

There are two major classifications of commercial jet fuel: and should be considered in that light. The fact that broadening
The first, Jet A, is essentially 100% kerosene and, until recently, the spec on one end might appear favorable or unfavorable
was only made and used in the United States. In Canada and should essentially have no effect on whether broadening the
other world areas, Jet A is beginning to replace Jet B. Australia other end of the spec should be considered favorably or un-
has now made Jet A mandatory in its commercial operations. Jet favorably.
A has a freeze point of -40°C. Its high-altitude version, Jet A-i, One additional component will be discussed, the percentage
has a freeze point of -50°C. of aromatics in the fuel. Although not a direct function of the

The second fuel, Jet B. is a wide cut or gasoline/naphtha lower limit on the heavy components. aromatics and heavy fuel
derivative, about 75% naphtha and 25% kerosene, and is the characteristics have similar effects on aircraft operation. Heavier
most prevalent commercial jet fuel used outside the United fuels and more aromatic fuels contain less hydrogen. The ques-
States. tion of aromatic content will therefore be discussed along with

In addition, the military JP series has been defined as dif- that of lowering the heavy end of the Jet A specs.
ferent fuels were needed for various missions. JP-4 is the most Fuel characteristics are not specified by the federal govern-
widely used, essentially equivalent to Jet B and therefore having ment. For commercial aircraft purposes, theoretically the manu-
characteristics close to gasoline. Military operations include cold facturer of a new engine may select any fuel or combination of
soak and starts in arctic climates, longer flights at higher alti- fuels for which he wishes to qualify his engine. He then applies
tudes, and greater requirements for altitude re-starts. JP-8 is for engine certification with that fuel or fuels and substantiates,
essentially Jet A-1 and is now the NATO standard in England. including demonstration, that his engine will perform safely and
JP-5 is close to Jet A and is used aboard aircraft carriers to deliver the specified power under the conditions he also has
minimize below-deck and combat hazards. Jet A, Jet A-1 and selected. Any airframe manufacturer may then install that
JP-5 are basically kerosene and are often called kerojet fuels. engine and operate it in his aircraft according to the specs set by

"Kerojet is produced through straight run distillation. Several the engine manufacturer
additional processes must be applied, however, in order to meet More practically, an engine manufacturer advises that he does
federal standards for safety and emissions control." These pro- not independently select a fuel spec. The airframe maufacturer
cesses include sweetening (removing or converting malodorous selects his engine from a study of the aircraft sales market. Or.
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for a combination of both a new airframe and a new engine, the unless refiners expect to produce and distribute jet fuel separate
engine and airframe manufacturers will probably jointly select from heating oil, or to obtain waivers for jet fuel distribution
the fuel. Once a type of fuel is commonly available, such as Jet through the heating-oil distribution channels.
A or Jet B, it is virtually automatic that new engines and new Under most conditions, Jet A cannot be ignited readily with a
airframes will select one of those fuels for certification. Since match. In tests which involve burning Jet A, a large blow torch is
commercial programs need to sell both to U.S. and to foreign used to start the combustion and, due to the lean vapor above
airlines while many aircraft operate in both fuel areas, this the liquid, the flame propagates slowly. It's like the backyard
means that aircraft manufactured in the U.S. (and presumably charcoal lighters which are pesky, but safe.
most of those manufactured in the rest of the Free World) are As has been noted, Jet B is made from naphtha components
licensed to operate on both Jet A and Jet B. and is much like gasoline. Like gasoline, it would not be suitable

If a special situation arises where an aircraft operator wants to for lighting a charcoal fire. The accident record of Jet A vs. Jet B
use a fuel different than those specified in his aircraft's certifi- has been examined by the Coordinating Research Council. 6 9

cate, he must either apply for and demonstrate compliance for a Although the safety record with both fuels has been good, there
new certificate himself, prevail on his aircraft's manufacturer to is significant difference in crash-fire survivability favoring Jet A.
obtain the certificate for him, or persuade the engine manufac- On the other hand, gasoline is used daily in thousands of aircraft
turer to go through the process. and millions of automobiles with reasonable safety. Problems

All of these avenues have been followed. The process is rather that are encountered are generally due to fuel misuse, a failure
simple for experimental aircraft, but becomes more comprehen- to follow fueling recommendations, or to appreciate the extreme
sive for commercial aircraft, where safety of the public is at danger of combustible vapors near an ignition source.
issue. Specifications for the fuels themselves and for their The practical difference with fuel volatility is during handling
various characteristics are usually defined by the American and fueling. Most experience with fires has been with aircraft
Society of Testing Materials (ASTM) for all segments of the fueling, defueling or maintenance operations. Jet B fires
industry, generally resulted in destruction of the aircraft, while Jet A fires

It may be important to note that in principle, the conditions produced only moderate damage. Fueling poses the unique
under which aircraft and equipment are granted commercial hazard of generating and accumulating electrostatic charge
certificates are the minimum levels of safety and performance unless the fuel contains an additive to increase its electrical
for that equipment. Airlines are encouraged to adopt operating conductivity. A spark discharge from a body of charged fuel c&n
procedures which exceed those minimums. In many cases, ignite Jet A or Jet B mists. Bonding the aircraft to the ground
airline-established operating procedures are considerably more servicer is essential during fueling and prevents an external
conservative and safe than the regulations or certificates permit. spark discharge when hoses are connected. Grounding the air-

craft either directly or through the bonding system of the
Jet Fuel Flash Point grounded servicer is also essential to allow charges generated

In other parts of the world which have had a lower population during fueling from either servicer or aircraft to flow to (or from)

of automobiles, naphtha has been a surplus product and Jet B the ground 6 -91

became the popular jet fuel available outside the U.S. American An ignition may not be as catastrophic as one might imagine.
carriers operating abroad have naturally become accustomed to The propagation of a flame front through mists proceeds more

using Jet B. The specification for Jet B does not include a flash slowly and produces a lower pressure pulse than the rapid
point requirement. On average, the flash point of Jet B. as explosion of Jet B vapors. In several cases of Jet A mist ignition
delivered, is usually around 0°F or below, cited in the CRC report, '91 structural damage to the aircraft was

As has been indicated, gasoline has been a premium product extensive but repairable. By contrast, most of the ignitions of Jet
in the U.S. refining market and U.S. airlines have characteris- B vapor resulted in wing tank explosion, extensive fire and
tically operated their turbine engines on Jet A. Jet B is typically aircraft destruction.
not available in the U.S.. the naphtha being used for gasoline. Wher, an aircraft crashes at speeds corresponding to takeoff
Jet A has a low vapor pressure and a flash point specified not to or landing, the type of fuel in the aircraft has not been found
tall below 100°F. very significant. On impact at those speeds, the forces are high

Curiously, most Jet A delivered in the U.S. has a flash point of enough to rupture fuel tanks and blast fuel liberally over the
125-135*F. The reason lies outside of aviation. Jet A specs are area. Dr6plets are small as in a mist and the likelihood of sparks
so close to heating oil that refineries often turn out a single is so great that the fuel usually goes up in a fireball, whether
product which qualifies for distribution to both customers, gasoline. Jet B, or Jet A.
Boiler operators and owners of home furnaces do not employ There has been considerable research, with some promise of
the same safety conditions, procedures, and equipment as avia- success, toward developing an anti-misting agent for mixing
tion operators. Therefore, in most states and local jurisdictions with Jet A. When Jet A is prevented from misting in a crash,
within the United States, oil used for boilers and home heating tests show it is much more benign. It is doubtful that the more

may have a flash point no lower than 120°F. When jet fuel is volatile Jet B could ever be made anti-misting. Although the

made in a batch that will also go to heating oil customers, or possibility of an anti-misting Jet A has been promising for many
when it will be delluered to airline customers through heating- years, it must be acknowledged that success has been very

oil channels, it must typically meet the local flash-point spec- elusive and it may never be successful.

fications. This is not the entire story, either. Aircraft fueled with Jet B
Refiners' discussions in aviation meetings have not been have run into obstacles at low speeds and have caught fire where

specific that a relaxation of Jet A flash point below the 1 00F it is thought Jet A would not have ignited. A trail of spilled Jet A
level would actually improve their cost and quantity situation. is not likely to lead a flame to a damaged aircraft, as it is with Jet

The FAA had planned and had started a series of subcontracted B. With its low vapor pressure, Jet A vapor is unlikely to be
tests to determine safety characteristics of jet fuels with flash sucked into a still-running engine's intake, to be ignited. Passen-
points below I 00°F. Budgetary pressure has now deferred these gers have literally waded away from wreckage through spilled
tests. It appears doubtful that these tests should be completed Jet A. Few contend that it would have been possible through Jet

B.
7:3



Aircraft are seldom struck by lightning in flight. Their stuc- but nobody makes a big affair about it. If we had started with
ture and fuel systems are electrically bonded internally to diesels and the question now was whether to introduce gasoline,
prevent sparking and are generally regarded as safe against gasoline cars might be strongly resisted. In most accidents it
lightning strikes. But lightning in many ways is unpredictable makes no difference, but there are exceptions. Australia's man-
and at least one aircraft has been lost which might have been date for Jet A is probably supported by logic.
been due to a combination of Jet B and lightning. It can only be Lowering the fuel's flash point creates no problem with air-
conjectured if the airplane would have been lost under the same craft or engine operation or performance. If anything, starting
conditions if it had been fueled with Jet A. and running should be improved. The combustion should be a

Otherwise, the practical difference with fuel volatility is dur- little more complete, radiant heat - little more gentle on internal
ing handling and fueling. Since the operating safety record with components, emissions should be reduced slightly, and so forth
all fuels has been relatively good, most experience with fires has But the effects would probably be too slight to notice appre-
been from research and development operations. Those most ciably. The only question with extending jet fuel to lighter
experienced comment that even Jet A handling can be a prob- fractions is that of safety, and that is presently, at least, still a
lem under hot, desert conditions. So the solution, the real safety, moot question.
should be achieved through care of handling, assurance of a
good electrical ground during fueling, an anti-static additive in Jet Fuel Freeze Point
the fuel, and good integrity of the electrical bonding system If ]et fuel specifications are broadened to include heavier
within the airplane, both in its original design and as maintained fractions, the immediate effect would be to raise the freeze point
throughout the aircraft life. 6 -6 )  of the fuel. Freeze point may be significant with aircraft when

The FAA specifies more careful fueling operations with the they fly at altitude long enough to chill the fuel. These condi-
more volatile fuels but, once the fuel is in the airplane, the pilot tions are not encountered frequently with present fuel and Jet
is not greatly concerned with any difference. In fact, there are A-1 was introduced largely for over-the-pole flights. But. if a jet
some aircraft turbine engines which are certificated to run on airplane is forced to fly at lower altitude to find higher tempera-
gasoline or a mixture of kerosene and gasoline. This is not tures, the penalty in performance and fuel consumption will
recommended standard practice and special care is taken w:lh usually be appreciable to severe.
grounding the aircraft during fueling, to prevent sparks from Jet fuel does not initially freeze hard like water. First it
static electricity. Generally, gasoline would be loaded in U.S. jet becomes cloudy, but is completely pumpable. Then it begins to
aircraft only in "emergency," when kerojet fuel is unavailable, form wax in small particles or crystals. which build into a

There are both pros and cons toward lowering the network or matrix. These particles may agglomerate and clog
specification flash point of Jet A below 100°F. For example, filters. Once wax begins to form in the fuel, it proceeds rapidly
Canadian airlines have used fuel with a flash point of 92°F, with further small decreases in temperature. It may form viscous
which they unofficially call Jet A-2. U.S. people object asso- or rope-like strata that progressively degrade fuel pump perfor-
cating the Jet A label with any fuel which has a flash point mance and clog engine spray nozzles. When fuel freezing occurs,
lower than 100°F (some in the U.S. prefer to call it Canadian it presents problems in both the aircraft fuel system and in its
jet). But, since the Canadians do not share our southwest desert engine parts.
temperatures, while they often must leave their aircraft out Boost pumps in the aircraft tanks introduce heat which delays
overnight in subzero weather, their spec needs are clearly dif- the process and, in most situations, the fuel could probably be
ferent from ours. used in outside temperatures several degrees below its freeze

Jet A volatility is so low that its tank vapor is lean and almost point. Further, all commercial aircraft use fuel heaters below
always unignitable (except, perhaps, after sitting for a long time specified temperatures to prevent freezing of water in the sys-
in the sun). On the other hand, like gasoline, the vapor in the tems. Also, cruising at high speed, even at high altitude, adds
tank above Jet B is too rich to ignite. Only a small amount of Jet aerodynamic heating to the aircraft skin. But, as temperature
B in a Jet A/Jet B mix should vaporize sufficiently to produce an within the fuel itself decreases, the freezing symptoms will be
over-rich vapor space. The question must be asked, then, what encountered.
ranges of mixes, temperatures, pressures, humidities, etc. may Jet A freeze point is specified to be no lower than -40'C,
be hazardous and what strengths of sparks will ignite them? Is which is also -40°F. Since standard temperature at 35.000 ft.
there a significant range of hazardous combinations in those altitude is -65°F, the Jet A spec does not protect aircraft from
possible? There are some opinions, but little substantive all conceivable regimes of operation. An airplane flying for long
evidence, ranges at high altitudes, such as a Boeing 747SP nonstop from

The question probably resolves to whether, in the case of New York to Tokyo, may expect its fuel to chill down below the
another severe disruption in crude supply, if either Jet B or JP- Jet A freeze point. Military aircraft, which may generally per-
4. its military equivalent, is available, should U.S. airlines use form high altitude missions for long periods of time. theretore
them and mix them with the Jet A they still have aboard? The use their JP fuels instead of Jet A,
answer is probably. "Yes." There is certainly no regulatory If commercial aircraft expect to fly for long ranges or times at
prohibition. But it would be important to use a conductive low temperature, they may fuel up with Jet A-i. which carries a
additive in the fuel. If normal care is exercised during the fueling freeze point of -50°C. As a matter of interest, the Canadian let
process and grounding is secure, there may be no additional spec (which they call Jet A-2) has a flash point of 92F as
sensible risk. The next question would be, "Should the practice compared to 100°F, as already noted. But it also provides a
continue if the crude disruption continues and the situation freeze point of -45°C from April through October and a -48*C
presents itself often or cbntinuously?" freeze point during the rest of the year. So the Canadians adjust

The answer there could well be, "No." Because, over ex- their standard fuel range to lower temperatures on both ends.
tended time, accidents then would be more likely' to occur in Aircraft fueled with Jet A may be required to reduce their
which Jet B would represent a more probable risk than Jet A. It cruise altitude according to the outside temperature and the
may be like the difference in risk between diesel and gasoline- time for the flight Generally, this is not required for Jet A on
powered automobiles. There is probably a real difference in risk.
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any routes within the United States. About 1% of the over-the- their weight and space. Both stationary and rotating blades are
pole flights encounter temperatures which require them to re- cooled with air in internal passages. This air comes from the
duce altitude. With the proposed increase in freeze point, it has engine compressor, where any air robbed after compression
been speculated that flight diversions could occur in 5% to 30% represents leveraged degradation in engine performance.
of those flights. Conditions are specified in the airplane's Although highly undesirable in both cost and national security,
operating manual and they include a margin of safety for exotic materials are used in engine internal metallurgy to
headwinds, holding time, and other contingencies, squeeze the utmost in weight, space and fuel economy.

But it is uneconomical in fuel consumption to fly a jet airplane Most engine design attention in the past has been toward
at an altitude different from optimum. This is particularly ineffi- performance (thrust and weight) and maintenance, rather than
cient at altitudes lower than would be selected. For a Boeing fuel consumption. Ironically. now that fuel consumption is
727 flying at 30,000 ft., a diversion to 25,000 ft. to increase assuming the dominant role in airline operation due to high fuel
temperature 10°C increases the cruise fuel burned by 13%. As prices, it is parti-. v undesirable to consider a change in fuel
will be seen in Chapter 11, airlines are marginally profitable on specs which wou -grade performance and fuel consumption.
fractional percentages of fuel consumption; a 13% penalty is a One might say ;at relaxing the jet fuel spec toward heavier
serious economic sacrifice, fractions is effectively reversing the high technology achieved in

New aircraft such as the Boeing 757 and 767 reject less heat a generation of engine development A heavier jet fuel might be
to their fuel (they have better internal heat conservation), fly cheaper. But it would also be cheaper to use cast iron in engine
at 5-10,000 feet higher altitudes, and would expect to suffer parts. The reason exotic metals and design techniques are used
greater fuel consumption penalties if required to lower their is that they pay off in aircraft and engine economics. It would
cruise altitudes. The penalty is greater for smaller aircraft such make sense to degrade jet fuel only if a lower fuel price can pay
as business jets, which have smaller fuel tanks, with a greater for the attendant losses in aircraft and engine economy.
surface-to-volume ratio. Philosophically, it is generally cheaper to solve special prob-

So there is resistance to the suggestion that the freeze point of lems on the ground than in an aircraft. Aircraft and engine
fuel might be raised. With a higher freeze point, aircraft would designers should be hoping for higher-grade fuels, rather than
doubtless have to divert to lower cruising altitudes more often. designing and testing to accept lower grades.

One alternative would be to modify aircraft fuel systems and There are other reasons why raising the jet fuel freeze point
engines, to improve insulation, or to provide artificial heating at would be disadvantageous. A new aircraft engine design usually
the appropriate points. But modifications are themselves expen- takes around eight years to develop, longer than a new aircraft
sive and may be heavy. If the main tanks must be insulated, the model. The reason is that the engine must be tested much more
tank fuel volume would probably be decreased. Unfortunately, it extensively, since so much of its economic success depends on
is the long-range, high-altitude flights which both need maxi- the engine's maintenance and life characteristics. Much of this
mum fuel capacity and are most susceptible to the freeze-point testing must be in real time at real performance conditions. So,
problem in the first place. if a reduction in fuel price is going to pay for developing the new

Should the industry consider varying the specs with time of engines which can use a newly specified fuel, the fuel price
year or for various classes of missions? This solution could advantage must prevail for many years.
cause more price and distribution problems than the present Jet In fact, the eight years of engine development are only the
A spec. start. Engines and the new aircraft (or. at least, new aircraft fuel

Fuel system freezing is not the only problem introduced by systems) mti!. be able to realize that advantage in fuel price over
raising the spec freeze point. In heavier fuel fractions, the ratio the life of the equipment. Amortization life is usually taken as
of hydrogen to carbon is lower. The heavier fuel will not ignite twenty years.
as easily, bum as cleanly, or produce as much energy per pound So far, refiners are only conjecturing about lower prices for
of fuel. Perhaps more significant, a heavier fuel burns with a heavier fuels. The trend sounds reasonable as crude oils become
more luminous flame, projecting more radiant heat. This is a progressively heavier around the world: everyone agrees that
critical situation inside the engine. Particularly in the engine crudes are and will be getting heavier. But no refiner has yet
burner section and in the turbine section immediately down- offered how much the cost of jet fuel could be reduced for any
stream. Engine stresses and the maintenance life of engine parts given relaxation in specifications. The fact is that the effect on
are dependent on the radiant heat these parts receive from fuel cost will likely vary from refiner to refiner and from crude to
combustion. U.S. Air Force (USAF) tests have shown that crude, probably from time to time.
engine turbine life increases 50-100% as the fuel hydrogen Further, a reduction in cost may not necessarily bring about a
content is increased from 13 to 15%.6 41 Jet fuel typically has a corresponding reduction in price. Each refinery must operate at
hydrogen content of about 13.7%. 16.5) a profit. Depending on market demand and the characteristics of

It has been suggested that these engine parts could be rede- the crude available, and of course dependent on the capabilities
signed to accept more radiant heat and that existing engines of the refinery itself, a refinery may not be able to sell all its
could be modified. That could be done. But the costs would be products at equal profit margins. Some products, such as re-
considerable. Unfortunately, too, going to a fuel with more sidual oil, may be sold at a loss. This loss is offset by higher
luminosity is going opposite to the direction that improvements prices of other products and it can vary considerably from time
have followed throughout the history of jet engine development, to time. It may be unreasonable to expect refiners to agree on
For increased performance, reduced weight, less maintenance firm price policies for jet fuel, much less guarantee them with
and longer engine life, most of the expensive effort in jet engine enough certainty to either modify existing aircraft and engines
development has been directed toward improving these "hot or to develop, build and certificate new equipment
section" parts. Turbine blades and rotors are the most expensive At the Georgetown CSIS discussion of this project, Dr
parts in the engine. Maurice E. Shank, Director. Engineering Technical, Pratt and

These parts have been designed with the most advanced Whitney Aircraft Group of United Technology Corp and Albert
technology. Turbine blades have been developed using single M. Momenthy, Manager, Transport Energy Systems. Boeing
crystals of metal in order to achieve the highest strength for Commercial Airplane Company. made it very clear that they
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consider the decision on jet fuel specifications effectively has run, aviation may be in a better market slot with Jet A than with
already been made past the year 2000 Dr Shank remarked that a heavier fuel.
Pratt and Whitney has spent about $100 million to reduce So this report concludes that the likelihood of aviation
emissions in present engine technology and that a heavier fuel accepting a heavier jet fuel specification is very slight. Even so,
would jeapardize that investment. Present combustion efficiency refiners may not recognize the difficulties presented by a heavier
in aircraft engines is over 99% at high power settings; a heavier fuel and may hold out hopes that some degradation can be
fuel would necessarily reduce this efficiency, with increase in accepted in the near-term future. The National Academy of
emissions. Sciences/National Research Council has held a series of meet-

New combustors to accept heavier fuels would cost $100 ings at which the principals have discussed the possibility for
million to develop and produce. Modified turbines would be widening Jet A specs. It is hoped that their report will be conclu-
even more expensive. The cost of developing a new engine is sive and that it will be distributed widely enough to influence
around $1 billion, about the net worth of the company. The new future planning.
generation of aircraft (B-757 and 767) yet to be delivered and, Otherwise, it might be worthwhile for the aviation industry to
indeed, any now on the drawing board, are all predicated on Jet organize a discussion with the refining industry so that mis-
A (and Jet B). understandings do not build further. Planning for new refinery

The final solution may lie with the refiners themselves. Most capabilities and new aircraft/engine fuel acceptance should not
major companies are already rebuilding old refineries or con- be permitted to drift down disparate paths.
structing completely new plants with extensive capabilities in
coking or hydrogenation to reduce their output of residual oil Aromatics
and increase their slate of lighter products. While these plants As contrasted with the straight-chain molecules of paraffinic
are being amortized, it may be expected that product costs will hydrocarbons, aromatics are isomers with ring-like structures.
be somewhat higher than for straight distillates. But, as plants With more complex bonding, an immediate comparison shows
and processes mature and, particularly with development of that aromatic molecules contain fewer hydrogen atoms per unit
cheaper and improved catalysts, there is strong promise to pro- weight. So aromatics present some f the same tendencies of
duce quality fuels at standard costs. heavier hydrocarbons. They produce less energy per pound,

Indeed, the field of catalysis appears to offer some of the most tiey tend to coke, they bur with a more luminous flame, and
promising possibilities in the entire energy and fuels processing they generally produce more emissions. Consequently, many of
picture. There appears to be good hope for super-fuels (higher the comments above directed toward the use of heavier fuels in
hydrogen content) at standard prices within five to ten years. aviation, also apply to fuels with heavier aromatic content.

At the CSIS forum of October 1981, 1 2) S.V.Drum, General Aromatics attack many elastomers and sealants and that was
Manager, Aviation, Chevron, remarked, "We receive endless the original reason for limiting their content in fuel. Now the
questions of whether broadened jet specifications would result more radiant flame from aromatics, and its effect on engine hot
in increased availability and decreased price. We may differ parts, is of equal concern to operators.
from some of the other views you will hear here, but it is our Aromatic content is usually limited by purchase agreement
conclusion that broadening the specifications within the mid- between the aviation customer and his refinery supplier. Aro-
distillate range will not necessarily result in a substantial matics are permitted up to 20% and are accepted up to 25%,
increase in the supply. When supplies of distillate are long, as with the supplier advising the customer of deliveries made
they are today, no one is having any problem getting the jet fuel above the 20% level. This notification permits the aviation
they need. When times are tight, aviation will get about its operator to make more frequent inspections to determine if the
share, along with the diesel customers and the 2-oil customers, increased aromatic content is deteriorating his equipment.
If we broaden the specs for jet fuel, we would reduce the produc- The relationship between aromatics and other components,
tion of the components for these other customers, for which with hydrogen content and the combustion energy of fuels, is
there is an increasing demand." shown in Figure 6-2. There is a direct ratio between the hydro-

"One change that could increase availability would be a re- gen content in the fuel and its heat of combustion per unit
laxation in flash point, due to the decreasing demand for motor weight. It is important to note that this relationship is per unit
gasoline. In times of plenty, this could have an impact (down- weight. Since hydrogen occupies more volume than the corres-
ward) on price. When the industry is long on alkylate, the price ponding weight of carbon, when hydrogen content increases,
of JP-4 (Jet B) has reflected that. Also when alkylate has been the energy per unit volume decreases.
tight. I believe the same would hold in going to a lighter-product For most aircraft flights, it is the weight which is important
jet fuel, encompassing some of the gasoline which is now going and a higher energy per pound is desirable. But, if the tanks are
to become surplus. It could have an influence on price in times filled full for maximum range or endurance, if fuel tank volume
of plenty." is the limiting factor, then more energy per gallon is desirable.

Also at the CSIS meeting, the petroleum market was con- Further, fuel is priced by the gallon, not by the pound. So fuel
cluded to be probably more unfavorable than favorable toward a producers point out that a high-hydrogen fuel or the super-
heavier jet fuel. It was pointed out that demand for automotive hydrogenated fuels mentioned as possible above, may not be so
gasoline has been on the decline and is projected to decline attractive in price-per-pound, or for long-range operations.
further. In contrast, the demand for diesel fuels and other Jet aviation has either been extremely lucky or guided by
middle-distillates is generally assumed to be increasing, with intelligent decisions at the outset . . probably some of each.
prospects for higher rate of increase in the future. These Kerosene turns out to have good handling characteristics, while
other customers will be stiff competitors to aviation for middle- it rates favorably in cost/energy, energy/weight and in energy/
distillate components They command a much larger proportion volume. It is probably the best aviation turbine fuel that could
of the market, have been selected. Some space-oriented projects have used jet

Further competition in the middle- distillate market might be fuel along with liquid oxygen or other special oxidizers. Unless
quite adverse for longer-term aviation fuel prices. In the longer the price should become too high, it would be attractive to pack
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more hydrogen into the fuel. This is one of the paths leading to gency, or whether he should process it in his plant to a more
interest in hydrogen as a primary fuel in aviation. Hydrogen marketable standard.
proponents say, "Why not go all the way at one step?" It may be worthwhile mentioning one more consideration

A current trend and further expectation toward increasing before leaving the subject of jet fuel specifications. As will be

aromatics in crude oils leads to natural consideration of higher seen in Chapter 8, there are many reasons to believe that shale
aromatics for aviation fuel. Aromatics are not synonymous with oil will replace petroleum as the source for jet fuel, sooner or
heavier fuels. Aromatic fuels have very good anti-knock charac- later. Shaie oil has problems, which are discussed in the chapter.
teristics and they are valued in gasoline production for that But, as its production and processing are planned and have been
quality. But anti-knock tolerance plays no part in turbine tested, it produces a large proportion of high-quality jet fuel per
operation. The pressure for more aromatics in jet fuel may come barrel of shale crude. This fuel is well within existing jet fuel
more from decreased automotive gasoline production than from specifications and is very low in aromatic content. Because of
the changing quality of crude oils. Cutting down mogas produc- this low aromatic level, it is much better suited as a source for jet
tion will leave the refiners with more aromatics to dispose of. fuel than for gasoline.

This whole question of crude oil content, refining capability, Shale oil may be the next large step down our fuel transition
and product slate demanded by the market, is in a period of path. Since it conforms better to existing specs than fuel pro-
rapid transition. It does not appear that aviation and refining duced from our present refinery feedstocks, this would seem to
industries should agree to raise the freeze point or the aromatic be an unfortunate point at which to accept the penalties asso-
content for standard jet fuel specs. On the other hand, it would ciated with heavier fuels or higher aromatic content.
be prudent for aviation to determine how much degredation in
jet fuel specs could be tolerated for more-or-less temporary Aviation Gasoline
interruptions in normal crude-oil supplies. There are a number of problems associated with aviation

NASA should approach this question of fuel tolerance, not on gasoline; the most prominent are price and availability. Ironi-
the basis of significant modification or development in new cally, aviation gasoline basically is cheaper to manufacture than
engines or fuel systems required to accept a broader-spec fuel as lead-free automobile gas. Even low-lead aviation fuel contains
standard, but to investigate the effect of various fuel degrada- more lead than standard auto gas. The main problem is that
tions over various periods of service time. This information aviation gas is produced in about a half-dozen major refineries
would assist the aviation user to assess the consequences of in the United States and that it is run on a batch process.

using any sub-grade fuel he is offered during an emergency or at Typically, a refinery may take three days in converting over to
a low price, It would also assist the refiner to know where he avgas production. Then, in five days or so, it produces a five-
may be able to market an off-standard fuel during an emer- month's supply of avgas. In itself, this presents some storage and
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handling problems. But it then takes about a week more to lOOLL was proposed as the solution, it would provide the
reconvert the refinery back to its normal operation. So avgas has octane that the big engines required and reduce the lead un-
to bear the cost of two revisions in setup, its own production favorable to the small engines. It was then found that some of
time, and lost refinery time. these high-strung, powerful engines really depenoed on lead for

Distribution adds to avgas problems. Its final destination valve lubrication and other functions. And, before that situation

includes 500 small airports around the U.S. Most petroleum was solved with enough assurance, a new generation of engines
products are transported by pipeline. Here avgas suffers in two had evolved that required the octane and the low-lead qualities

respects. Pipelines typically transport about 45,000 barrels per of IOLL. Ergo, three grades of aviation gasoline.

hour. The whole nation's daily avgas consumption is only about The situation is certainly fraught with problems. Engines re-

40,000 barrels,.671 Pipelines ship a variety of fluids and, if quiring lead may be modified or the 10OLL may be revised to

adjacent fuels are compatible, there may be no degradation of provide the characteristics they need. The smaller engines can

the fuels in the market. Avqas cannot share this treatment. As a operate on 10OLL, but with more frequent inspections and
result, avgas is transported largely by barge and truck. maintenance. Another avenue being analyzed is the o)ossibility
The primary consideration and concern with avgas is flight of using autogas, or mogas, in the small aviation engines which

safety. Its specs are correspondingly well defined, in general, do not require 100 octane

much more tightly defined than for other products. If avgas
becomes "contaminated" with another product, the qualities of Mogas Substitution in Aircraft
that product may not be well known. Because avgas is held to It is not legally permissable to use mogas in aircraft engines
such well-defined specs and because its qualities can be de- because those engines have not been certificated for mogas In
teriorated without careful handling, avgas is usually checked as England, the possibility is being given serious consideration and

it leaves the refinery and then treated like a sterile surgical appears to be nearing approval. But the British Isles represent a

instrument, different situation than the United States. The U.S. covers a

If it is piped through a line, held in a tank, shipped in a truck vastly greater range of climates and altitudes.
or barge, pumped, or exposed to environment or materials U.S. mogas is produced to different specifications in seven-
which could contaminate it or degrade its quality, it may lose its teen regions of this country, each blended for best performance
certification as avgas. Recertification of a batch suspected of in its distribution area. These blends are changed four times a

contamination means shipping a sample back to the refinery. year with the seasons. A car carrying a tank of gas into another
Generally, only the refinery has the capability for making the area is unlikely to encounter problems because it rarely if ever
tests necessary, as well as the expertise to determine whether develops full horsepower. Even so, there are problems in taking
the fuel is still usable in aircraft and, if not, what to do about it. unsuitable gas into the mountains, while vapor lock may be

U.S. gasoline-powered aircraft shared at least the same prob- encountered in desert areas.
lems with other fuel customers during the 1973-74 OPEC But an aircraft engine generally uses full power on every
embargo and the 1979-80 Iranian revolution and Iraqi war. takeoff. Full power is partij,,larly important at airports above
They suffered another shock when the Phillips Petroleum re- sealevel. Aircraft safety is dependent both on power output and

finery in Borger, Texas experienced explosion damage in 1981. reliability. At present. there are three essential problems with

At one stroke, 6.000 b/d of the US 40,000 b/d production using mogas in U S. aircraft 1 The variety of U, S mogas
capability was interrupted for many months. Aircraft operators blends, 2. Mogas characteristics are not as well defined, con-

in the entire southwestern U.S. were affected immediately and trolled or known at the refinery, 3 Mogas handling permits
the ripples were felt through probably most of U.S. avgas circles, more contamination
This explosion emphasized how dependent the gasoline The situation may not be impossible Refineries are now able

powered aviation industry is on a small group of refiners and on to produce high-grade. lead free gasoline as a standard product.

limited distribution channels. With the decrease in demand for mogas and further decrease

The international avgas market, at present, is in a tighter forecasted, some refiners may find more interest in the aviation

situation than within the U.S. The former British Petroleum market and a further outlet for their gasoline fractions

refinery in Abadan, Iran produced about a third of the Free Adv.cates of less expensive motor gasoline suggest that re-

World's supply of avgas. Since that supply has been interrupted finers manufacture batches of mogas for which the vapor pres-

by the Iran-lraq war, almost a hemisphere of the globe has sure, octane level and other major characteristics are suitable for

suffered from avgas supply and distribution shortages. Since the aircraft operating on S( octane avgas. These batches of gasoline

U.S. manufactures the malority of the world's general aviation could be marketeu as autoaviation fuel. usable interchangeably

aircraft, this international avgas supply problem is a major con- in either Aviation fuel suppliers would be able to buy it as avgas

cern to our small aircraft producers. and, through their normal distribution, would be able to assure

If the market and distribution problems were not enough, its integrity Refiners are skeptical that the price would be lower,

avgas compounds the problem by being produced in three while they point out it could satisfy only the smaller engines

grades: 80 octane, 100 octane and 100 octane low-lead which use Grade 80 gasoline Another consideration is that most

(10OLL). The reasons go back before World War I, when most of the smaller gasoline engines which are being manufactured

aircraft engines used 92 octane or lower. But the war demanded now can tolerate 1 0)l-
highest performance: the Spitfires and Hurricanes developed It is general knowledge that some private pilots in the U.S

their performance superiority only after they were supplied with today are using mogas in their aircraft For those who know

100 octane gasoline. "' what they are doing. as well as the quality of the fuels they are

After the war. an effort was made to standardize on a single using, the operation can be as safe as using avgas Problems

grade. 100 octane. But 100 octane used more tetra-ethyl lead occur when the pilot is not knowledgeable, when the fuel

(TEL) and the military engines had been built with a much characteristics are not really known, (r when the fuel may have

higher tolerance for lead. Lead fouls sp rk plugs and causes been madvertantlv or unknowingly degraded

other problems in small engines. 7S1



Flight tests are being run on a Cessna 150 powered by a engines which can operate satisfactorily through a wide range ofContinental 0-200 engine toward certification with any autogas light fractions to heavier middle distillates.which meets ASTM D-439. It will be a Supplemental Type This may be possible with turbine engines. The trick will be toCertificate (STC) which will permit recreational flying only, not develop an engine and fuel system which are self-adaptive toin aircraft operated for hire. Presumably, other equipment which fuels and will not require modification or manual adjustment asuses 80-octane fuel can apply for similar certificates, different types of fuel are loaded. Through adaptive electronicWhether a solution in Britain, the U.S. and other well- fuel and engine controls, some believe it will be possible, thoughcontrolled areas can be translated into a world-wide solution for difficult, to develop systems which will permit a pilot to loadaviation fuel remains to be seen. In the meantime, U.S. general virtually any fuel which happens to be available. He could thenaviation manufacturers are interested in developing new engines buy fuel with the highest available energy content per dollar andwith a wider tolerance for fuels. Some even hope to produce the engine/fuel system would adjust itself accordingly.
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Chapter 7

Natural Gas

Board Room Briefing No. 7 market. Methanol should replace petroleum in some surface

1. At the risk of appearing farfetched, this author concludes transportation markets over a period of time.

that development of natural gas in the United States offers the 6. Compressed natural gas ICNG) and liquid natural gas

greatest potential for reducing fuel prices, stabilizing supply, (LNG) offer additional opportunities for surface transportation,

reducing foreign oil imports, and accomplishing this in the with the cost of compression or liquefaction replacing the cost of

shortest time, of any energy or fuel option available to this conversion to methanol. Use of CNG and LNG will further

country. These achievements also probably would be made at release petroleum for air transportation.

the lowest cost for any major, single move in energy.

2. Natural gas has no current direct application in airline gas apparently promises, it is possible that methanol may be-

aviation, but can offer advantages to general aviation (see final come the world's major petrochemical feedstock. It is more than

two paragraphs of this chapter, plus Chapter 9). The greatest conceivable that natural gas and/or methanol will eventually

obstacle to natural gas is its present legislative restrictions. The replace petroleum fuels as the most available, cheapest portable

1981 Omnibus Budget Reconciliation Act (PL 97-35) has made fuels. Irrespective of U.S. action, the development of natural gas

important improvements. The Natural Gas Policy Act of 1978 and methanol is likely to accelerate on a world scale. But natural

provides for "deregulation" of natural gas and will remove gas appears to offer the U.S. more opportunities and benefits

additional restrictions in 1985. But the U.S. energy picture than for most nations.

could be greatly improved before 1985 (without accelerated 8. As a chemically convenient source for hydrogen, natural

deregulation of gas prices) and afterward, softening the U.S. gas development could be extremely useful in refining heaw

petroleum price picture and, in turn, the aviation fuel price/ crude oils and snthetic liquid fuels. This methane-derived hy.
petroalmic pictu ran diun drogen could also be used to upgrade or supergrade petroleum

3. Increased use of natural gas would benefit aviation and the or synthetic fuels for aviation and other high-efficiency users

U.S. petroleum picture most by substituting for petroleum in 9. In a free market for natural gas. hydrogen produced irom

stationary power plants and industrial applications. Coal and natural gas could cunceivably become a cheaper fuel per Btu

nuclear power are capable of similar substitution and should than petroleum or synthetic fuels A hydrogen-powered airplane

play important roles. But coal involves physical and environ- would also burn fewer Btus per passenger-mile.

mental problems as well as institutional problems of its own. 10. As liquid methane (LCH 4). natural gas becomes a cryo-

Nuclear power appears at least temporarily overcome by public genic fuel approaching many of the desirable qualities of hydro-

opposition and the increased costs that are being demanded for gen. It is light, clean, energetic, and its combustion creates the

safety. Nuclear powerplant construction requires much more least carbon dioxide of any hydrocarbon fuel. Its cryogenic

capital and time; coal-powered powerplants are also more potential for providing aircraft laminar flow control, with an
expensive, as are emission controls for burning coal Natural gas additional potential fuel saving of up to 40% in cruise, wouldis more versatile than either. The U.S. is denying itself the many probably equal that of liquid hydrogen. To attain economic
advantages offered by natural gas. feasibility, supersonic transports probably will have to be

4. Natural gas resources are more difficult to forecast than powered with LCH 4 or LH 2.

petroleum. However, virtually all forecasters either acknowl- (items 9. & 10 are discussed in Chapter q)

edge or proclaim that natural gas resources far outrank oil and The Natural Gas Situation
may be the world's largest source of fossil fuel. The U S. gas
resource is acknowledged to considerably exceed our oil re- The natural gas situation is unique but. in many respects. it is
source and production should be easier, As compared to 30% like the U.S. potential for enhanced oil recovery *EORI It is
production of oil and up to 50% by EOR. gas resources are limited far more by institutional barriers than by technology or
normally 80-90% recovered. Legal and institutional constraints, economics But natural gas offers several important advantages
rather than resources, limit present gas use and its future poten- over EOR
tial. EOR is concerned with a resource already known to be in

5. If available at prices and in quantities that a free market place and of sizeable quantity. But our proved reserves of ia-
should generate, natural gas converted into methanol should tural gas about equal that EOR potential, in equivalent barrels of
back additional petroleum out of the stationary-powerplant oil. (Our proved gas reserves, about 200Tcf [trillion cubic feet]

II ~ ~ ~~ ~ ~I I II l l



of gas, are equivalent to 34 billion barrels of oil; EOR potential growth potential in gas, as well as our current production
is estimated at 18-50 billion barrels in Chapter 5, including EOR capacity, are both stifled directly by these regulations
enhancement of new oil, yet to be found). "There is presently an excess of gas deliverability, in part the

In addition to these proved gas resources, there is estimated result of regulations prohibiting gas use. The immediate prob-
to be up to more than 800Tcf (136 billion barrels, oil equiva- lem is therefore removal of demand restraints, not a lack of
lent) of potential conventional domestic gas, and perhaps production. Immediate deregulation of wellhead prices is un-
double that amount of unconventional gas. (The quantities are necessary to satisfy anticipated demand levels. . . immediate
discussed further in this chapter). So the potential for natural removal of restraints of gas use by industry and electric power
gas energy appears to be up to 15 times as great as for EaR, and plants should result in gas further backing out oil imports."'7 I)
without many of the risks, high costs like the extra injection "Out of a total of 7.4 million barrels per day of crude oil
wells, and the long time investment required by EOR. consumed in non-transportation uses in 1980 about 4.5 million

Where EOR is inhibited at the source primarily by taxes and barrels oil equivalent/Jay could have technically been replaced
also by regulations against its production. gas is restricted par- by gas." 7 21 This quantity is not only close to five times the daily
tially by price ceilings, but more by prohibition against its use. use of aviation fuel. it now exceeds our rate of importing foreign
At present, natural gas sells (due to regulations) at an average crude oil. Releasing this potential would have a tremendous
price of about $2/MCF (thousand cubic feet, which is about effect on the U.S. and probably !he world petroleum markets.
equal to a million Btu). Also due to regulation, this price varies As implied in the above statements the American Gas Asso-
from less than fifty cents per MCF up to $9 per MCF. ciation (A.G.A.) does not advocate immediate deregulation of

Gas prices are so far from free-market conditions that most of natural gas prices: they oppose it. First, ". . because most gas
the arguments today revolve around what the consequences purchase contracts contain terms that require gas prices to es-
would be of transitioning to a free market. calate suddenly and rapidly upon deregulation - to prices well

At $33/bbl, oil is selling at $5.70 per million Btu. So, while in excess of free market levels. ... A.G.A. estimates that gas
some gas is selling at prices higher than crude, other gas is sold prices will double to all classes of consumers if wellhead gas
at less than 10% of the marginal world price of oil. Easing the prices were immediately deregulated. This shock will. therefore,
cost ceilings on low-price gas would brinq some increase in reduce gas sales and increase oil use, which will in turn cause
production, but much more gas would be used in the U.S. if it higher world oil prices and domestic gas prices."
were not prohibited by regulation. Care must be exercised in transition from a regulated market

Because of use restrictions, the present U.S. capacity for to a "free" market, even though neither U.S. oil deregulation
producing and supplying gas is greater than the current demand. nor proposed gas deregulation will free the price on old oil and

In Chapter 5, EOR was characterized as an orphan. Due to gas. The NGPA of 1978 sets the 15 categories of gas prices and
different interests, institutional problems and circumstances, establishes, month by month, in 1979, 1980, 1981. 1982,
natural gas also shapes up as an orphan when compared to 1983. 1984, and 1985, the prices for each. It is generally
conventional petroleum. Gas is traditionally an adjunct to pe- characterized as deregulating "all" gas in 1985, but this is an
troleum production. The largest petroleum producers are also oversimplification.
the largest gas producers. But gas wells are far less profitable Even after 1985, in perpetuity, large categories of gas remain
than oil wells; they are classified somewhat more favorably than price-regulated. They include: "New G..nore Production Wells
dry wells. In U.S. history and in our present circumstances it (Sec. 103), less than 5000 ft. and not dedicated to interstate
could not be otherwise; gas does not offer the same profit commerce on 4/20/77; Natural Gas Dedicated to Interstate
potential. Commerce (Sec. 104); Rollover Contracts (Sec 106), (where

But the price of gas produced at depths below 15,000 feet is contract price is less than $1 per million Btu); Stripper Well Gas
now unregulated, and is among the categories that sell at around (Non-Associated) (Sec. 108), and Natural Gas Not Covered By
$9 per million Btu. Much of the gas produced at lesser depths is Any Other Price Provision (Sec. 109)." '7 21 New onshore pro-
regulated to lower prices, which go below fifty cents. Altogether, duction wells will not be finally deregulated until July 1, 1987.
today there are 15 different regulated price classifications for The above reference is purposely quoted in some detail to
natural gas. Except for the unregulated gas, which in addition to illustrate how laborious and tenacious the "deregulation" will
that below 15,000 ft. (commenced after 2/19/77), includes geo- be. But there is a more fundamental difficulty in the Act. k4,
pressured brine gas, coal seam gas, Devonian shale gas, and definition of prices per million Btu (to the third place after the
"other gas determined by FERC to be high cost," the price for decimal; to the mill, or tenth of a cent), were established to
gas as of January, 1982 was $3.00/MCF. At these low prices, conform with escalation in oil prices, but with the base set on
and even at higher prices, the unregulated demand for U.S. gas the price of crude oil before the price rise of 1979-80!
should be much higher than it is today. The author takes this opportunity to reproduce again Figure

The root of the problem is in regulations like the Fuel Use 1-1, also shown earlier as Figure 4-5, as Figure 7-1, which is
Act, which currently bans the use of natural gas in new electric considered to be the most significant single reality of this report.
power generating plants and certain industrial facilities. Incre- Since enactment of these "deregulation" provisions, the
mental pricing structure under the Natural Gas Policy Act of world price of crude oil has more than doubled. Present legisla-
1978 (NGPA) loads costs onto large users and subsidizes house- tion toward natural gas deregulation does provide for an annual
hold use of natural gas, ,."nich is already a saturated market, inflation adjustment, but does not provide for escalation In
Given the current gas over-supply situation, this loss of demand crude oil prices. One category of natural gas (for interstate
because of legislative restrictions also inhibits domestic conven- commerce, where production commenced before 1/1173), will
tional and supplemental gas supply projects. (7 1  in 1985, still remain based on a price of $0.522 per million Btu.

Dr. Phillip L. Randolph, Director of Unconventional Natural That is equivalent to oil at $3 per barrel, in 1985! So deregula-
Gas Research, Institute of Gas Technology (IGT), has noted, tion today, or even in 1985, can inject a sharp discontinuity into
... gas production research virtually ceased from the 1950s market prices.

to the mid-1970s due to low regulated prices." Thus, our future
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PETROLEUM the value in oil is its portability and versatihty as a transporta-SOURCE LLENCE tion fuel. which gas does not offer directly
INTELLIGENCE

30 Natural gas, or as converted to methanol, may become a
36 WEEKLY NOV 10. 1980 0 major factor in future transportation, but the time is far enough

removed that deregulated gas prices are expected to reference

32 SPOT PRICES more to coal, boiler fuel oil and nuclear-produced electricity
than to transportation oil prices. (To prevent confusion, coal and
No. 6 oil compete directly, so there are some petroleum

products to which natural gas would relate.) But it is believed
-0 gas prices will rise as high as gasoline and middle-distillate

prices, as many contend.
6 24 While the outcome of this speculation will determine the
CI cr future supply/demand/price relationship for gas. its penetration
:) () into the oil market, and the oil it can back out and make

-1 20 available for air transportation, it is a detailed and tenuous
LAO matter to expound in this report. This author agrees with the

WI.. Mellon Least Cost Energy Study. , which concludes that de-
16 regulated gas would follow closer to coal and related prices and

Ia. that, in a free market, industrial use of gas should increase
75% by 2000. Others who agree with this general conclusion

12 - are the Georgetown CSIS and the A.G.A.
As was indicated several paragraphs above, the A.G.A. does

not advocate accelerated deregulation of natural gas prices be-

8 cause of the contract price provisions, which would trigger a
POSTED chaotic market. President George H. Lawrence went on to say in
PRICES a congressional hearing: ,7, '"While the phased removal of well-

4 head price controls on gas is important to a balanced gas mar-
ket, this deregulation should be accomplished in a manner that
recognizes the real world market disruptions that would

0, i ____ i ___accompany immediate. total deregulation. An A.G.A. analysis
1960 64 68 72 76 80 1984 shows that total, immediate deregulation would cause the loss of

YEAR 1.9 Tcf of gas load, increasing oil imports 800,000 barrels/day."
It may be difficult to relate to 800.000 b/d, but this is about

Figure 7-1 the amount of jet fuel being used in the U.S. today. Or, it is
about 20-25% of our oil imports.

There is considerable argument about gas price deregulation
on two points. First, the question of whether there will be a price Natural Gas Reserves
"fly-up" unless further adjustments are made in the NGPA Forecasting natural gas resources is more difficult than
before 1985. On that score, the American Gas Association forecasting crude oil because, in general. natural gas production
(transporters) argues that the present rate of increase in average has been based large;y on petroleum. Oil and gas have been so
gas prices will just about reach the 1985 equivalent of oil, for linked in exploration that gas production is constrained by oi,
which the price has now stagnated, in 1985. The Natural Gas exploration regulations as well as by gas constraints. But, after a
Supply Association (producers) argues that resources are limited resource base has been established for crude oil. additional
and higher prices should be permitted sooner than 1985, up to a consideration of natural gas departs significantly. For example,
reasonable value on the energy delivered, the gas field at Prudhoe Bay is believed to cover about 500 sq.

Lacking another disruption in world crude production before mi.. about five times the area of the oil field. The gas pipeline,
1985, this author believes the A.G.A. study results are valid, however, was not proposed until long after the oil pipeline, It
particularly if energy conservation continues to depress demand still may no' materialize
for oil. That is, average gas prices at the burner tip should Since the oil industry has produced more than 90% of the
approximate burner oil prices in 1985. The author also believes, world's natural gas so far. the terminology used and the view-
however, that long-term gas contracts with arbitrarily indexed point are often that of the oil producer.
prices should be abrogated by law and that natural gas prices Natural gas categories first break overall into "conventional"
should be allowed to rise more rapidly toward oil prices before and "unconventional" gas. Conventional gas is produced from
1985. This should be done only after regulations against gas current oil-producing wells: from wells that once produced oil,
usage have been removed and the consequent increase in de- but now produce largely or only gas: from wells that were
mand has stabilized, drilled for oil, but produced gas only, or from wells that were

In case of another major disruption in crude oil deliveries drilled for gas in oil-bearing regions or on oil leases. Conven-
before 1985, the NGPA should then be re-examined and tional breaks down into "associated" and "non-associated" gas.
probably revised, to prevent gas prices from getting out of hand. Associated gas is produced either dissolved in oil. along with

The second dispute concerns whether gas prices should be oil, or from an oil well after the oil production ceases. Non-
indexed to the price of crude oil. If there were a free market, we associated gas is gas produced from oil-type geology or leases
would not be concerned with that question; we would soon find which did not and presumably were not expected to produce oil.
out. Some feel that, since gas is easily transportable by pipeline Although previously most gas produced was associated with oil,
and it burns more cleanly than the best fuel oil, it will rise as for the past decade, about two-thirds of this production has been
high as the price of crude oil. Others conclude that a fair share of
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from non-associated sources, partially because of regulatory and contracts must be long-term and the gas supply must be very
tax effects. large and likely of long life in order to amortize the capital costs

Unconventional gas had been defined as all gas produced Long-term contract negotiations can lead to complete dead-
from areas that are not essentially oil-producing areas. There is locks such as that between the nation of Algeria and the El Paso
now some ambiguity in at least one category, tight-sand gas. Natural Gas Co. in 1981. After preliminary negotiations justi
whether it is still unconventional, it will be discussed later with fied sustantial investments by El Paso in cryogenic tankers and
the unconventional sources. Incidentally. as EOR signifies other equipment, the Algerian government arbitrarily concluded
enhanced oil recovery, UGR identifies unconventional gas their negotiated gas price should be raised to parity with the
resources highest crude oil prices - $6.11 per million Btu, which corres-

Aside from OPEC and the Soviet Union. it is believed that ponds to $36.50 per barrel of crude. Negotiations broke off
Exxon produces more natural gas today than any other or- completely and, as of early 1982, El Paso has sold some of its
ganization. As suggested above, natural gas has always been tankers and is seeking buyers for the remainder. They are turn-
produced from oil wells, as a driving force in the early stages of ing to domestic sources for their gas and have written off a $365
production and dissolved in the oil during essentially all produc- million loss on the Algerian deal.
tion. That is. since gas dissolves readily in oil, gas is regularly Italy has now completed construction of an underwater pipe-
produced along with the oil, and the two are separated at the line from Sicily to Algeria. Unfortunately, they too, failed to
wellhead. negotiate a firm contract with Algeria before the commitment

This gas may be reinjected into the oil field to help maintain and, as of ihis writing, they had not come to terms.
pressure, in itself a form of pumping and EOR. It may be cleaned Investment problems of this magnitude leave strong impres-
up and pipelined directly, or liquified into LNG where pipeline sions in the industry, leading to great care and caution in fore-
facilities are not available. In the future, as has been suggested, casts or in contracts involving future natural gas supplies and
much more natural gas may be converted into methanol at the prices.
wellhead or nearby. Lastly (but unfortunately often firstly), gas
may be flared or released to the atmosphere. Oil production Natural Gas Market
cannot continue without some disposition of the natural gas that As has been suggested, the quantity of natural gas resources
accompanies the oil as it comes from the ground, either as a gas, in both the United States and the world is so large that its
in solution, or both. depletion should not enter into market considerations for two,

One of the significant weaknesses in gas production statistics three, or more generations. That opinion is not held by all,
is that so much natural gas has been flared in the past, and however, and our present U.S. regulations against certain uses
continues to be flared, in unknown quantities. Estimates can and of natural gas are vestiges of the past. In the winter of 1976-77
have been made, but they may not be reliable. This is perhaps and again in New England in 1979, there were acute shortages
the first point at which gas information suffers relative to oil of gas for even home heating.
statistics. But the problem was in no way a shortage of resources or

In view of world energy prices and needs, the amount of gas even of production capacity. In the first case there was some
flared in the past and continuing to be flared today is appalling, limitation in distribution capability, but the real problem was in
Astronauts regularly comment on the vast quantities that can be price regulation. There were tight federal ceilings on interstate
seen flaring at night as they circle the globe. A photograph in gas, but intrastate gas prices are unregulated, and intrastate
National Geographic of November, 19781175 shows what a prices went out through the roof.
spectacular display it makes for a space traveler. From that As an illustration, Canada, which had been selling natural gas
article. "Great sunbursts of flaring gas spangle the Persian Gulf in the United States for 22 cents/MCF, raised their price to
in a midnight satellite image made in 1974. Though the practice $4.47. Negotiations with Mexico broke down when they, too,
is restricted n the U.S.. some seven trillion cubic feet of oil-field sought to index the price of their natural gas to the price of
gas went up in smoke last year worldwide - an energy equiva- crude oil, with no regard to their production costs or past prices.
lent of two years of Alaskan North Slope oil production. Oil A contract has since been signed with Mexico on the same basis
economics being what they are, 'waste' gas often remains as the memorandum of understanding with Canada.
cheaper to burn than to transport." Canada still flares some of Foreign producers can end up in a favored status over domes-
its natural gas production. tic producers. In effect, interstate U.S.-produced gas has been

If a natural gas pipeline is convenient leading to customers. held regulated while the rest of the world insisted on world oil
the solution is simple. Constructing a new pipeline costs capital replacement prices.
and there must be a customer at the other end. Failing that Consequently, customers in gas-producing states could buy
combination, the only viable option in recent years has been all the gas they wanted at exorbitant prices, while customers in
liquefaction, which has required a very large investment in ma- impxt states only got the excess that some producers were
chinery and, not incidentally, a fair amount of natural gas used willi-ig to ship at the low, regulated prices. Why sell it interstate
to power the compressors for liquefying the gas. As a significant at a third or a tenth the price for which it can be sold intrastate,
part of the liquefaction process, the gas must be chilled to at home, in the future? Naturally, taxes and other costs enter
-258°F or lower. In turn, storage tanks, tankers and plumbing into this sort of decision-making.
must be heavily insulated. Because of the low temperature, it is In the second. New England shortage, an unusually sharp
uneconomic to pipeline liquid methane over conventional pipe- drop in temperatures could not be tracked by the storage and
line distances. transmission facilities. Again, one might say that the basic prob-

Further, specialized LNG tankers must be available to receive lem was in pricing, because transportation capability and
the product from a loading terminal, which is itself a sizeable storage facilities would have been built if the market had been
investment. LNG tankers are also expensive, are not often attractive to sellers. In the first case, the difference in interstate
readily available, and have long construction lead times, while and intrastate prices produced the shortage directly: in the
an active customer with his terminal must be on the other end of second case, it created the inability to respond to a rapid rise in
the sealane. Due to the size of these investments, the supply demand.
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In both cases, however, constituents complained loudly to Results and Conclusions begin: "There is a worldwide capability
Congress and a strong impression was created. The inference for substantially increasing production of conventional natural
was that gas is a scarce and valuable commodity; so many gas in the next ten years and sustaining production levels well
depend on it for basic home heating and cooking in populous above today's level at least until year 2020."
areas that its distribution and pricing cannot be lefi to the Proved reserves were shown to represent 50 years supply at
natural market. Gas was considered so valuable that priorities the world's then current production rate, while undiscovered
were set to protect households, and restrictions were levied on reserves were estimated to last another 160 years. Put another
industrial use accordingly. way, by 1975, the world had used about 40% of its presently

But the concept of gas shortage was completely at odds with estimated proved oil reserves, but only 11% of its proved gas
the facts. There was no natural market. Price regulation con- resources. This is an important conclusion in any scenario
tributed to or first caused the shortages, while further regulation Whatever the quantity forecast for future oil discoveries, the
has assured that a real solution will not be obtained until it is jerecasts for future natural gas are generally agreed to be
rescinded. These waves and counter-waves have so ruffled the three times or more greater. In equivalent energy available.
surface of the gas "market" that now it is a contradiction to call "Even at an annual world natural gas production rate of
it a market. double the present rate .. , the estimated world remaining

The popular perception, which is probably not now shared in conventional natural gas resource base would be sufficient to
Congress but reflects their constituents' views, is that the U.S. is sustain production at or near this level for at least another fifty
critically short in its natural gas resources. Gas is perceived as a years."
treasure to be rationed carefully, like drinking water in a life- "This conclusion does not assume any production from the
boat. The situation is much like that in nuclear energy, where numerous sources of unconventional and supplemental sources
members of Congress are probably well-informed on the issues of natural gas from geopressured resources, from tight gas
of safety and proliferation. But, until their constituents thrash formations, from coal beds, from shales, and from biomass.
out misconceptions for themselves, it is a courageous congress- They represent an additional substantial gas resource base esti-
man who dares to buck the tide. mated in the range of several thousand to tens of thousands of

Even as late as January 1982, George H. Lawrence, President Exajoules." Compared to about 10,000 Exajoules estimated for
of the A.G.A., in an address to the National Oil and Gas Price the world's known and undiscovered conventional gas re-
Policy Institute, felt constrained to say: "Natural gas, dismissed sources, this would indicate a practical total world supply of
as a future energy alternative during the curtailment period of twice to three times the 50 and 160-year lives of conventional
mid-1970's, has only recently begun to regain some of the supplies.
markets lost during that period. These gas markets, principally The report went on to state (in 19-8) that a gas price of $20/
industrial and power plant customers, switched to oil because of bbl crude equivalent in 1974 dollars would permit world gas
the non-availability or insecurity of gas supplies at that time. production to double between 1985 and 2000. Based on these
Today because of Federal and state regulations restricting gas figures, production would begin to decline after 2000. But. both
use, availability and security of gas supplies are still matters of of these conclusions considered only the conventional sources of
concern to the industrial sector." P7-2  gas and the unconventional sources were set aside. Today we

The following evidence is presented to dispel remaining are beginning to see substantial production from some of these
doubts readers may have about our practically boundless (au- unconventional sources, even under unfavorable regulation.
thor's opinion) supply of natural gas. As pointed out for oil Some are now saying that gas from tight formations (tight
resources, even conservative views on natural gas supplies are sands) should no longer be called unconventional. It is produced
basically speculative, from formations that are not oil-bearing, but production levels

But the signs of plentiful gas are so strong and positive that from the Rocky Mountain states are now so high that the indus-
this author believes the resources of natural gas must be rele- try is regarding it as a full-fledged, "conventional" source. The
gated to among our least concerns. If one agrees that the near- secret? Its price is unregulated today and is much of the gas
term oil market is an economic balance made by price, then the claiming price tags up to $9 per MCF.
same forces (if allowed to prevail) will doubtless produce a A few additional references will be cited to round out the view
natural gas market for twice, three times, or X times as long a on conventional gas resources.
period. That is, if petroleum supplies (and conservative de- From Dr. Harry C. Kent, Director, Potential Gas Agency,
mands) will permit a stable market for twenty to thirty years, a Mineral Resources Institute, Colorado School of Mines. 7)

similar market in natural gas should prevail for fifty to over a "The work of the Potential Gas Committee (Dr. Kent. Chair-
hundred years. man) indicates, based on 1980 information, that more resources

exist in the deeper parts (depths greater than 15,000 feet) of
Natural Gas Sources sedimentary basins than was previously estimated. .- there

It is curious that the World Energy Conference, in the have been disappointing results from offshore exploration andSummary of its Istanbul report orr E.978,76 made no particular drilling in the Baltimore Canyon of the continental margin andnote of the statements contained in its chapter, "The Future for in the Gulf of Alaska. both areas where it was previously thoughtWorld Natural Gas Supply." The Conference's Summary re- that there was considerable potential for natural gas." Since thatflected essentially the "conventional" or "statistical" view of oil time, new gas strikes in the Baltimore Canyon indicate thatdepletion attat thime: U.S. production had peaked in 1970 and while its prospects are still disappointing in oil, it now promisesthe world's oil production would peak in the 1 990s, After the to pan out in the gas resources originally forecasted.pheakrlds oil production ould o k no in uthe o t thec Dr. Kent's comments conclude, "If we look at the total ofpeak, o il prod uction could do no thing but decline o ut to extinc- pr s n p o v d e e v s a d p t n i l su ly it w ld p e rlion. And the Summary concluded that oil and gas follow the present proved reserves and potential supply, it would appear

same trends, as has been the traditional concept. that possibly twice as much gas could be produced in the future
But, back in the discussion portion of this same report, the fro cnetinalsorces aseass be pou in thementire

outlook for natural gas was much more encouraging. Written by history of the industry." Please note that this comment is con-
committee members from the American Gas Association, the fined to the conventional resources.

L .......I I .. " " " ........ . .. . .. M ........ .. .. I I - -I .. .. ...... ..5



Mr. William T. McCormick, Jr., Executive Vice President, gas drilling.'" 1-1 (But only in those categories which are unregu-
Michigan Wisconsin Pipeline Company, "Although natural gas lated, where gas prices go to $9/MCF - Ed).
use could conceivably grow to satisfy as much as one-third of The energy and fuel situation in New Zealand is an interesting
total U.S. energy requirements, positive efforts need to be one for the energy-r. h U.S. to consider, as expressed by
undertaken immediately. .. The major uncertainties in these B.E. Brill, Parliament-,y Under-Secretary to the Minister
estimates are those associated with future Federal and State of Energy:17-11) "New Zealand is particularly vulnerable to
regulatory policy decisions." (7-8 movements in oil price and supply. Imports must supply 85

He noted that very significant gas discoveries in the Rocky percent of total liquid petroleum needs, about 75 percent of
Mountain Overthrust have not been entered into the books yet. which is used in the transport sector. The oil problem in New

He also pointed out that, in a well newly drilled, the upper Zealand is therefore very much a transport fuel problem. This
gas-bearing zones are not flow-tested and are not added to the contrasts with the situation in many other countries where
well's production or resource estimate. This is not a perversity, industrial and household fuels are of equal importance."
but a procedure of licensed oil and gas geologists. The well is "Although New Zealand has an energy problem, paradoxi-
drilled to its design depth and assessment is made at that depth, cally the country is well endowed with energy resources in the
simply a standard geologic-accounting procedure. Although up form of natural gas, coal, hydro, geothermal and the potential
to five or more pa zones may be encountered on the way down, for energy farming. Unfortunately none of these resources is in a
they are typically not assessed until the lowest zone has been form readily suited to transport use. . . . the Government in
produced! Phil Boudreaux of the Louisiana Department of Na- 1978, embarked on a determined programme aimed at using
tural Resources advised the author that one well in the Tusca- indigenous resources to reduce dependence on imported oil.
loosa Trend has logged 13 pay zones. . . . The major outcome of the programme has been the deci-

For early impact, the A.G.A.: "All told, it is estimated that the sion to proceed with synthetic gasoline manufacture based on
gas energy equivalent of 2.3 millions barrels of oil/day could natural gas. . . It is pertinent to reflect that if every other
be made available by 1985 if the nation were to make the re- major oil importing co-intry took action to follow this example
quired commitments." -91 From another A.G.A. publication: then the current world oil problem would disappear."
"Had the nation used only the most economical end-use tech-
nologies and fuels during 1978, for example, we would have Unconventional Gas Resources (UGR)
used 28 percent less oil, roughly 43 percent less electricity, but Unconventional gas resources are usually listed as: Coal
14 percent more natural gas than we actually used in 1978, Seams. Devonian Shales, Western Tight Sands, Deep Basins,
according to The Least-Coat Energy Strategy, a report issued Geopressured Zones and Methane Hydrates. The DOE UGR
last year by the Mellon Institute. If these findings were updated program does not address methane hydrates.
to 1980 fuel prices, they might differ considerably because oil In addition, "Substitute Natural Gas" (SNG), which is also
prices have risen faster than either gas or electric rates."( 7 10 1 methane, can be synthesized from coal, lignite, peat, shale, or,

And another observation by the President of the A.G.A. in for that matter, from any other fossil fuel, including petroleum.
1982: "in the past, similarities in oil and gas industry technolo- That is, some of the oil uneconomical to produce by EOR can be
gies, in growth trends, and in drilling activities have resulted in partially recovered as methane by in-situ production methods.
the erronious perception that U.S. and world oil and gas re- SNG, synthetically-produced methane is not classified with
source depletion patterns are similar. . . . World resources of UGR and will be discussed briefly and separately.
natural gas in place at year-end 1979 are estimated at 90.1 Garbage and other biomass, such as wood wastes, Crop
percent of the original recoverable resource. About ten percent wastes, manure and sewerage, are also sources for methane or
has been produced, with over half of the production occurring in methanol, which are now being produced competitively; these
the United States." sources are generally regarded as "renewable resources."

"World resources of oil in place at year-end 1979 were esti- The term "UGR" is generally limited to methane which is
mated to be 83.7% of the original recoverable resource. Cumu- deposited within the earth's crust.
lative world oil depletion at year-end 1979 was more than one The November, 1978 National Geographic article, "Natural
and a half times that of natural gas on a percentage basis - 16.3 Gas: The Search Goes On," 17 5) which has been mentioned
percent as opposed to 9.9 percent. . . . If this difference in earlier, is still an outstanding reference as a popular summary of
consumption rates continues, world natural gas resources would UGR in both the U.S. and the world contexts. Although it was a
only be about 20% depleted at the turn of the century. By trail-blazing article at the time, it is still amazingly fresh in its
contrast, oil resources at the turn of the century would contents and quantitative data. It is highly recommended as a
be reduced to about two-thirds of the original recover- general summary, while it illustrates the geological structure of
able resource." 7 2) UGR sources and includes a map of their distribution in the U.S.

And to the Senate in November 1981: "... gas provides From that article: "'Natural gas? We could have it running
two and one half times as much end use energy to consumers as out of our ears,' says Dr. Paul Jones. 'But first we've got to
electricity. . . . All indexes of gas exploration are at all-time accept some new ideas about petroleum geology.' He stabs a
highs. Seismic crews number 744, up 32% from a year ago. The finger at a map of the Texas-Louisiana coastal region, which is
number of active drilling rigs as of October 12 was 4368, up barely recognizable beneath a crazy-quilt pattern of subsurface
40% from a year ago. . . . the ratio of exploration gas well contour lines."
completions to total gas well completions is up significantly. "'Those lines could lead us to more gas than we've ever
• . . When the NGPA was being debated, we emphasized that dreamed of, enough for centuries,' says Paul. 'They mark the
then-eAisting policies had created a situation in which almost all geopressure systems - 150,000 square miles of porous shale
drilling was occurring in areas where it was inexpensive to drill, and sandstone saturated with hot brine at abnormally high pres-
rather than in areas where gas potential was greatest, such as sures. There's good evidence that this brine could contain as
deep or tight formations. The NGPA. however, has turned these much as 50,000 trillion cubic feet of gas. That's equal to 2,500
statistics around by providing incentives for exploratory times our present yearly production.'"
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"As a hydrologist, Paul has spent thirty years - most of them 5.0-
with the U.S. Geological Survey - studying the critical role of
underground water in the earth's geological history. Some of his
ideas are still sheer heresy to many petroleum expertr. But he is u_ 600
one of a growing band of scientists, engineers and hard-nosed 4 0-
production men who reject the dire predictions that United z
States gas resources will soon be exhausted." 0 ADVANCED

Dr. Jones lives in Baton Rouge, where the Louisiana Geo- 450 TECHNOLOGY
logical Survey and the Louisiana Department of Natural Re- 3.0- 1979 $/MCF
sources do not share his enthusiasum; but those differences will o
be discussed later under geopressured gas. As recently as
1977. UGR was still being dismissed as "moon-beam" gas.( 7 -12)  

J

Dr. Jones is by no means alone, however; others have also 20-
stated that UGR should provide at least one order of magnitude z n60

greater quantities of natural gas than conventional sources. <Z EXISTING

Some say without qualification that natural gas is currently 4 50 TECHNOLOGY
our largest potential energy source, surpassing oil, coal, or nu- 1 0 312 1979 $/MCF
clear energy. They point out that, in fact, in 1979 we did
consume more energy in natural gas (19 Quads [quadrillion
Btus], 18 for domestic oil, 14 for coal, and 3 for nuclear). They
consider the constraints on gas usage, and the estimates of 0

resources as being evidence that the U.S. is simply denying itself 1980 1985 1990 1995 2000 2005
a domestic bonanza. YEARS

More conservatively, according to the Gas Research
Institute 7 -13) in March 1981, "All recent estimates of the size of Figure 7-3a
the unconventional natural gas resource base agree that it far Conservative Estimates of Annual
exceeds the present U.S. proved resers of conventional na- Production from Western
tural gas and that resource base limitations will not be a Tight Gas Sands
constraint to production from these unconventional sources.
However, economic considerations will allow recovery of only a
fraction of the resources in-place. Nevertheless, the recoverable approach levels equal to about half of the total U.S. natural gas
resources estimated by GRI are still substantial, as illustrated in production levels. Figure 3)." (here Figure 7-4)
Figure 1." Their Figure I is reproduced here as Figure 7-2.igure 4 (here Figure 7-5) demonstrates very clearly

"Because current prices for categories of decontrolled natural that there is an excellent chance to hold U.S. natural gas sup-
gas are already on the order of $6.00 per Mcf (in early 1982, plies reasonably constant through this decade, and that in the

$9), one can conclude that the entire 115 Tcf shown in the 1990's, natural gas supplies should begin to grow at rates

figure for existing technologies should be considered recover- approaching or even exceeding 3 percent a year, reaching 25 to

able. If advanced technologies to produce these resources can. be 30 Tcf (1980 consumption was 20 Tcf) by the end of the

developed and commercialized, the total recoverable resources century."

nmore than double to 225 Tcf. This is almost 50 percent larger And Henry R. Lindei, P-resident of GRI adds:, 7 14) "In the

than the 1979 proved natural gas reserves outside of Alaska." United States alone, this means we have at least 800 trillion
"... .As shown in Figure 2 (here Figure 7-3), these sources cubic feet of conventional natural gas, plus 200 trillion cubic

could begin to provide noticeable additional amounts of natural feet of tight sands, Devonian shale and coal seam gas that can be

gas in the mid-1990's. Under optimistic, but achievable, cir- produced at prices not too different from today's levels for new

cumstances production by the end of the century could gas.

Figure 7-2

GRI Recoverable Resource Estimates for Tight Formations and
Coalbed Methane, TCF

MARKET PRICE EXISTING ADVANCED
(1979$/MCF) TECHNOLOGY TECHNOLOGY

WESTERN TIGHT GAS SANDS 3.12 30 100
4.50 45 120
600 60 150

DEVONIAN SHALE 3.00 10 20
450 15 30
6.00 25 45

COALBED METHANE 300 10 30
4,50 15 40
600 30 60
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1.6 The next six sub-sections will briefly discuss the categorie of
1.5 - - 6.00 UGR listed in the first paragraph of this section.
1.4

c- 1.3 Coal Seam Gas
Z 1.2 ADVANCED
2 1.1 ,TECHNOLOGY The DOE has noted in its annual report 7 15) that in the U.S.,
r- 1.0 -- 4.50 1979 S/MCF 100 billion cubic feet of natural gas escapes or is vented from

-0.9- coal mines each day. That adds up to more than our annual09
O 0.8 6.00 natural gas consumption; we waste more gas from coal seams0 0.7 3.00 alone than we consume! It is also equivalent to 17.2 million

0.6- EXISTING barrels of oil per day, more than four times the energy of our
4.50 6 TECHNOLOGY crude oil imports!S0.5-

Z 0.4 1979 $/MCF K.C. Bayer of the U.S. Geological Survey has joked (7 16) that

< 0.3 3.00 between five and ten thousand wells are producing commercial
0.2 - natural gas from coal seams and Devonian shale today; they are
01 still classified as "unconventional."

Coal seam gas is "unconventional" in the sense that it has not0 1been exploited by the conventional petroleum-oriented naturalgas community on the one hand or by the conventional coal
YEARS producers on the other. Methane is encountered in all coal beds

Figure 7-3b to a greater or lesser extent. In some mining areas, it Is prevalent
Annual Production Estimates enough to advise gas extraction before or during the mining

from Devonian Shale process, for safety.
Coal operators have a legal right to release methane in the

course of mining, but they generally do not hold legal rights to
1.4 - 6.00 the gas and cannot sell it. Virtually all the gas drained from U.S.
1.3 - r ADVANCED coalbeds has been wasted; gas operators have shown no interest

U. 1.2 -4.50 TECHNOLOGY and, to the coal industry, it is a problem of mine safety. The
tI .1- 1979 $/MCF problem is not entirely lack of enterprise. The rights to gas can

Z/. be an extremely complicated legal puzzle, particularly in some
0 .0 - of the older eastern states. (7-17)

0.9 /U Many coal seams are too thin to mine, heavily interlayeredM0.8 -0 with rock, or are too sharply tilted for mining by conventional
O 0.7 - methods. Some coal beds in the West are too deep for surface
ow 0.6 - mining, and too thick to mine by conventional deep-mine

0.5 - methods; generally the limit is around 100 feet thick because of
S0.4. EXISTING the supporting pillars which must be left. All of these are candi-

Z 0.3 3- .0 1979 $/MCF dates for coal seam gas extraction.
0.2 Western coal beds, ironically, are not economically competi-
0.1 tive with the deep Western tight sands because of pricing regula-

0 tions. As ptpelines are installed to bring out tight-sand gas from
1980 1985 1990 1995 2000 2005 the Rocky Mountain Overthrust, it may then become economic

YEARS to tap the coal beds for methane. That's a rather sad commen-
tary on our regulatory process; we are now denying ourselves,

Figure 7-3c both in the East and the West, fuel sources which would most
Annual Production Estimates likely undercut the price of imported crude oil!

for Coalbed Methane H.H. Rieke of TRW(7 18 notes that the Arkoma Basin (Ark.-
Okla.) is about 250 X 50 miles and extends east to Little Rock.
Potential natural gas from this coal bed area has been excluded
from potential gas supply surveys due to lack of data on the
resources, the technology required to extract it, and on the likely

Figure 7-4 economics. But the resource is likely to be considerable.
GRI Estimate of Potential Gas The Illinois Basin is an interesting prospect. The USGS esti-
Supplies from Unconventional mates its coal resource at 365 billion tons (as compared to 7 9

Sources in the Year 2000 billion tons in the Arkoma Basin). But the gas content of the
Illinois Basin is relatively low, with the best potential in south-
western Illinois and western Kentucky. The methane source is

TCF estimated greater than 5 and as high as 20 Tcf, This is not great
on a long-term national basis, although it could reach as high as

WESTERN TIGHT GAS SANDS 2.0-6.0 3.5 billion barrels of oil equivalent. But this kind of resource
EASTERN DEVONIAN SHALE 0.3-1.5 could be economic and represent a tremendous benefit to local

industries and communities. Compared to wind, water, geother-
COALBED METHANE 0.3-1 .4 mal energy and the like, it is a veritable bonanza.

METHANE FROM GEOPRESSURED ZONES 0-1 Coal seam gas may fulfill that sort of "local bonanza" role in
many locations within the U.S. Where there may not be enough
gas to justify running In a large pipeline, local communities and
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industries are finding that a relatively cheap gas well can solve As suggested earlier, more economical and portable methods
their heating and energy problems. When cogeneration of heat are being introduced for liquefying methane. Both compressed
and electricity becomes more widely accepted, these local in- and liquefied methane should become significant in our energy
stallations may take care of most of their energy needs. future.

As liquefaction of natural gas becomes more economical, the
case for local production of automotive and aviation fuel can Devonian Shales
take on real significance. Devonian shale is the predominant shale in the Appalachian

In fact, the commercialization of small gas wells is becoming region and the entire eastern part of this country. It offers some
more attractive rapidly, and this in spite of the regulatory situa- potential for producing shale oil, as will be seen in the next
tion. Small liquefaction plants have now been developed which chapter, but by a more sophisticated process than extracting oil
can be trucked into the West Virginia mountains. Where con- from western shale. Gas has been extracted from eastern
nections to pipelines are too expensive, these units will play an Devonian shale beds in small quantities for generations and
important part in getting small quantities of methane to market. Appalachian gas resources in Devonian shale are generally

On an even smaller scale, Texas Gas Transport Co. and andan
Pressure Transport, Inc. (17 ' 9 have reported on their small corn- Devonian shales typically have low permeability - they are

pressor system which can be used for wells down to a flow rate Den ials opwell have low pruciity ver a e
of less than a million cubic feet per day (172 barrels oil equiv.), dense materials. So wells have low productivity over a long life.

of esstha a illon ubi fet pr dy (72 arrls il qui.), Because of this density, some estimates expect that only 4% of
hauling the compressed gas for distances up to a hundred miles. Becas is ens it h reses techtoy Prof

This is accomplished by using one truck tractor and one driver- the gas is recoverable with present technology. Problems

operator, together with one portable compressor plant at the site include the long payback period on the investment, low price of
and two trailers, each of which carries ten standard cylinders of gas, rising well drilling costs and the need for new technology in
about 77 cubic feet at 2800 psi. fracturing the rock underground so as to speed production. At
The driver eaves one trailer filling from the compressor unit present, wells are stimulated by shooting with explosives or by

at the weilsite while he hauls the second, full trailer to the hydraulic fracturing.

nearest pipeline access, up to 100 mi. away. He returns with the Well costs vary widely depending on geology, accessibility,
empty trailer. connects it to the compressor plant and hauls off labor rates, local work rules, overhead, royalties, taxes, etc. In

the second full trailer for delivery. At distances of ten miles, he general, Devonian shale is economically marginal. As reported

can handle about three times the flow as at 100 miles. But by Miller and Mutchler of Berger Associates in 1980,.7201 most
Devonian operations were not economical at the then-regulated

below ten miles, a pipeline hook-up begins to look competitive, price of $1.42/Mcf; marginal for efficient operators at $1.75/
Transportation costs were shown to be in the range of $1 Mcf, and generally profitable at $2.00/Mcf. One would generally
million Btu for a haul distance of 20 miles.

This type of operation makes economic some small producers expect, then, that gas price deregulation should bring in con-

which could never pay for liquefaction, let alone a pipeline siderable eastern shale gas along with coal-seam gas.

hook-up. It is also useful in the early life of a field before the Higher-cost producers, such as large utilities, have not been

pipeline connection is rigged or before the production rate has producing their Devonian properties. The producer-consumer

built. There may later be some application after production has (small operator who usually consumes his production on site) is

fallen below pipeline interest. Further, this type of transport not governed so much by price as by assurance of supply. So
some of the smaller operators have found Devonian shale gas

may provide a market for methane from sanitary landfills, ani- siae the aoe osts a coun d Devonian

mal feedlots and municipal sewer plants, which otherwise would desirable. The above costs and conclusions regarding Devonian
beshale generally agree with a study made by the congressional

Office of Technology Assessment. '7.211

Figure 7-5
Ranges of Potential Gas Supplies

TCF/YEAR
SOURCE 1979 1985 2000
NATURAL GAS

CONVENTIONAL 194 16-18 12-14
ALASKAN 0.1 01-06 1 1-2.0
UNCONVENTIONAL - 0.2-0.6 2.1-2.8

PIPELINE IMPORTS
CANADIAN 1'0 10-1 5 10-1 5
MEXICAN - 01-0.5 0.5-1.0

LNG IMPORTS 02 0.-0.8 0.5-1 5

SUBSTITUTE NATURAL GAS
FROM PETROLEUM 0.2 0,1-0.3 01-0 5
FROM FOSSIL FUELS - 0-01 1 1-1 5
(COAL PEAT OR SHALE)
FROM AND WASTES - - 01-10

TOTAL 20.9
POTENTIAL RANGE OF SUPPLY CAPABILITY 18-22 25-30
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OTA considered the effects of various deregulation schedules ventional. It takes unconventional prospecting and drilling to
and concluded that total deregulation would stimulate conven- produce the gas. Certainly no one would be drilling into the
tional gas at the expense of Devonian gas. But Devonian de- deep basins in the hopes of finding oil - it is for gas.
regulation alone would stimulate up to 17 Tcf of UGR by 1998. As reported in National Geographic, Robert A. Hefner has
That is equivalent to almost three billion barrels of oil, or 8 drilled more than thirty successful deep wells in the Anadarko
million barrels per day, more than twice our foreign crude Basin in western Oklahoma. "We think we'll find between 70
Imports, and 360 trillion cubic feet of gas in the Anadarko between

Some of these smaller sources look pretty big when viewed in 15.000 and 40,000 feet. We're as sure as 150 million dollars in
context. research and exploration can make us. We're even predicting

gas production below 50,000 feet, with better technology." 5

Western Tight Sands "This is not conventional production," Hefner continued, "But

A few years ago, Western tight sands were viewed with more this basin has 22,000 cubic miles of sediments below 15,000

skepticism than other types of UGR. They are in the Rocky feet - and only one percent of it has ever been touched by a

Mountain region, often with poor accessibility and far from drill."

markets. The geological prospecting is difficult. Drilling is deep In May 1978, Hefner completed a gas well which he calls a

and expensive. The "sands" are literally as tight as concrete; the super well;" it produces the equivalent of more than one

rock permeability is low, so production rates are either prohibi- million barrels of oil a year!

tively low or must be stimulated. It was at these tight-sand Geopressured Zones
resources that the nuclear "Plowshare" underground explosion
tests were directed to see if these rocks could be fractured and "Rapid sedimentation along the Gulf Coast induces the
stimulated to release their gas more rapidly. Unfortunately, formation of faults and the isolation of layers of sandstone
Plowshare's heat also fuzed and sealed off the strata. Today, where salt water saturated with dissolved gas collects. Increasing
fracturing is usually hydraulic, pressure expands the faults until some of the fluid escapes; the

With all these handicaps, deep tight sands are now bringing in resultant depressurization permits some of the methane to come
commercial quantities of gas, about 1% of the U.S. supply. out of solution and exist as free gas bubbles in the rock pores
Production becomes economically feasible due to favorable Drilling into the sandstone brings further depressurization.
provisions in the pricing structure. Effects and interpretations of which causes the gas bubbles to expand and join, creating a
regulations are not uniform, which contributes to inequities in fountain of natural gas. Gulf-region geopressure zones. usually
the industry, below 8,000 feet, may contain 60.000 TCF." 5, That is more

This also leads to a definition problem, as was mentioned than a 3,000-year supply at the U.S. present consumption rate.
earlier in this chapter. In enhanced oil recovery, EOR is always so it is certainly something to contend with.
EOR. But unconventional gas recovery (UGR) is defined more Geopressured gas is controversial, not so much in the fact of
from the standpoint of research and development. R&D ceases its existence, but mostly in the practicality and costs of its
to be R&D when it progresses into production. Those in the gas production. From conversations with the Gas Research Institute.
industry regard UGR in that light. Now that tight sands are the quantity available may vary from 40 Tcf to 3,000 Tcf, on up
beginning to produce in commercial quantities, the industry is to the 60,000 Tcf mentioned above, depending on to whom you
beginning to call them conventional resources. This then leads talk and the conditions he may have in mind for producing the
to other difficulties in definition, since some tight formations are gas.
still very much unconventional. These conditions would be concerned largely with eco-

Significant gas is also being produced from coal seams and nomics; most of the question is what the costs might be under
shale deposits, but they are still generally regarded as UGR. One different gelogical circumstances, as well as what the market
of the reasons is that gas produced by a producer-consumer is price might be under a variety of possibilities. Decontrol of gas
still regarded as outside the pipeline system. Some of it is usage and gas prices naturally brings forth a larger estimate than
quietly kept or even secret. Some of the "unconventional" gas does production within the present framework of regulations
reaching the pipelines is unpublicized and probably not reported and prices.
to DOE. So the definition of UGR has become a rather soft and Several tens of thousands of wells have penetrated geopres-
variable thing; it depends as much on one's viewpoint as any- sured zones, but the resource has been largely overlooked and
thing else. treated as an inconvenience. If you're looking fo( oil. you are not

likely to be interested or equipped to deal with geopressured
Deep Basins brine.

It Is difficult to speak of a gas industry as distinct from the oil It is well to keep in mind that Government estimates of

industry since some parts of the two are so inextricably woven resources and markets, be they from the USGS, DOE. In-

together. But there are gas people who are not oil people. And terior, or elsewhere, are by definition based on legislation as

these gas people have probably always considered gas from It now exists. Particularly, the DOE annual reports and other

deep basins as conventional gas. From the oil community and releases mention this fact so that. those who are estimating

probably from much of the public's viewpoint, gas from deep resources under future deregulation or other legislation. will

basins is unconventional, necessarily obtain different answers than government offices

It Is certainly not "associated" gas, because no oil is present. In addition to these institutional uncertainties, however. geo-

In fact, as drilling goes deeper, more gas and less oil is usually pressured sources for methane are concerned with a series of

found. The deeper deposits are sub)ected to higher pressures technical problems. Much of the gas is dissolved in salt water at

and temperatures and, in general, they have been in place much high temperatures and pressures. Since the solubility of gas is

longer. Under these conditions, the oil that might have been dependent on these parameters, a great deal of dispite centers

there earlier would be expected to have been converted to gas about the conditions, particularly the salinity of the water in

In that sense, gas from deep basins may be regarded as uncon- various areas.



These conditions lead to other variations because a geopres- start with only the metal in the tank; the hydride is formed when
sured well must produce a great deal of water per volume of the tank is fueled with hydrogen and takes up spaces in the
dissolved gas. Assumptions made on disposition of the water can titanium molecular lattice. A metal hydride storage system is far
change the economic result considerably. Further, the tempera- too heavy for aviation.
ture, pressure and, particularly the salinity, have strong effects The characteristics of methane hydrate "storage" is some-
on erosion and corrosion, the difficulty and costs of producing thing like molecular storage of hydrogen in metal hydrides.
the well, as well as of maintaining the well. Under favorable combinations of pressure and temperature,

Another source of speculation is the geologic structure of the methane (natural gas, CH 4) combines with water to form a
region. Sediment has been laid down during eons of silting from crystalline, ice-like solid, methane hydrate. There are several
the Mississippi River basin. As deposits accrued, sliding and types, depending on the mo:.cular arrangements. A cubic foot
slipping has taken place, producing many faults and myriads of of methane hydrate can hold up to six times as much methane as
fractures. In some cases, these may have consolidated gas into free methane gas in the same space! 17 231 Favorable conditions
large deposits; in others they have fractured the deposits into for methane hydrates are believed to exist under large areas in
small, isolated pockets. This silting and fracturing is a constant arctic regions and below the earth's oceans.
process. The Louisiana Geological Survey stressed this fact to Methane hydrates are well known in the oil industry because
the author and remarked that the area constantly experiences they are encountered during the pressure release and pumping
small tremors, virtually daily. of oil wells, where methane hydrates solidify to clog valves and

A drill may therefore penetrate a large reservoir of water fittings in the plumbing. They cause similar problems in natural
geopressured with methane or may penetrate a very small, iso- gas pipeline operations. Hydrates can also occur in natural oil
lated source. At the high costs of drilling wells to considerable reservoirs, where they block pores, reduce pressure, increase oil
depths under adverse conditions, risks are high. Most of the viscosity and generally make production more c;fficult. In that
work undertaken to date has been in conjunction with the DOE. sense, methane hydrates to the petroleum industry are like
Now that DOE funds are scarce, it is questionable when more carburetor ice to the pilot; the industry would be happier with-
definitive answers will be available for geopressured develop- out them.
ment. A good summary of the subject may be found in the While methane hydrates do exist in fossil hydrocarbon de-
March 28, 1980 issue of Science.17 22 ) posits, another concept for their occurrance is, indeed .electrify-

It seems unlikely that geopressured sources will produce com- ing! There are many who feel that methane hydrates are not
mercial quantities of natural gas within the next ten years. On necessarily limited to fossil origin. There is significant reason to
the other hand, in twenty years or so, with gas prices and usage believe that methane hydrates were laid down as a natural
deregulated, the geopressured zones may be supplying a large consequence in the formation of the earth's crust. If so, the
share of U.S. energy. It is perhaps interesting to note that the supply would not have been limited by the amount of prehistoric
greatest amount of energy in geopressured reservoirs is in its life, its deposit in natural basins, the formation of sedimentary
methane. Teller has noted I z-31 that the energy of methane con- rock, the necessity for cap rock entrapment, and all the other
tained in geothermal rock is about 100 times the energy of the rather peculiar geologic circumstances which were necessary in
hot rock itself. This is a fact that geothermal enthusiasts should order to provide our natural fossil fuel resources.
ponder. In particular, in the National Geographic Hodgson notes, 7 5 ,

But, at temperatures of around 250°F or more and pressures that some Russian projects have been extracting methane hy-
above 10,000 psi, there is considerable energy in these reser- drates and that they believe the earth may contain tip to 1.7
voirs for producing electricity or industrial process heat. million Tcf of accessible hydrates, enough to supply the world

Dr. Philip Randolph of IGT comments: (7- "I'd urge at this for 30,000 years! If only 1/100th of 1% of the potential
point that we stop worrying about whether we have a thousand methane hydrate supply could be made available, it could have
trillion or ten thousand trillion cubic feet of geopressured gas. an impact on the world's energy economy. 17231
We know there's a bunch! But only by drilling, by developing But extracting methane hydrates from below the oceans or
solid engineering data and lab research are we going to solve the arctic regions might approach the difficulty of getting our iron
gut issue: How much gas can we produce, and at what price?" from the earth's molten core. Some feel that the Russians who

are enthusiastic about methane hydrates are comparable to
Methane Hydrates Americans enthusiastic for a solar energy space station or

Molecular cavities in water can hold up to 15% methane colonization of Mars.
maximum, while the pores in sedimentary rock that hold water We certainly don't know enough about met,,ane hydrates yet
are only a small portion of the rock volume. As pointed out in to form a strong bias for or against. What we do know is that,
Chapter 4,1%-31 Hubbert assumed sedimentary rock pores to like any other source or form of energy, methane from hydrates
occupy 20% of the rock volume. Although some vater in the must be able to compete directly in the energy market. Since
rock pores may be completely replaced by natural gas. the methane from hydrates is identical to that produced by any
chances are slight. So, if water in the pores contains methane, other means, competition for methane hydrates already exists; it

then the methane is no greater than I15 x .20 = 03. or 3% of is the natural gas market.
the rock volume. Evaluations have been made of the locations for hydrate

An interesting situation develops in storing hydrogen. Com- fields, the purity and type of media they form, the thermody-
pressed to any pressure, the amount of gaseous hydrogen .:,hich namic conditions within their compositions and the thermal
can be stored in a practical-sized tank cannot propel an auto- properties of the reservoirs. Calculations were made to deter-
mobile for a practical operating range. The situation for an mine the energy required to dissociate the methane and the
airplane is much worse; it is utterly impractical to consider amount of gas recovered. The conclusion was that. if the hy-
gaseous hydrogen in aviation. Automobiles, however, can con- drates exist in a pure enough state, they have a good potential
sider metal hydrides because, curiously enough, in a given tank for producing gas with a greater energy content than is needed
volume, more hydrogen can be stored In metal hydrides than to break down the hydrates " 23'

as lIquid hydrogen. Metal hydrides, such as titanium hydride,
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The Russian tests reported releasing up to 19 million cu.ft, a Seismologists have long puzzled how earth fractures can
day from a well by injecting methanol. More immediate, the occur at pressures and depths where rock should be completely
Russians drilled through layers of hydrates and found plastic, but earthquakes have been recorded below 400 miles.
... huge volumes of free gas trapped underneath." (-5) It has The presence of deep-earth gas offers an explanation. Gas could

been pointed out that penetrating the boundary zone between a explain other puzzling phenomena encountered with earth-
hydrate layer and free gas could create a pressure drop which quakes: sheets of flame, "earthquake lights," fireballs, fiercely
would cause the hydrates to melt, adding large quantities of gas bubbling water, ("... during the great Chilean earthquake of
to the flow, One cannot help but speculate that the Soviet gas 1960 observers on the shore over a range of 450 kilometers
now being offered to Western Europe may be derived partly reported that the sea appeared to be boiling."), exploding and
from these sources. hissing noises, visible waves rolling along alluvial ground sug-

gesting lifting from the bedrock, tsunamis, changes in velocity of
Deep-Earth Methane seismic waves and electrical conductivity of the ground, changes

Deep-earth methane is not included in lists of UGR prospects. in tilt and elevation, emanation of radon gas, mud volcanoes,

It is another, altogether and unrelated potential source of na- disturbance of water in wells before earthquakes, behavior

tural gas. If any deep-earth methane is being produced today, it "W bliv ti o i es

has not been recognized as coming from that source. "We believe that in addition to suggesting new approaches to

Gold and Soter 17 -24) consider a nonbiological source of na- earthquake prediction the deep-earth-gas hypothesis suggests

tural gas which is volcanic in origin, clearly distinct in form from the possibility that very large amounts of methane from internal

methane hydrates: "Diverse evidence leads us to believe that sources have accumulated in regions where, on the basis of the

enormous amounts of natural gas lie deep in the earth and that if conventional biological-origin theory, they would never be

they can be tapped, there would be a source of hydrocarbon fuel suspected."

th,t would last for thousands of years. The hypothesis that there The quantities of methane, carbon dioxide and other gases

is much gas deep in the earth also provides a unified basis for released by volcanic action, earthquakes an seepage could be

explaining a number of otherwise puzzling phenomena that vast. If so, or if there is a cycle of carbon dioxide release from

either give warning of earthquakes or accompany them." the earth, absorption by the oceans, deposit into sediments and

It is well known that large amounts of various gases, including reformation as hydrocarbons, man's contribution to the "green-

methane, are released during volcanic eruptions. But the origi- house effect" from carbon dioxide in the atmosphere may be

nal source and composition of the gases are not known. trivial.

"The hypothesis that the earth contains much nonbiological
hydrocarbon begins with the observation that hydrocarbons are Substitute Natural Gas (SNG)
the dominant carbon-containing molecules in the solar system. There may be valid criticism that too much space in this
The universe is made mostly of hydrogen, and the evidence of report is devoted to UGR, particularly sources as "far out" as
cosmochemistry suggests that the earth and rest of the solar methane hydrates and deep-earth methane and, correspond-
system originally condensed out of a hydrogen-saturated ingly, not enough space to SNG. The reason is that almost any
nebula. Most of the carbon in meteorites, which provide the best of the sources of UGR and particularly methane hydrates and
clues to the original composition of the inner planets, is in the deep-earth gas, could completely revolutionize the U.S. and the
form of complex hydrocarbons with some chemical similarity to world energy picture. They could be the "completely unfor-
oil tars. . . . The earth's primary atmosphere probably held seen" happenings that the HIASA study'1 6 had in mind in
most of its carbon as methane (CH 4)." observing that forecasts beyond fifteen years are likely to be

The authorst72 4 ) go on to present a hypothesis in which most overturned by unexpected events. If significant developments
of the earth's hydrocarbons may have originated from nonbio- occur in one or more of the UGR areas, the results are likely to
logical sources and note, "The British chemist Sir Robert Robin- be revolutionary.
son has written that - 'it cannot be too strongly emphasized SNG may become important but is unlikely to be revolu-
that petroleum does not present the composition picture ex- tionary. In fact, since so much natural gas is expected to be
pected of modified blogenic products, and all the arguments available at various levels of market prices, SNG can participate
from the constituents of ancient oils fit equally well, or better, only where it is capable of competing in price at a given loca-

with thie concept of a primordial hydrocarbon mixture to which tion. Its sources are well known, although its price on the U.S.
the bioproducts have been added.'" They favor a ". . dual market must still be proven in significant production quantities.
origin, with some hydrocarbons derived from buried organic SNG may participate in the market, but is unlikely to be
sediments and a probably much larger amount added to those influential in market pricing. As may be seen in Figure 7-5, the
hydrocarbons from a stream of nonbiological methane." prospects for SNG are relatively small. In 2000. it-could con-

Environment within the earth provides heat, pressure and tribute from 7-20% of the U.S. gas supply. If gas is deregulated
catalytic conditions which, from methane, can polymerize all the or if various UGR sources become competitive, the contribution
products found in "fossil" hydrocarbon deposits. of SNG would be correspondingly decreased. Stagnation in

The Gold-Soter hypothesis goes on to note that, of the thous- world oil prices also depresses the prospects for SNG.
ands of commercial oil fields, about half the earth's known oil is The size of present U.S. energy consumption and of the U.S.
contained in only 33 fields (25 in the Middle East). A theory of natural gas market are essentially incomprehensible. It is sober-
nonbiological hydrocarbons can explain this phenomenon which ing to reflect that the U.S. consumes more tonnage of natural
traditionally perplexes oil geologists. They note the prevalence as now than it does of concrete each year. 7 25, Yes, that's
of hydrocarbon deposits around the earth's active fault and tonnage of concrete, not just cement.
volcanic areas, the fact that deep brines of the Red Sea contain The largest U.S. SNG source in the near future will be the
about 1,000 times more methane than normal seawater, how Great Plains Coal Gasification plant in Mercer County, North
leakage of methane could account for earthquake precursors .'kota, about 75 miles northwest of Bismark, between the town
and aftershocks, and many other phenomena. ., Beulah and the Garrison Reservoir 7 2b In early 1980 its first
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of two phases was projected to cost well over a billion dollars Generally, about five million tons of sanitary landfill is
and was escalating at $100 mill; n a year. The plant cost esti- needed to start a commercially-economical gas-recovery opera-
mates occupied 51 volumes of text and cost a million dollars to tion. By the time that amount of fill is in place, it is already
assemble; its environmental permit covers an eight-foot shelf. producing enough methane for profitable operation and is likely

Its first phase will deliver 40 billion cubic feet of SNG per to continue to produ, e for ten to twenty years. Refrigerators.
year, which is about on2 five-hundredth (0.2%) of U.S. gas bedsprings and other iarge pieces should be removed as the fill
consumption. Its technology is well known, being the same basic is placed but otherwise any other kind of household garbage
Lurgi process developed in Germany and used in the South and junk can be accommodated.
Africa Synthetic Oil, Ltd. plant, SASOL, the largest synthetic A 3-foot bucket auger drills a hole for 60-70 feet. followed by
fuel plant in the world, and likely to remain so for some time. a 4" crane auger to 250-300 feet. Slotted pipe is installed the

The Great Plains plant will recover 75 tons/day of sulfur from hole is backfilled with gravel, a cap is installed, and the plant is
its low-sulfur lignite (low-grade coal) and will produce 100 tons/ ready to operate. Most of its operating cost is in cleaning CO 2,
day of anhydrous ammonia as by-products. It will use 22,000 half of the gas volume, and the very corrosive fractions from the
tons per day of lignite, a million pounds of water per hour, will methane. The final product is fed directly into the natural gas
occupy a site of 2000 acres, was originally planned to begin network.
operation in 1981, is finally starting construction, and would A plant must be designed to accept about 10% settling of the
face competition from the Alaskan gas pipeline, which has not landfill per year. Landfill costs can be decreased and methane
been approved. Rapid development of tight-sand gas due to its production increased by adding moisture while building the
price deregulation might have affected the decision on this landfill. Over a half-dozen plants are operating in the U.S., with
plant, had the information been available earlier. Since Great large plants planned at Chicago and Staten Island. Even so, they
Plains is tied into the utility network, its ultimate customers will are also likely to be market followers, rather than market
pay for any cost disadvantage it suffers. Groundbreaking was leaders. They ease the costs of the landfill operations.
held up over a year when General Motors, one of the gas But there is some interest toward aviation for these plants
subscribers, contested its product pricing structure in the courts. producing methane from landfills, sewage disposal plants, feed-
Incidentally, while the delay was in effect, it was said to be lots, and other biowastes. They offer an interesting potential to
costing the project a million dollars a day. general aviation. Since aviation gasoline is expensive, while its

So, SNG from coal will probably be a market follower, rather distribution is becoming more spotty and costly, particularly
than a market leader. Like SASOL, it gives OPEC something to outside the U.S.. liquid methane may offer a long-term distribu-
think about and it provides a base for future-generation coal tion solution, world-wide production, quality control, as well as
gasification .2ut this large operation will have a negligible effect a price advantage. While the SNG sources may be relatively
on even the natural gas market in the U.S. and it is unlikely to small, they may eventually become available in many of the
affect aviation in any discernible way. places that general aviation aircraft wish to go, even in unde-

SNG from biomass such as landfills, garbage, manure and veloped and rural areas.
sewerage is likely to contribute less on the whole than gasifica- Together with portable liquefaction plants at small gas wells.
tion of coal, lignite, peat and other unrenewable sources. But in local SNG plants may offer the G/A pilot the quality and uni-
one sense its contribution may be much more significant to formity of fuel he would like. at advantageous prices, and at
aviation. Methane from landfills is on a commercial basis today locations where he would otherwise not be likely to be
and the Getty Oil Company, among others, ' -- a subsidiary, accommodated. This possibility is discussed further in the next
Getty Synthetic Fuels, Inc., which specializes in installation and chapter.
operation of landfill gas recovery units. 7 271
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Chapter 8

Synthetic Fuels for Aviation

Aside from discussion of the aviation fuel market in Chapter production. Second. OPEC and others could overproduce oil
3. this chapter addresses the future aviation fuel situation more and reduce prices purposely to squeeze out synthetic and alter-
than other chapters. nate fuel competition. The second possibility is judged unlikely

by this author.
Board Room Briefing No. 8 8. In the opposite direction, a disruption in crude supply or

1. As concluded in preceding chapters, this author expects restriction of OPEC production would raise oil prices, encourag-

conventional petroleum will be available in aviation markets at ing synthetic fuel programs. This may happen due to uninten-

competitive prices for at least two or three decades, assuming no tional international developments or hostilities. As discussed in

political or military disruption in world crude oil supply. At any Chapter 3, OPEC is not expected to voluntarily raise prices

time. however, a serious disruption in crude oil supply to the much faster than inflation.

world or to the U.S. would disrupt the otherwise normal course 9. Also in the direction of a price rise, U.S. and world crude

of fuel prices and availability, oil resources may be as limited as traditional forecasts predict. If

2. Unfortunately, the consensus from foreign affairs forecasts U.S. production is in its terminal decline and if world production

is that the U.S. should expect disruptions in crude oil supplies, peaks in the 1990s. then synthetic and alternative fuel develop-

probably as often as three times in any ten-year period. That ments could proceed unchallenged. While this conventional

subject is discussed in Chapter 12. In addition to the risks of view may be the consensus today, it is losing support and this

world oil pricing, the need for supply reliability encourages the author believes synthetic fuel producers should be wary of its

U.S. to reduce its dependence on foreign oil. validity. The author does not believe either world or U.S. oil

3. This author believes the cheapest, quickest, most effective production capacity has reached its peak.

means to reduce U.S. dependence on oil imports is by develop- 10. The long-term trend of oil production, up or down,

ing our natural gas potential, backing petroleum out from large should be confirmed during 1982, or 1983 at the latest. That is,

segments of the oil market. But natural gas faces an array of success reports from oil and gas exploration should indicate

legislative and institutional barriers which appear unlikely to be whether future petroleum market prices will remain balanced on

resolved. Similarly, enhanced oil recovery and other options for supply/demand economics, or whether depleting resources will

reducing imports, unfortunately, are also not likely to be re- boost prices upward.

leased soon from their restraints. 11. In 1978 the Department of Defense evaluated a variety

4. U.S. users of petroleum-derived fuels should look to fuel of fuel sources to replace petroleum. They discarded enhanced

substitutes, not only for protection during crude oil disruptions, oil recovery as too expensive. The clear choice was jet fuel from

but also to discourage political manipulation of world prices, shale oil. Resource quantity, product quality, cost, and availa-

Substitute or synthetic fuels, competitive with world crude oil bility time all appeared reasonable. Synthetic gas from coal

prices, can enter the market on a large scale after huge capital could arrive before shale oil, but coal liquids will be more

investments are made. expensive and emerge later than shale oil. Coal liquids are

5. It is not just difficult, it is impossible to predict if synthetic better suited for gasoline; shale oil is better for jet fuel, diesel

fuels will be competitive when produced in commercial quanti- fuel and other middle distillates.

ties. The chances are good, but that answer depends more on 12. As directly retorted, shale oil is too viscous for pipeline

taxes, peripheral and infrastructure costs, as well as on hard- transport. It contains nitrogen, metals and other impurities hos-

headed cost control, than on technological developments, tile to conventional refineries and catalysts. Most shale oil will

6. Synthetic fuel from shale oil should become competitive be hydrotreated at or near the retort site. After treatment, shale

and particularly attractive in aviation. But, now that the world oil is a high-quality feedstock which refines into excellent jet

and U.S. crude oil demand/production capacity are finely fuel.

balanced in favor of the consumer, the economic prospects for 13. For appreciable U.S. shale oil production, mining and

synthetic fuels appear to hang within that balance. materials-fandling will require enormous investments, dwarfing
7, There are at least two possibilities for future reductions in the coal mining industry. Environmental protection, infrastruc-

crude and fuel prices. First, if accelerated oil and gas exploration ture and sociological problems will be greater than for any
pays off, production within the next two to five years may be previous human undertaking Sha., executives consider these
higher than producers wish. Requirements for cash flow and peripheral problems greater than i-r Munary operations. This is

return on investment may prevent producers from throttling a sobering conclusion because n ne of the shale processes has
demonstrated feasibility on a production scale.
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14. Because of enormous investments, technical, market and as required at stable prices. The conclusion of this report there-
other risks, as well as traditionally inconsistent U.S. energy and fore disagrees with the statistical/depletion theory and accepts
political policies, shale producers will approach commitments the economics, supply/demand concept for future oil availability
with caution and flexibility. Only one of their risks is the lack of and pricing.
reliable forecasts for fuel prices. This conclusion does not depend on assumptions that: natural

15. A healthy shale oil industry should benefit aviation gas will supplant petroleum as the U.S. and world primary fuel;
greatly. Shale oil provides both quality jet fuel and supply enhanced oil recovery will swell production appreciably; metha-
reliability. Competition for shale-oil products may be strong nol will become a major world chemical and energy feedstock;
from diesel and other middle-distillate customers. It may be methanol or methane will replace much gasoline as a ground
worth a premium price to the aviation community as insurance transportation fuel; or that fuel conservation will continue to
against foreign crude oil delivery disruptions, as well as against progress as much as it has during the past two years. It does not
future deterioration of jet fuel specifications. depend on any of those assumptions, but it would be reinforced

16. Early U.S. shale oil production will almost certainly be if any or a combination of those possibilities should occur.
mixed with other crudes in pipelines or otherwise blended with Hopefully, one or more of these eventualities will occur and
refinery feedstocks. If no refineries run straight shale oil, its the probable result will be further extension of petroleum as the
quality advantages to aviation will be lost. U.S aviation fuel primary source for jet fuel.
demand is small. If shale oil production were purchased by But, particularly during a period of fuel market stability and
aviation, the two industries could match well in early shale outlook for further market softness, the high probabflity of a
production years. surprise disruption in foreign crude oil supplles to the U.S.

17. Aviation could benefit from a shale-oil purchase arrange- and to the world must not be discounted.
ment during the remaining five to fifteen years of U.S. high Depending on the rapidity with which such a disruption is
vulnerability to foreign crude disruptions. With a guaranteed imposed, the depth of the disruption, and the time over which it
minimum price, emerging shale interests would be protected prevails, impact of an expected disruption on fuel prices could
against market reversals, stimulating earlier shale oil produc- be either slight or massive. As conservation further increases
tion. Such an arrangement would need to be consistent with and fuel demand continues to decrease before the next disrup-
USAF domestic needs. tion occurs, the impact of the disruption will be diminished. This

18. The U.S. shale oil resource is so large that. if develop- is a subject of Chapter 12. If U.S. and foreign oil production also
ment is successful and the economics are viable, shale oil should increases, as this author expects. the impact of a disruption will
be available at reasonable prices for "generations." Except for be further diminished.
normal inflation, shale oil production should not experience the The end to this disruptive threat will come when either: U.S.
inexorable creeping cost of oil from progressively inaccessible oil and gas production (new oil plus EOR, new gas plus UGR)
locations, greater drilling depths and difficult extraction supplants most of our current imports; U.S. synthetic fuel pro-
methods. Shale oil extraction begins in inaccessible !ocations duction supplements oil and gas to the same effect; production
and under unfavorable conditions. If it can compete at the of other energy sources and continuing conservation combine to
beginning, it should more than hold its own while production offset the need; combinations of the above. Because each of
continues and expands. Vast quantities exist in essentially com- these r-mponents requires guesswork, while each is still actively
parable locations and depths. debated, it is almost futile to speculate on the net, combined

19. Typically. up to 75% of the cost of producing shale oil, outcome.
coal liquids, or other synthetics is in capital investment. So Unfortunately, as the prospects for more oil and gas pro-
interest rates, long-term price stability and return on investment duction improve, the prospects for synthetic production cor-
are critical to synthetic programs. Not the least, probably the respondingly recede. We may be inherently cursed with a
greatest of the risks, is in political and tax policies. Combined borderline existence until U.S. combined fuel production re-
with federal taxes and constraints, state and local royalties or duces our imports to a trickle, or increased world oil and gas
regulations can easily trip a favorable synthetic project forecast production relieve the entire ma, ket. None of these possibilities
into a catastrophic loss. is likely to solve the problem for some years.

20. If competitive with petroleum, coal and other feedstocks, In today's "glut." the world's oil production capacity is not
synthetic fuel plants are a good hedge against inflation. Once much greater than present demand. It is probably more than 5%
the plant is in place and producing, it will not suffer from excess, but not as much as 15%. The change in market climate
depletion such as do all oil fields and, to a lesser extent, coal has been dramatic as the balance shifted from -5% to +5%! So
fields. Its capital costs and operating costs (except labor) should we're talking about small variations in two very large numbers,
remain constant as the economy and fuel prices escalate. world supply and demand, over ten or more years. The two lines

are nearly parallel. Can we predict how many times they will
The Need for Alternative Fuels cross, and when?

The need for synthetic fuels is predicated on rising petroleum It would be misleading to develop intricate forecasts or
prices and on U.S. vulnerability to disruptions in foreign crude models of the situation The more effort and the greater au-
oil deliveries. thority brought into a study, the more dangerous the findings

Although there have been and will continue to be reverbera- are likely to be. Just going through the process generates some
tions about various alternative fuels for jet aircraft, the more credibility and, the more authoritative the study, the more
significant question now is how long petroleum will continue to widely it is likely to be accepted.
predominate the fuel market. While participants in such a study recogni7e all its frailties

"In conclusion from the preceding chapters. this author be- and use the experience only for considering alternatives, others
lieves that jet fuel from petroleum should remain available at are apt to take results literally or, in a short-fuzed situation,
competitive prices and in good supply for at least twenty to move ahead on its conclusions without discussing its qualifica-
thirty years. There is good possibility for a much longer period. tions with the original participants.
This conclusion is based on assumption that crude oil price rises Undaunted by lack of experience, this author makes a race-
during the 1970s will continue to bring new oil into the market track guess that U.S. dependence on oil imports should dissolve97



between 1985 and 1990 Considering long experience with price woulc necessarily be high if produced .n -he quantity
over-optimistic views from the same source, the author also required by DoD. EOR prices vere high in spite of the fact that
cautions that this opinion should not influence efforts toward DoD credited EOR with a recoverable resource of 52.0 billion
synthetic fuel production, filling the Strategic Petroleum Re- barrels. 75% more than the 29 5 billion .t credited to conven-
serve, intensifying enhanced oil recovery, unshackling natural tional petroleum in the U.S.
gas. increasing conservation, exploring renewable energy As observed in Chapter 5, the conclusvn must oe that pro-
sources, and other efforts to diminish our dependence on duction only skims the low-production-cost zream of' tre top of
imports. our EOR resources. Much more potential EGR procuction

On the contrary! A combination of these efforts will be should be realized if taxes and regulations were !evised DoD
needed to relieve the U.S. reversal or relaxation of these efforts forecasts and studies are constrained as are t hose of all other
could self-fulfill the crude oil disruptions that these measures governmental departments assumptions an,3 analses must be
may eventually eliminate, made on the basis of existing legislation and budgets n offi-

cial planning, departments may not specu.are ,n the effects of
Alternatives to Petroleum Jet Fuels deregulating EOR, or on other legislative changes

Although gasoline has been a good fuel for automobiles, jet It is interesting that the DoD report found nycr-geo, the

fuel from petroleum has been an even better choice for commer- cheapest fuel next to conventional petrmieum . "e price :e-

cial aviation, it has more virtues than detractions. If it should ported is for hydrogen producec from :oa: ann :'-e :-,st f

continue to be readily available at reasonable prices, there are $22.00/BBL is based on equivalent Btu onten, Hydrogen .s

few incentives for alternatives. Sizeable investments in our credited with being available worldwide. an nii-mited resource

existing aviation fleet and equipment assures that no alternate having minor environmentai effects. inoeterminec o:stitut:rnai

fuel will be accepted soon. except by necessity or by offering a problems, but maior technical obstacies A siqnit:cant -;sacvan-

saving in total system costs. tage would be that the 500K boi, day equivaent prdcuctor.

Experience with foreign pricing and embargoes has shown would not be available until 1995.
that no fuel is a good choice if it is unavailable or expensive. Liquid hydrogen has the very favorable crrac'eisr' -: -

Now that petroleum fuel costs are the predominant factor in taining 51,000 Btuilb. compared to 18.400 Btu lb tor .et ut

airline operations, aviation should be more concerned than ever its density is so low that it contains only 29.-mio Btu Der gailon.

about the stability and price of its supply source. less than a quarter of the 135.000 Btus zontainea in a gaiion it

Fortunately for commercial aviation, the Department of Jet A. On the basis of unacceptably low densiry, DoD e:1,rn 'qe

Defense has been concerned about the reliability of petroleum hydrogen from further consideration If :is *ensi%' xere n0t so

sources and about future price trends. In October 1978. low, they also would have considered as deterrerts is -ecuiredi

the Department of Defense Shale Oil Task Force issued low temperature. -423=F, and its possible hazar,: 'n )M aI

its report,'- 9 with the clear conclusion that shale oil is superior It must be expected that each ndiv;duai ano ;ra!i:zation

to other alternatives. Inflation, prices and the market balance which compares costs or prices of various fuels i use i'ent

have shifted since that time, but relative merits of the candidates assumptions and inputs in their ana;ysis. ome c: , T ,ases

considered by the Task Force have held. These candidates become highly controversial. particulariy wner, 'lr,.os:nq u

included Enhanced Oil Recovery. Oil Shale. Tar Sands/Heavy ture economics or other conditions Comparisons Are )ite: ..se-

Oil. Coal Liquefaction. Hydrogen and Biomass. ful, however, particularly if their assumptions are _cnside:ed

In her letter of transmittal to the Deputy Secretary of De- consistent with the petroleum market. That udqment. -co. oay
fense. Under Secretary for Research and Development Ruth be in the eye of the beholder.

M. Davisi -9  advised: ". Department of Defense planning The author feels the significant question is tess ,v uei

assumes that liquid hydrocarbon fuels will power its mobile prices compare on the current market, but when eacn "ue! may
platforms systems and equipment for the foreseeable future. reach a competitive price status. Such a question requires ore-

the Department of Defense (should) plan for an orderly casting so many market factors that it virtually teties anaivsis
transition from natural crude to synthetic fuels during the time Some have observed that many conclusions aocut 'uie cannot

period 1985-2010. The report also points out that shale-derived concern our generation because none of us wili ii.e to see it toe

military mobility fuel is an attractive near-term alternate to forecasts are correct. While the statement should nOt he taKen

natural crude oil" literally, it does mean that laboriously derived comparisons are
Among the report's comments: "The nation's recoverable probably no better than ball-parK guesses Betore events -om

fossil energy resources are sizeable. U.S. deposits of coal and oil bine to bring in some candidate fuels. conditions ire likeiv tc be

shale contain more recoverable hydrocarbons than the world's entirely different than when the assumptions were made

total proven petroleum reserves. Properly developed, our With that spirit in mind, this report does not pursue zetailed

domestic fossil energy reso11rces could support national require- comparisons of alternative energy pre 'oiects's The

ments long enough to allow for the orderly development and DoD comparison '  was simple but authoritative at its 'me and.

shift to renewable energy sources." comparatively, is probably )ust as valid now or for some time :n

Table 2 of the DoD report is reproduced here as Figure 8-1. It the future. An additional comparison was prepared in an exten

ranks the candidates listed above on the basis of location, sive study by Exxon Research and Engineering C-,mpanv ior he

amount of economically recoverable resource, time to reach Department of Energy in 1980. 'i A comparison derived tr'im

production of 500K bbl/day (the domestic military require- their more pertinent options is shown in Figure 8 2 As may he

ment), the cost per barrel in 1978 dollars, environmental, in- seen by inspection. the range of prices for natural -,as s not as

stitutional and technical considerations. At that time. 1978. wide as those that actually exist today (given in Chapter - due

petroleum -rude at $18.19 per barrel was better than 25% to U.S. price restrictions But that is not i -rtic:m Lxxon s

cheaper than its nearest competitor. data are more a representation of what gas pricecs shouid be

Interestingly, Tertiary Recovery (Enhanced Oil Recovery, A further comparison of fuels directly applicaohf !, iviatirn is
EOR), was listed at $33.50 per barrel, more than 80% above the given by Boeing in Fig. 8-3 IS 2i Liquid. '),droq*'n r'tt,usiasts
price of conventional crude EOR was being produced then and may complain that costs for that prnduct re .no, , -i, ,
continues to be produced now in a semi-competitive market. Its
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derived from natural gas, the price should be lower. As will be If oil depletion is not imminent, as the economist-forecasters
seen, some industrial processes promise competitive prices. New contend, oil prices should remain steady (relative to inflation)
industrial developments, such as possible magnetic liquefaction for at least another twenty or thirty years, perhaps longer. Syn-
of hydrogen, could make dramatic changes, depending on how thetics could compete in this market, but only if their production
much credence one is willing to give them. costs remain reasonable. Whether they are in or out of the

Liquid methane enthusiasts (on the basis of Chapter 7, market may be immaterial to this scenario. Under those circum-
probably including this author) will ask why methane costs are stances, petroleum could meet the demand without synthetic
given for manufacture from coal when methane is already assistance.
available from natural gas pipelines at lower prices? Answer - A corollary to this scenario would be the significant ascen-
earlier studies were all based on fuels derived from coal for dancy of natural gas suggested in Chapter 7, or perhaps of EOR
directly comparable conditions; later studies have duplicated as discussed in Chapter 5. Either could effectively reduce de-
those conditions to remain comparable. mand for crude oil, maintain crude at stable prices, and stretch

But these are arguments in detail, not in principle. Petroleum out the supply over many decades, virtually regardless of the
is the basis for our current market and all candidates must size of the crude resource.
compete on that basis. If and when each of the candidates If these considerations are equally valid (and no one suggests
becomes competitive, it will successfully enter the market. The they are), the probability for steady crude oil prices would be
possibilit .,s for special or local conditions, or for future develop- four to one. The one probability that they rise on an accelerated
ments are endless. Each supplier must continuously evaluate his curve, as has been the consensus until recently, requires that
competitive position. The consumer need be concerned only U.S. oil production passed its peak in 1970 and that world
with the possibility that his fuel price may change, that its supply production will decline from the mid-1990s. That may occur
may be curtailed, or that a cheaper product may enter the only if none of the following four transpires: (1) oil production
market. exceeds the statistical forecast; (2) EOR production is encour-

Audaciously summing it up: Except for disruptions in aged; (3) synthetics are brought in at competitive prices; (4)
foreign crude deliveries to the U.S. or to Its trading partners, natural gas production departs from the statistical pattern for
the world petroleum market is likely to remain stable or soft oil.
for a number of years. In the short term, this conclusion de- This author believes the probability strongly favors a stable
pends on Saudi Arabia's continuing to produce oil at a rate to world oil market for: 20-40 years based on (1) or (2),above;
satisfy the world demand margin. In the longer run, it depends 200-X years based on (3); or 100-X years based on (4). In case
on whether U.S. and world oil resource depletion follow the of (4), natural gas exploitation, world energy prices could drop
statistical or the economic forecasts. If statistical, prices should to a lower level.
probably begin to rise again above inflation in about five years
and then accelerate upward. Synthetic production, beginning Shale Oil
largely from shale for middle-distillate fuels and from coal or From the foregoing discussion, production of U.S. shale oil at
gaseous fuels, gasoline and methanol, should by then enter at a competitive prices appears to be a question of time. Some
competitive level and petroleum would cease to drive the mar- apparently think that time may be far removed now. 18-4) But if
ket price. petroleum production is already in its latter stages, shale oil

An alternative version of this scenario is that synthetic pro- production may be past due, because of the lead time required.
duction could begin to enter initially at competitive prices and If crude oil will be available at competitive prices for 20-30 or
that its entry would therefore prevent any upward trend of the up to 100 years or more, present shale-oil efforts will proceed
liquid-fuel market. only if they can compete in about the present range of oil prices,
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escalated by inflation. As has been discussed, that price range Shale deposits extend, essentially uninterrupted, for tens of
will be a function of many things such as resource accessibility, miles. Layers are continuous and consistent in quality. Faults
capital investment, interest rates, water availability, environ- and fractures may affect mining or retorting techniques, but
mental costs, mining and retorting efficiency and costs, infra- have not permitted the material to escape. Like oil remaining in
structure and support costs, regulations, royalties, taxes, and so a field which has already.been produced, there is no doubt of its
on. presence.

Shale costs may be close to the price margin at present. Some And all agree the quantity is vast. Its physical quantity is well
shale producers are now pessimistic; Exxon has taken its loss established, to reasonable accuracy. The primary question is
and withdrawn, at least for some time. John K. McKinley, Chair- how much of that can be produced at different price levels.
man of Texaco, 2-5' recently remarked that, with crude oil prices Since no shale oil has yet been produced in real market quanti-
now expected to remain soft, he believes that significant de- ties, that question will remain unanswered for several years.
velopment of U.S. synfuel operations will not occur until the "Next to coal, oil shale is the nation's largest fossil fuel
turn of the century. resource. Oil shale is neither rock nor shale. It is a fine-grained

If the oil market continues soft, it may be almost immaterial rock called marlstone that contains varying amounts of a brown
to market prices whether synthetic production proceeds or not, to dark gray organic material called kerogen. When heated to
although its psychological effect could be helpful. Produced into about 900 degrees F, the kerogen reacts to form synthetic oil
Jet A however, shale could provide aviation with insurance and gas . . ."-8 "1 In the Colorado Green River Formation,
against disruptions in foreign crude oil deliveries. Aviation users deposits contain 25 gallons or more of shale oil per ton of rock.
should remain alert to both market prices and the possibility of "Two tons of shale - about the volume of an office desk -
disruption; probably nobody will be able to predict when the would yield more than a barrel of oil."
next disruption will occur. The total amount of shale oil in the Colorado-Wyoming-Utah

Shale Oil Resources area known as the Green River Formation is generally agreed to

Shale oil resources are much easier to assess than either be about 1.8 trillion barrels. Exxon estimates the high-grade
Ssteturer resource only at 2 trillion barrels of oil equivalent (BOE), as

natural gas or oil, even easier than coal. The geological structure compared to the world's remaining confirmed oil reserve of 250
is simpler, more extensive, and can be assayed with fewer test billion bbl, or eight times as much oil in the rich part of the
samples. Like oil and gas, shale was laid down in sediments Green River than the remaining world oil resource! (The even-
which hardened into rock, but the material did not migrate and tual world oil resource may be larger than assumed here).
did not require a cap rock to remain entrapped. So a lot of the "Shale formations also exist in the East, in roughly a tri-
complications and unknowns about liquid and gaseous resources angular region from Michigan to western Pennsylvania to
simply do not pertain to shale. Mississippi. This area, known as the Devonian and Mississippian
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deposits, is predominately of lower grade - less than 15 gallons explosives, firing and retorting it in place, in situ, and pumping
per ton -and gasification is considered the most applicable the resulting oil to the surface.
technology. The potential yield, however, is significant. Some According to DOE. "A room-and-pillar method is believed to
three trillion barrels of oil equivalent might be contained in be the most practical mining system. In this technique, intercon-
these deposits, although uncertainties still exist as to the amount necting tunnels are mined leaving a checkerboard pattern of
that is economically recoverable." 8 b) Other estimates of pillars. As a second step, once the initial production is com-
eastern shale run as high as 40 trillion barrels. 18 71 pleted, some of the remaining pillars are mined. Initial under-

In comparison with this minimum potential 4.8 trillion barrels ground mining of oil shale will probably be confined to the 30-
for both the rich Green River and eastern shale, recall from 90 foot thickness of 30 gal/ton and richer oil shale in the
Chapter 4 that Hubbert originally placed the U.S. recoverable Mahogany zone of the Green River Formation."
total petroleum reserve at 170 billion barrels, since revised "Surface mining techniques such as open pit and strip mining
upward to over 200 billion by the statistical method. may also be useful in areas containing significant oil shale de-

Our eastern shale is seldom mentioned; it is the Rocky Moun- posits. Generally, in mining oil shale by surface techniques, both
tain deposits which receive most of the attention, because of overburden and oil shale will require drilling and blasting and
their higher yield. From very sketchy exploration, there may be use of large 'jumbo' rotary drills. Large shovels, draglines and
another trillion barrels of shale oil in Alaska. trucks will be required to move the blasted material to the

So there is no contest - estimates of recoverable U.S. shale disposal area or to crushers from which ores or wastes would be
oil run from 30 to over 3,000 times the statistical estimate of conveyed to either a dump or processing area."'8-6 Retorting at
original US. oil in place. Whenever U.S. shale production is able the surface is more or less conventional, although the scale is
to compete with world crude oil prices, our shale era should be giant. Just for a feel, retorts are about 400 feet tall; the
much longer than our oil era, stretching on ad infinitum. Washington Monument is about 550 feet.

In, 1979 the DOE 8 -6 estimated almost 40% of the Green Colony was a joint project of Exxon and The Oil Shale Cor-
River shale would be recoverable, or about 600-800 billion poration (Tosco) which is still a good example and was targeted
barrels, more shale oil than the DoD estimated for world-wide to produce at a rate of 47,000 BPD of synthetic oil in 1986.
conventional oil reserves, and this is only the western resource. Bear in mind that 47,000 BPD would represent the throughput
DoD put the recoverable shale resource at only 80-200 billion of a small refinery; an average medium refinery processes
barrels when they selected shale oil. The quantity is not too 100,000 BPD, while the Baton Rouge Exxon refinery is in the
important; it's more than plenty for several generations. 500,000 BPD category.

Instead of sinking a shaft from the top of the mesa. Colony
Shale Oil Production built up an earthen mine bench from the Parachute Creek can-

Exxon forecasted before the recent market slack(s-88 and their yon floor to the Mahogany zone level, where the thickness of the
withdrawal from shale operations, that the U.S. might achieve layer is about 60 feet and the ore yields a little over 34 gallons
750.000 bpd synthetic fuel production (from both shale and per ton. Working from horizontal portals and using 85-ton
coal) by 1990, 4-6 million bpd by 2000, and 15 million bpd by trucks, the mine would have been worked in the conventional
2015. That is, by 2000 we could have been independent of room-and-pillar configuration. The ore was to be crushed to -9"
foreign crude with synthetic oil alone and, by 2015, shale oil size at the mine bench level in a 6x9 ' gyrator crusher and then
could have replaced much of U.S. domestic crude, possibly all of transported by a 5000' conveyor belt to the top of the mesa.
it. Other forecasts were more conservative. Now with Exxon's There ten secondary impactor crushers would reduce the ore to
withdrawal and crude oil price stability or recession, that level -1/2", whence it would enter six Tosco retorts, each of the
will not be achieve 1. 400'-ft. category. Each retort would process 11.000 TPD of ore.

But the Exxon forecasts are pertinent to consider the impact for a total of 66.000 tons, yielding the 47,000 barrels of oil.
of future possibilities. At a 2 million bpd production level, the Along with the ore, ceramic balls heated to 1200°F were to
materials-moving task is comparable to digging a new Panama be introduced into the retorts, heating the ore to 900°F. Its
Canal each year. Environmental problems begin to get thorny kerogen would vaporize and be separated from the spent shale:
around that level, while water supply problems also enter into with kerogen removed, the rock reduces to a fine powder.
the question Some have estimated that a 2 million bpd produc- Some press reports have spread the incorrect concept that
tion rate would absorb all the world's mining and earth-moving spent shale expands in this process. It does not, but the fine
equipment production capacity, suggesting intolerable price powder cannot be re-packed into the original space simply be-
rises in that market. cause the parent rock was quite dense.

The size of the task is almost incomprehensible. One shale The heated, spent shale would be used to produce steam,
operator has commented that, if we weren't concerned about then deposited in canyons and planted with native vegetation.
environmental problems or early return on investment, the job Most of the water requirements would be for land restoration.
could best be done by working from the surface, rather than by since the shale process reuses water in condensing oil vapor.
using deep-mining techniques. In an area about 3 0x30 miles, or About 3-4 barrels of water were expected to be required for
approximately 1000 sq.mi.. from the top of the mesas at about each barrel of oil produced. Water was to be pumped in from the
8000-foot altitude, the overburden would be removed to a Colorado River at the mouth of Parachute Creek. where the
depth of 300 feet Capital investment for that operation would town of Parachute Creek is located and the support community
be immense. From that depth to about 1000 feet below the of Battlement Mesa was being built.
original mesas, the operation would be self-supporting eco- Oil shale vapors from the retorts would have been condensed,
nomically, as the lower-grade ore is removed. At about the fractionated, and upgraded by hydrotreating for pipelining to a
1000 ft. level, the so-called "Mahogany zone" (from its color), conventional refinery.
or richest layer. profits would begin to roll in. Colony had been proceeding toward bringing the entire plant

Present production schemes break into two broad categories: on stream in late 1983, well ahead of the 1986 target. Capital
(1) Mining the rock by conventional means, crushing and retort- cost at the 47,000 BPD production level was supposed be $3-4
ing it at the surface. 2) Rubblizing the rock underground by billion. which did not include the cost of Battlement Mesa - a
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community of about 25,000 people - and other infrastructure As has been mentioned, capital costs for shale oil projects
commitments. Colony was assisting local organizations with and, for that matter, all synthetic fuel projects, are great. At the
interest-free loans for schools, a fire station and other necessi- Georgetown CSIS forum,' 31 in October, 1981, this author pre-
ties. It is not known which parts of the project were judged to sented investment costs estimated by Exxon at $53,000/BPD,
have exceeded their cost estimates, but Newsweek reported the based on the ultimate possibility of 15 million BPD U.S. produc-
estimated cost of the project had risen to $6 billion. 8 

4 Anyway tion rate at an estimated cost of $800 billion in 1980 dollars, or
it's slicec that comes out close to $130,000/barre/day produc- approximately $3 trillion "as spent." At the same time, the cost
tion capacity. of $70,000 BPD production capacity was derived from Chev-

The in situ process seeks to reduce mining and restoration ron's startup costs of $7 billion for 100,000 BPD.
costs by retorting most of the ore in place. It is also expected to When these cost estimates were presented, there was an
be applicable to lower-grade ores. No single version of the immediate chorus of comments from the group, which included
concept is applicable to all types of ores and formations; each is representatives from both Exxon and Chevron, that these costs
fairly well-tailored to its specific site. were much too low. The verbal consensus was that costs then

"In general, the variations can be grouped under two broad (October, 1981) could be no lower than $100,000 per barrel
categories: (1) modified in situ, where a void is created by per day capacity
mining or leaching, and (2) true in situ, where the zone is Costs may have risen further, as indicated by the Colony
rubblized and retorted without creating a man-made void." Project; they no doubt contribute to the recent decline in shale

"Vertical modifiec in situ techniques are believed to offer the activity. Some think that rising costs have been far more instru
most promise for early development and are especially attrac- mental than softness of the crude oil market.
tive for deeper and very thick (more than 300-feet) deposits. In While oil prices at that time had been escalating faster than
October 1977 DOE signed a contract with Occidental Petroleum inflation, the machinery, materials and personnel for oil de-
Corporation to develop a vertical in situ process at Occidental's velopment. and competitive efforts such as shale development,
Logan Wash site in Garfield County, Colorado. In Occidental's were escalating even faster. As Paul Petzrick of DOE concluded
process, about 20 percent of the shale is mined to form an the discussion, "What these numbers are really proving to me is
underground compartment. Then surrounding shale is broken that there aren't any smart people in the shale business because
up and expanded by explosives to create a kind of underground smart people would have built their plants with pre-1969 dol-
chimney full of rubblized shale. From the top of the chimney, a tars, at $8-10,000 per daily barrel and sold the oil at post-1973
small amount of oil is ignited and the retorting begins. Combus- prices. Just in the five years I've been working on it, the price tag
tion of the chimney moves slowly downward - typically 1-2 has probably gone up from about $15-20,000 to, as you say,
feet per day - and the heavy oil produced flows by gravity to over $100,000 per daily barrel. . . I tell my people that
the bottom where it is collected and pumped to the surface."i 8 6  during the time of their coffee break, the interest on one of the

"A horizontal true in situ technique being developed by DOE $3 billion plants could pay the annual salaries for everybody in
and the Geokinetics Oil Shale Group, is currently applicable the office. . . . In five years, we may have to do it for $300,000
only to very shallow depth formations (less than 100 feet of per daily barrel, but we should go ahead now at $100,000 -
overburden). Conventional mining is not used. Instead explo- To illustrate the difference in capital costs between oil and
sives expand and break up a bed of shale lifting the surface of synthetics, onshore Alaska wells cost up to $20,000 per daily
the ground noticeably." barrel, with North Sea wells a little higher at $10-35,000. Costs

In situ techniques must deal with the problem of effective of Lower 48 wells may be less than half and, in fields like Saudi
rubblization and combustion, The Colony project expected to Arabia, the capital costs are so low compared to their high
control its retorting process by carefully grading the crushed ore production rates that definitions of the accounting procedure
and heating with ceramic balls. In fact, projects that heat ore have more effect than the cost of the well. Capital costs are
with gases or burn ore in controlled retorts above ground often ridiculously low for some oil being produced today. Capital
find that combustion moves through channels, rather than uni- costs for all synthetic fuel projects are very high.
formly through the rubble. This problem of channelized com- The world price of oil is obviously not based on cost and
bustion has received high-level attention and a sophisticated demand, but is artificially maintained by reducing production.
technology has been developed on the subject. At least one As has been mentioned, costs of the synthetic operations
mathematical model'' can incorporate various flows and won't be known until some of the projects actually achieve
counterflows of gases injected at various locations and at dif- stabilized production output rates. That will require at least two
ferent rates, temperatures and densities; it considers chemical years in normal operation, more with deceleration. Costs will
reactions, as well as mechanical and therir,,dynamic effects. vary due to location, geology, production methods, rates of

The in situ processes encounter great difficulty in obtaining production, infrastructure, environmental requirements, finan-
uniform rubblization with explosives. Trial retorting in place has cial plans, access to water, and local taxes and regulations. The
frequently produced disappointing yields. But those processes operators seem to be equally concerned with these variables
are proceeding and are are likewise being aralyzed with impres- now as with the outlook for crude oil prices.
sive talent. Reference (8-10) is concerned with rubblization such Managers and financiers have been watching the market
as the Occidental process, while (8-11) explores the use of closely. More and more articles have appeared like that in The
uniformly-spaced vertical holes bored into a shallow formation. Wall Street Journal of December, 1981 11 131 "On the Back
retorting with a flame front propagated down the holes. Burner: Synfuel Plans Delayed by Stable Oil Prices and Plentiful

There is a large variety of projects and technologies being Supplies." That article observed that the oil market slowdown
used. Reference (8-12) summarizes the location, process, per- has divided analysts, that caution is building and that the Syn-
mits. impacts, management and financing for almost thirty thetic Fuels Corporation is taking a middle road. "'It's pretty
separate projects in both the western and eastern United States. much agreed that synthetic-fuels development is going to go
Since its release, however, Occidental and others have slowed ahead a lot slower than we had anticipated,' says Michael
their operations, while Exxon has canceled completely. Koleda, president of the National Council on Synthetic Fuels
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Production, a trade group." A spokesman from Data Resources. Coal is well suited for production of gaseous fuels. Coal
Inc. Is quoted as believing that the market is being artificially gasification is competitive with natural gas in some locations
depressed by the Saudis. now and, unless natural gas becomes much more available at

The Georgetown CSIS meeting did not agree with that view, reasonable prices (which this author expects,, coal gasification
nor did the sense of the DoD meeting on Mobility Fuels Supply should become more prevalent in the U.S lwhich the author
and National Security in February, 1981. While the present does not expect). At higher cost, coal can be dlrecdfl synthesized
"glut" had not become fully evident at those times, both gather- into liquids. The processes yield a liquid fuel with high aro-
ings Indicated that OPEC was much more concerned with basic matics and octane characteristics, good for gasoline but not
market forces. Individual OPEC members are even more con- attactive for aircraft jet powerplants or for diesel fuel It should
cerned with their specific income requirements. Individuals in be noted, however, that with additional hydrotreatment. this
the shale industry expressed similar opinions before the oil same coal product can be converted into qualty et fuel
market decline; they do not believe OPEC and the Saudis are By comparison, raw shale oil is viscous. heavy in nitrogen.
really concerned about synthetics. Maybe in five to ten years, metals and other impuritier. But, when hydrotreated to remove
but not now. these impurities and, more importantly to permit the shale

Returning to the WS article, it noted an opposite view from product to be pipelined and processed in a conventional re-
Fred Singer. professor of environmental sciences at the Univer finery, shale oil becomes an excellent feedstock for jet fuel.
sity of Virginia. "If the U.S. moves too quickly to build a large Shale oil refining is discussed further in the next section of this
domestic synfuels industry, he says, the result will be a tremen- chapter
dous surplus of oil. That, he says, would sharply depress world So, as is typical of fuel matters, the issue resolves to cost and
oil prices, which would leave the synthetic-fuel projects eco- price. Shale oil must be hydrotreated for nandling, whereupon it
nomically stranded. By the late 1980s, Prof. Singer says. the assumes excellent characteristics. Even with this sopnisticated
synfuels industry would be exerting pressure on Washington for processing, it currently yields a lower-priced product than does
protection from 'cheap Arab oil.,'"(-13i coal. If coal liquids are further processed to jet fuel standards.

This author does not dispute that the world may develop a their cost is raised further
significant surplus of oil, particularly if assisted by high produc- It appears that there is -io chemical, energy or economic
tion of natural gas or EOR. Also, the synthetic industry may seek avenue which is likely to render coal a preferable source for jet
price protection at some time in the future. But it is believed fuel. However. future development in catalysts is expected to
here that these situations cannot be influenced significantly, permit synthesis of essentially any liquids, including jet fuel.
other than psychologically, by the rate of U.S. synthetic fuel from gasified coal. While the process costs should reduce. the
production until after 2000. Of course, the more investment the thermodynamic energy cost of the processes stil favor shale
U.S. synfuel producers make, the more they will protest a drop over coal for jet fuels.
in world prices. But their contribution to the world fuel market Under unique circumstances, some jet fuel will no doubt be
or even to the U.S. fuel market, will be nearly trivial for some produced from coal at some specific locations in the world But
time. those circumstances will exist where shale oil is not available.

A reflection on the investment dollars required per barrel-day We may expect coal, then to contribute to iet fuel production
of production capacity may indicate that the capital required outside the U.S. and to the future of aviation gasoline inside the

will not be raised without tacit agreement of OPEC and Saudi U.S. Further discussion of coal synthesis is deferred to Volume
Arabia. This statement is admittedly facetious, but may be more 2.
true than we would like. The comments on coal apply as well , lignite and peat.

The WSJ article went on to report that the White House Lignite is a sub-bituminous coal with higher ash content which.
appears undeterred by price developments and is giving the SFC due to its lower ratio of energy content to weight. generally is

full support. That policy was reco'firmed by DOE Deputy Secre- not shipped. In discussing geopressured gas resources with the
tary Kenneth Davis on Feb. 17, 1 9 8 2 8

14 1 and U.S. Vice Presi- Louisiana Department of Natural Resources. they speculated
dent George Bush the following day. iS-1i At the same meeting, that lignite in the Gulf Coast region may be the more important
however, Dr. Bernard S. Lee, President of IGT, noted'8 

161 Sheik Already Texas. which is as well-endowed with natural gas as any
Zaki Yamani of Saudi Arabia recently remarked that the West. if state, is producing most of its electrical and industrial power
forced to develop alternatives, could do so in about seven years. with local lignite. Louisiana expects to increase :ts use of local
Dr. Lee's own comment was that it will take two or three lignite. Their natural gas can be exported more protitabl

decades for the U.S. to achieve real production capacity with Because of little interest in the past, U.S peat resources have
synthetics. not been carefully surveyed. But U S. peat lands are estimated

Dr. Lee also noted an OECD study has concluded that de- to cover over 50 million acres and to contain the energy equiva-
velopment of alternative sources and additional expenditures for lent of about 240 billion barrels of oil. ' " That is far less

conservation would cost OECD countries $1.8T less over a energy than represented by U.S. coal, natural gas or shale, but it
forty-year period than the cost of t' e foreign oil imports these is more energy than the statistical forecasters credit to total
investments would displace. ". . . the OECD study does not recoverable U.S. oil resources. Peat. therefore should not be

take into account the so-called indirect costs; that is, their ignored.
effects on employment, inflation, and national security." IGT Peat is biomass which has already been grown Although it is

concluded the real cost to the US economy of a barrel of im- found in all 50 states, the richest deposits are in Alaska.
ported oil is".., on the order of $80-100."8 i15 Minnesota, Michigan. Florida. Wisconsin. Louisiana, North

Carolina and Maine. Its greatest handicap is that there is no peat

Coal Synthetics. Lignite and Peat industry and relatively little peat technology in the U S

While there is much conjecture about synthetic production Since lignite is close to the surface and peat is on the surface.

processes, future potential, forecasts of capital costs and such. mining or harvesting of either does not require the same capitalcosts as for coal or shale Handling and, in the, ase of peat.
there appears to be no argument that oil shale will produce harvesting and dewatering costs are important and a he difft

middle-distillate fuels more cheaply than will coal cult o foeat in cscare odtn t a l hen
cult to forecast in large scale production ,'4 Altl shale. when
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peat operations are scaled up to mammoth size, there is no metals, nitrogen and other impurities would poison the re-
experience basis for the costs. finery's present catalysts and otherwise degrade operations. Or.

In the spectrum going down from hard anthracite coal, if special refineries are eventually constructed at the shale
through bituminous, sub-bituminous, brown coal, lignite and production fields to produce finished products directly from the
finally peat, peat has obviously been laid down the least amount raw retorted oil, that retining process will also include hydropro-
of geologic tirr ,. It is correspondingly the most volatile of these cessing. With proper selection of the catalyst, it is now possible
resources and contains, generally, a higher ratio of hydrogen to to process and refine in one plant.
carbon. It is therefore more reactive and is more easily con- Heavy hydroprocessing appears to be the direction of the
verted to gas. future for jet fuel. whether from increasingly heavier natural

Peat conta:ns about bO% more volatile matter by weight and crude oil, particularl if from tar sands, from shale, or from coal,
has 25% less heating value than lignite. Peat can be used di- lignite, peat, or biomass. Fuels produced from these sources will
rectly as a low-sulfur solid fuel in boilers, with an environmental characteristically have low lubricity and additives must be in-
advantage over coal combustion. More application should be troduced to the fuels to lubricate pumps, valves and other com-
found in conversion to synthetic gaseous or liquid fuels Peat is ponents
well su.:ted for conversion to methanol. which may displace In one sense this is a minor point There is no reason to
petroleum from the automotive market It s wiTerd to conjecture believe that suitable additives are either difficult or expensive:
that peat may be more suitable for conversion to aviation fuels they are not But present fuel specifications, having been de-
than coal. The old joke. "Why did the Irish SST crash . It ra. out veloped universally for fuels produced from light petroleum
of peat!" could prove a boomerang. crude, include no requirement for lubricity This is important

Joking aside, peat deserves serious consideration Peat tech- only to the extent that it should not be overlooked. It may be
nology is surprisingly well-developed. But industrial application desirable in the future to add a lubricity requirement for all
experience is lacking. Other than direct combustion, the one synthetics, if not for all fuels
place in the world where it is being synthesized is at the Sasol Commercial jet aviation is most fortunate in that the DoD has
plant in South Africa. The standard Lurgi process is used. Along led the way with a relatively small, but comprehensive. effec-
with coal and lignite, peat is reviewed in more depth in Volume tive. and successful shale fuel refining program Otherwise, it is
2. difficult to imagine how the aviation industry and the shale

Here it is appropriate to conclude with remarks from a Cana- industry could have gotten together so effectively and within a
dian source. "It seems that peat will stand or fall by this: reasonable cost framework. Through the Air Force program
whether wet mined peat bogs can be rehabilitated to serve as (acting as agent for the Department of Defense), shale oil is
biomass farms in Canada's central and northern regions, and ready for processing into jet fuel from the standpoint of tech-
whether they do or do not cause any severe ecological im- nology. production development, and economics. as soon as the
balance in the process of being mined. If forests can be grown on crude becomes available.
mined-out bogs, they would help somewhat to mitigate the Planning was initiated by USAF Chief of Staif Gen. Lew
greenhouse effect resulting from the use of peat and other fuels Allen, Jr. in 1977. First funding was provided in FY 1979.
as energy resource." " " The question of ecology appears to be Following usual small study and experimental projects, the
the greatest obstacle in peat resource development, program culminated with a USAF-funded test in which three

different refining operators developed independent processes
Refining Shale Oil to Jet Fuel and pilot plants for refining 1000-bar.el batches of shale oil into

While jet fuel has not been refined from U.S. shale oil in jet fuel. While the projects varied in detail, each was successful

production quantities, several thousand gallons have been re- in its processing, in its product slates and in its projected pro-

fined in pilot plants and the experience has been most encourag- duction costs.

ing. Further, process analyses and plant designs have been made The Aero Propulsion Laboratory. Air Force Systems Com-

for full-scale operations. There appears to be no significant mand, Wright-Patterson AFB. held comprehensive review

unknown or barrier at this point and, as soon as shale crude oil meetings for all interested parties. military. commmercial and

becomes available in quantity, refining should be able to pro- academic. November 19-20, 1' 80 and November 17-18 1981.

ceed successiully and relatively economically At these meetings, Air Force laboratory personnel and each of

If shale oil can be mined, retorted and upgraded (by hydro- the contractors, presented comprehensive and detailed reports.

treating) at costs comparable to high-grade crude oil. we have Printed proceedings from the symposia are available, as well as

every reason to expect that jet fuel will be produced from shale individual papers and much additional material not presented at

oil at competitive prices. The resulting jet fuel should be of high the conferences.

quality. well within existing fuel specifications, and with an In a nutshell. the program reports. Shale oil must be pre-

unusually desirable low content of aromatics, nitrogen, arsenic, treated to protect refinery catalysts. although one contractor
iron sulfur oxygen and other impurities. successfully demonstrated single-stage pre-hydrocracking at the

Jet fuel from shale appears to suffer only one disadvantage refinery in place of pre-treatment Treated shale oil yields a

relative to jet fuel from petroleum, and that disadvantage will be high-quality let fuel with generous yield from a barrel of crude

common to all fuels, including those from heavy petroleum shale As compared to 15-25% jet fuel yield from the typical
crude, which are heavily hydroprocessed. Heavy hydroprocess- barrel of petroleum crude, shale oil typically yields around 75%

ing reduces the lubricity of any fuel. Synthetic jet fuel from of the barrel into Jet A and B With additional hydrotreatment at

shale. in fact, synthetic crude from shale, must undergo heavy a cost increment of about $1 per barrel (about 2.5 cents per
hydoprocessing, gallon). the shale oil can be converted 1001, to let fuel. com-

The raw shale odi will be hydroprocessed, usually at the mine bined Jet A and B Interestingly, this volume yield may be

site. to reduce it, viscosity for pipelining. If hauled by truck, tank slightly greater than the original barrel because of hydrogen

car or barge, it would still be heav'.y pre-procesqt -i before added.
introduction to a conventional ref y Its high - iterit of
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In the earlier of the two seminars, using a June 1980 estimate domestic-based aircraft. Maximum total peacetime require-
of $25/bbl for crude shale oil, the finished jet fuel was estimated ments of the DoD, Army, Navy, USAF and Marines, is about
at $35/bbl, or about 85 cents per gallon. At the second meeting, 400,000 bpd. so that should oe the upper limit of potential DoD
when details had been explored in more depth and in more buying. DoD's t-aI is independence from foreign crude interrup-
directions, it was pointed out that projected costs are considered tions.
to be reliable within about 25%. Costs are so site-specific for the With those commitments considered, shale oil offers the
mine, pre-processing and refinery facilities, that closer cost esti- possibility of a reliable domestic source for high-quality aviation
mates require these details should now be incorporated. Financ- fuel. It should come on the market at prices directly competitive
ing, depreciation, taxes and local inputs all enter into the 25% with conventional jet fuel. Even i' dedicated refine. tes are built
unknown tolerance. to maximize shale crude production into jet fuel, at something

Better answers can be obtained only by going on to produc- like 25% higher costs than for conventional refineries, the
tion. The cost of shale-derived fuel is essentially dependent on finished fuel costs still appear competitive.
the cost of the shale crude. If shale oil crude costs are competi- Members of the aviation community concerned with jet fuel
tive with petroleum crude. synjet from shale oil should be eco- supply reliability should consider whether reliability of a wholly-
nomically competitive with conventional jet fuels. domestic source with assured quality is worth an insurance

Refining of jet fuel from shale oil has been developed to a premium. If an aviation-supply arrangement were negotiated at
high degree, so that conclusions can be regarded with good existing prices and the world price of crude oil declines, then
confidence. These Air Force meetings were well attended from aviation would be paying higher than market price for the in-
manufacturing and airline operations, oil companies, labora- surance. If. however, there is a disruption in foreign supply and
tories, study groups and others, so important details are now in fuel prices again escalate upward, U.S. aviation participants
the appropriate organizations. could be protected from both price and availability disruption.

One more observation may be pertinent. Pre-processed shale The availability problem would seem to be greater than that
oil will probably disappear into the pipeline network and re- of soaring prices; with higher prices, each airline at least has the
finery feedstocks with an absence of fanfare; it will simply add a option of continuing operations. Without fuel, no option re-
very small amount to the quantity of natural crude being pro- mains.
cessed, now around 15 million bpd. Unless some specific reason If this insurance were bought. it could also be effective against
is advanced, shale crude will probably end up in jet fuel no more increasing demands of diesel and other middle-distillate cus-
nor less than in other refinery products. tomers. This question of market competition also seems worthy

The Air Force will buy as much shale crude as it can, initially for serious consideration by the aviation community as a whole.
working toward 40,000 bpd from which it could operate its or by individual operators.
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Chapter 9

Cryogenic Fuels and
Other Aviation Propulsion

Board Room Briefing No. 9 b As discussed in Chapter 7 under Deep-Earth Methane.

I This author believes that advent of LH powered aircraft natural earthquake and volcanic activity may affect the earths

or of a "hydrogen economy" is not imminent But, recognizing atmosphere more than man could ever contribute. Since far

the inevitable decline of fossil fuels. hydrogen should some day more CO2 is dissolved in oceans than exists in the atmosphere.
become man's predominant portable fuel. Varous economic or small differences in ocean/atmosphere interchanges may affect

sociological circumstances could speed the time, but the author the atmospheres C0 2 more than burning all our fossil fuels, for
doubts technological development will accelerate the process. example. It is doubtful mankind will have satisfying answers to
However, in an arena as varied, as vast and with such competi- these questions for tens of years, if ever.Howeerin n aenaas arid, a vat ad wth uchcometi 7 Geologic evidence indicates that, during the past million
tive stresses as fuel and energy, it may be shortsighted to down-

grade these possibilities. years, the earth has enjoyed less than 50.000 years of weather

2 Having proposed a case for LH, in the indefinite future, as warm as in man's recent past: the past 10,000 years may
this author must state a case for liquid'methane 1LCH4, Which is have been unusually warm. If the earth's long-term climate leans

the same as liquid natural gas. LNG) LCH 4 does not equal. but toward its colder past. and there is evidence this may already be

it approaches LH, in many respects. It is cleaner, lighter and the trend. increased heating due to carbon dioxide may be not

more efficient than other hydrocarbons. An airplane powered only unobjectionable. it could be desirable.
8. These climate questions could affect the continued burn-with LCH4 would resemble, have many of the advantages, and ig fes hc eessC 2  atclryi h ol'

suffer many of the disadvantages of an LH 2 airplane. Although ing of fossil fuels, which releases CO,, particularly if the world's

also cryogenic (liquid only at low temperatures, regardless of forests continue to be cleared and if less CO , is consumed by

pressure), LCH 4 requires less insulation. handling, and con- plant life. Synthetic fuel production generaiy releases much

siderably less energy to liquefy. More significant, and this is a more C02 than does preparation of other fuels, followed by

personal belief, methane may become more economical and combustion of the fuel itself. So. if CO 2 should be confirmed as a

available worldwide than other fuels, including petroleum. If world concern, synthetic fuels will receive sharper review than

that opinion proves valid. confirming evidence should emerge other fossil-based forms of energy.
before 1990. perhaps before 1985. 9. If atmospheric CO, becomes a serious concern, political

3. Hydrogen is currently expensive to produce and liquefy. It pressure could develop against synthetic fuel production and

is doubtful that laboratory developments will significantly re- hydrocarbon fuels- Methane would remain the most favorable

duce these costs. But at least one example has shown that fossil fuel. With hydrogen derived by water-splitting (not from

hydrogen could be competitive now with Jet A, using thermody- fossil fuels). production and combustion of hydrogen would not

namic economy and selling byproducts advantageously. It is affect the 02 balance. Hydrogen could then become a favored

speculative whether similar production arrangements could be fuel on a world-wide basis: it also could be produced by coun-

widespread. tries without fossil feedstocks. Because it also would be uniform

4. Nations like Japan and those in western Europe, which are around the globe, hydrogen could be touted as a universal

short on energy feedstocks for synthetic fuels, may view hydro- aviation fuel by nations poor in fossil resources.

gen with much more interest than the U.S. Particularly depend- 10. General Aviation problems with gasoline price and

ing on how they account for their energy costs, such as nuclear availability will probably increase. The Lest long-term solution

power, they could price hydrogen advantageously. There is is probably to build new engines capable of operating on )et fuel

international interest in hydrogen as a universally available and Some GA recreational operations may be able to use automo-

uniform, excellent fuel. Some nations are concerned about the tive gasoline, but not likely for commercial (pay) operationsunif1.mNoegaseoustfuels.appeernsuitablerforoaviationaAlcohols
Greenhouse Effect and the value of hydrogen in reducing man- 11. No gaseous fuels appear suitable for aviation Alcohols

kind's production of carbon dioxide, are not favorable. Both ethanol and methanol have low energy

5. There is the signific?-'t question of whether man's produc- content, while ethanol is inherently expensive in dollars and

tion of carbon dioxide wil. . ect the earth's climate and what its energy. They may be used as gasoline-octane additives, but

effects may be on agriculturt .ht of sea level and other vital neither appears suited for widespread aviation use. Some

concerns. Current studies here and in Britain are unlikely to applications could be feasible under unusual circumstances

reach conclusions for another year. When study results are 12. The density of liquid methane is low but its energy

available, it is debatable how many years of observation will be content is high Since it requires cryogenic tankage, it must be

required to see if they correlate. stored in the fuselage of aircraft. Small aircraft with enough
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available volume ,weight is no problem) may be able to use developments, hydrogen application problems and costs Com-
liquid methane profitably It is equally attractive for larger air- bining speculation from these issues simply compounds the dif-
craft which can accept the volume limitation. It is an excellent ferences of opinion.
fuel and less than half the price of avgas, in some cases, less than So the issues above are discussed in turn and the author's
a third. opinions are offered on each. The conclusions and consequences

13. Nuclear power and other exotic propulsion concepts do are listed in the Board Room Briefing Other opinions may be
not appear to have any early promise for either commercial or more valid, while future developments could support or dlefeat
general-aviation operations, any of them

Petroleum Depletion - As has been stated in Chapter 4 and
Hydrogen Rationale elsewhere, it is the opinion of this observer that U.S. oil produc-

Generally speaking, there are six arguments offered for liquid tion has not peaked, that it will be sustained in response to
hydrogen as a primary aviation fuel. market demand, and that it may increase in percent of U.S. oil

A. As petroleum production depletes and prices rise, the consumption over the next 10-30 years. Those who see U.S. oil
price of hydrogen may decrease If capital and production costs production already in terminal decline necessarily regard the
for synthetic fuels are high and hydrogen will become the ulti- entire subject of hydrogen ascendancy in a different light. The
mate portable fuel, then it may be economic to switch to hydro- possibility of significant political or economic developments in
gen directly from petroleum. natural gas or EOR could have a strong effect in deferring

B. After petroleum the U.S has generous fossil reserves and petroleum depletion. World methanol could have a significant
can manufacture synthetic fuels fairly readily. Other nations, effect, as could other developments in primary hydrocarbon
like Japan and many in Europe. do not have adequate hydrocar- fuels (coal, lignite, peat).
bon feedstocks. There is already interest in hydrogen as a uni- Hydrogen Price - The cost of producing hydrogen has histori-
versal aviation fuel: other nations may promote it increasingly. cally been higher than for other fuels because of the energy

C If nuclear power, solar power or any other ma)or energy required. Costs depend heavily on the assumptions made. In
source becomes economical, production of hydrogen from that 1979 the National Research Council' 9 1 concluded that, with
source is likely to be more economical than transmitting and 1980 dollars and electricity at $0.03/KWh, mine-mouth coal at
storing electricity. A "hydrogen economy" could augment avia- $0.96/106Btu and natural gas at $3.15/10 6Btu (same per Tcf), a
tion use of hydrogen. reasonable comparison would be:
D. There are many ways of producing hydrogen: more eco-

nomical methods may be developed from the active research Costs of Fuels per Million Btu
programs in many nations. Liquefaction costs may reduce Sale
of byproducts, taxes and other regulations could favor hydrogen Gasoline from Shale $ 5.05
and make its price competitive. Gasoline from Coal 7.80-10.55 (Liquefied

E. If the Greenhouse Effect becomes an issue because of Methane from Coal 6.00 @ $4.40)
increasing carbon dioxide in the atmosphere, society, or other Hydrogen from Methane 6.80 11.20
nations may clamor for reduction of synthetic fuel production Hydrogen from Coal 9.50 13.90
and burning of hydrocarbons. If produced from water, neither Hydrogen by Electrolysis 19.65 24.05
hydrogen production nor combustion creates or releases CO.

F. Hydrogen has strong attributes as an aircraft fuel. It is This information was taken directly from Reference (9-1),
light, high in energy content, burns with a very low flame which obtained it from Reference (8-1). It therefore can be
radiance, releases minimum pollution (only NO.), and creates compared with the other data of Figure 8-2. A variety of studies,
no carbon dioxide. It may be useful for laminar flow control and including those of NASA, 9 

21 IGT.19 3 ' and Los Alamos,19
-4)

drag reduction, It is probably the only fuel with which a "con- generally agree with these relationships, if not precisely with
ventional" airplane can achieve semi-global range. At high su- these figures. Others have arrived at different conclusions with
personic or at hypersonic speeds, hydrogen is probably the best valid assumptions but, in general, comparisons are similar to
candidate fuel. that .ven here.

The disadvantages with hydrogen are: first, its current high But byproducts, taxes, pricing and other factors can shift the
price second, its low density: third, it must be used in the liquid picture. Hydrogen proponents point out that prices are not fixed
phase and its liquefaction temperature is very low, -423°F. As a and immutable. In October 1980, the General Scientific Cor-
liquid, hydrogen requires expensive insulation, while the capital poration, a subsidiary of Pacific Lighting Corporation, which
and energy costs of liquefaction are high: there has been some holds a series of energy related companies, including The
question of safety with hydrogen. Southern California Gas Company, made a formal proposal'9-51

to the DOE to deliver liquid hydrogen to Los Angeles Interna-
This chapter will deal with these issues briefly. The pros and tional Airport at a price per Btu lower than the price of conven-

cons involve so many details that much discussion and back- tional Jet A. The proposal was not accepted; in its solicitation,
ground, particularly about production and the "hydrogen the DOE was seeking more immediate applications for alternate
economy," is deferred to Volume 2. In condensing the discus- energy sources, largely domestic alcohol production.
sion, it is necessary for the author to draw conclusions ard But the proposal made a very important point. It showed what
express opinions, without elaborating points that many may could be accomplished under favorable industrial and economic
consider important. Nor does Volume 2 settle the issues; con- conditions. The essence of the proposal was outlined in a letter
clusions regarding hydrogen depend strongly on the concepts of from Edward H. Erath, President of General Scientific Corn-
energy and fuel that each assessor perceives. pany, to the DOE:t'61 ". . , This proposal is to develop the

The same problem accompanies each component of the dif- General Scientific Liquid Hydrogen Aircraft Fuel Project. It is
ferent issues: depletion of petroleum; economics of synthetics; intended to produce liquid hydrogen from coal, using the con.
economics of nuclear, solar and other power sources; national tinuous steam iron process and producing both electricity and

plans and preferences: future technological and industrial heavy water as bk;-products. The by.product electricity and
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environmentally desirable features of the continuous steam iron Fusion plant costs are compleiely unknown and appear likely
process enable the production of liquid hydrogen aircraft fuel at to be higher than for fission plants In fission plants, particularly

a delivered rice less than that presently paid for aviation kero- with fast-breeder reactors. fuel costs are already low to negligi-
sene. When fully used by the airlines, liquid hydrogen will ble. When waste-disposal costs are settled on an equitable basis,

directly replace over one million barrels a day of middle distil- nuclear fission costs should stabilize While no fuel wastes are

late fuel " produced with fusion, the reactor s protective blanket shield will

"This project will cor ie commercial size equipment to be heavily bombarded with neutrons. will develop much ra-

supplement the aviation fuel supply at Los Angeles International dioactivity. and will present a comparable disposal problem,

Airport with 200 Tons per day of liquid hydrogen. the equiva- which some say may be worse
lent of 3440 barrels of oil per day and replace over 200 Here again, however, accounting or political policies could

megawatts of base load oil fired electricity generation upset the balance Nations which subsidize their nuclear indus-

The proposal itself goes on to explain, "The low hydrogen tries could show a lower price of hydrogen on their books.

fuel cost is possible because of cogeneration of byproduct elec- Nuclear powerplants can use off-peak power to manufacture

tricity as the gaseous hydroger is produced from coal by the IGT hydrogen. Other powerplants using "renewable" energy can do

continuous steam iron process. Approximately 200 megawatts the same, wthout the incremental fuel costs of fossil-fuel-

of cogenerated electricity will be produced and sold by the powered plants Depending on how plant capital amortization

facility " California's Public Utilities Commission sanctioned and other charges are spread, a nation's accounting method

this sale of electricity at 7.145 cents/KWh to the Southern could show favorable hydrogen costs.

California Edison Company, backed by the Public Utility Some Canadian powerplants are already actively studying
Regulatory Policies Act of 1978 (PURPA). hydrogen production as a means of storing off-peak power,

As a part of the project, Lockheed proposed to study the particularly in the eastern provinces with excess hydroelectric

liquid hydrogen market, to design hydrogen conversions for L- power, but also in Saskatchewan. G7 Some are expected to act

1011 aircraft and, in cooperation with Continental Air Lines, favorably on the studies. The hydrogen will be burned in

would have planned to operate a small demonstration fleet to aviation-type gas turbines directly during peak load periods,

use the 200 tons/day of LH2. instead of using let fuel. This type of operation doubtless
While unsuccessful, this proposal illustrated the possibility accounts for hydrogen at a relatively low cost, a lower cost than

that special combinations of energy production and marketing, the powerplant would pay for jet fuel!
financing and taxes. may produce surprising results. It suggests Synthetic Fuels - Particularly if shale oil is economically com-
also that other types of synthetic fuel production might develop petitive, the author sees U S. synthetic fuels stretching out much
favorable arrangements with which to compete. longer in history than our oil epoch, indefinitely for all practical

It is interesting that often hydrogen costs are based on electric purposes. But a proponent of hydrogen sees synthetic fuel costs
power costs for electrolysis, so that higher costs for electricity as speculative as the cost of hydrogen. Admittedly. synthetic
produce higher costs for hydrogen. But here is an example fuel development costs appear to be rising faster than costs of
where a relatively high cost of electricity, sold as a byproduct, other fuels or the rate of inflation. But now that the boom in oil
was instrumental in lowering the cost of hydrogen production. and synthetics has sagged, the cost of development in both fields

As has been mentioned, water can be split into hydrogen and may recede back to parity with the rest of the economy.
oxygen at low temperatures with relatively high electrical power However, mining costs, synthetic plant costs, operating costs
applied (see table above)- The total thermal efficiency from and infrastructure costs are not known. The total capital invest-
water to gaseous hydrogen in the pipeline is about 24-35%. It ment for any synthetic fuel production is certain to be high. The
can also be split at high temperatures by heat alone, at about hydrogen proponent observes that his production investment
1200°C. Between these two extreme conditions is a whole spec- and costs should not be assumed higher. Costs for synthetics
trum of electrochemical and other processes, many of which are may give him ample leeway to come in at a better price. The
being investigated. hydrogen proponent sees the high costs of mining and handling

Some reduction in cost from straight electrolysis should be synthetic feedstocks as a perpetual, tempting and attainable
expected. But it is not believed that any laboratory will produce target.

low-cost hydrogen. Thermodynamics and chemical bonds are Nations which do not have adequate fossil fuel feedstock
about the same in the various projects. The author believes only resources would presumably buy their synthetic crudes and fuels
special political, economic or industrial combinations can make on the market in the same way they now buy petroleum crudes
hydrogen competitive in price. -nd fuels. Whenever they can produce and use hydrogen at a

Nuclear. Solar and Other Power - Nuclear electric power has lower net cost. presumably they will do so. The hydrogen propo-

been cheaper than that produced from other sources. When nent concludes that day will come and he believes it to be

hydrogen is to be produced or liquefied on a large scale, at least relatively soon, possibly within the current petroleum trend.

in the past, the cheapest way to do it was with nuclear-generated Realistically, when the next crude oil disruption takes place, if

electricity. But restudies of nuclear plant designs and enhanced the price of crude jumps again as many feel certain, who is to

protective systems have increased nuclear light-water reactor say whether the cost of manufacturing hydrogen will escalate as

power costs. It is currently speculative to assume whether fast- fast as we have seen the cost of synthetic developments rise?
breeder reactors will emerge and where nuclear fission costs will The gap could close or reverse. Having abandoned their bets on

settle down. shale oil, how would Exxon regard the relative prospects in

Considering that electrolytic production of hydrogen is such hydrogen?

an expensive method, there appears to be no means by which Hydrogen Production - It may be expected that the energy
nuclear-generated electricity costs can be reduced to yield a cost of hydrogen production development will decrease through
competitive product. Nuclear fusion is at least twenty years from technological improvements In general. electrochemical pro-
commercialization and may offer little economic improvement, cesses appear better in energy than straight electrolysis They
if any. may become more economical, overall, in dollars. But it is the
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'hiii' 'ere !m. altn~ugh the improvements will be worth- hydrocarbon fuels reasonably avaiiabie to him and also 1i-s

.t'iA? ini _ost reductiins tnouiCt be expected, they will not be turbed much of the plant life -can earth, most Jf the excess C02,
, A.t,ntaai eno(-ugn t, reverse the cost relationships between which would result would be absorbeci into, soiuiion by, tnie
".:'.g;en and )trier tuels oceans and the earth's climate .~udnot be 'greatly atfecied

Nernel~sthe (3eneral Scientific Corporation propusal It really appears that -we don t know Some calculations have
.'kai eg itimate tuliy :ourdindted and approved, under firm con- indicated that only two or three degrees centigrade average
!,3,:. it k~oi,1d nave iecre iquid hydrogen at a lower price change can alter the c-limate. .vith greater effects in the tern
'c-ar ;et A -rhun me combination of .:ircumstances was perate zones than nearer the equator come areas would expect

,poctal. i- s possilhle that other special combinations can be !ess rainfall sume mote It ;sn' clear who might b enefit o.- s,!ffor
assenib'ej bt trepretreurs The author doubts this can be done and to what extent But a fair consensus is that the effects !'.keil,

.a nationrwide --r '.worlcwie scale, but that possibility exists. would disturhi present agricultural patterns 'cncdrhi.r thatt
it shouid be .cuserv~ed that similarly favorable thermodynamic any change xculd be signif'.cant t-o world agr:, u!ture

and economic comoIinattons may be developed for synthetic fuel The L' S Weather 'Service .a, a mandate fromr Ccongress t
production and other fuaei developments. c'cmnplete a compreriensive report over a pertolj of two y,,ears.

!ija-c!tnre iuth- n.itends that, mith anything like a favor- Awhich vill end about the close -,f 1982 A sim'ilar stud,, .s
abnle s3et t:i :ru mnes or this country, natural gas vould ro underway :n Brtco here Therc had alread beer muchi in-

rder h e 'tt r nrc perhaps the world's energy picture The teres, ind acti' tv But. as has beer. said 'tecades of' dat? mray b~e
nr:nne'e Strat.j .i najl JIIe this entire report acadlemic needed to verifv these stuoc', -osu'lts ar-c. h'. ar ti-ne, th E rend

Each enerqy. proponent is rightfully enthusiastic about what might be irreversible.
nis ctroice coaL compl!Sh _,nder favorable circumstances! The Probably any opinior o-r,. the suble cr at thic -noint is :com-
itnor :ontents, that tavorable circumstances have been created pletely unfounded. But if experience with tte cSTwate

"arsec ror'.'s oressolar. iicohoi' which cannot produce modification nrTedict'o(nS liue to ozone i oes any 'r-dicat'o-.,
,-rerqy it roe iveee rate Anile those which could natural gas those dire forecasts were not only refuted later, effects were

ir c) revo'.l This condition may not be entirely found to be oppositc, from the predic-ttons
a..cn n!,t1&_K.ieig natural gas or EOR would upset the Hydrogen Liquefaction - First le t ,he-e b-e 'to iubr ~om--

; t~ting pressed nydrogen gas or any gaseou s iccl r n-' suitat'le
:tia .9O' .. an cix and on the record, it appears that aircraft As an llus.1tratiOn.' compressecr met~a-w -'. D

po 'c egoaI ' tcixes and other considerations control the pressed natural gas' :s uised ccnsiderab>. aoroa ;- Sri
:narginal pr ;r.terc and cryogenics almost as effectively automobiles and trucks, largely in fleets L'.'r, at prcssL "Cs "ieir
As tne Oort ! c':ce'a)i petroleum, enhanced oil recovery and 3000 psi, limited energy can be stored :n a
-tat aral gas into an automnobile Atid the tank :S extremre in. heac L a3-r

Greenhouse Effect '- Concern is that CO, in the earth's parable to industrial jas bottles commo)nly f e' r :,vge-.
atmcsphere acts5 ike glass !n a greenhouse Solar radiation With such an 'nstajiaton. a tyiaatotnobile rar Cn~ l
passes througn the atmosphere and its CO.. When this radiation under a hundred miles. Comprese-a grun ve?,iw as are -ke
is abscirbed byv the carth s surtace or other materials, converted battery .,vered !ehicles, neavc anjd inerert!', 'arq.-: ..rn'e
to neat ana oart'.av re radiated as ntra-red. the infra-red radia- should be evidient that "tte hieavy '.keignl ann rest:, te-- t Ie.
t:,h :s trappec! (A ) -in toe atmosphere. The amount of COI, in suppl make -ompressed gases utterly. .mpractia., ir vr-oa",
nre atmonsrpere is ,imr, small, so it can be increased significantly Liquid hydrogen a, _-r~ogenic At -c)omrr err-ci . tsqae
Dr acpe.nv re? sitely -.mail additions faction pressure is 200ij a;tmospheres 3' -.'rs t

Mroitther ismn'..n ~n." not well understood is the cooled to -423'F ohrere -i can, he I: tt. ' ".o'ae
e2xchangve )f CC) bet'.een tne oceans and the atmosphere; pressure As woulo be expecton' ryogenic rene.:r' "e.e-
(oceans conitain ta r more CO. than does the atmosphere. Addi- significant engireetnq: challenges although the AS ra
tiondit LD) "'. he atmosphiere may stimulate plant growth. which Program has deveicapec r.tcn tchnlogy. Pquj"'reT i
;sest 3 nt rcases oxygen With less-developed nations handling procedures While cryogenic .nui' s opir-ti
scrounqi'-u to- i*,5'.kuu(ia. ungles like the Amazon being cleared. cared. ociloff r~ate is ok,;'.vpcic'' per uav' Xr asI' A

a'.' jniiar cleveiopments. it is very dlifficult to forecast the 0' b2 e dyt ulk storaneA
' ttom or k~orid CJO nalance. But hydrogen iiquetaci-To as expens:ve it takes ihout -,

.-rrme o)bsercer s nate conciucter that these interactions are so energy in a pounc! cit mogtzr: to iqulefy, a pour'.c. anou61 a i
cmnex aind climnate trends so gradual and erratic from year to thermal efficiencc . incarge 4uanitmes. this 'quefactAn TA~eaa

year that, by the time ko could verify; any hypothesis. the trend very substantial plant and equ;pmnen! >ystenc A -ii, .

voic probably bec too weil established for man to reverse it. Figuro 0 1. a plant to, maitin qi hyd-,gecr ftce-

Ar ine same tirne, o)thers have noted that the earth appears to for aircraft at O'Hare Airport would -ostI -iverT a c'fi o
ne in an unusually warm phase of a 10,000 year warm cycle and 197q dollars. ' 2 instead of -enting to the atmosphere t
that the 'normal* climate is much colder. - 2' David Lindahl at more economical to Collect boiloff from aircraft ! c are 'al t
the Library of Co)ngress has observed that temperatures re- service and during fueling operations So the irport wonujli'
corded at both poles indicate that the earth may be slipping back a full re-circulating LH ', system. with return -4 gaseous oci
tuward a mini or a real ice age. gen from all its fueling stations. The original gaeusfvcimqer

A'.nother consideration may be the dust released during large would be delivered to the airport by normal u.eg.und p'
volcanic events and the fact that weather alteration has been line, unless the hydrogen manufacturing plant cv& i i ,tw ae
.itrihured to theqe events in the past. The fact that volcanic at the site
e.vents and earthquakes evidently release large volumes of CO , It has been suggested that magl-ini qevru '' i

id other gases - imay affect thr' atmosphere more than man veloped to a Scale for , ommerc1il :iH, TeOCI, '.'c b',t'
,cart, conirhite Whether he comment is responsible or not, costs The NX-) Los Ala[T-ins Laboratni1eS ''.'.''1-

-arne 'i~r'e it l' ast o(njec tured that, if man btirned all the



project. Magnetic liquefaction is in its early stages for commer- Some characteristics of both the fuels and aircraft designed to
cial application and one might expect anything from 5-20 years operate with LH2 and LCH 4 are compared in Figure 9-2, which
for process and hardware development, is essentially taken from Reference (9-8). The information in

Hydrogen Future - Hydrogen supporters point out that the Figure 9-2 has been criticized from at least two views. First,

U.S. has a variety of alternatives for petroleum and after petro- some have commented that it is now out of date and that more

leum. Other countries, particularly Japan and our European recent comparisons would show better relationships among the

trading partners, are not so well endowed. The U.S. may assume three candidates, SynJet A, LCH 4 and LH2 That is no doubt

that its aviation fuel needs can be met for some time with true.

petroleum and then for an indefinitely long period with shale oil, Second. all three fuels were derived from coal. in order to

coal liquids and a variety of other resources. Our trading part- present a common basis. But syn)et can be produced more

ners may conclude they would simply be replacing foreign cheaply from shale; LCH 4 can be natural gas liquefied directly,

exchange problems with OPEC for foreign exchange problems and there are cheaper methods for producing hydrogen. All

with other countries, these objections are valid. But departure from these assump-

These resource-poor nations may insist on hydrogen as a tions may lead to even less representative comparisons among

universal and uniform aviation fuel, producible from water by the three fuels.
If an immediate selection of future fuel were needed, a newernuclear, hydroelectric, solar, geothermal. or any other power stdwolbeesrl.Inayewtuthgonrus

available. Depending on how they determine their costs, taxes study would be desirable. In any new study, the groundruies

and so forth, other nations might conclude that hydrogen from should be given greater care than the analysis itself. But it is

domestic power sources is preferable to synfuel from sources unlikely that any decision need be imminent or that a new study

they do not have. At any rate, that is one reason given for future will be made with negotiated and accepted groundrules. So
emergence of liquid hydrogen. these results are probably as good as we need now and the best

we can expect for some time.

Liquid Methane (LCH 4, LNG, or liquid natural gas) - Liquid The marketplace still must determine whether or when synjet
methane is best discussed along with LH2. In many respects, can compete with conventional jet fuel. A movement on to
LNG approaches both the advantages and the disadvantages of cryogenic fuels will be stimulated by price competition. by a
LH2 , not fully attaining the extremes. It is cheaper to manufac- need to reduce release of CO 2 into the atmosphere, or by foreign
ture or can be obtained directly from wells, easier to liquefy and countries urging a universal airline fuel.
handle, but contains less energy per pound. An airplane
powered with LCH 4 does not equal the performance achieved Liquid Hydrogen a an Aircralft Fuel - Existing aircraft
with LH 2. As seen in Figure 9-2. it is only marginally superior to engines can be modified readily to operate on liquid hydrogen.
an aircraft with conventional or synthetic )et fuel. Ordinarily, the basic engine would not be changed at all, modi-

While LNG can be liquefied directly from natural gas, it fications would be limited largely to fuel controls Operation
woild be excellent and all performance criteria would equal or

gen; it requires a oydtocarbon feedstock exceed performance with standard fuels These conclusions are

based on flight tests several years ago with a hydrogen-powered
aircraft.

Figure 9-1
Capital Facility Costs ($Millions)

(Chicago-O'Hare 40,000 BPD Equiv.)

SYNJET A LCH 4  LH 2  LH 2

CAP. ITEM (SHALE) (COAL) (COAL) (COAL) NUC. ELEC

PROD. PLANT 1,503 2.211 1.590 1.348 7,595

2500 MI.
PIPELINE 63 63 322 379

MFG SUB 1,669 2,377 1.912 1.727 7.595

AIRPORT
LIQEFACTION - - 583 1,050 °  1.050"

STORAGE NEG. NEG. 14 72 72

AIRPORT
SUBTOTAL NEG. NEG. 597 1,122 1,122

TOTAL
SYSTEM 1.669 2,377 2,509 2.849 8.717

*LARGER THAN ANY NUCLEAR POWERPLANT BUILT.
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Figure 9-2 operating cobts ir, t' e t-, comparable for all the I,",
Cryogenic Aircraft Fuels synjet airplane ti w quid methane airplane ira ,

(Liquid Methane LCH4, Liquid Hydrogen LH 2) size and ,,eiht in, ir-v nearly comparable loads of !Lll

Compared with SynJet LH., poweredr iir raft 2')- 25", lighter and carries anh, ,'.

one.thrc the .ej.r i l. should be noted that the c ,wpar
son is made for , n nri mission, Long ranges are m,,ro

Subsonic Aircraft Costs favorable t,) rvogeni. ,iircrafl

(400 Passengers, 5500 N. Mi. 0.85 M) There is at east Tne nlrntial r-f using either of !he r. T
fuels to cool the 1!rvr t' -,o.r perhaps extending req ,r- -

SYNJET LCH 4  LH 2  laminar flow and achieving drag reductions up to 25 .r. I ! "

A flight At the present time th's concept exists ,ni n pApe! a
one of the recon'meniations of the Ad Ho, Exeuit-.e -_;

BOILING POINT (ATMOS) 350oF - 258'F - 423 0F (AHEG) of the international Smposlum ,eH,. " ,
Air Transportatior ' .s hat ! be explore:i eper'rie

GROSS WEIGHT-LB 512.000 497,000 372.000 successful, the concept shoi be more pra.o . , -.
air to maintain hounoar. ;aver stabi)iii The, r .

PRICE - SMILLIONS 44.5 48.1 43.1 belief in the n ius',r. t'at s,,me further 'am '" -.
obtained b,. a:rf I ,s .- ", u! p mp :g ,,,

DOC - CENTS/SM 2.15 2.17 2.18 As a corollar, .. 'a, reresr. there have 6een '., "
sions of USSR :nere, .- ',, :,'ogen As one th:r, "r r

There is no gumming or fouling, while hydrogen burns with the IIASA stucd, - .. et participants "

an almost invisible flame. Due to low radiant heat from the long-term pian ,s 'rar:srun . a hydrogen base:..

flame, the temperature of fuel nozzles, engine combustors and distinguished :r,, .:'. ,ecrca, based econm-. .

turbine components - virtually all the expensive hot-section tion press ha n,te.: ,,nt nterest in aviaic,..,.:: -

parts - will be lowered. Engine maintenance and inspection more than one ,.. a, Alter the Paris Ai! - '

costs could reduce significantly. Reduced radiant heat could Aviation Week and Space Technology reporrTe- " :' -

offer the possibility that higher stresses could be accepted and said deveiopmet -i :_.ture aircraft includes a pi6 !., -

engine performance increased, hydrogen as the 'ain o .irrcrait fuel b, the i :c -' -

Modifying an existing airframe for a hydrogen fuel system is early lq1iis e, 'k'ce !har these are proba.,
another matter. As has been suggested, expensive, sophisticated from USSR enthUs.asts.., - statements .n r , r. '.

insulation is required. As a result, it is impractical to insulate flat planets. On ne ,hor '-uvet economics ma,•
vessels like the average wing tanks. Except in a few areas, the ferently
wing thickness would be insufficient to contain the insulation One finai drscussi.rnai. be pertinent regar..,r.: .

and appreciable fuel volume. So all or nearly all of the fuel must fuels and the priritpects for supersonic transports krge Z,

be carried in the fuselage. cruise efficiency .I pr.)porti(na to the cruise speec r La. r.
Tanks would be expected to be cylindrical, not because of number 'MI. the i:ft ira, ratio aerodynamic eff;c;enro .

internal pressure, but to minimize the insulation costs and reciprocal of the specit'. fuel consumption prcpuis:.c at

weight. Since most heat enters such a tank by radiation, rather ciency). and the .og.r the rat:o of fuel-empty weigt *,. rue ,

than by conduction, the geometric shape of tanks is important. weight tessentia, , r"e .; r the fuel ranK. or no.,re 'e

Surface area must be minimized. It is likely that tanks will be structural effi,,er,.a.
required both fore and aft of the passenger cabin to maintain Cruise Effice',vI - M v ) x I SFC x log,. W \k
balance, and so it is unlikely that access would be maintained All other to., - ' "r,-_i ng the same. the a;r.-. A

between the cabin and the cockpit. highest cruie spe_,I A:!.i the longest range
As part of the General Scientific proposal to DOE, Lockheed All other ta ,r- pe ot remriain equal as speed .ai-.,,,

would have modified aircraft to be operated by three airlines out ever, and near the speed of sound. L D decreases markedlk 7t
of Los Angeles, a trunk, a local and a freight airline. It would desirable to ruisk at speeds either belo, this 'jag rse I- 'keil
have been interesting to see how those airplane modifications above it At arou!I_ Matt, 2. !hi, Concorde still siffeT "!, n-, i-
would have worked out, as well as the hydrogen handling and unfavorably lo" - ;'rhinati.,rw ot M and L D The ic .
flight operation details. SST was designed t.o cruise at the highest speed permitter h,. ts

New engines and airplanes optimized for liquid hydrogen fuel. Jet A
would have superior performance. would be smaller and lighter Aircraft internal tvat as r,:)ected to the fuel r lr,. 2.:- ,r,

than conventional aircraft, and would burn fewer Btus per the engine burners Because iof high outside toi'iv,
passenger-mile. A brief comparison of aircraft using syniet temperatures. ;t .as ineconomic to reject heat utsidt thv
(or Jet A), liquid methane and liquid hydrogen is shown in plane.) With standard Kerosene fuel ithen at II cents .al
Figure 9 -2. '98 Belaboring the obvious, results of this table the optimum cruise speed was established at Mach 27
depend on assumptions; they have also been subjected to criti- speeds above Mach 2 7. more heat was absorbed and pi' ni
cism from other sources, but they are believed generally repre- inside the airplane than the fuel could accept before it .'i )I
sentative. the engine spray nozzles ,with a suitable safety margin appiwi4

Even the SynJet A airplane could not be in service in less than If cruise speed could have imreased further without heat r,'.
eight years, the time it takes to build and certificate a new tion problems. the next harrier was loss in propulsion OffIL e'I
engine of conventional design. The LCH4 and the LH 2 aircraft above about Mai h . , Aapproaching the combustion limits )!
may not take longer, but a new cryogenic fuel production and kerosene The titanium structure would have been tapabi,,
distribution system is likely to require more time. gaie beyond Math 2 7. perhaps to 3 5

Considering such relatively small differences as the direct going b lon ach 7ers o o a
operating cost comparisons, we should conclude only that ariarl n ith ferosene vea ollar al , tappears ,t 'e a', p,,ss hri of a kerosene powered > 'T ,
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anyone wanted one. On the other hand, an SST powered with only around 5"', of aviat rn fuei. its diff:culties are further 4 cer
liquid methane or hydrogen opens up a new vista, not only in tuated by d thin market As more general aviation gr,.-vs nir,
combustion. but in the large cooling sink afforded by the cryo- turbine-powered equipment and uses Jet fuel commuter airlines
genic fuel itself. There is reason to expect that a crvogenically- for example, gasoline may become ncreasingly scarce
fueled SST would be more economical and use less fuel per
passenger-mile than subsonic aircraft. It could be economical Alternative GA Fuels
only if the rest of aviation also used liquid hydrogen and shared A major move of automot:ve fuel toward diesel. methanoi
in the fuel liquefaction and distribution costs. methane could either improve the aviation gasoline siuation or

And, still further out, there is the AeroSpaceplane concept worsen it. If some refiners decided to retain a small gasohne
which was explored prior to the Space Shuttle selection. An output or i some refiners specialize toward producing gasoh:,e
airplane fueled with liquid hydrogen could take off from a run- the effect on aviation could be salutary However -ith the

way, using atmospheric oxygen instead of liquid oxygen that the
Space Shuttle carries in its vertical launch. On climbing through modify their plants to elmiate gasoline production entirel'g

the atmosphere, the AeroSpaceplane design would use the heat- The , might use ther hydrotreatig capability toward meeting

sink capacity of its liquid-hydrogen fuel to liquefy air, separate the stronger middle-distillate demand. Furt, ar compounding the
out nitrogen from the oxygen, discard the nitrogen, and proceed problem is the present need for three grades of aviation gaso
on into orbit with both liquid hydrogen and liquid oxygen, line: 80 octane. 100 octane and 100 low-lead. Alternatives zo

Safety with Liquid Hydrogen and Methane the present situation are hiyhly desirable.
There has been recent interest in methanol and even ethanol

Discussions of liquid hydrogen often surface concern about as possible aviation fuels The case for ethanol appears particu-
safety, the so-called "Hindenburg Syndrome." Some experience larly poor because, in addition to its low energy density, there
has been gained with the space program and other operations, small likelihood that it can be made available at competitive
NASA has conducted limited experiments and, under contract to prices. Except for possible isolated cases, this author concludes
NASA, both Lockheed 9 11i and Arthur D. Little, Inc.' 9 12

i have that the only application ethanol may nave in aviation is as an
made assessments. From viewing movies of hydrogen cloud octane enhancer. Other alternatives, including methanol for
movements and the other information considered, this author octane-imp:*ovement, would seem to eliminate ethanol from
would agree that the crash-fire hazard of kerosene, LH 2 and future consideration. For the farmer who would like to produce
LCH 4 are generally comparable. From the viewpoint of a pas- his own ethanol, the reply would be to make methanol instead.
senger, LH 2 appears to be preferable. Unlike ethanol, methanol offers good prospects for stationar.

For passengers who survive a crash, any of the fuels is likely turbines. The primary problem of methanol n aircraft. :its loy
to ignite, kerosene because it breaks into a fine mist in impacts energy density, reduces range payioad severely So. if some
at speeds near landing or takeoff. The A.D. Little report re- unique operations, perhaps local flying or other short range
marks, "Our basic conclusion is that the crash fire hazards are specialties, can accept its rangepayload penalties then metha-
not significantly different when compared in general for the nol may provide attraction for a few turbine-powered aircraft.
three fuels, although some fuels showed minor advantages in Methanol appears more favorable in p:ston-powered aircraft
one respect or another." Because of its good octane characteristics, engines powered

In summary, hydrogen burns rapidly, creates a smaller fireball with methanol can be run to their mechancai limits: they are
and emits less radiant heat. Hydrogen also creates less hazard in not limited by the fuel. At higher altitudes, methanol burns at
a pool fire. Vapors of the two cryogenic fuels can disperse cooler temperatures than gasoline, so rich fuel mixtures are not
downwind and present a hazard and, perhaps surprisingly, re- required for engine cooling One private group which has been
main near grade level. (It is said that approximately 3/4 of the experimenting with methanol contends that they get better
potential energy difference, represented by the hydrogen's den- mileage at high cruise altitude than with gasoline tinfortu-
sity and temperature, is dispersed in violently turbulent mixing nately, their aitcraft instrumentation has not been capable ot
with the atmosphere and only 1/4 in vertical motion), providing a conclusive assessment Propulsion experts from

Hydrogen has wide flammability limits and is most likely to industry, government and laboratories have been unanimous in
ignite, but this increases the chance of earlier ignition and may discounting that possibility. The Known altitude disadvantages
reduce downwind fire hazard. In a hydrogen fire, cabin occu- of gasoline are not expected to be overcome by methanol due
pants should wait inside between one and two minutes for the to its tremendous disadvantage of about 50'7, less energy per
fire to burn out, with little radiation, rather than to attempt an gallon
early escape. Government offices have contended that the answer to this

debate is not likely to favor methanol, nor is the answer of wide
General Aviation Propulsion and Fuels public interest For those reasons. if methanol offers some

Some material presented earlier in this report is applicable to advantage to GA. either industry or users will have to evaluate
general aviation aircraft operations and because of that, the the possibility for themselves. No governmental department
sequence adopted here is different than in a paper directed intends to resolve the issue
solely toward general aviation. It would be more natural to start It may be pertinent to mention here that neither the Govern-
where we are in the aviation gasoline situation and, from that ment nor the FAA specifies the fuels used in aircraft or aircraft

base, proceed on into the prospects for alternatives. Instead, engines. Technically, any individual may operate his equipment
with the close proximity of methane discussed above, it will be with any fuel he likes, so long as the equipment is licensed to do.
reviewed first, then gasoline, and lastly the more advanced so, Anyone can apply for and receive a license for an, (wmbina

prospects for general aviation (GA) propulsion. tion of powerplant aircraft with any fuel The problem is in the
Those readers active or interested in general aviation need no cost of demonstrating that the combination is safe

remi.iding that its problems are primarily in availability and Because of this expense. the manufacturer )f a heck engine
price of aviation gasoline. Since aviation gasoline demand is usually applies for certification with fuels he thinks important t,
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his engine sales and customers. For example, it is believed that more days may be required to reconfigure the refinery for stan-
all U.S. commercial jet engines have been certificated to operate dard operation. The avgas output is naturally charged with most
on both Jet A. Jet B and mixtures of the two. During certifica- of these costs. Distribution also departs from standard mogas
tion of each engine type. the manufacturer must demonstrate operations.
that his engine's power ratings, safety levels, maintenance Mogas specifications are less exacting to begin with, while its
procedures. etc. are satisfactory with all the fuels for which the handling is far less controlled Protection from water, rust, dirt
engine is to be licensed. It is this demonstration which may be and other contamination is usually dependent on the interests
expensive, and reputation of particular distributors and retailers. While

Similarly, when an airframe manufacturer specifies an engine avgas-handling facilities are regularly inspected, mogas facilities
for his airframe, he must demonstrate that the aircraft and its are maintained according to their owners. As avgas distribution
fuel system are compatible with that engine and with each fuel decreases in volume, there is less incentive for distributors to
for which the type certificate is sought. maintain the equipment and care that they did as a matter of

An engine manufacturer, therefore, may decide to certificate course in the past.
an engine for ethanol, methanol, methane, diesel, or some other It has been suggested that quantities of lead-free mogas could
fuel at his option. The same is true for an aircraft manufacturer; be produced to avgas specifications in large batches without
he may seek a certificate for a new fuel without assistance from significant increase in cost. If so, appropriate quantities of those
the engine manufacturer if he wishes, but he would need to batches could be diverted to avgas distribution and, as long as
supply the demonstration. And an individual aircraft owner maintained with avgas handling integrity, could be entirely
could do the same thing at his option. For example, a natural- suitable as avgas. After being assigned into mogas channels, the
gas pipeline helicopter operator might certificate its equipment remaining gasoline in the run would not be used as avgas.
to operate on liquid methane, with or without participation by Refiners have commented that this concept may not finally
the helicopter or engine manufacturers. provide aviation fuel at a better price. It may take time before

Certification for experimental operation is easier to obtain the concept is resolved, favorably or unfavorably. In the mean-
than where the public safety is at risk; certificates for commer- time, at least one GA aircraft manufacturer is proceeding toward
cial passenger operation carry the most comprehensive demon- a Supplemental Type Certificate (STC) to operate one specific
stration requirements. airframe/engine combination on mogas. As it is being pursued,

But the important fact is that the Government does not pro- however, the STC would permit operation with mogas only for
hibit application for any combination of engine/airframe and recreational flying. No commercial operation - flying for pay
fuel. On the other hand. aircraft may be flown only with fuels - would be permitted under the STC.
which meet specifications for which they have been certificated. If resolved for the 30% of U.S GA aircraft which use 80-

The best long-term solution for general aviation may be to octane avgas, a problem still remains with the two grades of
design future reciprocating and other engines to operate on jet high-octane gasoline: 100 and 100 low-lead (10OLL). Some
fuel. Some aircraft engine manufacturers have adopted that engines have been developed for low-lead operation to meet
goal, although solutions are not yet in sight. Operators of small emission standards or for other nurposes. originally with the
aircraft, particularly those which use 80 octane aviation gaso- intent that 10OLL could be useu ior all high-octane aviation
line, are hopeful that automotive gasoline may be used in air- engines. But it turned out that some engines designed to operate
craft engines, on leaded fuel require the lead for proper operation. Further,

some low-octane engines which had been hoped to operate on
Mogas in Aircraft 1OOLL, found that it still contained too much lead.

Great Britain is likely to permit the use of automotive gaso- Thus, if low-octane engines can accept the new mogas/avgas
line or mogas in small aircraft operations, but the situation is and all others can use 10OLL with suitable additives, the avia-

more difficult in the U.S. Because of diversity in climates and tion gasoline problem will be significantly improved.

altitudes, U.S. mogas is conventionally blended for seventeen GA will still be concerned with aviation gasoline supply prob-

different markets in this country and changed with the four lems outside the U.S. Prior to the Iran-Iraq war, the formerly

seasons. An aircraft which could use a certain mogas blend in a British Petroleum refinery at Abadan. Iran produced about one-
given loca;ity or at certain altitudes, might find that fuel un- third of the aviation gasoline in the world. With that supply cut

givenoff, the entire Middle East -Af rica- India supply system has been
suitable at another destination or at points along the flight path.

Avgas is produced to more definitive specifications than disrupted. Whether and how this supply is restored is a matter of

mogas, since aviation requires more peak performance relia- conjecture. While it may not affect GA operations within the

bility, altitude restart capability, and other qualities. Because U.S. directly, it has already depressed U S. GA aircraft exports

avgas characteristics are tested before it leaves the refinery, and might be expected to affect the used-aircraft market to some

distribution of avgas must assure that these qualities are pre- extent. This sort of experience with foreign sources should

served. Except where an airport may be very close to a refinery, further stimulate U.S GA engine and airframe manufacturers to

avgas is never pipelined because of the small quantities look toward middle-distillate fuels

involved. If avgas is handled in a barge, tank car or truck that is The Electric-Powered GA Aircraft
not reserved for avgas exclusively, it may require retesting be-
fore it can be passed on as avgas. If this retest is demanding, as Strange as it may first appear, there has been interest in
for octane rating for example, it may be necessary to ship a industry as well as in technical literature toward electric power
sample back to the originating refinery, for GA aircraft. A first reaction would be to question the sys-

The cost of avgas is increased further because, while only a tem's power-weight densit,, because electric motors and electric
half-dozen or so refineries in the U.S. produce it, none of them power sources have traditionally been very heavy.
runs avgas continuously. Thus, four or five days' shut-down may The aviation concept has been derived from light-weight elec-
be required to prepare a refinery for an avgas run. A five- tric motors and fuel cells successfully developed for marine
month's supply is then produced in only a few days. Several torpedoes. As explained by Nigel Moll in Flying," 12)
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. . . how about a Bonanza powered by a torpedo's electric The B-36 project achieved its goals; the airplane was flight-
motor, lithium and hydrogen peroxide? That's what Don Gal- tested, the reactor was run to criticality, and the airplane and
braith, a missile expert with Lockheed Missile & Space in Palo reactor were maintained as planned. As would be expected, the
Alto, California, is working on. At the moment, the electric B-36 airplane was extensively modified to provide radiation
Bonanza is still on paper, but Galbraith has done a stack of sums protection for the crew and to contend with radioactivity expo-
that show his project will work." sure of all the components and materials in the airplane.

"Basically, his paper envisions removing the 205-hp piston The Air Force and Navy programs encountered comparable
engine of an early Bonanza and replacing It with a direct-current problems. High power output from the airborne reactors de-
traction motor weighing 100 pounds and developing 205 hp for manded heavy shielding for the crew, not only from direct
takeoff." Both hydrogen peroxide and lithium have presented radiation, but also backscatter from the surrounding at-
operational problems in the past, but these problems need not mosphere. Aircraft materials could become so radioactive that
be repeated in the aircraft system. maintenance demanded very special facilities, techniques and

Galbraith indicates19' 31 that performance of the electric- scheduling. Maintenance areas were located literally miles from
powered airplane should be comparable to its conventional other operations. Because of residual radiation and limitations
counterpart, independent of air density. That means it should on shielding weight in the airplanes, handling of crew members
have no power fall-off with altitude. In-flight reliability should and maintenance personnel presented major problems.
be higher, cost per unit energy should be higher, but Galbraith Safety and exposure standards then may not have been as
concludes that cost per mile of travel should be roughly equal, stringent as today. It was concluded then that safety problems
other costs should be lower, and emissions, noise and safety and costs would be immense. The consequencies of a crash were
should be improved, prohibitive at that time. Aircraft structure cannot be built to

The question seems to resolve significantly to the anticipated withstand crash loads. Crash loads are in an entirely different
cost of lithium, costs of fuel cells, and the distribution and category than effects of earthquakes and other natural disasters
servicing costs for lithium and hydrogen peroxide. There is at on electric power-station reactors, contingencies which now
least interest at the General Aviation Manufacturers Association stimulate much adverse public reaction.
(GAMA) that this might be one avenue to reduce GA reliance on It appeared that a large land area surrounding a nuclear
avgas. aircraft crash might not be penetrated for years or inhabited for

The prospects for low-priced lithium or fuel cells do not centuries, certainly conditions which could not be tolerated if a
appear promising. Laboratories developing fuel cells advise that crash occurred in a populated area.
their costs and weight are expected to be too high for ground Further, nuclear propulsion appears to suffer an inherent
transportation for another ten years. technical disadvantage. The performance of any turbine is a

function of its working-gas temperature range. In an internal-
Nuclear Powered Aircraft combustion (I.C.) turbine, its highest temperatures are in its

combustion gases; the metal parts of the turbine can be and are
Although there is no apparent published interest now in cooled (usually by compressor-bleed air). Combustion gases are

nuclear-powered aircraft, a few words are offerederere either to the working fluid. In a nuclear powerplant, heat is generated by
lay the subject to rest or to dilute any latent interest. fuel confined within metal and is conducted to the working fluid.

This author was responsible in the Convair General Office for That is, some metal must be at higher temperatures than the

reporting concept and progress of two nuclear-powered aircraft working fluid.

projects which were active concurrently during the late 1950s. Sin mltsdr
A Sa Digo iviioncontactwit th Nay stdie deign of Since metal temperatures generally define performance limits

A San Diego Division contract with the Navy studied designs of for turbines, the working fluid of a nuclear-driven turbine must
nuclear-powered seaplanes and their operating bases. The be at a lower temperature than for an I.C. turbine, and its power
other, much larger effort, was a two-fold Air Force program in output is lower. In both Air Force and Navy studies, the aircraft
the Fort Worth Division. Comparable to the Navy program, one burned hydrocarbon fuel to boost power up for takeoff, high-
Fort Worth project engaged in design and operational studies of speed dash or other high-power operations.
land-based nuclear-powered bombers. The other project This author has seen no suggestions in nuclear technology
involved installation and flight-operation of a small nuclear that might make military missions practical. There appears no
reactor in a B-36 airplane, together with all the servicing, possibility that nuclear-powered commercial aircraft will enter
flight and maintence facilities and procedures required for that the picture.
operation.
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Chapter 10

Alternative Ground Fuels and
Energy Sources

Board Room Briefing No. 10 compete with petroleum prices, do so because they are assisted
by favorable taxes, regulations and financing (sometimes with

1. The primary concern of this chapter is alternative fuels in tax-free bonds). Geothermal power, which is popularly (but
aviation. But alternative fuels in other areas, such as ground incorrectly) regarded as renewable, receives depletion tax
transportation, should affect aviation fuel prices and availability allowances.
far more than developments in aviation. Methanol, and com- 7. If U.S. natural gas alone, or EOR and possibly other fossil
pressed or liquid methane, are well suited for automotive power sources were relieved of disincentives, even without the addition
and promise lower costs. It is a chicken-and-egg proposition, of incentives such as some other energy sources enjoy, this
Vehicles cannot be marketed without a fuel distribution system. author believes that the entire U.S. energy picture and possibly
The system cannot be financed without existing customers. that of the world, would be rescrambled.

Progress in this direction could revolutionize the entire pe- 8. Synthetics will find survival difficult if the world returns to

troleum market. Aviation would be swept along with the tide, further generations of cheap and plentiful fossil energy. If the

falling heir to some of the displaced petroleum. U.S. takes no action, this situation might still develop with the

2. While most trends in the automotive arena appear favor- U.S. as a follower, as it is today, rather than as a leader in world

able to aviation fuel prices, expected increase in diesel demand

may deserve concern. Diesel power in automobiles is at a deli- energy.

caie waypoint. The diesel cycle is more efficient than gasoline, Originally, this chapter had been expected to be the longest in
but may be unable to meet future pollution standards. Since its the report. It was thought that, in order to compare the re-
main advantage is compression ratio, it is vulnerable to replace- sources, energy levels, costs, conversion possibilities and other
ment by methanol or methane, which permit improved, higher- characteristics for the gamut of energy and fuel forms, nearly all
compression, spark-ignition enginesr candidate and predict when and under what circumstances it3. Investments in renewable energy plants and even syn- evident that such an approach is neither necessary nor desirable.
thetic plants enjoy an advantage over conventional oil and gas Economists have stressed previously and experience has now
investments. Once the facility is in place, the resource may be borne them out: it is unnecessary to laboriously evaluate eachpractically or literally inexhaustible. For the life of the plant, candidate and predict when and under what circumstances they
production should remain at a constant rate, undiminished, and, will enter the market. The energy market, where it is a free
with production costs largely a function of initial investment. market, is dynamic and self-adjusting. The significant fact is
The investment is a good hedge against inflation. tat s dyis a n aius forms4. Synthetic fuels which rely on renewable feedstocks will that much energy is available in various forms.

4. Snthticfues whch elyon eneablefeestoks ill As prices change or as production costs change, differentfind it difficult to compete in the market, except in unique Ar prms whaner as leavete most. Rhange, disent
economic, political and local situations. Quantities of feedstock energy forms will enter and leave the market. Relatively, it is notreurdare so vast that only fossil sources appear capable of too difficult to distinguish those which are competitive or are
required anearing competitive standing. As long as the top candidates
meeting the large demands at reasonable costs. Supplies of have resources great enough to survive for an extended time,
various fossil energy sources promise to meet man's needs for the less favorable economic candidates further down the list
several generations.

5. In general, energy forms which depend on relatively dif- assume less and less importance.
With the conviction that petroleum will be available for many

fuse renewable sources, and for which the cost of energy is at or years, that EOR and natural gas could extend that time con-
near zero, require more total capital outlay per Btu or per siderably, that oil shale can provide liquid fuels for centuries,
kilowatt than processes which use fossil resources. It appears closely buttressed by coal, lignite and peat, there is no need to
that these sources (forms of solar energy, etc.) often cannot evaluate less promising candidates in detail. They must be
compete directly in price. While these forms of energy will evaluated enough to judge their relative status and to consider
doubtless fulfill significant local or regional roles where they possibilities that might catapult them into the foreground.
enjoy concentration, availability, economic or political advan- This chapter considers only those fuels and energy forms
tages, they are unlikely to affect the world or U.S. national fuel which either have early promise or which have attracted popular
price situation significantly for two or three generations.

6. The author notes that varieties of "renewable" U.S. interest. Volume 2 reviews all these candidates, and many
energyothers, in more detail. But Volume 2 presents them more for

enery surce, sch a getheral or oe eampI, w i



interest and for long- to very long potential than for any proba the engine .' :.,, -. ni e the vaporization probiems of gaso
hility that they will affect aviation in the next several genera line. An e,,g)n, ti rs -.,ad easily with propane and does not
tions of aircraft require a riche: 2. x:re Auring warm-up

Its laborat,. :a:-,e rating is about I.i2 and motor octane
Alternative Automotive Fuels rating about , .- has excellent anti-knock :haracteristics m

Despite the promise of oil shale for synjet production and curren', autono,:v. engines. Its price varies with geographic

recent success in that direction, developments in alternative locations, but ;o :re L' in mid I Q82, it runs generally less than

automotive fuels could have greater effects on the future of 75 cents per ga~i'O A gallon holds 25-30% less energy than

aviation fuels. If alternatives to gasoline back significant quanti- gasoline, aIi igt be:ng a light-weight fuel. it holds more

ties of petroleum out of the automotive market, jet fuel prices energy per pound

could drop immediately and quality could change. If demand In addition t, man, industrial trucks and tractors n the _, S

builds rapidly for diesel fuel or for other middle distillates, the propane ;s usw( n Cnadian automobiles to a fair extent. in me

price of jet fuel could rise accordingly. US.. Ford has 'dia J that they may offer propane cars for

Unfortunately, with fuel now such a large component of air- fleet opeaii ,-, " ssibif for private operatrons The major

line operating costs, it is questionable how airlines will fare in a problem ior ,2 p ate operator would probabl,, be the availa-

rising market for middle distillates. Aviation publications in bility of fuI

creasingly report airline problems with fuel cost, particularly as Other a d.'a.,ab..rL, nan,ing safet may tic the second

fare competition becomes sharper. At the same time, the value cons:derai;, t : e iquid is under pressure, ;t must be

of older aircraft with their lower fuel efficiency, has fallen handled more cc',"ily and the equipment must be maintained

rapidly in the used-aircraft market, while airlines are canceling reasonab l -out .ne 200 psi-and-under pressure for propane

orders even for new. fuel-efficient equipment. There is increas- does not cimparc kith the nearly 3000 psi uf compressed

ing speculation about airline bankruptcies and mergers. natural gas .-NC, And CNG has been used safey for many

There may be little that aviation can do about the automotive ,ears in Itaiy

fuel future, but it is well to consider some of the consequences. As tar As :u, ._ ,oncerned, propane offers no long-term

Gasoline and diesel fuel perform well as automotive fuels and advantage It.r in., ne. is produced with gasoline as one of

the incentive for alternatives resolves to the familiar subjects of the Inaturd is ,qu;ds.- which includes butane and others. The

reliable availability and lowest price. With achievements in con- present odvaoa .,f propane is that it is in iess demand than

servation during the recent past and continuation expected in gasoline Presun abi, f the demand for propane increases, like

the future, the fuel demand outlook has improved rapidly. the rise in pr:,e -! desel fuel, propane may be expected to index

Further improvement in automotive fuel mileage may be to gasoline -rr:e if the U S demand for propane increases

expected. Substitution of coal for petroleum in stationary apprecablv, v. A ,,1 find that more propane must be imported

powerplants, for generation of electricity, and particularly pro- For autonite use. the liquid petroleum gas LP& which is

liferation of cogeneration systems, is expected to depress the sold as propane must be about Q0% propane Butane has a low

petroleum market further. vapor press;rv and does not start at low temperatures. About

The American Gas Association is rightly concerned that. with 5% of the -, not propane may be isobutylene. But the re-

continued restrictions against use of natural gas in generating mainder may he no more than 5% propylene, an olefin with

electric power and in industrial processes, natural gas demands poor octane caiacteristics

will decrease. Home insulation improvements, replacement of Because natural gas liquids, or LPG is normally a small frac-

old furnaces with new pulse-combustion furnaces (which are tion of the petroleum product, the total potential of natural

equivalent to increased compression ratio), significantly ,ropane in automotive use is inherently limited. There appears

improved heat pumps. and alternatives such as solar hot-water to be no advantage r- synthesizing propane. for example, in an

heaters, will continue to make inroads. As many have observed, automotive market which is already geared to gasoline. Like

even if fuel prices remain stable or decline to some extent, the New Zealand tn.,r arge supply of natural gas can be synthe-

new efficiency trend has been established; newer methods and sized to gasoline

equipment will continue this invasion. Customers are not likely Of course, again since aviation is such a small fracttun of the

to return to the inefficient models, while older equipment will be petroleum market. tf the propane fraction were substituted for

replaced with more efficient designs. All this additional con- some of the petro um, it could assist the aviation supply

servation should benefit aviation. Methanol
Of course, if natural gas. enhanced oil recovery', peat or other MethanX, -i, h, T-r'.)duced from coal, more easilv from na-

large sources of energy are permitted to develop competitively, rural gas .T" .,in iy hydrocarbon source, including biomass
fuel prices could be depressed even more dramatically. First. we such as ag31.11dcl and ndustrial wastes, wood wastes, gar-
will have a brief look at automotive fuels. bage. feed, ,,. -r.,oer wastes Methanol. or methyl alcohol.

The major alternatives for replacing automotive gasoline 'wood alcnhoV ,-r ne used directly as automotive fuel or as an

appear to be propane, methanol, compressed natural gas, or oaaoh ne s etyas lomotive ue n

liquid natural gas. Details are reserved for Volume 2, the octane enhanzi e for 4asoline. as ethyl alcohol is being used in

summary here will be short.BrzltmaeLsol
Incidentally with the rising world price of sugar. it is under-

Propane stood that Brazii is now trending more toward "alcogas," or a
larger percentage of gasoline in the mix. Ethyl alcohol is too

Propane offers some distinct advantages in automotive equip- expensive in most of the world to be used directly as fuel. Brazil
ment. It produces less emissions and. particularly in confined may be finding that adverse economics apply there as well
areas such as factory buildings or warehouses, can be used Production of ethyl alcohol usually requires diversion from the

without producing toxic carbon monoxide. Propane is a gas at food chain Many analysts have concluded that ethanol pro
atmospheric pressure and room temperatures, so it is stored as a duction requir's ,s much or more net energy than mi the ethanol
liquid in pressurized tanks at up to about 200 psi. As released to produced lA,. " c- oncluded that foodstncks will remain too

valuable to be is,- ,s toel feedstocks

-- --- - - • I II Il-i



But methan . ho i o-o p--cnd i-i he CNG - Used fair.l - , -.eni~i ta, A', l: thle natural

extra vilue in -e l ' ti.is"e vabies 3as is compressed, to a boui 77 ps: ia 1j especai

Methanol An I"? .. e'"-rs hr~ sh Icn can automnotive CN( trims .s'trre .te r . lih nnthe

not be Iotetc ,I.'' -N'"1"'. 'I"lG tpical compese gas nottles ,se,-- in -he ta.nas also

seminar ct aut )i. ,-; t- -,!,r ro v a' !iv .. )II 0Mi wieveloped Standards and tech-nicques to be isec o!!l:ng sta-
panties, chermica3 !%. i i .. ~r"*n .n tions Their safety record has been tixtremey g',uod and New
Stitutions araVc e !,.I' t llha Zealand questions whether the itaiian standards Are oeiai
widesprea,. iSte i '" r '>' 'hihiti d rigiBut CING tanS are Still rjelat-eiy, heavl, an- 'ne r',JUMe of
mostly by o ' r : 't '..0vee CNG which can be instaied in a car is inadequate Autos and
vehicles Are e". i.. .: r i r~~o s~stem trucks powered b,. CNG ivp~cail. hav.e ranges of less trian 100
is available V '" it! .s"' t'e'htll"et on miles
ready deman-1, vi. me'" v. _01 Perhaps one attrac:t:ve )pior. ,_r LNU it, itrjai. xitn a Smaill

This probiem _71." 1r,~ ' o ter'iate fuci ho)me compressor inif t-r the garage, believed costing iess than
Situzction S100ll i is Possible to refill ihe auto tan i from the nousehcld

The itoat'f tc, >g-'- uticon iaturai gas suppline Otherw&ise. requiring up to, 3.()()() psi.
methanol.-... . .ennl- retills at filling stations are 'torn pre cnarged botties to avoid the
produced . "e... . i'x--i swc 'en -, long fill times :nstead ot :argje gasoiine storage tanKS. :OMML-r-

twenty Io": x '.. -*~ratt'e.ith cial public CNG tilling stat:ons use nanks ot) botles k~nich are
prolected -I: - - ctecharged relativeiP. slowly,

The semnar,--; e l . -s ies ertain .'xs has been mentioned. Nt ks Zealand is Short on other nydro-
Ing to the ulse 7-e- '*..- .ev' :ie either c-arbons. but has An auunciant supply ot natural gas Thet. nave
solved or their ' . '.:. -~t.I poses analyzedl he naturai-gas-to aultomotive possibilities more than

no etee'r J', _ '7', -. .. . -]:rent and, any other group in the lkorld. starting with, an intensiv.e evalua-
except for tne nler, .t : ' -'a.ap,,irs above tion of CNG experience in ltai
the liquid rei. r'rer.r '':r-nit a explo- Natural gas operates verj, well in existing cars, the question Is
sion hazards i,, j.j 7'~ I eat metha how to tranaport t- and store it in tne vehicles CNG offers the
nol appears"l:,r'S )~ ~ e-- A!1,itact,:re s were advantage ot eari use. j-Wtt tairl-, Mild distribution .3nd capital
concerne. ti - .v.,"r-ori-nance o)r investments H-ence, Nevs Zealand is promoting CNG as a short-
econoici: ., ri:t a es 1-*- -'a. t'-k'ete *reiititied term relief To petroleum imports. largely for fleet type opera-
Effects 'r 0;: t ~ .~'- 1'11 ." r'hte'r oo. tion While the are ais itfering it ta r private automobiles and
but not 1- .jW ..- ..t have opened a few~ government-owned stations. CNG is not

It ksas I .nw."'rer r' i! ie omt-' el ~p ihen catching on weil with jistributors or moctorists
t~he parties hlave 'or -1'i't' M I-ca I jl 71rnt include New Zealand considers their 'inai Solution is gasoline synthe-
lower cGsts, ivoca).-' tneprhj'ms te e tconomy. per sized from natural gasby nthe 1- hIl M process, which is under
tfIormance. air- qualt', Arp eo n 'te r edUtIoi n )f oil imports, contract and in co~nstrucKtion -he capital expenditure and con-

Some of the 4,ltes tor""rl? ibout p-tential Antitrust version efficiency for gas-to-gasoline are important, cuiminating
violations in atterOnts 'K" trie I- sKen-and egg syndrome, in the final price It is expected to be competitive withi natural
the need for i nat-ilal p o ,r ci,-'o p.>.1 tar emission gasoline and, when in full swinq hoped to be cheaper in New
standards, for taix reos ro-d ~oe'nrior,-jases In this Zealand.
case participants, k~le 'o71TrriL1 oir an t -hei recent Brazil LNG - Ne~k Zealand IS also losing to I NG because of the
experience knere !,'-.oh6: , .t the -,ernltnent to adhere to longer vehicle range it permits ov er CN6 An NGAutomobile
pledged price ann iiaou y oinmitments has esuitedf in serious is essentially directiy- comparable wkith a iaso-iine? paiseredl car
reversal of the . ehiclea merke, Tilce .- The octane rating of natural gas is about 120 :tis 7completely-

There Asa5 r,,eta~ -I to'at i wr ,'in national sys- vaporized and well-mixed with air and, like ZPG_ hias no voic:d

tem might it, e.'r 'ptiili%' lie I' -e- iional interests in start or rich warm-up problems An LNG .ar wo-culd like a
blended fuels. Aual fuek?,i vehticles. -,t other varations Options somewhat larger fuel tank than for gasoline because *,NG- has
in distribution systems. fleei petiti-ms at'.- liner ietails were less energy per gallon But, because it has goo~d :old Start and-
found to be signilmeani lean-start characteristics. tuel air mix. etc , some users report

The seminar oe i ito 'it ,i t-' - may l~ut ,mot!ve miles per gallon comparable to gasoline. parti U,arlv or, shor!
base, considering ?hl UI' ut- move -vii et As A; it, iot. -may be trips

equally pertinaent jr0 - iie . h,' k,,'Ari. :' ' iii, 'ii outlouok Because methane contains more energi, per p ujn, that- 4as(
for methanol ast 'le 7)1 ,: ., Mi. 1; lot, 0'.-.'1 ed by is line, the fuel system tor an LNG at weighs,,a in'- m rv 'liar'
application to the ,iut,)inrT tC - '! for gasoline, even) with the cytrogenii onsulajli r -1j gasoinle

As OPEC ,)untrmi- A! t'e le~l Wi-ip ti oil pro powered car can use CNG or LNG satisractorily as an alternate
duction income, tfhte, Ieitl'omiuna -ettai. I, ?awe iecrease fuel The car requires separate fuel systems _1nd a gasiw1.'
flartng natural gas Capmt, Alil he nvested itn gs to-methanol carburetor. ofI courIse, but dual fuel systems are petal!nj; I-
Or gas- ltque faL tton plant,, And markets; A ill he si ught for their which the driver simply uses a selector sisitch on the !asr-b-i or
output. Developments suchfias these Could have a significant The major drawback to LNG is the .rviijert_,' : i
effect on both the price And listribution ot methanol In turn, required Insulation Liquefaction equipment s, qeteral. sr'e
increased use of methanoi as a fuel r As a feedstock wvill soften sive and the liquefaction rocess is costky -n onergy re
the petroleum market trickling ')n Iim n~ to iA viation LNG sells for ),round one third the nit' ,taIn "

Compressed Natural Gas - lCNGl and At the present time. LNG is being uised in si me.

Liquid Natural Gas -(L1NG) fleets and the prospests for More! apl.itions ate hiit.i.,-

Both (TN( I in . %( - i hen iss iss,- I oar let in the report
and are , ivrken luik-. :nium 2 u'mming it up for au-
tomnotive Ilse12



facing the chicken-andect; nicture. LNG is a completely legiti- tant SCiq.efir.itc -' ' '. -ewAed.
mate candidate as the priii~ari, national automotive fuel, as is enougn :,j wle(: 7r.-,, !... ~ r., most
methanol Many oi triern re. eix nlee . js,>c -- i rse ,t this

The question is whetner gasoline will continue to be plentifui report
and affordable, whether gasoline synthesis fromn natural gas is It had been fier: 7c . r .. '. - -_, iossess Ots
economica.. whether methanol plants will proliterate for petro. potential and tc, bro l io t _: Ir;~ re energy
chemical operations. stationar powerplants and transportation, market ii:kil; ~ s t>ou-qr. !-t"n-pa !' taroies or
or whether small methane liquefaction plants become economi- charts xouid te ..set~to"<i ct mp t 2rierg

cal and LNG takes over. components 'r.:ranierge bC ne "'esen Ao l ong
In a typical cyrogenic automoicbile tank. .NG begins to boil off oil natural gas vu. n2 Tre, :r ;ri as. ')ow

after about ten days. arid then at a rate oi about one cubic foot nuclear fissionrdo~r.c 'e'nma. ,tener sour:es
of gas per hour. That gas could be vented into the household might provide a Dr ~r.a- o 'a :-'rtn't solar
natural gas supply system or released to the atomosphere out energy and nuclear rior r wr'ate'.e- n qJnt etc- p serving
side buildings. If a small, economical liquefaction unit is devel the world's neecs
oped which can refill the car's 'tank overnight from the house More unoerstanoing ot enerjt 2c:nlcerur. market brought
hold gas line, then LING could become very attractive It would complete charges 1- :or'cc"Pi .1 rad Tee. -'sting for ti

appear to offer many of the advantages of electric automobiles, author to note t ,at .- :re i-r... iap- tt. 0".s :n tech-
without many, of their disadvantages. nical ecnrim~r~ A' '' te' ', 0' 'o~ ignificant

changes .n concept n,e ,c-!-. '- r ' e' y.?ars andElectric Vehicles - Electric road vehicles are reviewed further then over the pas! tewTi rcjr etzaonsth,
in Volume 2 Here. the conclusions are summarized briefly

Batteries have been developed for more than a century and while we must inec' tanI rI ;rw, not soon and
their technology is well known T he likelihood of major break the alternatives are l1gi ,11

throughs appears very small. Electric cars do ni)t appear to be Before 1147.13 ,I r- _?. n h

able to break the 100-mile range barrier at reasonable costs. As voril ecoiimc .sAb '-low-cost oil

it is. batteries make up typically one-half the weight of the wvas a alilabi, n'oa l.e"-~w hr OPEC
automobile. anc te cp..*"'I -. cnot were

They are also typically one-half the cost of the car. The rapidly approactooc- Hrsct Se1ing

number of recharges possible has a discrete limit and, with th~ath arginm ai :0l I s 's-" ha~ig her
normal use, batteries last from three to five years. Not a very thpace n prdu s:)I e. 2 -rt h

attractive economic picture for the private owner.rpaee, )-t malret

Being heavy, the cars have sluggish performance. Although Now Mtoe 'T.irl.lr

their speed is generally low, aviation personnel will be in- placement cot - -.- 'a ir'r-. demand
*terested in why they are usually streamlined with sophistication. balance, many, e?.r iet 'amportance

Although the speed is low and the drag is also feirly small, It is clear That nc'-ou
power is mo marginal that a battery-powered car needs all the forms that thwes rt lemiand will
aerodynamic help it can get! The situation merely emphasizes develop and .0at, aj ~ l ocm

how desperate the weight penalties must be. pete n the alltie '-~''--m -anges take
The main virtues of electric cars are that they use no power place

while stopped in traffic, while they may be recharged from the These qucsii,tir,2'1 1-
municipal electrical system. As the IIASA study concluded, caue acnswr' Crl'''a" w mae hr ), o-g
electric cars offer no panacea for world or national energy. They thel Sconoli. a.'r"twI'.ofreg
must be re-charged in off-peak electrical load periods to make fue I suppl-es1 V_ mrri
any sense at all. Additional ele- _ic generating power installed lnsice wtou. r-'rrio
and operated in a community to recharge electric cai: is highly whc .uJ~ . may; be
uneconomical both in energy and in dollars more ,isefu, to se, -sore

In a community of about a million population, the electrical and orms o % 'tl cr,' ore- siel
system would be able to service off-peak about 100,000 .pr~o o1' 9rpsil
vehicles. So electric vehicles should never become the maior interest ancd -neit 

1 rp '.- *',. -7 'Cest
transportation mod:e in any community Alaedsus,:-lciciv ra

When fuel cells become lightweight end economic enough for in V(oume2

vehicles, the range and weight of an electric car could he re- Geothermal Lnffrq\
leased from its battery bondage. Fueled with LNG or LH,. the
fuel -cell -electric car would be ecologically benign and mnuch f-or discuss;,i' iio ~:;..' rsrange first
more energy-efficient than a battery-powered vehicle. It appears choice. But It .sA, c_ a1 -.~ic~. e'."' 'rg that a
attractive as a component in the "hydrogen economy." But. if strong realization enierjo,: . M''etInJi - ticluded that
powered by L.N(7 or LH,, at least mn the near future. internal geothermal enciqIiT t' iha 1 'an r, '.-ap;- pnase competes eco
combustton engines couldi use th.' fuel and power the vehicles at nomically kan steamn elclt-. ic'ra;m bi, ,'oeij and nuclear
lower cost power, b)ut that liquid phase geothvrmial sources could not com-

pete Liquid phase _)enthermnal sources .", Aid compete for
Alternative Energy Sources industrial or llpace heat purposes. lxot 'o-. !lt: electrical genera-

In preparing for this report. an effort was made to explore tion i The -ornment va,, ma 'I. tk.;thr 3Jccitiional tax benefits
every potential source and form of energy which could have a (Iote aoa -riql !rhi jctem)sucs

beartng on aviation, directly or indirectly. With aviation such a might also onpvltc itt lie, trol .il",tai''
smal perentge o th maretit trns dt hat lmot an Sx far. inlL Hen vcapor phisc go- mthkrn, m-'orce 's proven in

smal ercntgeof hemaret i tunsn~ttht lmnt ny the UI S . "'he eiv st % " ' thiri Cii~ rl , 'It .s . O, far, the
appreciable energy potential or development could be impor 12 ags q(tk~Mjy ... C. ,e ond source has



been tested in New Mexico. bit is not -,et ~nnto be ot in the stationary power market Wae mist nope ta
commercial stature All the other geotherm~ crve- 'r the U S production will continue wsitrirut ser:',us ccr ~.
and most in the world are liquid-phase or or-, neat ;r a dry-heat :!eat affairs are resoled
source. weatei must be provided tor con .ersi-r !-. steam, an

appreciable cost item. At the same time. tn'-n:ts popular Solar
reputation as a "renewable" resource. geutheirna- Ypower has Most students of energy no, categrrze -,I solar tcpe bOr 05
gained special tax and other prtvtleges oqether in additron to solar co.l ectors a'or_ ,! Ke:sts: t':s

But The Geysers is already enjoying spec:cti 'e~arin state grouping should properly inciace (_ EC, sa t p,,!- _
benefits, Including depletion allowances for a reputedly inf- my-croelectric. waves. ocean .urrents a-c ele,. (?xpl-:t:n- .rt
nite, renewable resource. The depletiooroani -s actual!; differences in water sal'nit -iear rver -r.tnis -ric i '
rational because geothermal sources rea!, are enietaule. Nev. agrees, iti s only for convenience r.cs en cnrc a-c,
wells must be drilled periodically. their pr~cvnrate -S competton that the pattern !nas ten roe Cre

limited and declines with age. and sources ira-,- nn-e ite spans. OenTemlEeti a od
perhaps comparable to oil or gas wte.s ;1s_ -v - and -gOenahrslEetr. al od

fields offer a greater potential to the national cc'r and our OTEC and salt pon s n-ae ar _!arrc -. eT s, at

potential relief from foreign oil disruptions. wrr, should specia. erived energli sources .n t!.a i-crtacra arro,.-

advantages be granted to these limited resoc, s k~h!n can ciocs But more thtan i: L d-pra e2----.. o- s_;re7 r;rrc

serve only a very limited part of the countr!, .ie'tmpermi'ure ,fterenetes ano res.t.ii .' '.eema, e-I

Instead of granting more incentives to un. cocalized c-es WAhiie Ithe soujrces may i>a? 5.ag cc.s5.

energy such as geothermal sources, it appears tE ,ronai wei- ?Q, ;pme'r are requireft to extract to~e a,'C~ nro

fare would be better served by removing s'nme -r -me ciisincen significant rate 07EC and- sat, pri-.cs c re,.- .

tives from EOR and natural gas for example rTh-s nrnccple mat. iso-urce with a .'eri small heac ' te

be equally applicable to other types ot ene U to limllec- a ,notter Il1ustration ,vas 4 r a,.k-, rrcnn - ge'. " c-7TC sess'

national potential. 7h e ', SSR operated a liru:-irase ge-,r'-n s, _t
Kamchatea Peninsula t-o see ci !c u e-r

Hydroelectric 7oncli he;, expected the ge-ir-..

Most of the large U.S. hydrelectric poteorca, russ aireac;, been, perature would assist, 'he temdno
exploited, although another 15-20% inctease ma, 3e possible dutddBtc a ocue htte- r
10 3 As has been popularized, some small irsa1,ci;ccns may be plant still could not 'ustibfv toe n-cesrrer-' 'ece -

refurbished or rebuilt for contiributions to .(xai uommunitnes, but proiect was abandoned
not on a scale significant to the nation s iota. neg it is probably valid to conclude :hat e.- .T !,ef

in the world, a fair amount of potential nyct !-,eiectric power ;nfinite or free source. energy can boe cormnener.e -e.
remains undeveloped. But studies and exerer. ith dams c:apital facilities are somewhlat comparable :c, zoEre.-
such as Aswan have shown that hyoJroeiec:;l t is-e among fossil-powered plants. An economically feasible lree. e&.a
the most environmentally disruptive of ah l typs .-,t o wer. Per- or unlimited source MUST have concentratec. i .s n-w ;
haps more significant. the IIASA concuded nat the Less Otherwise it takes too much nardware andC
Developed Countries could not afford anc me~ - ;striial coun- version to a usable form
tries could not provide them with electrical dic-run svsterns OTEC may be competitive :r. specral ucc.! a:
According to IIASA. if the industrial countries cionated nuclear and Puerto Rico, where low-tennperature c-eep azer
powerplants to the LDCs. electrical distribution could not be high -temperature surface wkater, and a !! -Jat -f
provided. Presumably if hylrdoelectric planits Acre provided, the are in close proximity. without seriouscrnett- '-

same distribution problems would apply sources. Even so. the size of the plant rolvestmr'rt 2n -ni

Nuclear Power tenance may rule against (DTEC The peet-onceL-t_

Nucea poerprbaby all wthn te c-srnco oulied in;, marine growth from mammnoth. _crr 'ttsers ki~tr- -
Nuclar owe prbaby fals ithn te dbC7!) ,ns utlned special devices may thro-k, such a syster n.n t-e 0

just above. In either a breeder reactor. in.1 a Ss;tem -,!th a fuel- category
recovery cycle, or presumably in a fusion poike ,-le. 'he cost Similarly, alt ponds may Vrr Al, in -'-c2 e !, -ea area
of fuel is essentially negligible per init >-c-produced. th U. merlVle gnc-asc'sa -

Major costs are in the plant facilities At Prre, regulations. trnledocmecilsema.uc-n-s.rn-ntn -

restrictions, legal delays, uncertainty tli. .! iet r~equire-
ments and other unknowns have clouded'ri - :I Lsis and stacles. In both cases. the .nppw~rtunot appear ri-a!- -A . 3

construction schedules for nuclear plants T-, ',var :erm prob- tional or world scale

lems do not appear to be technical. but po~ti - The idea of OTEC ships slowl. 'grazing * :-e t-: eas tc,
Nucearfusonmaynothod ot te pomse r a i poulaly avoid recirculation of used water. aopears c~utIi ecccuse
Nuclar usin my nt hld ut te pomie tat s ppulrly their energy must then be re-converted trmeltrt'tc-

supposed. The chances of success with fusion seemr toc- be grow- portable material such as ammonia, methanol -quid hdoe
Ing. But it is already evident that fusion plant-s itr' :,(ely to be as fertilizers or other energy-intensivte :cmmodit; It -s expected
expensive as fission plants and that the ;hi , -te and by- that much smaller plants on barges -or snip, -can, 'i up -khere
products will likety present radiation hazarul -c-, r-' stosal prob natural gas or gas terminals %kill be availble arouid the Atidl
lems comparable to fuel in the fission reactrr

Man stdie cnclde hat a perolum rounton e- and that. for decades. plants of that type w,.ill be able in r-sl'ice
Mnyew stders nedncle ara poetrnl.i -riuth oal ad the same products at lower costs than ,OTEC

clins, e wll eriuslynee nulea poer an~r 1,Ih oaland The question is more apt to) he whether these smaller plantsi
other sources to supply the world's and rltc i Power cacoptwihlresttnrymon-rnha, r

requirements. -ncmeewt ag.smnayamna'ehni'

Early expansion of nuclear power seems tr) ,eiice o that hydrogen production plans which maior oil and gas proct ucers
we my nt epec it o cntibue muh t) ptroeum are likely to bring on stream OTEC would niot appear viaible ir
we my nt epec iito cnt~hut muh t rep-'cq ptroeum that sort ,t open competition It needs the advantage of ;ciling

energy to an energy starved locale
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Wind energy may en)oy similarly limited and tenuous applica- Various solar systems may compete in local energy markets
tions. Hawaii mountaintops have been )udged the most favor and, in the very long run, the total may register on the larger
able location, with the Aleutian Islands a distant second, scale. But applications are more likely to be in industrial process
because of weather and transmission difficulties. If windmills heat and space heat, not likely to displace fuels which would be
cannot compete on a large scale in either of those locations, used in aviation.
there may still be opportunities for much smaller and localized
installations. Although some may be important to local econo- Coal
mies, the aggragate is not likely to affect the national or in- There are a few comments about coal which should be re-
ternational energy pictures. corded because of its impingement on the total energy picture,

Harnessing ocean currents requires tremendous facilities, if with possible effects on petroleum and trickle-down effects into
feasible at all, while extracting really appreciable quantities of aviation.
energy raises questions about fishing and climate effects. Both First, nearly 90% of the world's known coal resources are
tides and waves are intermittent and very capital-intensive. located in only three countries: the U.S., the USSR and the
Locations of opportunity are scarce. On a world or on a national PRC, People's Republic of China. 10-3 Of the remaining 10%+,
scale, neither is likely to become significant. However. in a half of that is in Europe. Coal being produced now in Australia,
report on marine energy to the UN Department of International or the coal of South Africa being used at SASOL. the largest
Economics and Social Affairs. Jacques Constans of the Cousteau synthetic fuel installation in the world, are rare, local and limited
organization recommends: , s, "(It is) . recommended that phenomena.
all countries having coastal engineering and/or harbor construc- Since early coal production was associated with the industrial
tion projects under consideration assess the possibilities of revolution in Europe, it is a popular concept that Europe must
including in the forecasted structures some wave energy conver- be well endowed. On the contrary, Europe has little coal; most
sion system capable of easing their local energy requirements." of it has already been mined. The U.S. should be able to assume
He notes that several potential areas for tidal systems, including the role of coal supplier to the western world.
the Bay of Fundy, may become ecoriomical if fuel prices con- Aside from mining and transportation costs, the two most
tinue to rise. difficult problems associated with coal are handling and emis-

Phillips of Johns Hopkins, 1061 points out that the Bay of sions, including disposal of ash. In addition to gasification and
Fundy tides are large due to resonance, as are most large tides. liquefaction, there are other promising potentials for improving
The world's largest installation at the Rance River estuary in the use of coal.
Brittany. France, provides only 500MW, about half the output Cogeneration of electricity and process heat, not peculiar to
of one modem coal or nuclear plant. Phillips notes that the coal, is gaining more interest. Efficient g, ieration of electricity
entire U.S. potential of tidal energy could supply less than 1% of requires high-quality steam. The steam turbine exhaust contains
our national electrical needs. And, again, with a low hydraulic useful energy at a lower temperature. Since low-temperature
head, the turbines must be much larger than for high water process heat cannot be transported economically, powerplants
heads, exclusive of all the dams, gates and other major parts of a generaliy cannot sell their discharge heat (hence cooling water
tidal installation. and towers). Many industrial plants manufacture their own pro-

Other Solar cess heat. At a higher cost, they may also generate most of their

And so on with a variety of other concepts and variations, electrical requirement, all of it. or excess electricity.

Most direct solar systems are productive for a maximum of Depending on its needs for process heat and electricity, as

about eight hours a day. Solar reflectors and photoelectric well as the local price of electricity and other economic con-

cells, if used in large quantities, require large land areas, deny siderations, an industrial plant may find that it can more eco-

the area for other use, and entail significant investments. nomically generate its own electricity or excess electricity
IAASA commented' t 6

1 that if industrial countries could give which, under PURPA, the local utility must purchase at its cost

LDCs free photocells, neither they nor we could afford the steel for electrical power generation. Under these favorable condi-

and concrete to install them on the required scale. tions, cogeneration is receiving expanded interest.

The solar space station concept has drawn interest from both Fluidized-bed combustion of coal has proved to be efficient in

space scientists and microwave specialists. The idea is to assem- large installations and is gaining success in smaller boilers.

ble a station in space, probably in stationary orbit, and collect Instead of support by a mechanical grate, coal burned in a

solar energy on a nearly 24-hour schedule, free from atmos- fluidized bed is buoyed by a continuous blast of air or gases.

pheric interference. Energy flux available in geostationary orbit Combustion efficiency may be improved but more important, by

is about 15 times greater than at the earth's surface. Solar power adding ground limestone, many of the exhaust stack impurities

would be converted to microwave frequencies, transmitted back can be significantly reduced.
Fluidized-bed combustion should eliminate the need for

to an antenna field on earth, re-converted to electrical power expenie xha ust scrubb inat s. i ee r
and fed into a distribution grid. expensive exhaust-stack scrubbing. That is. if present regula-

And fedpitopriutomnt id thatitions are changed. Today, scrubbers are mandatory (the law says
An appropriate comment is that, if and when such a system

can compete in the market with other options, then it should the latest technology must be used) in coal-fired plants, regard-

proceed. The problems are that costs cannot be estimated with less of the type of coal burned or the efficiency of the combus-

any reliability until considerable preliminary work has been tion! Fluidized-bed technology may reduce perhaps the greatest

accomplished on many of the subsystem principles and compo- obstacle to expanded use of coal. But it can succeed only if

nents. Fundamental answers depend on the costs of launching deregulation keeps pace with the technology.

and assembling the space station. Small differences in conver-
sion efficiencies may lead to appreciable differences in size for Magnetohydrodynamics
the station, the antenna farm and other components. Coal boilers are typically base-load components in electric

While the system may hold some long-term promise with power generation systems because of start-up times, massive
improvements, it does not appear to be a valid competitor in material flows, and lack of flexibility for loan variations. Mag-
today's market or in normal future cost projections. netohydrodynamics offers a possibility for rapid response

to changes in load demands using coal as the fuel.i123



Since electricity is generated by moving a conductor in a relatively low capital cost for power output, ability to come on

magnetic field, when a current-conducting hot gas or plasma is line in about 5 seconds, control from no-load to full load in a

moved in a field, electricity is produced. Conventional steam fraction of a second, and lack of moving parts. Liquid metal can

power plants operate at an efficiency of about 40% overall, be used instead of gas; other heat sources such as nuclear fusion
. . an MHD generator has the potential for increasing the may be used.
overall plant thermal efficiency to around 50% and values In the U.S., effort has been focused on component develop-

higher than 60% have been predicted for advanced ment and high-temperature problems Generators up to 30 MW

systems."10-41 have been operated for a few minutes. This technology has

An NIHD generator is a channel or duct in which plasma received strong interest in the USSR, where pla:nts of up to 25

(partially ionized gas, that is, with some free electrons) flows at MW have been operated for brief periods. The outlook appears
about the speed of sound through a magnetic field. High field encouraging for MHD facilities to operate in electrical emer-

strengths needed are supplied with super-conducting magnets. gency and peaking use for about 100 hours per year.

Electrodes for conducting current into and out of the gas are one Although MHD fuel consumption concerns a relatively small

of the major developent problems. The high temperature for national quantity of fuel. its direct interest to aviation is that

ionization can be achieved by using oxygen or preheated com- MHD may replace aviation gas turbines presently used for peak-
pressed air for the coal combustion. ing and emergency standby in electrical generation plants. Here

Conductivity of the plasma may be enhanced by "seeding" it is a development which may decrease the market for aviation

with salts of potassium or cesium, which are extracted for reuse. gas turbines, along with their demand for jet fuel (where they

The hot gas exhaust can be used for generating steam, and on are not operated on natural gas)

down Into process heat. Advantages of MHD are expected to be
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Chapter 11

Fuel Conservation in Aviation

Board Room Briefing No. 11 9 Air traffic ontroi inherenti-, requ:res t.e. sacr:t;ce since

1. Most of this report discusses the supply side of the fuel some aircraft must yield righti ., The ' Air Traffic

supply/demand balance. This is the one chapter primarily di- Control ATC) system has required more Jiversions and delays
rected toward the demand side. than desirable' automation has been postponed due to costs andrectd twar thedemnd idelabor objections. It now, appears that ATC automa~on .s airly.

2. Airline cash flow is dependent on maximizing seats and lared an ap r s at be pa.asea ;n seadtli

passenger traffic with minimum number of flights to serve the well assured and that mprovements iil be phased :n steadik
market. It is undesirable to reduce fuel consumption by reducing during the next ten to twent,, ,,ears These :mprcvements wkii

markt. t i undsirbleto rduc ful cosumtio by eduing benefit all aircraft as they use the systern
service. Most immediate fuel saving is through decreasing or 10 Weather delays become er appares sutine ead
eliminating unprofitable routes, trips and aircraft Starting with 1eather delys Becoeal app ae turina adelimiatingweather conditions But additonal appreLxabie ucei penaies are
the 1973 price rise, airlines have actively decreased their fuel incurred when aircraft are tlockn ineff:ei-. e ,, nideouate
consumption in these ways

3. Since 1973. airline fuel costs have increased from about weather nformation Tectvl nct a etr:'enr .cx:srs 4oda . and
25% of direct operating costs DOC to over 50% DOC. Less costs would be relatively trivl ro esrairs-. 'si rae. 49 real
than 3% additional improvement in fuel consumption during time, aviation weather system The :mp-,rtance ,nese savings

1980 would have eliminated the $286 million airline industry to airline financial survival !s .eei uode!sr.,c- si roe ,.oriing
operating loss. If airlines had not already been pursuing fuel level. But sustained management a.ttenrio- anc wppori :n FAA.

opeatngthe National Weather Servi ce an; NAcA .:2' ' e required to
economy vigorously, their losses would have been much greater

4. Airline deregulation and sharp competition have accen- equip the U S ATC system .,rtl he .*earhe' S_ s tern !eeds

tuated the airlines' problems. Some fuel economy is sacrificed
intentionally to compete in flight frequencies, times, connec-
tions, and so forth. Nevertheless, since 1973. airline passenger- Activity Since the 1973 Oil Embargo
miles produced per gallon of fuel have increased by more than In 1980 the U S iet fuel ibl .-.as more :.han .: . o:iliun
50%. These savings were achieved primarily by higher load therefore, each 1% of fuel saving ior tre fleet ias .ortt over
factors, increased seating density, better fleet mix and operating $100 million in direct fuel costs An additonai 'uei saving At
efficiencies. less than 3% would have erased the airline operating losses ot

5. These fuel savings are not particularly large, compared to $286 in 1980 Despite ocreasec ,it =nt:on and efforts tocAard
the national or to toe petroleum fuel pictures. They have not fuel savings, a prehminar, report : • sets airline 1q1 operat-
even impacted refiners severely But they are vital to the ing losses at $542 million. ,- ,, greater *han in i q,1 The fuel
economy of individual airlines Airlines must master fuel bill had not yet been reported it appear- to be about the same
economy now to compete and survive $11 billion as in 19 4 But it s painfull .- parent that arlines

6. Load factors, seating densities and fleet mixes are con must continue to pursue fuei conservation dii. )ently
siderations which cannot be generalized Each airline must de- Probably the two most powerful and !mr. -diate means to
terrnine its optimum strategy based on its competition, available save fuel are by I I '. increasing load factor -- decreasing the
equipment, routes, financing, and other mayor operating factors. number of flights for the traffic flo . and 12, increasing the
Deregulation has tightened the cycle, necessitating almost con- number of seats in aircrair - more seats closer together These
tinuous re-evaluation: every day sets a new contest. tactics are strongly affected h. competitive market pressures

7. There are lists of fuel-saving items in aircraft operations There are other tactics u,-i h require no changes it equip
and maintenance which airlines can consider according to their ment or new equipment, SLJ, i AS reducng the !ruse speed ,f
cost/benefit savings. Working up beyond the no-cost and low- aircraft, reducing the fuei reserve arrjer. reducog the 1ead

cost procedures, fuel can be saved by re-engining old aircraft at weight carried, and improved maintenance 11 s -oterestiig that
up to 20% fuel economy, or buying new aircraft at 30-40% fuel airlines probably have made all the adiustments in , ruise speed.
economy, other than conscious sacrifices to s, hedules ind .rwmpetition As

8. Beyond the immediate generation of new aircraft coming may be seen in Figure I 1 I the ,ptimum c ruise spev:i ? a ItX

on the market, additional fuel conservation still appears likely 10). at the given gross weight and :ruise aititi jt s about Mach
Manufacturers seem confident that 30-50% additional fuel 0.80. If speed is further reduced hel k I 1 - t.1 ' miles made per
economy may be reasonable in at least the next two or three 1000 lb of fuel burned decreases. iiiel onsumption increases
generations of aircraft - each I () to 15 -year period

12b



DC- 10 Similarly, drag has always been vital to range/payload and for
M Ischedule competition. Drag conservation and engine main-
0 G o tenance are even more important than weight conservation for
0 3 W 340.000 LB ALT 37.000 FT direct fuel savings. Where a 5% saving in weight reduces fuel0 32

NO W D burn by about 1%, a 5% reduction in drag or a 5% improvement
SN Din engine performance, each would produce a 5% decrease in

z 30 fuel burned.
z Airlines have been selecting their flight altitudes and weather
X ,routing more carefully, have gone to fuel-efficient maintenance,
E 28 have eliminated their less efficient flights and have grounded

50 KT HEADWIND their less fuel-efficient aircraft.LU
2 In 1973, FAA and the airlines instituted a joint program to:26 ., 1 I

0 70 0 74 0 78 082 0,86 e Revise gate hold procedures; hold aircraft at the gate with
engines unstarted when delays could be predicted down-

SPEED-MACH stream
* Revise flow control procedures, hold or divert aircraft from

Figure 11-1 areas of high congestion and traffic delays.
Effect of Cruise Speed on Fuel Burn e Optimum cruise speeds; Consciously attempt to select and

permit flying at best altitudes and speeds.
It is seen that the airplane is not greatly sensitive to small e Revised air traffic control procedures; better communication,

changes in cruise speed. On the other hand, a fifty-knot fewer diversions for identification and procedural purposes.
headwind at cruise altitude increases fuel burn by more than 9 Taxi with fewer engines
10".. * More use of simulators instead of aircraft in crew training and

Fuel conservation by reducing weight, including weight of checks, reduces the fuel burned directly, and air traffic where
tankered fuel varies with range and mission. An average penalty training would have been flown
for extra weight. however, is about 20% penalty for transcon-
tinental flights That is. it costs a pound of fuel to carry each 9 Airport development, select facility and equipment improve-

extra five pounds of any weight Weight reduction in existing ments with more payoffs in decreased delays and fuel

aircraft therefore should receive continuous attention. In new burned.

aircraft designs, weight saving has always been important for With all these efforts by airlines, ATC. and airline/ATC col-
performance, now fuel savings have assumed comparable laboration, airline fuel burn improved from 17 5 passenger-
importance and weight saving assumes an added component miles per gallon in 1973 to 25 PM/gal in 1979. for a 43%

improvement Air Transport Association data reported by Boe-
'ng are shown in Figure 11-2

U S TRUNK AIRLINES
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Airline Fuel Utilization
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Fuel Conservation Progress condition known as airframe discrepancies. resulting in small
increases in aerodynamic drag and fuel consumption

In addition to design of new aircraft and proposed modifica- So the net percentage improvements were likely to be small
tions to improve fuel efficiency for existing aircraft, there have but, as has been seen, their effects on airline profit-and-loss are

been numerous studies and analyses of strategies, tactics and s hasfi eni

techniques for saving fuel. Airlines no doubt perform small signfiant .As a first task, the continued study developed performance
studies of this type every day and most of them are not pub- algorithms which were applied to the Continental Airline (CAL)
lished. Almost all potential actions involve some cost/benefit fleet of DC-10-10 aircraft to indicate fuel savings which might
trade-off Rare options which require no additional cost or other be realized by removing a wide variety of airframe discrepan-
compromise are instituted as soon as possible. cies. "Cost effectiveness was then assessed by discounting pro-

While completed in 1978, before the second large fuel price jected fuel savings to present value, and then comparing them
rise which occurred in 1979, a study made by the Aerospace with airframe maintenance costs." The effects of "nterest rates
Corporation for the Department of Energy" 1 ' is still a con- could therefore become important. As a second task, fuel
venient reference. No list of potential fuil saving options can be savings rsligfo h eoa fdsrpniso w
complete for all airlines because of peculiaritits in equipment, in Cairrafting orma revnue serice

procedures, or some practices which an individual airline ma', "Thi was acm led cling p ren st-air e-
not avepercive ascostng uelBut.in ts o-caled-47 "This was accomplished by collecting pre- and post-airframe-
not avepereivd ascosingfue Bu. n s s-caled"47 maintenance revenue service flight data. Multivariable re-

Strategies. Reference 1-10 reviews a list of optional improve- geinanas tenuesere t d to evaluate rag

ments which may be considered, aside from major equipment reductions and maintenance-related fuel savings.

additions to the airlines or the ATC system Appendices of (1-10) detail the methods used and provide a
These Fnergy Saving Options includei Improved Airline basis for extending them to other aircraft types.

Maintenance Procedures; Improved Airline Flight Preparation; Discrepancies were classified as either surface or seal irregu-
Improved Airline Loading and Taxi Procedures. Improved Air- larites, or as misrigged control surfaces. The fuel penalty was
line Flight Procedures; Improved ATC Procedures. Improved developed by assuming that drag penalties in taxi, takeoff and
Equipment and Facilities. They are reproduced here as Figure descent phases are negligible. " fuel penalty is incurred
11-3. t ists compiled by individual airlines and others are likely only in the climb and cruise flight phases. Use of the
to be cifferent in detail, but should fall into the same general procedures shows that for medium-to-long stage lengths, a 1
categories. percent increase in aerodynamic drag will produce about a I

It should be stressed that evaluation )f any fuel-saving option percent penalty in fuel burned, a result which is consistent with
by one airline may be positive, whiie another may be negative. physical considerations."
The result could depend not only on the airline's equipment and Based on the analytical evaluation, it was concluded that
route structure, but on its financial situation inc!uding interest removal of aerodynamic discrepancies from the CAL fleet could
rates Aerospace evaluated all of the items in Figure 11 -3 and produce cost-effective fuel savings of about 0.4% of the fleet
iiscarded some which, in light of more recent price rises, now fuel usage. Similar results would be expected with other airline

may be cost-beneficial fleets. Some post-maintenance flight evaluations of one of the
That may be an important message An optito which appears two aircraft were inconclusive, believed to have been taken

intavorable under one set of circumstances. may become during unstabilized flight conditions. Otherwise, flight test re-
tavorable when conditions change Airlines may wish to pro- suits corroborated the analytical projections
iram their evaluation exercises so that they can be re-run It should be noted that scatter in the test data is perhaps three
onveniently Or sensitivity analyses ma, be pertormed to indi-kte ow nd wen iffeentoptins ai, beome easbleto four times as great as the drag reductions being sought.
te how and when different options maot become feasible Therefore statistical analysis and multiregression techniques are
f favorable options of the 47 Strategies were implemented, needed to evaluate the results.

was estimated that some 6-8% improvement u.,ouid be achieved Gallimore of Boeing, '1 
2 31 with good reason suggests that such

-with existing airline and ATC equipment. and that up to 12.5% maintenance-improvement items should receive some tax incen-
additional saving might be attained by buyinq some new equip- tive. Not only is the maintenance fairly expensive and are the
ment A rough accounting of the items and potential savings is results difficult to evaluate, but accomplishment of the main-
given in Figure 11-4. These lists have sinced been scoured, and tenance is very well documented through the airplane logs
it is expected that airlines now have probably incorporated most Addition of a tax incentive wouid ,'.l1 to offset the disadvantage

of these favorable options.
For example, the Aerospace Corporation continued its pursuit of high interest rates in the cost of correesting these discrepan

of the first of the 47 Strategies: Improved Airframe Maintenance cies.
Gallimore, Aerospace and others have noted the rather sig-

in collaboration with Continental Airlines "Subsequently, nificant and consistent improvements in fuel consumption which
strategies involving the improvement of airframe maintenance, can be gained by maintaining engine compressor and fan blades
instrument maintenance, and engine maintenance to correct closer to their original profile shapes Approximately 1% of
compressor blade erosion were chosen by the DOE as candi- engine thrust specific fuel consumption can be recovered by
dates for further investigation. The estimated total fuel savings essentially first-approximation reforming of eroded or warped
obtainable from implementation of these strategies ranged from compressor blades, while another 1-to-1 1/2% can be gained
2 3 to 3.8 percent of U.S. commercial air transport fuel con- with control of the fan blades The costs of this type of main-
sumption, or 230 to 380 million gallons of jet fuel per year tenance will require careful assessment, since engine disassem
Estimated savings attributed to the individual strategies were bly and reassembly costs are high
between 0.5 and 1.5 percent for improvei airframe main- Another appreciable, but more elusive loss occurs in engines
teniance, 05 and 1.0 percent for improved instrument mamn- as engine seal gaps begin to open. particularly at the tips of
tenance, and about 1.3 percent for improved engine compressor blades. Tests indicate that, after corrective maintenance.
maintenance . commercial let transpo)rt ircraft in normal engines rapidly resume their deteriorated seal conditions It may
revenue service are subject to small chanies ;n airframe surface be that centrifugal, gyroscopic or other forces associated with

-- -- -- . . .rl ii! I • ii
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Figure 1 1-4 operation distort or rapidly -year down stds Boeing oas soUY
1978 Aerospace Study gested that airloads from the nacelle may distort on ei gine into

an oval shape in many flight conditions, so hat on, , One Dr two

APPROX. 1. OF flights will re-open seal losses This area i; receiiny a ,rest ceal
OPTION FUEL SAVED of attention

Others of the 47 Strategies, or their variations, receove atten
NEAR TERM (EXISTING EQUIPMENT) tion from time to time in the press Aviation Daily. November

30, 1981, headlines. "Ground Compressed Air Systems Gaining
IMPROVED AIRLINE 1 0-25 in Popularity.' The article points out that ,_omest:c air

MAINTENANCE lines " use 350 million gallons of fuel per year to run
IMPROVED FLIGHT 02-0.4 auxiliary power units (APUs) to generate eiecTrica. Iurrents

PREPARATION and compressed air to aircraft on the ground, aUT 4 swktch
to electric-powered compressors could yield cosr sa':ngs on

IMPROVED LOADING AND TAXI 0.2 the order of 20-40%. according to a study b the Air Trans-
PROCEDURES port Association." 11

IMPROVED FLIGHT 1 2-2.2 The article reports on meetings of a 26 member statlonary
PROCEDURES ground power/fixed air system task force, showing the resu;ts ,f

fixed power systems in replacing customary use of aircraft APUs
IMPROVED ATC PROCEDURES 2,0-2.5 for servicing aircraft at the loading gate It will be noticed that

SUBTOTAL 6-8 one of the 47 Strategies suggested APUs not be used tc power
aircraft during maintenance operations. ground suppiec power

LONGER TERM (NEW EQUIPMENT) should be used instead.
"Installation of centralized ground power systems providing

AREA NAVIGATION/DIRECT 3.5 400Hz power to aircraft on the ramp has risen harpk §ince the
ROUTING first system was installed in 1972. ATA said There are -xoo -2

AIRBORNE PERFORMAMCE 3.0 central ground power systems installed or under construction at
COMPUTER SYSTEMS 37 airports supplying ground power to about 7:4 gates

. . . Most of these type systems provide air for both 2abin
OPTIMIZED DESCENT 2.3 heating and cooling as well as engine starts, which wouid mae

PROCEDURES the use of an APU unnecessary."

OPTIMIZED CRUISE MACH 2.0 "Price of a 400 Hz ground power system is placel ',etween
NUMBER $35,000 *o $60,000 per gate. ATA saiH that the savings irom

use of such a system 'usually provides payback of the system
FLOW CONTROL 1 .7 installation in less than one year '" ATA provided a chart com-

SUBTOTAL 12.5 parison showing the hourly operating costs for APUs in different
aircraft, as compared to a truck-mounted APU system and the

TOTAL OF STUDY OPTIONS 18-20'. central systems. Their chart is reproduced as Figure :: -5
Not only is the visible saving impressive. two additional sav-

ings do not appear here. f the fuel used to power ,he aircraft s
on-board APU had been carried from a previous airport then
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additional 2)", tL w ,ots ,'ld he aSSessed tcr tanKering the In general, airborne equipment is more modern, more versa-
fuel to the present airport n,,econd. and prooabl, the reason a tile and more fue! efficient than its corresponding ATC ground
system was Tstaie'ld :n '72 prior to the 11473 crude embargo. equipment. Airlines adopt equipment which permit them to fly
the centra s,stem decreases exhaust err:ssions at the al port more directly and more efficiently. The new family of aircraft
ramp Parmcuiary roda, ,.ith adcirtonal gate hold times, the procured in the 1980s will intrinsically provide better fuel

incentive for central power systems has increased economy But, in addition, they will carry airborne performance
The ground power system industry has been revolutionized computers which, by early service tests, are found to permit

within the past tew years. largel, because of emissions and fuel additional fuel savings of between 25% and 4.5%. t-si Current

conservation designs can also benefit with performance computers. "McDon-
A comment may be appropriate on the prospect of using nell Douglas and Delco Electronics have teamed to develop a

ground vehicles to tow aircratt trom their loaaing gaies to the computer-based performance-management system for the
takeoff runwa, and from the iandir runway t(, their gates This Dougias DC-9 Super 80 transport. A reduction of 2% in the fuel

question arises frequentli. Numercjs .tudies have been made burn of the Super 80 is expected -II I))It is understandable
which conclude tha! he !jiel -' .:s .Whislderaoe WhJle costs why aircraft operators chafe at the limitations of existing ATC
of the towing ,ehicies -oc their cre os bcome large there is still ground equipment.
reasbon to believe that net -avin, - "u be reah'ci' But studies Although the FAA sponsored and successfully fought interna-
have shown that iirr-,t -.,.. '., . 2 0 - n,41 above tional battles for world standardization on the U.S,-designed
for economy, rnile existinq keoic;e, .ai !I)' typicail ar ony Ii ' Microwave Landing System (MLS), limitations in funds have
mph and beluo -r ;c.eii. ,., "," -i -o tr , extra prevented relacement of the older Instrument Landing Systems
braking, tire to,,ehc.es are expec1-ted to ::-.st .. ic, r more (ILS) at U.S. airports. These replacements will come with time
than existing models One such vehicle .. h'c' mit i uttable, and money, relieving traffic from a single, rigid, straight, shallow

Is used to tow.L aircraft between distant areas at Charles Je Gaul approach corridor at airports. More flexibility will yield direct
Airport in Paris Being a single model. its cost ,as prohibitively fuel savings but. probably more important, will improve landing
high, rates and reduce delays

The number of ground '.'ert.:es required for towiing aircraft
becomes large and. during heav'. traffic periods, there can be Potential of Aviation Weather
congestion in the ground vehi e traffic, picking up ioads. There One of the most promising possibilities from the standpoint of
is aLu, a syte'nm problem ot oordmatin( the two. '!eets, particu direct payoff, early technical feasibility, reasonable cost, and
larly in providing a pick o r 'ehicle prImptl, for each landing numerous peripheral benefits, is improvement of the present
aircraft, so as to not tie ir' l'.e taxaiY siystem Communication

aviation weather system. Most of our present problem stemsproblems multiply, m air~p. r! areas alreao . .ongested ulth radio
from the fact that we do not generally have timely, accurate
current aviation weather information, while forecasts are neces-

control of the airplane :iurng towing. vho is cesponsibie for sarily based on the same information. As has been observed,
safety' and Itability,. xho .vill huo, and operate the iow 'ericles

.. ". The ATC system of today uses the wind system of the 1940s."
oince virtually each airport in the U : is a separate operating Part of this problem arises from the fact that the National
entity. coordinaton into a single. compatible system would re- Weather Service (NWS) is legally responsible for all U.S. civilian

quire widespread support weather information and forecasts. With requirements from
When the ATC system can provide gght metertg and spacing other customers such as agriculture, shipping, storm warnings,

of aircraft arrivals. :her. tlie ,grund r :,,, on,,ept .niav appear )hrcso essc sarclue hp ig tr anns
more attractive 7lner present traffic nd ,:onestion condi etc., aviation can expect little special treatment. At the same
mions, neither arlines nor arrport )peracors regard the oncept time, FAA is responsible for using these weather data but,
favorably except for collecting local information at airports and other

The foregoing comments ha.: Koen .:oner-_, with )nly a spots as delegated by the NWS, FAA must develop all its ATC

few items listed in the 47tratei I ,nacd a material is strategy and tactics from NWS data and forecasts.
NWS is more concerned with surface weather than with that

in the literature
aloft. Observations are made twice in each twenty-four-hour

Future Operational Conservation Potential period by releasing balloons and observing their tracks with
theodolites. Not only are more modern methods available, but

Gallimore and others haw, teporiel: ,'l The need more frequent data are sorely needed. Recalling from Figure 10.
for additional relaxation or miications ni \TC procedures I that a 50-knot headwind costs a DC-10more than 10% cruise
E.H. Price comments that. ' one mil.ite premature descent fuel, there is no doubt that ignorance of winds aloft can impact
on every trip in 11)( .Niould have , ,bi Eastern "Vrl'.nes over our flight plans and flight fuel significantly Considering the
$5.000,000 in wasted fuel o: m have, observed that sophistication in some portions of our aviation system, it is

aircraft noise levels being lower, it is appropriate to re-evaluate astounding how we plan most of our operations with weather
noise-abatement procedures to determine their effects on fuel data six to twelve hours old. Unfortunately, it is sometimes even

consumption This re-evaluation could be iustifiedi also by rising eighteen to twenty-four hours old.
fuel costs. 1 "' It has been noted t hat replacement of the Aircraft flying the North Atlant'c are typically equipped with
noise-related aircraft departure Ioelure l in FAA Advisory inertial navigation systems (1" which, with their sensitive
Circular 91-39 were improved by FAA AC '1 '. enough to ability to measure drift, can determine the local wind very
save over a hundred gallons of tuel pet takeoff n light-weight accurately Due to ATC coverage in the continental U.S.,
7 47s. Other comments refer to the present Ai C need for 2,l000 domestic aircraft usually do not carry INS. From analysis of
foot vertical separations above 21. iti it. restricting aircraft to around 20.000 flight records over the North Atlantic, NASA has
a maximum speed ,)f 2-',; 11 i,,,' it ) ee, and concluded that reliable reporting and prediction of winds aloft
increased use of area navigation lire(t r,utes) iniead of airway alone would yield a potential 3% reduction in fuel burned.ii 10
routes which loilw ".( ik ii'. b.-. n nai's;

.11I



This saving -'uuL b,. ai.. ti .. .. ;ii pio 'g trie wind For GA operations, FAA AE-200 has also published, "Energy
components, not ek,. *. - t :u .' .ediher delays Conservation Potential of General Aviation Activity, in Sep-
and re-routings tember 1979 for aircraft less than 9,000 pounds Further and

The working lei .- ~- ~ ~ N'agree on more recent information may be obtained from the same office.
the value cor a niuie .,!i io -pnrcam. its Those interested are also suggested to contact the General
practicality " itn ex'sit. e:. .. '.. i', . A frequent, Aviation Manufacturers Association GAMAP, National Business
accurate data ai.,: o .ir' -. , ni.'*'.. : ev subsys- Aircraft Association (NBAA), Aircraft Owners and Pilots Asso-
tems being planoec; it :,.I. '". .. : nev, NWSi ciation "AOPA) or individual aircraft man' facturers. These
FAA/DoD wedi ,-et ' r..:~ -A- ep. oJy AL lotion organizations have joined in well-cooirdinated programs with the
Daily, August ~, ,S i.i'.,~nrilair Department of Transportation (FAA and the Transportation
line industrk -,ui i a:,- ir i f,_- savings System Center) and their contractor, the Mitre Corporain
if :urrent weatrht, _ju . ' . . ,rc'nq to a NASA and thetr contractor, the Aerospace C ~rporat:on anc
recent NAS"A ,>.i ' st Af Such with the National Research Council Nationai Academ. which
state-of-the .- : . .r. - ipper dir provides guidance to NASA.
forecasts a,-: .. 1_ .'' 'per For aircraft operators or individual punts wrn Ku e "I
year. One Iir.% .e ' 1_, * :. abc,'IT save more fuel, there is abundant assistance avaibatle
$1 millior. n1 3'

it is nop .e: . ... .'. ert ";ill be Automated Air Taffic Control System
incorporati c t -. . -Y dn FAAT'

Systms .- -~ ' ., . ~ .:~'~ tccnted Ac cording to The Wahington ,'n.of .an,,u .

FAA ATC l ,. . ,oi at~rum "Federal Aviation AdministraincefLn -irstemig

the existir, is CAi t: T -> ',.~ ~ t close out a years-long debate. is circuiat:nq c-iails of a
be tolersittc . multibillion- dollar proposal to replace aging computer equip-

ment and further automate air traff'c contro! -he 2 -, ear
F.A't~r.. *i, :-**' . -. ~ Aidsprogram is designed to foster safety and uusvns.til

eventually cutting technical personnel by abou t a Third
t71) si I''. ' '. 'iC '1.di "Spurred by directives from Capitol Hill. the study was ai-

vidual private p:i t"' -- Ot6 vso~ea'.ia~ie ready well under way when the strike began on Aug 3
for those xn,' ...a ' .- j-. 'ua zaiions have equipment would allow written messages on weather.
developed u' " sinc algurlthms. fl~ght plans and other matters to be beamed to cockpit computer
But avariet'............... t- iioii pulitc at no screens. At present, this communication is by garble-prone voice
cost and t is , .u' : . '' ' ,~efic:aries are radio."
fully aware oi I:r 'i-'' "After 1990, the FAA would phase in a computer service to

For exampit 'v< v'~ , _-':i~' id Energy's analyze individual flight plans and select routes that were the
Energy Lpvisi,-, ,-A'.'~ .' y Mic.'dhng most fuel efficient and had the fewest conflicts with other
for Aviation...........'y p v t !ine -,cluded planes. Currently, planes waste fuel by flying diversions ordered
information "s'1-7, . . ~ 21'. DC-8, by controllers who at the last minute see the potential for
A-300 and L I. conflicts ahead." That is. after 1990 the ATC system would be

V'AR\ M(Di I~ i':- . i nsumptionc able to use these same algorithms that individual flights can use
with any mane ~i.i' .,i k''- ,n'org,, 'Kinetic now on thetr own.
energy, thriist -,r I. ''"v- to1'.i-tC5 trwe user As added by the ICAO Bulletin (International Civil Aviation
to enter the 'ts~a. .''-' ''z tu'~and Then Organisation), "'The new generation computers would permit,
displays !te 'jei i; 'no . ,'o -ate tor that by the early 199 0s, the introduction of computer decision-
segment At ,:i '-rt, ,' ''o' u-''roed. such as making, integrated flow management, conflict-free route
nautical miies rier tNC.. u" -" ii ""Ic~t his answer clearances, fuel efficient climb and descent paths. direct routings
from any of 22 t "' t' , i's'-pearies speeds between major terminals. " I I ,
and altitudes f-)7 i R.~ ks c ' soer either in iNoting a minor example of momentum which has de'.eloped

tblateMd 'or -'r r i i~ "'a'n~ I 3, 'ARY ' toward fuel savings, although havtng nothing to do with aircraft
LINKOLI,.'o~s r i "' '" .ii '"OilS ~i'A'i'OD, fuel economy, the ICAO Bulletin also reported, "An interestingi

linking the ri:;du,: t "'i -T)ore T 'liirt profiles feature of the United States' energy-saving efforts was the open-
including tak.uotf '"i-,-' c Again, the ing of solar-heated aerodrome conttol towers at twn locations
computer pro-opt, I.-i' wf' "''On in ',elect and the The towers are expected to get 40 per cent of all heating needs
data he inserts it qa' . - .--- 'pis' etfe' ts ,t various from the sun."
noise abatenient pr,,' i. *r . .ii!i' rui.e altitude As S.B. Poritzky of FAA pointed out at the Georgetown CSIS
selections. or appro'i !i l'~''r'r '"' Sicte'i forum on aviation fuels. October 1981, 1 air traffic manage-

Those inieresti-d fi -. , 's kTcI_ thle I, hief. Energy ment in the U.S. has been largely., restraining progromns.
DiviionALE 1') AA~'"'"'i-'O'i,"Pi ''c'enu, ') W managing the traffic by managing the demand and by interfering

Washington. I) C' 2'" I'< .u 471 7 That office with what the atrplane wants to so." He pointed out that all the
will advise on model to in i uer --. 01 i- )mr's s well as fuel savtngs a 727 airplane could achieve on a 700 mile leg.
activity of others it) 't , "- td .- h i, a.i.iso of the including installation of a flight management system. maintain
simulation mnodels ', r. i '1 ' ' " Ing the airplane, and flying it with optimum economy. can be

Additional alqort i' ''' ' 1."ii tb's- 'inograins are more than wiped out if it encounters a six minute traffic hold at
OPTIMOD. for lo i i';"- ' -1" , r"' -MM0[)J. which 6,000 feet
simulates the iir "iitl, .''n -'nn. i''.utings As a part of the planned new ATC system. Its; Integrated
and schedulin'j Flight Management system would begin to unlock man tradi

tional restrictions on flight management It would be able To tie



in directly with individual aircraft flight management systems As compared to the smaller improvements seen earlier for
and automatically derive the best approximation to ideal, mini- maintenance, flight planning, and air traffic control, it is
mum fuel operations. Poritzky estimates gains as great as 6% apparent why airlines seek to buy new engines. Perhaps surpris-
could be achieved with presently planned levels of automation, ingly, as Maglieri and Dollyhigh observe, similar large fuel say-
of which the iealtime weather network would provide between ings now are obtainable from a variety of improvements in
1% and 3% with presently obtainable equipment. airframes

Since the Microwave Landing System (MLS) will only be- An aggragate of the potential improvements, their time spans
gin to enter the ATC system in October 1982 with Fy' and relative merit were given by Steiner13 31 and is shown
1983 funds. 11161 it is apparent that development and procure- here as Figure 11-8. His chart is identical to F-9 of Maglieri
ment of new ATC concepts and components normally do not and Dollyhigh,11 1 except that they show a combined potential
move into operation rapidly. (the upper shaded section) 10% higher than Steiner. The reason

evidently is because, although he indicates a potential for lami-
Aircraft Improvement Potential nar flow control, Steiner does not credit it in his summation. The

Having outlined benefits gained and which remain to be NASA authors credit it with about half of the potential which

achieved in aircraft operations, including aviation weather and might be attained.

air traffic control, we now turn to improvements offered by Those familiar with laminar-flow contro, (LFC) history will be

introducing new aircraft into the fleet. amused. and probably skeptical that it still appears in aircraft

The February 1982 issue of Aeronautics & Astronautics improvement plans. The concept goes back before WW-I and

features a series of articles under, "Advanced Air Transports." was actively pursued prior to WW-Ul. After WW-ll, Dr. Otto

In the lead article of the series, Maglieri and Dollyhigh11 
!7, of Pfenninger was brought over from Germany to Northrop's Air-

the NASA Langley Research Center observe from NASA's Air- craft Division, where he conducted a considerable program

craft Energy Efficiency Program: "In the past 20 years the most under USAF/NASA sponsorship. The program culminated with

significant improvements were made in the propulsion system. flight tests of the X-21, an airplane specifically designed and

In the next 20 years the propulsion system will be as important, built for LFC.

but wiji be accompanied by improvements in advanced struc- It was concluded that LFC does offer its predicted advan-

tural materials, active controls, digital avionics, and laminar tages, but that practical problems such as structural design and

flow control." tolerances. control of airflow rates, and external disturbances

Steiner,3 3 shows a steady improvement of engine specific such as bugs and dust on the surface, even acoustic noise,

fuel consumption from the late 1950s to nearly year 2000. as present significant and constant problems. Maximum LFC bene-
fit must be achieved with rather special aircraft, having largerseen in Figure 11-6. From around 1980 to 1990, new engines

can provide about 15% improvement in fuel consumption, with wing areas and smaller engines than normal, they would be

about the same additional potential from 1990 to 2000. more effective at the longer ranges. So the concept of sucking or

This assessment is in good agreement with others, such as blowing the boundary layer still appears difficult, but tantaliz-

Lockheed projected in an advanced technology briefing in ingly valid.

June 1981.1l1-8) Lockheed showed that an existing airplane Perhaps encouraged by success with supercritical wings, there

could be improved 17% by installing a second-generation turbo- is a guarded feeling in industry that some LFC drag reduction

fan engine, while up to 11% additional could be achieved in may be obtained over forward portions of wings, using more

1990 with an advanced turbofan. See Figure 11-7. careful design and construction. Composite structures could
offer the contour control and rigidity that may be required.
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Figure 11-7
Lockheed Projected Technology

1% FUEL SAVINGS

1990 1 990
1986 1986 ATX-135 ATX-135

TECHNOLOGY F-29 ATX-135 TURBOFAN PROP-FAN
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FLIGHT MANAGEMENT 1 1 1 1
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ELECTRIC SECONDARY POWER - - 3 3
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COMPOSITE SECONDARY 1 1/2 1 1
COMPOSITE PRIMARY - 1 5 5

12 16 22 22
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Some cryogenic cooling is also considered to stabilize the RO[l and for total system cost. So the program permits an
boundary layer, a concept which needs evaluation At any rate. investigator to add in whatever improvements he wishes, to the
while designers are not racing ahead on LFC. they generally degree desired, at the appropriate times, and under defined and
believe there may be some future potential, without the need for controlled conditions. He may investigate a variety of options to
a powered system suit different conditions or forecasts.

Results may be plotted on a chart such as Figure 11-11,
Integrated Aircraft Design which shows the fuel savings achieved with each improvement,

Achieving these incremental fuel savings poses some diff- adding together with previous improvements. In effect, each of

culties in definition and arithmetic. Increments do not neces the horizontal plateaus represents a completely new airplane.

sarily add up algebraically. The process is illustrated well in a synthesized and optimized for that particular set of conditions.

Lockheed document. ' ";, About a dozen improvements are shown. If all are included, the

Figure 11-9 lists the mator categories of technological aircraft total improvement would be shown by the top of the "S-

design elements and the candidate improvements under each CURVE" and about eight years' development lead time is

Others may be added as identified. A synthesis program for needed for this airplane to enter the fleet. It is probable then,

integrating these candidate improvements is outlined b, F:gure that the full potential could not have been completely accounta-

11-10. which Lockheed calls "Asset." Candidate concepts are bie at the time the first improvement was available. Competition

introduced to the computer model and their mutual interactions demands forecasting of some yet unachieved improvement. And

are derived to define an airplane, its characteristics, per- technical accumulation time is required for each new aircraft

formance, cost and noise characteristics Limits can be es- generation.

tablished for any of the outputs (such as noise) to assure all The results of one particular analysis made by this method is

aircraft designed by the program will be comparable on the basis tabulated in Figure 11-7 and shown in the bar comparisons of

selected. Figure 11-12. In terms of available seat-miles per gallon (ASM).

Notice under the cost output "box" Ion the bottom level of Fig. 11-12 includes a typical low-bypass ratio family aircraft

the flow chart), that results are given for direct operating costs DC-9 or B737) for comparison. It produces ust under 50 ASMI

(DOC), indirect operating costs (IOC), return on investment gallon. By going to a 1986 version of the Fokker F-29, im-
proving the wing, and slightly the flight management system,

Figure 11-9
Potential Technological Elements
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environmental control system and some composite secondary become 1' -"
structure, the airplane would achieve a 12% improvement in necessari' spe. .... .
fuel consumption. Replacement of current engine designs with a tne engine anci , - . - '_te

second-generation turbofan would achieve another 17% saving, improvement; .- '-at are
for a net of 27% available in 1986. (Notice that, although the likely to o-,= . . .. ,

aircraft increments add to 12%. the new airframe and engine improv,-ment f.om .... -.. .. e re

improvements do not add directly: this is one result of the mainder from .. -, • , -- ' f ei,: fo"

synthesis process) anyone tc ques, " . mnrove-
Figure 11-12 shows the potential customer, Delta Air Lines. a ments -, tu ,

27% improvement which could be achieved by modifying an Future 7u. - ..... ',es -ii

existing design in 1986. This is compared with what could be appear To, -',. ')V, s

achieved with a completely new design, providing a net 36% matter ,f - ,. oher

improvement, which could have been produced by 1986 By operators
comparison. Delta was interested in achieving over 40% by . _ M , .

1986. about 84 ASM/gallon. Lockheed showed they could price oi fu ., -1a
slightly exceed that goal, but not until about 1990. Lockheed oiv:, iL-- :i, r:r-
also showed that a 1990 propfan design would be able to show a profit mar''4-"
52% saving. necs tec ,,

This propfan powerplant is generally illustrated by the lower risinc fuei or' k .
righthand figure in Figure 11 -6. a multiblade. thin, swept-blade may acceOrIMn .
fan. The propeller has not been fully developed, nor has its proviCIe .s..-,, ..

gearbox. Development would require very active support by too. mar. Ocomv '-, •. . 2

NASA. ThV..........
In various design studies, competitive tuiboprop aircraft de- probi, ,,-, >,,a

signs have been cruised at speeds directly comparable with their them rar'r ...... Cwi

jet counterparts. It may be debatable whether high cruising fore. mr . . -rnp,

speed is really economical at these short ranges. The rapid be considcred: , T-f- f
acceleration and climbout. and perhaps a lower altitude for best mixed 1,,.) ,i ' -: - ... C It",. a SO
cruise inherently provided by a prop, might achieve the same must pay 1)!f - -. --- .. asm
schedule time with a lower cruise speed. It may also be ques- toward higher ri..,- ...........

tionable whether the props and gearboxes will be quiet, or The TeW is 22.. . ,,.. - . etv f

whether passengers will simply dislike propeller-powered air. fuel improvement -;t> - -;. ,2. *, _ ii'eI If

craft. ear i irh: . '-. . --- ~~ '

relatinVeIl sioip . . ii: ,sis

Future Fuel Economy reliable m,,:th,,,.. .... ......

It should be recognized that the "S-CURVE" limit of Figure t-ao:irvt -n - -2-2--he

1111 is transitory As new improvements are developed and rshOlj r1,,-k'
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The Aeronautics and Astronautics Issue
of February 1982 I-~s~.'~

responses e,; .,ar~i' 2 r7,. -meo
In its February issue of AJA. the American Institute of Aero- They; Prett Mi]C- r2ceii. C--4' iiCl eAVail-
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iets With larger engines and high-aspect ratio wings, takeoff NASA ACEE (Aircraft Energy Efficiency) program
and climb performance would be dramatic ATC systems have not kept pace with air traffic growth or

Supersonic flight necessarily consumes more fuel. Jones is with aircraft performance potential. Improvements in ATC
skeptical of the optimism toward an SST in the lead paper. He would permit better optimization of aircraft design, in sizing, for
points out the possibility of transonic flight up to about Mach example.
i 15. but still with some fuel penalty Titcomb, Pratt & Whitney - Emphasis on reduced fuel con-

Schouleje. Douglas - I 10 technology will be extended from sumption is not new to engine manufacturers. The emphasis for
today's, with significant improvements in aerodynamic design earlier application has increased. In the '80s, fuel consumption
.supercriticai wings, interference drag, active controls). Further will be reduced by better 'zomponent efficiency and modest
improvements in materials. internal systems and controls are increases in pressure ratio, bypass ratio, turbine temperatures,
mentioned The muliblade propfan offers 10-15% fuel weight reductions, and electronic engine controls.
economy over comparable turbofans, but needs development by In the 1990s, pressure ratios will increase from 30:1 to the
NASA 40s, with accompanying temperature increases. Further use of

He points out the difficulties with LFC. but notes fuel saving composite materials will continue to reduce engine weight.
potentl3i up to 20 , in the late I1C90s. much NASA develop- The prop-fan appears feasible, offering 15-20% fuel savings.
ment would be reqired He agrees generally with NASA shorter takeoffs and lower noise. It is the only' really new look in
Langley's favorable view toward SST, pointing out advantages propulsio- Lit has significant development challenges.
of newer aerodynamics, titanium structure and variable-cycle The next major improvement in turbine airfoils may be
engines Again. NASA support is vital, ceramic coatings, allowing temperature increases of more than

Steiner. Boeing - He purposely addresses economic implica- 150'F and better fuel efficiency. Improved aerodynamic and
tions of the new technology. The major force advancing civil structural integration of the propulsion system into the airframe

aviation has been the reduction in travel costs. New aeronautical may offer additional fuel economy.
improvements are accompanied by investment risks and may Coplin, Rolls-Royce - "Although fuel cost is plainly the most
not translate readily into further expansion. Acceptance may important factor, manufacturing cost and its influence on price is
come rather slowly far more important than simple exchange rates would have us

"The U.S. does not appear to have adequate government- believe, mainly because of competition. We are in a rising busi-
industry coordination and funded programs that accelerate ness and others outside the established industry want to take a
progress through this phase. Yet much of the non-adversarial share of the business an I tis will increase competition, which is
programs gaining momentum abroad aim at this phase. Thus, already very severe - many would say too severe."
technology's existence will not necessarily imply U.S applica- "We must tackle the challenge of introducing new technology
tlion.' Either the propfan or a geared high-bypass-ratio shrouded at low cost through a combination of low labor costs, automa-
turbofan will require "readiness-attainment" development, tion, and well conceived advanced-technology management in

He mentions the large proportion of aviation fuel burned on engineering and manufacturing."
short-range flights and the need to tailor aircraft more closely to He points out the interaction in technologies and how a small
those requirements. He laments the present lapse of interest in advance in one area may unlock a series of greater advances in
STOL Ishort takeoff and landing) aircraft, believing that the other areas. But the emphasis must be to improve efficiency at
penalty in cruise performance is small. He expects an SST to low cost, no cost. or reduced cost
emerge only when, " its technology will allow substantial He believes an SST will justify itself around the turn of the
reductions in air fare. and in this area, it will have to compete century. Aerospace technologies may offer opportunities in
with the efficiency improvements introduced into the large sub- areas outside aviation. For example, ceramic developments may
sonic aircraft.' make the adiabatic diesel engine possible for automobiles

Noise curfews, bilateral agreements, labor contracts and oil In turn, such an engine may have an impact in short-range
disruptions become part of the risk assessment. aviation.

" I believe that an improved and sustained oversight of Rowe, GE - "Continued growth of the air-transport industry
national aviation policy and technology could do much to requires productivity improvements, not only for improved eco-
ameliorate or inhibit the development of the causitive factors nomics, but also to avoid congestion problems of airports."
that catch aviation with efficiency shortfalls or, for that matter, Emphasis will still be on fuel consumption, lower first costs
technological shortfalls that would ultimately constrain civil- (because of debt-to-equity ratios) and lower weight. But be-
aviation growth t is time that we aggressively institute an cause of airport traffic limits, emphasis will be on larger sizes.
,versight, at the national level, of these (economic) factors and Larger engines pose no unique problems, except for greater
their implications for aviation's technological responsiveness." emphasis on weight and materials. Increased temperatures with

Berteille. Airbus Industrie - Airbus Industrie is committed to better materials will decrease fuel consumption and engine size.
continuous development of a subsonic transport family with Renewed interest in turboprops should be expected for their
improving efficiency and economic profitability. He regards the fuel efficiency. There will be tremendous emphasis on automa-
computer as the means to synthesize and optimize these possi- tion toward reducing manufacturing costs and. "doing it right
bilities, including tailoring aircraft sizes to their route structures, the first time."
Economic software algorithms will be woven deeper into the Without dramatic break-throughs in drag, structures and
aircraft design process engine noise, an economic SST cannot be foreseen.

Risk evaluation is necessary for success, reducing project Lloyd-Jones, American - "The air-transportation industry has
relays and costs Progress must be by evolution rather than undoubtedly undergone the most extensive transformation dur-
rehluton Testing nd proving takes nme, which must be ng the 1970s compared with any similar time span in the
scheduled carefuly, industry's history These problems have been forcing a

'"'Ts .o not ,sppear ecoomicall, - omrwtitlive Propulsion large number of air-transport aircraft into a state of economic
impi -vements -re extrernely imp)rtanit Airhus values the and technical obsolescence Fuel conservation and fuel effi-
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ciency have taken on a new meaning and urgency. It is impera- . . . To overcome soaring fuel prices, the fight for better fuel
tive that the air-transportation industry bring on line the new efficiency has become the main objective of both the manufac-
fuel-efficient aircraft so badly needed to improve the profit turers and the airlines."
picture; yet, the depressed profit situation is making it difficult Aircraft manufacturers used to aim on lifespan and produc-
to finance the needed equipment." tivity through evoiution now they aim at fuel efficiency. We

The NASA aeronautical program has represented only about have a clear picture of tnese iinpiovements. Advanced turbofans
10% of its budget, but the ACEE project has been valuable, offer a 10-15% saving; a proptai could achieve additional
Budget restrictions now require strong selectivity in R&D. Many improvements. The supercritical wing offers a thicker wing and
of the new programs, such as the prop-fan, composite structures, therefore lighter weight and greater aspect ratio. Composite
and the energy-efficient engine, will not be ready for the 150- structures reduce weight. Automated contvols reduce fuel use up
seat, twin-engined transport. Probably we should at least post- to 10% and provide a smoother ride.
pone long-term prospects such as LFC. concentrating more on "There are still serious deficiencies in optimizing traffic flow.
the near term. New technology should not introduce economic In Europe alone, additional fuel consumption due to traffic de-
surprises. Reliability is essential. lays causes losses of $100-120-million a year. Furthermore, the

Particularly with new technology, we must balance, average airway distance between two cities is increased by 15%
safety against overly burdensome certification require- due to airspace restrictions, this being equivalent to about

ments." $300-million for the additional fuel consumed. If development
Unless the ATC system keeps pace, it could, " become on this sector of air transportation were to proceed at the same

the major restriction to industry growth and negate much of the pace as that of flight equipment, substantial savings would be
gains achieved from the fuel-conservation technology." possible."

Durfin. Frontier - "Increasingly larger capital investments will "One may therefore be quite optimistic for the future, con-

have to be protected by greater productivity and efficiency built cerning potential savings in fuel, with the introduction of new

into the transport aircraft. . . With the next generation, technologies in the fields of propulsion, aerodynamics, struc-

medium-sized transport aircraft used in the short-to-medium tures, avionics, and ATC organization. The airplane of the year

range markets, however, increased productivity by virtue of size 2000 should offer fuel consumption per ton-kilometer only halfthat of the 1980s"
increase will no longer be possible because of market capacity. "One of pol 1m p d ia r

. . lower operating and maintenance costs together with bet- "One major problem remains: providing capital for new
ter utilization and reliability must build productivity." investment at a time of stagnating traffic growth and excessively

Some components of aircraft systems have not improved or high cost of equipment " The time for return on investment has
kept pace with technology in reliability and maintainability, decreased, down to 3-4 years. It is doubtful the 150-seat

Gaining access to a critical area may take more time than transport should be developed now; it should wait for an
making the repair. "Failures in mechanical and flight-control improved engine in the desired thrust class.
systems often lead to complex step-by-step rigging procedures The industry will not only have difficult financing problems,

with numerous (but necessary by design) checks requiring hours but day-to-day cash flow problems.

and sometimes days of downtime." More built-in testing should Greenslet, Merrill Lynch - In the past, aircraft performance or
be possible. service improvements virtually assured their economic feasi-

Aircraft mechanical systems require far more servicing than bility. Today, new aircraft offer no added appeal to the pas-
comparable or more complex automobile systems. Candidates senger; economic success must be assured before purchase.
for improvement include wing-flap drives, airstair actuators, and Other costs can be reduced and new airlines are able to use
door-operating mechanisms. "Aircraft must be able to operate better labor productivity and total trip costs to compete with
with system faults; repairs or replacements should be possible less-advanced equipment. What new technology do we need
without service disruption." and how much should airlines pay?

Since increased productivity cannot be obtained through The designer no longer leads the way. he must adapt to the
increased speed or size, the increased capital costs must be needs of airlines which are forming the economic solutions for
offset by better utilization, reliability and maintenance, public demands. Heed the papers by Durlin and Overend be-

Overend, Delta - In the tight squeeze between fares and costs, cause they represent successful airlines. Emphasis should be on

advanced technology may be financially risky and its value must -performance, reliability and maintenance. The traditional mar-

be well known. R&D has not been able to simulate service life ket, led by companies such as PanAm, may have shifted.

and some components fail in only 50-100 hours of operation. Design for best fuel efficiency may become a dangerous one-

"Basically, design does not meet the standards essential to good dimensional trend, as speed was in the past. Due to divergent
economics." views of what is needed in a new design, the designer should

Are marketing goals compatible with operating realities? Will take care not to choose a consensus, which may sacrifice some

the new structures be serviceable? Can we afford the checkout of the better features. "The result may be a deferral of innova-

equipment and the downtimes they require? Along with techni- tive technological advances, but it should assure that when

cal performance, the designer must recognize the financial, those advances do come, they will come in packages that can

legal, regulatory and other institutional demands on his design. both be marketed by the manufacturer and financed by the

"Advanced technology in effect asks a higher order of airlines."

knowledge in each of the phases of certification, operation, Pank, Chase Manhattan - "It has been suggested that the
maintenance and support. As of now, it is not clear that the total introduction of new technology aircraft in the post-1990 period
aviation enterprise is prepared and willing to spend the time, could make possible an airline system capable of carrying three
effort, and cost to achieve this higher order." times current traffic levels with fuel consumption only 20%

Stuessel, Lufthansa - "The airlines finished 1980 with the higher than it is today. This certainly makes one sit up and take

worst financial result ever. Not only that, 1981 will probably not notice."

prove to have been better The main reason for the present "If. as implied above, traffic, revenue, and cash operating

unfavorable situation is without doubt the increase in fuel costs expense, other than that for fuel, were to triple while fuel
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expense increased only 20%, cash operating profit would grow ability and leverage; one must have faith that some stresses will
to 18.3 billion, a cash operating margin of 23%, the same as in sort themselves out. A lender's concerns will remain basically
1966 - certainly by recent standards a very good year for the the same: "... addressing the airline as a going concern and
industry. The year 1966 was significant in another regard; it saw secondly in terms of liquidation." That is, considering first the
initial orders for wide-body equipment, which produced the last effects of new aircraft on the airline's profitability and secondly,
major increases in aircraft productivity." the collateral value of the equipment. "The two are very much

"The performance of the airline industry today stands in related, for an aircraft unable to deliver adequate profit will not
marked contrast to what prefaced the introduction of the wide- hold adequate value."
body transports. . . make clear the financial challenges facing New technology will have to deliver its benefits with greater
the industry and call Into question the ability of the capital assurance beforehand, and with greater reliability. Airlines will
markets to fully provide the support needed in the future." need quick paybacks. There will be more emphasis on collateral
Assuming historic financing ratios, the airlines estimate they will value, including ability to operate profitably in off-design condi-
need four times the external financing of the past decade. This tions. So many design varieties are being proposed that it is
appears dubious, primarily because of fundamental changes in doubtful funding can be found for all of them. There are more
the life insurance industry, questions in the capital market over the next 10-15 years than

Other industries, including energy, will be making demands in succeeding years. This may provide time to make the selec-
on the capital markets. tions and provide the validations which will be needed.

One can become too caught up in current levels of profit-
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Chapter 12

Disruption of
U.S. Crude Oil Imports

Board Room Briefing No. 12 estimated now from 300 MMB to 700 MMB,(12 2  with the SPR

1. The U.S. has impressively decreased its importation and finally making steady progress, and with other business pressing

dependence on foreign crude oil. Only about one-third of our Congress, it is questionable whether an emergency program will

total petroleum crude and products are now imported. From the be defined. Participants in the energy market should assume

peak of 8.6 million BPD in 1977, to an average of 5.3 million that present "free market" conditions will prevail and extend.

BPD for 1981, by early March, 1982, U.S. crude oil imports Government intervention may occur only after a crude import

dropped to 3.8 million BPD (including 0.6 million BPD for the disruption has occurred and has become serious.
SPR), a total drop of 56%. 9. The U.S. oil refining system Is essentially a continuous,

2. Less than 60% of U.S. petroleum imports are now from "flow-through" operation. Reserves are generally used only to

OPEC countries, or less than 2.5 million BPD. About 55% of level variations in flow. Reserves are expensive because of

our OPEC petroleum, or less than 1.5 million BPD is from Arab storage space and, particularly with high interest rates, they

members of OPEC, excluding Venezuela, Indonesia, Nigeria and are an unproductive investment. Nevertheless, in three years

Liberia. Of the OPEC crude, by far the largest segment comes after the Arab embargo, U.S. industry added about 300 MMB of

from Saudi Arabia. storage capacity. (12 -31 U.S. private reserves are therefore

3. Another total Arab embargo of the U.S. would therefore somewhat greater than the SPR at present.

involve less than 1.5 million BPD. In addition to OPEC, the U.S. 10. In April 1980 the SPR stood at only 92 MMB. In April

imports substantial oil from Canada, Mexico and the Nether- 1982, it held about 250 MMB. Until April 1981, the SPR was

lands Antilles. OPEC production has dropped from 69% of free- being filled at around 100,000 BPD, about 113 of its fill rate
limit. Since that time, it has been filled at near the 300,000 BPDworld production in 1973 to 55% in 1982.i' 2 1 Cutoff of any ,mtrt.Aon h n f18,ti aewl erdcdb

single component of our crude oil imports will have far less amit rate. Around the end of 1982, this rate will be reduced by
i than only one or two years ago. necessity for additional storage capacity, so that allowable fillimpact trate will drop to below 200,000 BPD until 1985. At that point,

4. Still, a 1.5 MMBPD Arab cutoff would disrupt U.S. com- it is scheduled to resume at 300000 BPD until full storage of
merce seriously, while a sustained cutoff of as much as the total 750 MMB is reached in 1989 or 1990.
3.8 MMBPD would be devastating. It is difficult to construct a 11. It is proposed, specifically by NPC1-8 ) as well as others,
scenario now under which the entire 3.8 MMBPD would be that 200 MMB of the SPR be held in reserve through all the
halted. crude oil disruption scenarios which have been considered. This

5. Practically, then, it appears the U.S. should now be con- hard-core reserve would be retained for completely unforseen
cerned primarily with a potential cutoff of over a million BPD har-ce res ul brtine for cete ufRsfrom Saudi Arabia, a less likely 1.5 MMBPD cutoff by all OPEC, emergencies and, presumably, active warfare. Since the SPR has
froSan d A abia, much s ikely1.5 MMBPD ctoff a tli Or, only recently passed the 200 million barrel level, the SPR does
and as much as 3 MMBPD only in case of major hostilities or not become an effective part of our crude-oil-disruption
total cessation of Mideast production or shipments. mechanism until about 1985. Its psychological effect, both do-

6. The 1980 National Petroleum Council (NPC) report
to DOEV1 -8 concluded that crude import losses up to 2 MMBPD mestic and international, may be significant during the mean-
for six months could be met by fairly moderate measures. Losses Teabove 3 MMBPD for twelve months would require imposition of 12. The NPC emergency preparedness study considered
taxoe an d f, d wlvownth Studraegitroeum sen o energy consumption in detail and a variety of significant possi-
taxes and fees, drawdown of the Strategic Petroleum Reserve bilities to cope with crude oil disruption scenarios. Aviation was(SPR) and private stocks, and probably gasoline rationing, evaluated in the study, and was generally considered a minor

7. In all the scenarios considered, the NPC recommended demand component, although recognized as a major concern in
that no price controls be applied. The free market should govern national commerce.
prices; government intervention or allcation should be used 13. The NPC noted that aviation has already pursued fuel
only to protect security, health, safety, and our foreign interests. conservation h ley ped fien8. Te Aminstrtionhasproose an merenc enrgy conservation vigorously and effectively. They expect aviation's

8. The Administration has proposed an emergency energy conservation efforts will continue with further success (Chapter
policy which has not yet been debated in Congress. The Ad- Ionstron euports wi conlui) Coseuess (C
ministration is reluctant to establish any contingency plan, f1 strongly supports their conclusion). Consequently, NPC
which they feel could only add restrictions to an otherwise "free specifically recommends no regulation of aviation until crude
market." On March 20, 1982 President Reagan vetoed the cutoff reaches approximately the level of 3 MMBD for twelve
Standby Petroleum Allocation Act. With worldwide oil stocks months expected duration. At around that 3 MMBD point, NPC
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recommends that airline load factors be increased to 70-75% by but a tangible national emergency plan. Others, including in-
increaing seating density and by combining and canceling du- fluential members of Congress, seek a definitive and structured
plicate flights. NPC also noted that aviation is essentially self- plan to override a variety of state-legislated emergency provi-
regulating, In that It cuts back service when industrial activity sions which will automatically go into effect in absence of a
slows down. national plan

NPC recognizes General Aviation as an important component
of the national economy, notes that it is a relatively small user of The Probability of Crude O11 Disruption
energy, and proposes no regulation of GA under any of the Having had crystal ball credibility shattered in areas such as
disruption scenarios, petroleum production forecasting and pricing, it may be fool-

It should be noted that NPC's action merely offers recom- hardy to speculate about complex politics involving the Middle
mendations to the Administration through DOE. The Adminis- East and other petroleum suppliers. But. like some other fuzzy
tration has not responded, while Congress has not debated the subjects which resolve into tangible options, a review of the
subject of an emergency energy plan. subject may yield some useful concepts.

14. Barring some unexpected drastic turn in national direc- As in the case of future energy trends, the answers may be a
tion, such as strong congressional opposition to loose controls in matter of opinion and opinions of experts vary widely. But it is
the Administrations' emergency energy plan, aviation should important that anyone concerned with the consequences should
expect no governmental intervention in aviation affairs or fuel expose himself to the issues and that he should reach an opinion
allocations, short of a major disruption in foreign crude oil for himself. In that way, he may recognize events or trends
shipments. Disruptions of less than 3 MMBD for less than six which alter his opinion, or inputs which could either alleviate or
months are not likely to induce action. exacerbate future energy prices.

15. The NPC concluded that U.S. refinery flexibility is ade- In August 1980, the Senate reported, "The United States and
quate to produce the required national product slate for all our allies are likely to experience at least two more decades of
disruption scenarios considered, including the most drastic. No vulnerability to supply disruptions, political manipulation of
changes in product specifications were assumed in reaching this supplies, and periods of panic buying on the spot market." 12-51
conclusion. The NPC recommended, however, that relaxed Although the atmosphere surrounding that statement has
emergency specifications should be established for distillate fuel changed considerably, it still may be completely valid.
oil and jet fuel, to relieve the demands on crude oil and re- In an unreleased study for an industrial client, the Institute for
fineries during major disruptions. the Future (IFF) of Menlo Park, California, recently developed

16. If demand for mogas continues to drop or if mogas is approximately twenty different scenarios of events in the Middle
rationed during a major disruption, releasing more refinery light East which could significantly affect oil shipments. These in-
fractions, U.S. jet aircraft could operate on lighter fuels such as cluded replacement of the Ayatollah Khomeini in Iran; a corn-
Jet B, for which they are already certificated. Canadian airlines bination of possibilities in Iraq, with and without Iranian
have operated for more than thirty years on Jet B ("wide-cut" involvement; upsets in Saudi Arabian or Kuwaiti governments;
fuel) with a commendable safety record.(1 2-4' developments in the Emirates, Afghanistan, Pakistan. Arab-

1?. Political and military analysts believe that significant Israeli relations, and so on.
disruptions In foreign crude oil supply to the U.S. are not only The probability of any one scenario's occurring was ludged to
likely, they are probable. While these views cannot be quanti- be small. But the large number of scenarios and variations, plus
fied, the consensus Is that up to three disruptions should be the expectation that there are others not presently conceivable.
expected in any ten-year period. A few of our most prestigious left the probability high that disruptions will occur. Where few
analysts believe these disruptions will trigger fuel price rises scenarios may appear immediately plausible, very many are
comparable to those in 1973-74 and 1979-80. This author and undeniably possible. In a field most difficult to quantify, it was
others disagree, believing the effect on prices will'be moderate, concluded that the probability of disruption may be close to
A complete cessation of Mideast oil deliveries would trigger a unity during any five-year period.
substantial price rise, but is believed by this author as highly This conclusion checks fairly well with an earlier informal
improbable. Apparently that is where the difference of opinion consensus from unclassified discussions with individuals from
lies: some believe a complete interruption of Mideast oil is 1FF, SRI International iformerly Stanford Researchl which
probable. maintains a Business Industrial Risk Index (BIRI) for each na-

18. Although U.S. dependency on crude oil imports is re- tion, The Rand Corp., Defense Intelligence Agency (DIA). DOE.
laxing and may disappear, the U.S. is bound by International and the Georgetown Center for Strategic and International
Energy Agency (lEA) agreements and must support its allies Studies (CSIS). In the summer of 1981. the feeling was that up
when crude disruption reaches 7% in any of our IEA/OECD to three significant disruptions would probably occur in a ten-
(Organization for Economic Cooperation and Development) year period. A verbal recheck in mid-March 1982 repeats the
partners. While wrangling may be expected about trigger condi- same result, plus the IFF conclusion that at least one disruption
tions, the U.S. will meet its commitments and will be affected by is highly probable in a five-year period.
major disruptions, even after it achieves "Independence" from In his just-released The Critical Link: Energy and Notional
foreign oil. Security In the 1 9809, 12 , C.K. Ebinger of CSIS explores many

19. During a major disruption of fuel oil supplies, the of these factors in depth. At least from verbal discussions. the
Government will move to assure continuation of air service, but others who have probed this field agree with CSIS on the signifi-
not to prevent decease of individual airlines. Each airline should cant issues. The major problems and risks are seen to be politi-
look to the effectiveness of its individual emergency plan. cal, rather than military It may be difficult to convince segments

20. The present Reagan Administration favors an absolute of U.S. society as well as Arab states that the solutions are not
minimum of preparation for crude supply disruptions (essen- primarily military It appears that the U.S. and its European
tially just the SPR), and looks toward a minimum of control partners are concerned with different initiatives The more
during crises. There are many who agree with the more moder- immediate problems are believed to be ashore, rather than in
ate CSIS and NPC views: minimum government Interference,
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e Primary reliance on market forces for price and allocation.

Figure 12- 1 e Rapid growth in the SPR and removal of factors which have
NPC/DOE EMERGENCY SCENARIOS discouraged building of private stockpiles "(for example,

APRIL 1981 their assumption that government will 'rescue those
who have not planned ahead if a supply shortfall
should occur' " 12 11

LOSS * Development of criteria for making the SPR available.
CASE MMB/D MONTH lEA U.S. ACTION e Encouragement of industrial dual-fuel capability.

1 1.0 6 NO VOLUNTARY REDUCTION * Advanced planning toward temporarily increased domestic
AND ACTIONS energy production.

e International coordination of emergency response.
1 A 2.0 6 NO ABOVE, PLUS "The Administration realizes that free markets will not work

SWITCHING FROM O&G perfectly during a severe disruption. In general, however, they
TO COAL. RELAX will work more smoothly, with greater certainty, and ultimately
ENVIRONMENTAL more fairly than complex systems of price and allocation con-
STANDARDS. INCREASE trols managed by Government. If disruptions should occur in the
PRODUCTION: CONTROL future, the success of the Administration's policies should not be
SPEED AND measured against normal conditions, but against the chaotic
THERMOSTATS. conditions that have been experienced. If a major disrup-

tion should occur, limited Government involvement might be
2 2.2 6 YES SAME, INTENSIFIED warranted to make sure that essential services and functions

(TRIGGERED lEA UNDER (such as those connected with national security and public
APRIL 1981 DEMAND) health and safety) continue." ,12 11,

This statement may be read that the Government will move
3 3.2 1 2 YES ABOVE. PLUS PRICE to assure continuation of air service, but that it will not be

4.6 3 YES INDUCEMENTS, IMPORT sympathetic to demise of individual airlines. Hence, each airline
3.5 3 YES FEES OR CONSUMPTION should look to the integrity of its individual emergency fuel plan.
2.5 6 YES TAXES, RATIONING, Much debate about the Administration's emergency planning

DRAWDOWN OF SPR, may hinge on a single word in the quotation just above. "If a
INVOLUNTARY USE OF major disruption should occur . . ." For example, there are
PRIVATE INVENTORIES numerous popular and authoritative articles such as "Are We

Prepared For Another Oil Shortage," in Parade" 12 13 and "Why

On the other hand, some basic agreements and relationships the Next Oil Crisis Could Be a Disaster." in Business Week 12 7'

established beforehand may provide a smoother transition into which strongly regard the Administration's planning as insuffi-
the disruption mode. Some operations may proceed while de- cient. But do they really diverge from the present plan?
tails are being thrashed out. But, if there are no emergency rules In the Parade article. Tad Szulc says. "Yet ignoring all the
at all, activity is likely to proceed until it is concluded that rules lessons of the recent past, the U.S. could be unprepared to deal
are needed, when they can be devised to meet the actual sltua- with a serious disruption in oil imports. Our stored crude oil
tion. There is obviously room for opinion here. stocks are barely sufficient for a month's consumption and -

A few comments from its Energy PlanI 12 -1 1 may help to despite warnings from many quarters - neither the government
anticipate the government reaction. "Certain mitigating nor the petroleum companies are building them adequately."
measures may be required from time to time to avoid unac- The stockpile is certainly not adequate now to sustaii, more than
ceptable burdens in one sector or another, but these can best be a few months' disruption.
considered in the context of social, not energy, policy.. . . Past But, despite its tight budgetary situation, one of the Adminis-
U.S. energy policy relied heavily on Federal intervention, and it tration's early actions was to establish a steady input of about
attempted (unsuccessfully for the most part) to protect U.S. 300,000 BPD into the SPR, its maximum fill rate and about
consumers from the reality of higher world oil prices. . . . The triple that under the previous administration Industry reserves
U.S. Government is committed to increasing oil stockpiles have stood at a record high during the past year. but are now
against potential disruptions in world markets, and to eliminat- being depleted because of decreased demand and high interest
ing controls or other impediments that could discourage the on the investment. John Berry of The Washington Post 12 2

,

private sector from dealing with disruptions efficiently if they considers the same situation from a different view. "The most
should occur." potent force in the market today is a huge overhang of oil stocks

"A Federal role in stockpile development is essential because - estimated by some experts to be at least 300 million barrels
- although the private sector has incen*ves to develop and and perhaps as much as 600 million or 700 million worldwide.
maintain its own stockpile of both crude oil and petroleum Oil companies are trying desperately to reduce their stocks, but
products - commercial enterprises have no economic reason to many of them, such as Standard Oil of California. have not
achieve stockpile levels that are optimal from the national per- succeeded so far." That was in March 1982 By June, much of
spective. Under present conditions, many of the economic, na- the reserve stock had been reduced.
tional security, and internationai policy benefits from such Tad Szulc grumbles, "As of early November. the government
stockpiles accrue to the general public rather than to investors." no longer had legislative authority to allocate in an emergency

"Analyses of previous disruptions of normal oil s,.'ly show whatever fuel the U.S. does have on hand - that authority
that imposing an elaborate system of price and allocation con- having expired on Sept 30, with the Reagan Administration
trols only drives the social and economic costs higher." Emer- unwilling to have it renewed " The Administration obviously
gency preparedness will feature:
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has no intention of seeking such authority, but that disagree- The Business Week article' 12 
7 cautions that our next crisis

ment with Szulc does not affect the thrust of his article. His may be a disaster, but it does not imply the Administration is
primary concern is that OPEC has achieved a measure of in- indifferent to this risk. It notes that President Reagan declared in
ternal price control and that this collaboration base can be used October 1981 "There's no way. as long as Saudi Arabia and
to further manipulate prices. the OPEC nations provide the bulk of energy needed to turn the

We need no longer speculate on the President's attitude to- wheels of industry in the Western world, that we could stand by
ward energy emergency planning. On March 20. 1982. he and see that taken over by anyone who would shut off that oil."
vetoed the Standy Petroleum Allocation Act. The Act would Buslres Week does comment on the Administration's reluc-
have given him authority to set prices and allocate petroleum tance toward a detailed plan and points out that Senator James
supplies, and would have left to him whether to use that au A. McClure (R-idaho). chairman of the Senate Energy Commit-
thority. "This would, however, require that plans be drawn in tee, has proposed legislation for emergency oil allocation, re-
advance of a crisis." 12141 The President now has made it clear flecting, ". . . constant fear among congressional leaders that a
beyond any doubt that he does not wish to publish a prepared free market approach simply could not adequately allocate sup-
plan. plies of oil during a severe emergency, despite criticism that an

This author believes that, now that world prices approximate inflexible federal allocation system exacerbated 1979's short-
replacement costs, OPEC can only affect prices as much as they ages. . . Administration officials counter that the U.S. is in a
can reduce production. Already there are signs of severe strain far stronger position today than in late 1978 and early
within OPEC - virtually all of its members require their current 1979 ,-
income. Some, such as Nigeria and Iraq, and probably including Business Week goes on to outline opposing views on dif-
Iran, are bordering on desperation for more income. Saudi Ara- ferent aspects of the federal control question. Perhaps the most
bia could likely reduce production and consequently its own compelling, which is reported at the end, is that, "More than 20
income, but may be loathe to jeopardize its social development states have put forth their own programs, including gasoline
to support other Arab military ambitions. rationing, to handle emergencies. Only a federal program could

Szulc is alarmed at our vulnerable stature. He reviews some override those state efforts, McClure has argued, to give the U.S.
of the scenarios which could disrupt oil supply. It is doubtful a coordinated response ' Having the government step in to
anyone will disagree with his alarms. There are far less plausible allocate again is something that no one is looking forward to..
scenarios which may become reality. On the other hand, Iraq has says APRA's (American Petroleum Refiners Assn.) (Raymond
officially reportedi 12 1s ) the extent of war damage to its facilities F.) Bragg. 'But when you consider the pain that we'll be going
and is plaintively outlining that five years and untold millions of through if there is another cutoff, then it starts to look like the
dollars will be required to restore 'hem. The OPEC meeting in lesser of many evils.'"
March 1982 clearly shows that stresses work on the suppliers as CSIS does not view controls and allocations favorably, but
well as on the consumers. All forces may not move in the they see a positive need for a definitive national emer-
negative direction for consumers at all times. gency plan., 12 b.

In Parade, Szulc does not propose a specific remedy; he notes Ebinger points out that experience with the 1979 crisis is not
that we are very vulnerable, that we have no "order of battle" reassuring; government action was not effective and had little
for a fuel emergency, and that he thinks we need one. At the influence over the basic events, which were international "The
close of his article, under, "WHAT YOU CAN DO," he advises: shortage of 1979 and the 1973-74 oil embargo taught the
"(1) Drive no more than you really need. (2) Insulate your home United States several other things as well. Those crises showed
and office. (3) Keep thermostats at reasonable levels, summer that if the market system is allowed to react freely, the economic
and winter. (4) Turn off home and office lights when you don't effects of a shortage will tend to be felt sooner rather than later
really need them - and dim neon and other business lighting. (until the market corrects itself). Meanwhile, attempts to regu-
P.S. You won't just be conserving. You'll be saving money, late supply and demand early in a crisis are apt to aggravate
too. economic dislocation, not mitigate it."

It would be irresponsible to disagree with his -ecommenda- But, "The lessons learned from the energy disruptions of the
tions. I. fact, as he apparently feels, our greatest danger may be 1970s helped the United States keep problems in the world oil
complacency during oil gluts. But, while his recommendations market to a minimum when the war between Iran and Iraq broke
will further improve our situation, they could not weigh heavily out in 1980. .... Even so the world has yet to face a cutoff of
in the serious disruption scenarios he expects. 20 percent or more in oil supplies. The United States does not

It would seem unnecessarily repressive for the Government to have a clear idea how it would respond to such a situation,
establish contingency criteria for all combinations and permuta- energy planners are not even sure what constitutes a real threat
tions of possible oil disruptions. Even without their ever being to oil security. . . Yet several independent studies have con-
imposed, anticipation of contingency regulations are almost cer- cluded that failure to develop an energy emergency planning
rain to inhibit commerce. It may be on this issue that the dis- program could ultimately lower the gross national product by
agreements hinge. billions of dollars and cause large increases in unemployment

Ebinger of CSIS certainly proposes a minimum of government and inflation."
control. Although CSIS strongly favors a central SPR as being in Ebinger points out that, "Under existing federal legislation
the public interest, they do not favor government development the president has almost complete freedom to act " But
of the policies for disbursing its contents. In"12 

61I CSIS advo- that then, " . . the states must submit emergency energy con-
cates a private-sector task force to -iinister the SPR. That servation plans to DOE within forty-five days of the president's
may simply be a detail the Administra.ioo has not yet expressed. findings. However it is physically and financially impossible for
While the Administration plan expects, as reported above, to most states to carry out the sophisticated planning required
develop criteria for using the SPR. it does not specify that these without considerable federal assistance. For every emergency
criteria will necessarily be developed within the Government, or measure a state considers, it must determine a vast array of facts
independent of the private sector - a determination even the federal government has been un-

able to accomplish in its contingency planning."
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Ebinger recoir. z-ds an office of contingency planning in Only the strategic stockpile is discussed here. the reader
DOE the also recommends continuation of that cabinet-level is referred to the CSIS study !-' and to the interview
department) to supersede all the disparate offices which have in Forbes 12 "' for the other subjects, including the IEA The IEA
incomplete responsibilities for fragments of emergency action. is also discussed further in Volume 2
The office would activate a task forke with Treasury. Commerce Ebinger notes, :2 , "Strategic stockpiling has long been part
and Transportation. supplemented by a permanent private- of U.S. defense policy; as early as 1912 President Taft set aside
sector task force representing the users. This participation may petroleum fields to ensure strategic stocks for the naval fleet
require some revision of anti-trust laws He further notes that whence the name naval petroleum reservesi " As this com-
contingency planning should reach to " every level of ment suggests, there are oil field "stockpiles" in addition to the
government - federal, state and local - both to promote a SPR. But they can only be produced at normal oilfield rates or.
wider understanding of what the energy problem really is and to in emergency, accelerated somewhat at the expense of optimum
develop the national consensus needed for an effective crisis oil recovered. The same practices can be applied to other oil
response. It is time to decentralize decisionmaking, but this fields and it is debatable how they should be produced in the
cannot be done without federal aid.' best total national interest.

There is plenty of room for differences of opinion, and the Reserves held by industry and the SPR are the only truly
NPC is clearly for a hands-off, free market. The NPC supports available emergency supplies. The SPR is the only supply which
the Administration stand for minimum regulation, but not the is controlled by the government for national interests alone.
concept of minimum planning. A distinction should be made,
also, between those who suggest control in severe disruptions. The Strategic Petroleum Reserve
versus controls proposed during only moderately inconvenient The SPR Program was created by the Energy Policy and
interruptions. The Administration appears to be in the minority Conservation Act of December 1975 in response to the 1973-
in its concept of minimum planning and minimum structure to 74 Arab oil embargo. The SPR Plan became effective on April
support it. 18, 1977 and was accelerated by amendment on June 20. 1977.

In its "Summary of Actions Recommended to Prepare for Oil .197 wsaclrtdbonJe 17.I the Padvancing its schedule by two years and establishing a goal of
Import Disruptions," I the NPC proposes: 500 million barrels (MMB) in storage by December 22, 1980.
" A government entity with senior access for planning, coordi- Amendment No. 2 on June 13. 1978 authorized an increase

natinC and administering response to major disruptions. from 500 million to 1 billion barrels and described plans for
• A federal advisory committee from the private sector storing 750 million barrels in underground reservoirs by DOE
" Plans for effective public education and communication. No decision has been made regarding the final 250 million

* Further studies of tax/import fee and coupon rationing barrels, which is still authorized, but currently not planned.

options. Ebinger points out that, "the original enabling legislation also
called for the development (by no specific date) of a regional

" Distributional measures to recycle increased government storage program for 24 million barrels, to be located in New
revenues during oil supply emergencies. England, Hawaii and Puerto Rico. Despite political pressur, in

"The sole purpose of the National Petroleum Council is to favor of these areas, the regional program has not yet been
advise, inform, and make recommendations to the Secretary of established."
Energy on any matter requested by the Secretary relating to It is difficult, if not impossible, to visualize 750 million barrels
petroleum or the petroleum industry." ' Its Committee on of oil, or one million. Ebinger observes 2. That a million barrels
Emergency Preparedness, which was chaired by C C. Garvin. would fill a ten-story office building with sides the length of a
Jr.. Chairman of the Board, Exxon, included thirty senior execu- city block. It has been noted that one billion barrels of oil would
tives from other oil companies, universities, and study groups. It fill the Superdome in New Orleans 45 times. :2 1b Storage of
was supported by a coordinating committee of over forty similar the SPR above ground would, indeed, be "something else."
executives. Its conclusions should certainly be studied carefully. The SPR is being developed in three phases, with storage of

At present, the Administration favors absolute minimum Phase l's 250 million barrels in five salt-cavern areas along the
preparation and control: no emergency preparedness, only an Gulf Coast in Texas and Louisiana with access to three pipeline
SPR. There are many who agree fairly closely with the moderate systems. A map of the areas and their pipelines is given in Figure
CSIS and NPC view: minimum government intervention, but a 12-2, taken from the SPR annual report for 1981 i2
specific emergency plan. Others, including influential members
of Congress, seek a still more definitive and structured response. SPR Storage Capacity
They are concerned that there is a plethora of state fuel emer- To simplify the picture somewhat, charts from the NPC emer-
gency plans legislated to go into effect immediately at the onset gency preparedness reporti " have been consolidated to show
of a crude disruption. A national emergency plan should replace only the envelope of the planned capacities for Phases I, 11, and
the disagreements in these state actions before they are brought III in Figure 12-3. This figure shows that Phase I should be filled
to bear. during 1982, Phase 1I at 400 million barrels in 1984, and the

Strategic Stockpiling final increment to 750 million barrels in Phase Ill by 1989. It is
also seen that there will be about a year of pause to increase

In addition to strategic stockpiling and emergency planning, capacity after Phase I[ is filled, before Phase III can begin.
Ebinger of CSIS1 t2 6 discusses other long-term measures to Following the initial intentionally ambitious target of 500
mitigate oil disruptions, some of which should be taken before MMB by 1982 and plan to accelerate to 500 MMB by the end of
the events occur. His discussion includes: decontrol of oil and 1980, it was recognized in early 1979 (FY 1980 budgetl that
gas prices, oil import fees, diversifying oil suppliers, developing those schedule goals could not be met. It was also clear that the
surge capability and creating an effective response network, He costs would be higher, recognizing the magnitude of some of the
also reviews short-term reponses such as rationing, fuel switch- storage problems. The FY 1Q80 budget therefore proposed re-
ing, emergency curtailment, and activity under the International programming of oil funds to facilities development, and o
Energy Agency (lEA). purchases were curtailed
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By 1980, solicitation for turnkey facilities were cancelled. The Klplinger Washington Letter of April 9, 1982 reported,
funding for Phase III was deferred, the 750 MMB level was "Gou't is stockpiling more slowly in its salt-dome reserves,
delayed three years, and decisions for a fourth 250 MMB incre- even though prices are way down . . . 186,000 barrels a day
ment were abandoned. Phase I facilities were completed but left are pumped in, compared with 318,000 a day last year. Tight
substantially under-filled and Congress rescinded $2 billion in budget is the main reason." Their information did not come
oil purchase funds which were unused. In June 1980, the Energy from the DOE Deputy Assistant Secretary for Strategic Pe-
Security Act required the President to increase the storage rate troleum Reserves. His office advises that, in actuality, 335.8
to 100,000 BPD during FY 1981 and beyond. The FY 1981 million barrels were added during 1981 (batting above 300!).
Appropriations Bill then required the President to seek to fill the From January through April, 1982, the fill rate dropped to
SPR at an average rate of 300,000 BPD, or to fully use the 205 million barrels per year because of limited storage capacity,
appropriated funds. not from budgetary limitations. DOE is seeking additional

The SPR Program inherited by the new Reagan Administra- interim storage capacity until the permanent space is made
tion in January 1981 included: a plan for 750 MMB in storage available in the salt caverns. Storage capacity will remain the
by 1989, Phase I facilities available but under-filled, less than limitation for the remainder of 1982. As of June 1982, the SPR
half the oil for 1981 under contract, and the SPR budget heavily in storage had passed the 260 million barrel mark.
dependent on entitlements funds from the crude oil price con-
trot program., 12 SPR Drawdown Rates

Since that time. the new Administration has: awarded con- Although alloction and distribution policies for using the
tracts that more than doubled the fill rate and exceeded the FY SPR have not been defined, the rates of drawdown and feeding
1982 fill targets, replaced entitlements lost when oil prices were into the pipeline network appear effective to the author, as
decontrolled, and requested EPA to permit a faster leaching rate shown in Figure 12-4. It appears (to this author) that alarming
at Bryan Mound to increase storage by 50 MMB in 1985. In statements such as made by Malcom S. Forbes in March 1981
August 1981, SPR oil acquisition was placed off-budget. are unproductive. He said on his editorial page, "No matter

Highlights of the present programA 21 21 include: Storage will what - we'd better start pouring, instead of dribbling, oil Into
increase from 251 MMB at the end of FY 1981 to 267 MMB at that clump of strategic oil reserve salt domes in Louisiana. Since
the end of FY 1982 and 343 MMB by the end of FY 1983. the program was established six years ago, we've put in about a
Phase II was increased by 40 MMB and Phase III (dropped to week's worth. At the present rate it would take 15 years to
210 MMB to hold the 750 MMB total) development begins stockpile the billions of barrels required if we're to have three or
during the year. The present budget request allows the SPR to four months' worth on hand."' 12 18 ) His feeling of urgency is
fill all available permanent storage capacity in FY 1983 and to warranted; his suggestion that the fill rate must be increased was
average about 200,000 BPD during the year. unrealistic. Apparently he did not recognize that the full fill rate

had been achieved and was holding at that time.
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SPR FILL SCHEDULE Our net condition, as Ebinger pointed out to Cook,' 12 91 will

Soo still be dependent on how our IEA allies fare and what their
! I I I reserve conditions are at the time.
FILL RATE- ---. /

300,000 SPO / SPR Politics and Financing
600

S70RAG Although SPR circumstances appear encouraging and tran-
quil at the present, there are objections to the present program

CACT and even it could go awry. One of the reasons filling proceeded

400 at such a slow rate earlier is that Saudi Arabia strongly objected
.J to our SPR plan. In the tight market, others, including Ameri-
> . O D2 cans, felt that filling the SPR simply added to demand and

PHASE I pushed prices further upward. Some of those objections were

-' 200 relieved by the recent glut conditions.
"A long-term commercial contract was signed on August 20,

HOLD OR SEVERE 1981 with Petroleos Mexicanos (PEMEX), Mexico's state-

owned oil company for purchase of approximately 110 million
0 barrels of crude oil through 1986. '12 17 While Saudi Arabia

1980 82 84 86 88 90 may be displeased, they can scarcely condemn a bilateral agree-

TIME - YEARS ment which involves neither them nor their sales to the U.S. Of
course, it easily may be argued that they had no basis for

Figure 12-3 objecting to our stockpiling Saudi oil, although they implied at

the time that their price was set as a favor to U.S. economic

At the end of Phase 1. essentially where we were at the end of stability, not to be used as an SPR weapon against OPEC.
the first quarter of 1982, the drawdown capacity was almost 2 In a slack oil market, OPEC and Saudi Arabia now may
MMBD. Recalling Ebinger's building ten stories high and a block encourage purchases for all purposes, including stockpiling.
on each side, filling two of those tanks per day with a million Mexico also may be pleased now, with a guaranteed price under
barrels each suggests impressive pumping capacity. Equally our long-term contract. Objections to the SPR may increase
impressive. SPR supply at that rate for over 60 days, and at half within the U.S. if it turns out our purchases from Mexico could
that rate after 120 days would appear to offset a large share of be made on the spot market at lower prices. But insurance can
the potential disruption threats which we must face. never be bought at optimum prices. As Ebinger remarks, in-

However, recalling that the NPC strongly recommended we surance only pays off handsomely in case of disaster.
not permit our SPR reserves to fall below 2 MMB (as a bedrock With SPR financing no longer provided by entitlements and
protection against unexpected disaster or active war) we are with desire to keep the purchases off-budget. there may be
only beginning to fill the SPR portion available to relieve "nor- increasing pressure to involve the industrial community in SPR
mal" crude disruptions, and we won't really reach an effective financing. Ebinger points out that the U.S. is, strangely, the only
capacity until Phase i is completed in 1985. But, at that time OECD country with a fully federal-financed program. "In Japan,
with 400 MMB in the reserve (200 MMB available for distribu- for example, some reserves are maintained by the government
tion) and with a drawdown capacity then of 3.5 MMBD, we and some are held commercially. Germany and the Netherlands
should be in relatively good shape for anything short of a com- permit special corporations to control reserves. In France and
plete shutdown of Mideast production for more than four Italy the oil companies manage the entire strategic reserve pro-
months, gram. Only in the United States is the reserve solely under

federal control."
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While this may appear a perplexing U.S. leaning toward so- bank comments' 12 -9 1 that only speculators would buy them. "Oil
cialism, it no doubt stems from strong U.S. anti-trust sentiments. would have to appreciate to $120/bbl during the next 10 years

John Lichtblau, executive director of the Petroleum Industry for the bonds to beat some corporate bonds." Robert F. Dall of
Research Foundation, Inc., is quoted, "The administration's Salomon Bros. proposes a Strategic Petroleum Reserve Cor-
most important task in the area of energy policy is to protect the poration, with an off-budget, federally-operated charter. It
nation from external interruptions and their economic conse- would raise the funds through 10-year bonds, backed by Trea-
quencies. If this is recognized, the idea of private financing sury credit.
becomes as unreal for the SPR as it would be for de- Some have suggested that Synthetic Fuel Corporation funds
fense expenditures."'

I2-9 Lichtblau recommended at a Senate could be used as backup for the SPR( 1 2-9) Synthetic fuel in-
subcommittee hearing that another tax on gasoline and highway terests counter that the existence of an SPR is already a threat to
diesel fuel be added to finance the SPR, calculating that a 4- the future of a synthetic fuel industry.
cents/gallon tax would pay for the 300,000 BPD fill rate. There At least we are now discussing how the SPR program will be
are some indications that this approach is receiving serious completed, rather than whether we will do it and when we will
consideration, get on with the job.

Others have suggested issuing bonds to make the purchases,
backed by value of the oil. But Michael T. Welch of Citi-
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Appendix A
Glossary

ACEE NASA's Aircraft Energy Efficiency development lEA International Energy Agency {OECD nations).
program. IFF Institute for the Future.

AGA American Gas Association. IGT Institute of Gas Technology.
AHEG Ad Hoc Executive Group (in the international Hy- IIASA International Institute for Applied Systems

drogen in Air Transportation organization). Analysis, Laxenburg, Austria.
AIAA American Institute of Aeronautics and Astro- ILS Instrument landing system.

nautics. INS Inertial navigation system
AiChE American Institute of Chemical Engineers. IOC Indirect operating costs (ATA method).
API American Petroleum Institute. LCH 4  Liquid methane, liquid natural gas, LNG.
APU Auxiliary power unit - supplies power to aircraft LDC Less-developed countries, Third World.

on ground. LFC Laminar flow control (of aircraft skin friction).
ASM Available seat-miles. LH, Liquid hydrogen.
ASTM American Society of Testing Materials. LNG Liquid natural gas, liquid methane, LCH 4'

ATA Air Transport Association. LPG Liauid petroleum gas, propane, butane, etc.
ATC The U.S. air traffic control system. MHD Magnetohydrodynamics, electrical generation
BBL Or bbl, barrels. using a stream of ions in a magnetic field.
BIRI Business Industrial Risk Index (SRI International). MIT Maotssachusetts Institute of Technology.
BOE Barrels of oil equivalent energy. MLS Micrcwave landing system.
BPDbpd Barrels per day. MMB Million bai rels (M being one thousand in Roman).
BRB Board Room Briefing, at beginning of each MMBD Million barrels per day, sometimes mBD or mbd.

chapter. MMBY Million barrels per year.
CAL Continental Air Lines. NAA North American Aviation (now Rockwell Int'nl.).
CNG Compressed natural gas. NASA National Aeronautics and Space Administration.
CO 2  Carbon dioxide. NGPA National Gas Policy Act of 1978.
CRC Coordinating Research Council (aircraft fuels). NO. Nitrogen-oxygen compounds, x denoting any of
CSIS Center for Strategic and International Studies, several.

Georgetown University. NPC National Petroleum Council.
DOC Aircraft direct operating costs (ATA method). NWS National Weather Service, of the National
DoD Department of Defense. Oceanic and Atmospheric Administration.
DOE Department of Energy. OAPEC Organization of Arab Petroleum Exporting
DOT Department of Transportation. Countries
EEC European Economic Commission. OCS Outer continental shelf
EOR Enhanced oil recovery, tertiary recovery. OECD Organization for Economic Cooperation and
FAA Federal Aviation Administration. Development.
FRG Federal Republic of Germany, West Germany. OPEC Organization of Petroleum Exporting Countries.
FSS Flight Service Stations (part of ATC). ORI Operations Research, Inc.
FY Fiscal Year. OTA Office of Technology Assessment (U S Congress).
GA General aviation. OTEC Ocean Thermal Energy Conversion
GAMA General Aviation Manufacturers Association. PRC . 'oples Republic of China.
GDP Gross domestic product. psi Pounds per square inch.
GE The General Electric Company. PURPA Public Utilities Resources Policy Act of 1978
GNP Gross national product. Quad Quadrillion Btus. 10" '" Btus, about 172 million
GRI Gas Research Institute. barrels of oil. 44 4 million short tons of coal, 293
GURC Gulf Universities Research Consortium billion KWh. or I T(. of natural gas.
IATA International Air Transport Association. R&D Research and development
IC. Internal combustion engines. R&E Research and engineering.
ICAO International Civil Aviation Organisation.
ICBM Intercontinental ballistic missile. 155



RFF Resources for the Future. TJ Terra-Joule. trillion Joules. I():- Joules, about
ROI Return on investment, one billion Btus
S.I. Spark-ignition engines. UGR Unconventional gas recovery
SPR The U.S. strategic petroleum reserve. USAF U.S. Air Force
SRI Stanford Research Institute. USGS U.S. Geological Survey. Department of Interior
STC Supplemental type certificate (aircraft). VTOL Vertical take-off and landing aircraft
SWRI Southwest Research Institute. WEC World Energy Conference.
Tcf Trillion cubic feet (natural gas). WPT Windfall profits tax.
TEL Tetraethyl lead. WWI, WWI] World Wars I and 11.
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Synopsis of Tapes: CSIS Forum on Aviation Fuels, Oct. 1981

C. L. Blake

Dr. Amos Jordan, V-P and Chief Operating Officer, CSIS: Greeted the group aid
invited them to seek new ideas in the meeting. Outlined CSIS activities in
Energy: rne famous Bridges 3-D model which has been used in briefings on
Capital Hill; an energy film seen by about a million people on TV; several
volumes, including a massive three-year study on coal, ended last year.
Present work includes a nuclear study under Rodney Jones, a non-proliferation
expert; an oil-field security study by Maza Hamid; a new study on Energy in
the Patterns of Power in the Persian Gulf; energy in the Southeast Asian
studies program under Swinch Price; a full version of the study on Venezuela;
and energy in a study of the whole of Alaska in the 1980s.

Energy permeates a half dozen of current CSIS studies, the primary of which is
on Energy and National Security, a broad look at the role of energy in the
international arena, neaded by Dr. Charles K. Ebinger.

Dr. Cnarles K. Ebinger, Director, Project on Energy and National Security:
Since the Center is a public policy institution, comments on the elements of
the presentations and discussions which have a bearing on public policy, will
be particularly appreciated. Is there a role for the Federal Government, a
piece of legislation that needs enactment, or other factors which might be
hindering our supply of aviation fuel for the future?

Richard A. ShacKson, Assistant Director for Transportation, The Mellon
Institute: For the past three years, Mellon has been looking at the US demand
in Btus, considering what we define as "Energy Service", the amount of heat,
light, cooling or ton-miles that you get for your energy. In the annualized
cost, we include costs of all the capital equipment which may be used in
converting that energy into its useful forms. The thrust of our study has
been to see what could be done to minimize the cost of energy, assuming that
everyone has access to capital and will make good choices. This is not a
forecast; it leads to a boundary of what might be achieved and some of the
options that can be considered.

Assuming a 2% GNP growth rate, we are still able to retain energy demands at
or below today's level. Much of the reduction is in oil, which is released by
the transportation market, mostly by improvements in efficiency, dominated by
autos and trucks. This is what we see in a perfect market, where the
investment gets paid under cost recovery.

We looked at the Year 2000 situation with two scenarios, including the
possible use of methanol, as opposed to converting all the synthetic fuel into
gasoline. We see a replacement of between 2 and 3 million BPD attributable to
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transportation and another 2 million through stationary systems. The
important thing is that there are options for providing more fuel to aviation.
These represent boundary conditions, not predictions. Blake's work, being

more predictive, must stand the scrutiny of probability.

Q-What were price assumptions in 1990 and 2000 in terms of 1951 dollars?

A-In '79 dollars, these were the price forecasts made by EIA. We have made
sensitivity analyses. We see natural gas claiming a very large industry
share, with prices moving more as a function of coal than as a multiple of
oil. After the next ten years or so, natural gas and oil will not be
competing for the same markets.

Charles L. Blake, Federal Aviation Administration: Two sections to the
report: First, on the price and availability of aviation fuel and the factors
affecting price---the economics of fuel, by far the larger part of the report.
Second, on the disruptions to imports of oil, probability, duration and

effects. The second section is not much more than a postscript.

Under economics are included the supply and demand sides. Demand is
essenrtaally conservation, which can come from operations, the ATC system, the
aviation weather system, and fron aircraft design. While the whole story here
on aviation fuel economics involves a bewildering array of subjects, it is
important to see the whole picture at one time in order to get a full
perspective and to see the interrelationships.

The past five years have seen more increase in aviation fuel demand than is
expected in the future. Although jet fuel demand will increase, on the
national scale the increase in percent jet fuel to national petroleum
increases far more, because total petroleum is falling off, rather than
because of the increase in jet demand. Imports have also been falling off
rapidly.

In a period of rapid transition, it is unusually difficult to forecast with
any confidence, and individual forecasters today are concerned that they are
probably affected too much by the conditions of the monent.

Length and destination of the "energy transition bridge". The IIASA Study
(International Institute of Applied Systems Analysis). The fifteen-year
Visibility barrier: a survey of numerous studies from many countries on many
subjects shows that, if a study projects beyond a 15-yr period, almost
invariably there will be an unexpected or inconceivable occurrence which will
affect the outcome of the study more than any of the major components in the
study.

IIASA concluded that 50 years was insufficient to achieve a world energy
transition---institutional and capital-expense problems cannot be solved in
that period of time. Concluded transition more like 70 years. The world
problem now is liquid fuels and is likely to remain the problem. If
industrial countries could give the Less Developed Countries (LDCs) all the
nuclear powerplants they need to generate electric power, neither the LDCs nor
tne Industrials could afford to supply the electrical distribution or storage
systems which would be required to supply the power where needed. The same
applies to photovoltaic cells or other power-generation systems. If
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industrial nations gave the LDCs photovoltaic cells free, they wouldn't be
able to afford the concrete, steel and controls for installation, as well as
the electrical distribution systems.

Liquid fuel systems are the cheapest and the only ones the world can afford in
the quantities required. Today's petroleum in the liquid system may later be
supplanted by methanol and, finally, by hydrogen. Coal and nuclear power
should be used more, in the long run, for producing liquid fuels than for hea:
or producing electricity. The technology and the economics of this energy
transition will be feasible, but the international, political and sociological
problems will be extremely difficult. Carbon dioxide will double in the
atmosphere by the year 2030.

Discussion of M. King Hubbert statistical theory of oil depletion shows that
the data are strong and consistent---any statistical analysis will conclude
that the peak of US oil production occurred in 1970. If the future follows
the same statistics, that rate will never be repeated; US oil production must
inevitably decline into the future. The question is whether the past was
actually governed by statistical characteristics---was truly a random
process---and whether the future will be governed by the same influences.

Pointed out effects of taxes as a disencentive to finding or reporting oil.
Oil prospecting has not had free access to federal lands. There may (and
should) be a significant effect of the increase in oil prices since 1962---all
the earlier analyses came from a history of stable, low prices for crude ail.
Due to the 10.5-yr lag between oil discovery and production, the effects of
the 1973-74 price rise have not yet been fully felt. The effects of the 1979
price rise are only getting into the discovery mode at this poin' . It apears
the past das not truly statistical and that, particularly, the futare need not
be goverened by the same forces.

But the thing that is important is not the quantity of new oil that will be
produced; it is the price. If the means for new production is expensive,
there may be no price relief for aviation, even though petroleum may be
available in adequate quantities.

Enhanced Oil Recovery (EOR) has significant potential for production. About
30-35% of the oil known in depleted fields has been extracted and at least
10-15% more can be extracted by EOR. But costs are high, while taxes and
regulations are unfavorable. The important thing about EOR is that it is here
and now; if favorable political and economic conditions can permit EOR to be
produced at a competetive price, the steps should be taken as early in this
decade as possible.

Producing Jet A to the existing specification limits could increase the yield
from a barrel of crude oil by 40-50%. Since Jet A is often supplied from
stocks that also supply home heating oil and boiler oil, the flash point
limits imposed on those other fuels by local safety regulations may govern the
limits of jet fuel deliveries, rather than the jet specifications. Lowering
the freeze point of the spec has adverse effects on aircraft operation and
fuel consumption, with greater effects on the new generation of aircraft than
on the ones now in service. An increase in the aromatic content of fuels has
a similar adverse effect. Accepting a heavier fuel may negate much of the
advance in lighter weight, better life, and decreased use of strategic
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materials that nave been achieved in aircraft engine development over the past
several years.

Discussed so.ae of the potential of natural gas in backing petroleum out of the
stationary power market, by direct use as compressed or liquified fuels in
other transportation, as a source of hydrogen in refining or improving
aviation fuels, or, conceivably, as a direct cryogenic fuel in aircraft
operation. Natural gas is demand-limited in the US today; it suffers from
adverse regulations and taxes. Natural gas is a legal and institutional
problem, ratner than one of resources, supply or technology.

The US fuel problem is not at all its resource supply quantity, but the
production rates and prices that can be achieved. Compared the delivered
prices of various alternative fuels. Shale oil is the looest-priced
alternative to petroleum crude and requires less energy to produce per gallon
of jet fuel, while it naturally has a low aromatic content. Coal distillates,
on tne other hand, produce a high-quality gasoline, but not directly a good
jet fuel. Shale also produces from 40-70% yield from the barrel and, with
more hydrogenation at a cost of about $1 more per barrel, can literally go to
100% jet fuel produced per barrel of shale crude. Shale crude can be
available from five to ten years earlier than coal liquids (as opposed to coal
gas conversions).

DOD nas made a conclusive decision on future fuels, selecting shale crude as
their source of alternative fuel, over EOR, tar sands and coal. DOD concludes
that liquid nydrocarbons will power their equipment for the foreseeable
future, that shale will replace their need for petroleum. DOD will not
sponsor snale Dil production, but will concentrate on converting the oil to
fuel and on the suitability of that fuel in their military equipment. The Air
Force has nad a very successful program with three contractors refining shale
oil into jet fuel. The yield was high, the quality was very high, and the
costs dere reasonable.

Industry projections on shale oil production are encouraging, about 790,600
BPD in 1990, and as high as 4-6 million BPD by 2000. With about half-and-half
shale and liquid products from coal, the US could produce as auch as 15
million 8PD by 2015. Capital investments for shale production are much higher
than for onshore Alas~a or for North Sea oil operations. In all of the
alternatives to petroleum, the capital costs turn out to be about 3/4 of the
total costs of producing fuel. Infrastructure and peripheral costs dill
probably be greater than the basic costs. Within the industry, the
infrastructure is generally regarded as a larger problem than the direct
production of fuel.

Aircraft designed to operate on cryogenic fuels are slightly smaller than for
jet i.uel, but the aircraft and direct operating costs are directly comparable.
The costs of cryogenic liquifaction plants at airports add a considerable

capital cost to the cryogenic fuels. While jet engines will operate well or
better with cryogenics without modification, the aircraft fuselages would be
considerably different to house the insulated tanks within the fuselage.
Realizing the total potential from cryogenics requires a new airplane.
Cryogenic aircraft would have smaller engines, make less noise, and produce
considerably less exhaust emissions. If the low temperatures can be applied
at the sx1n of the airplane to achieve laminar flow, approximately 25% further
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fuel economy might be realized, but requiring very advanced technology.
Contrary to the popular aversion to hydrogen publicised by the Hindenburg
disaster, liquid hydrogen is relatively safer than jet fuel to passengers in a
survivable crash.

Production of any alternative fuels from shale, coal and other hydrocarbons
releases considerable carbon dioxide to the atmosphere, while burning all of
the fuels ,except hydrogen, releases additional carbon dioxide. Hydrogen
produced by electrical means releases no C02, while burning hydrogen, of
course, produces no C02. If the greenhouse effect and future carbon dioxide
become important, then hydrogen will become a significant candidate fuel, on a
world scale, not just in aviation.

A recent proposal to DOE would have delivered liquid hydrogen to Los Angeles
Airport at a lower price per Btu than Jet A. the low price was achieved by
selling electrical power and other energy byproducts at favorable prices.
Although the proposal was not accepted, it made the important point that
industrial and economic developments may play a more significant role in the
relative price attractiveness of various fuels than technological
developments.

Conservation is about the only avenue through which aviation activities can
affect their fuel demands. A 2% saving in annual fuel use would have
cancelled the 1980 airline financial loss. Aviation fuel saving is not
important to the national fuel picture, but fractional percentages of fuel
savings are important to airline profit and loss statements. Airlines have
made great strides in saving fuel since 1973; together with changes in FAA air
traffic control procedures and practices, the total savings achieved in
gallons per passenger-mile have been about 43%. Some airlines have gone to
great lengths toward saving fuel. An Aerospace report to DOE tabulated W47
Strategies" for saving fuel in aviation. Many of the recommendations made in
this 1978 report have already been achieved, but some steps remain for
exploitation.

The aviation weather system offers the potential of about $300 million savings
in fuel per year for a one-time investment of $1 million and an annual
operating expense of $600,000. This is a real bargain that FAA and NASA are
pursuing. It deserves strong attention and vigorous support.

Additional savings of up to 50% in fuel conservation can be saved In new
aircraft designs. This level of economy requires synthesis in new aircraft,
rather than by retrofit, although substitution of new engines provides the
major part of the saving. Airlines will need impressive financing for the
capital to convert to fuel-efficient fleets.

The US has reduced its dependence on foreign oil to about 35% of its oil
consumption but, at this level, is still highly vulnerable to disruptions of
foreign oil imports. The Senate expects about two more decades of
vulnerability; foreign affairs analysts expect about three serious oil import
disruptions in any ten year period. A National Petroleum Council report on
oil supply disruptions is their recommendation to the DOE and has not received
approval from the Administration; it is yet to be debated in Congress. But it
Is a valuable reference and may be a pattern for future decisions. NPC
recommends that the free market forces should prevail at all levels of
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disruption. rhe Government should intervene only in case of sudden shocks to
which the market cannot respond quickly, or severe dislocations of the
national 4elfare. Normal user/supplier relationships are expected to prevail
and to govern supply channels. NPC also recommends no price controls
throughout.

A short review of the Strategic Petroleum Reserve was provided, showing that
the US is now filling at an effective rate of 300,000 BPD, purchasing from
Mexico. Even so, the SPR cannot be used effectively until after 1982, while
the NPC recommends that the SPR should hold a minimum of 200 million barrels
for completely unforeseen contingencies. By the 1987-88 period, the SPR
should become a significant factor, not only toward protection against
disruption of foreign imports, but as a stabilizing factor in world market
prices. The normal US petroleum refining and supply system is a through-flow
system, which does not contain additional effective reserves. Whatever excess
it contains at any one time is required for the normal ebb and surge in the
system and should not be considered divertable in emergencies. The only
reserves effective in emergencies are the SPR and stocks that are privately
held.

Tne NPC noted that the US aviation system is essentially self-regulating in
emergencies because slowdown in the GNP and industrial activity, as well as in
discretionary income, automatically restricts travel. They also observed that
airlines have already taken strong steps in fuel conservation; there is no
point in additional urging from the Government or others. The only step they
would suggest in at least a moderate fuel oil disruption, would be an increase
in passenger load factors up to 70-75% by increasing seating density,
doubling-up on flights, and some flight cancellations.

The NPC concluded that US refinery capability is adequate to produce the
desired product slate for all the disruption scenarios, without any assumed
alteration in fuel specifications.

CONCLJSIONS:

For Aviation:

1. motor transport fuel and stationary power fuel will influence the price of
aviation fuel more than will aviation activities.

2. Delivering Jet A fuel to existing spec limits should increase yield, if it
can be done, should reduce refinery costs and could reduce fuel prices.
Lowering the flash point should further relieve refinery operations and will
not hamper aircraft operations, but a test program should investigate the
effect on safety.

3. Raising the jet fuel freeze point or aromatic content indicates
significant aircraft operating penalties, particularly for newer,
fuel-efficient airplanes. The aircraft and engine costs for accepting fuels
with higher freeze point or aromatics must be balanced off against long-term
forecasts of reduced fuel prices. These prices must also consider the
intrusion into other fuel markets, such as diesel fuel, and consequent effects
on price.
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4. Aviation users may dish to encourage more refiners to produce jet fuel.
Or they may wish to promote a trading in crude stocks, so that refineries
which are producing jet fuel aould trade to get more suitable stock from the
much larger number of refineries which do not produce jet fuel.

5. As petroleum prices rise, shale oil offers the best alternative for
excellent Jet A at competitive prices. Aviation customers should promote the
use of shale oil exclusively for jet fuel production, rather than have it
mixed into the normal refinery streams, as will otherwise probably occur.

6. Crude oil import disruptions will reduce aviation traffic and raise fuel
prices. These disruptionns are strongly probable and minimal federal
government intervention has been suggested. Aviation fuel users might want to
consider private contingency arrangements for these cutoff probabilities.

7. US refinery flexibility is adequate to meet all crude disruption scenarios
without changing the fuel specifications.

8. The strongest effects on US energy and on aviation fuel prices will
probably come from US regulatory, tax and land policies.

9. World interest in aviation hydrogen could be accelerated by
economic and production developments or by carbon dioxide influence on the
greenhouse effect.

National Conclusions:

I. For the next twenty or thirty years, petroleum fuels will be generally
available and prices will be determined by competition in the marketplace.
Productior costs will increase dith difficulty of extraction and treatment and
real price. will therefore rise at up to 2% per year.

2. Regardless of the sources of liquid fuels in the US, capital investments
will increase substantially. All alternatives are capital-intensive. Natural
gas may offer the greatest amount of energy per dollar of capital expended.
rhe outcome is more dependent on public policy than on physical technology or
on economic forces.

3. US crude oil imports will probably be disrupted some three times in a
ten-year period. The SPR will provide no cushion until after 1982 and will
become significant in about 1985-87. During these supply disruptions,
conventional market forces and relationships will prevail. The Federal
Government will intervene only to correct severe national dislocations.
(However, Congress has not yet endorsed this policy, so it is not firm). Fuel
users, such as airlines, should establish their own supply lines or reserves

for emergencies.

4. US public land policies, regulatory policies and tax policies will decide

the US energy future far more than any other forces.

Global Conclusions:
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1. Energy transition will continue indefinitely as energy sources and forms
compete in the market, while production and conversion costs dill increase
erratically.

2. No single energy system will dominate the future world market. A variety
of sources and systems will prevail, dependent on local conditions and
economics.

3. Electrical transmission and storage costs limit ultimate spread of
electricity. The major form of world energy now is liquid fuel; liquid fuel
will continue or even increase in importance in the future. The petroleum
distribution system may later carry methanol and, ultimately, hydrogen. Coal
and nuclear power may ultimately produce more liquid fuels than electricity or
heat.

4. Atmospheric carbon dioxide is expected to double in the next fifty years.
Initial comprehensive studies of the possible consequences will not be
available for another one to two years. Experimental evidence to check these
analyses probably will not be conclusive for at least twenty years, if then.

Ebinger: Some items of interest to the Center he hopes we can get on the
table:

While the relationships of supply/demand/price have been discussed, the
problems of infrastructure have been indicated as major, but have not been
explored. What ensures that the necessary decisions for these problems dill
be made, either by Government or by local communities, if de are going to get
some of the synfuel plants going?

While some of tne projections such as for synfuels are made by some of the
people in this room, these projections seem to be receding farther over the
horizon. Recalled that at DOE there was a time when it was thought that if
the price of crude oil went to $7 per barrel, we should be able to get all the
shale oil se want. Some of the price forecasts seem to assume a constantly
rising price for oil, or at least they look better if the price of oil
continues to rise. How do they look if oil prices stabilize for a period, or
if they slightly decline, even though we may not feel that is a probability?

The future of hydrocarbons in the US and the effect on aviation fuels
remains highly problematic. Considering that some 70% of our OCS resources
are offshore AlasKa, we must be concerned about the accessability constraints,
-the environmental constraints, the legal constraints effects on production
dates, even with the more liberal policies of the new administration.

.What is the role of US Government policy, particularly In the area of
synthetic fuel development? If, after promoting start-up of an initial
synthetic industry, the Government does not follow up on loan guarantees and
other incentives, what -ill be the effect on synthetic development? What do
some of the industry representatives present think might be done to stimulate
and sustain the synthetic program?

Noting that US refinery capacity has been indicated adequate in case of
crude oil import disruption, what dill be the effect if giant OPEC export
refineries and pipelines, or other planned producers such as Mexico, tie their
oil deliveries to our acceptance of so much refined product? In that climate,
would de still have the flexibility to meet the variety of contingencies?

Until we remove the restrictions on natural gas and, indeed, remove all the
restrictions and subsidies on forms of energy, how realistic can our
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comparative forecasts of competitive fuels actually be? Will t. real-life

policy world permit us to make the choices that the market wou!. indicate?

2- Where did the projection on motor gasoline come from?

A- rhat was an actual, rather than a projection and it came from the EIA 1980
Summary. It was the amount produced, not necessarily consumed. For example,
there was an increase in jet fuel stock during that year.

Ebinger (to Questioner)- Did you find those unusually high?

A- No, unusually low.

Momentny- There is no aircraft spec on flash point; we seem to confuse
between aircraft specifications and purchase specifications.

The proposed increase in load factor during fuel disruptions would not be
r..asonable because of the variety of routes. Aircraft for the year 2000 have
already been sold; we have already made the decision of what fuel will be used
in them. Extremely high aromatics or freezing points are somewhat academic.
Would like to know whether the costs for hydrogen-powered aircraft came from
the NASA studies or more recent. They are highly imaginatative, certainly not
correct. Would like to see some cost results from a real In-depth study of
hydrogen and hydrogen-fueled aircraft. NASA identified their study as
first-cut preliminary design. rhose data should not be compared with today's
aircraft.

(Several minutes of inaudible conversation, by Dr. Shank of Pratt and Whitney.
The following is very brief, from notes): As Momenthy said, the choices have
been made for aviation fuels past year 2000. Aircraft have a long service
life or depreciation period and the intervals between maintenance have been
growing longer. EPA emission requirements have cost P&W $100 million, with no
increase in productivity. Present combustion efficiency in aircraft turbines
is between 95.5 and 95.6%. New combustors to accept heavier fuels would cost
$100 million to develop and produce. Modifying turbines would be even more
expensive. rhe cost of developing a new engine is about $I billion, about the
net worth of the company. Most of the cost of a new engine is in the hot
section and in the high spool, which are the areas requiring redesign for a
change in fuel.

Ebinger- When you design these new engines, do you make specific assumptions
about future fuel prices?

Shank- No, not specifically, but heavy emphasis is placed on fuel economy.
Before fuel price became so important, we have always been concerned about
fuel consumption because of its effect on performance--range and payload.
(Additional inaudible).

Shackson- Although the development cost of a new automobile engine isn't as
high as the $1 billion for the new aircraft engine, the tooling and equipment
for the production rate brings the total investment for a new car engine up to
the same S billion level.

Breder, Lockheed- NASA has recently awarded contracts to both Lockheed and
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General Electric to study the effects and costs of using broad-spec fuels in
aircraft.

Borger, Pan Am- Airlines did not commit to buying jet aircraft just because
they were faster; it was because they were able to offer a lower DOC in cents
per seat-mile. Putting more seats in an airplane is the quickest Way of
getting lower fuel burned per passenger-mile. Also use larger aircraft.

Dr. Lander, USAF- Petroleum has been a big factor in the development of
aircraft, the fact that it has optimum energy density. The Air Force is
dependent on continuing use of this high-quality fuel. If we could get
low-priced hydrogen, we could manufacture a variety of alternatives. We might
use special fuels for very special missions and requirements, but the bulk of
our needs dill be met with petroleum-like fuels. Shale oil is a good source
for middle distillates, not just for jet fuel. We are concerned, as all
engineers and scientists should be, about the potential greenhouse effect. We
are bullish on shale oil because it is an attractive hydrocarbon which Is very
similar to what we use today. One of the biggest problems in starting
synthetic fuels is getting someone to take the big step; everyone seems to be
waiting for somebody else. The fact that 75% of Western shale oil belongs to
the Government is a problem. The Government sits on it and doesn't know what
to do aith it. Regulations and changes in regulations continue to hamper
synthetic development.

There is really no master plan to develop Western shale oil to its limitation,
be it 2A4MBPD or 8MM3PD. It's a hodgepodge, with industry moving out now on
some loan guarantees. We have the largest resource of hydrocarbons in one
place, much larger than in the Mideast, and it's not being developed
systematically. DOE is trying to push, but other parts of the Government are
regulating and pushing up costs. Costs appear to be competitive now and there
seems to be considerable concern in OPEC for what might happen; a petroleum
glut might be contrived to cool the synthetic enthusiasm in the US.

Coal liquids may find their day into refineries. We don't know how we might
handle their higher aromatics; we don't even know if we could operate
continually at the limits of today's specs.

Wayne Berman,CSIS- To Dr. Lander: Do you think it possible to develop a
national plan for developing shale oil? Aren't there too many contentious
political forces? Is it possible?

Lander- Possible, but not easy. Perhaps analogous to the TVA. Not likely
under the Reagan administration, or any other, now. It will take ten or
fifteen years before it will get the support. Private operations and the two
federal leases are moving ahead and may prime the pump. The potential for
synthetic fuel development in the US may be an important lever against
imported crude; not that the quantity effect would be large, but that the
potential and the psychology would be important.

PoritzKy, FAA- I thought I heard that cryogenic fuels might be competitive
atound the turn of the century but that Mr. Momenthy and Dr. Shank said that
isn't likely. Is there any feeling on this?

Brewer- We think there are developments on the horizon that can drastically
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reduce the cost of hydrogen. On the charts Charlie showed, the price is
expensive. But in the proposal he mentioned for delivering hydrogen to LAX,
we participated in that and the price was around $7 per million Btus, taking
credit for the electricity and by-products. In addition to the $7, there is
another $1.50 to maintain liquefaction at the airport and to keep it
continuously supplied to aircraft. This is extremely competitive and is based
on rather conservative assumptions. There are other developments coming
along, such as magnetic refrigeration, which may further reduce costs. It is
presently in the lab scale at Los Alamos, essentially in the curiosity scale
but, if successful, might cut liquefaction costs by as much as 40%.

Hydrogen should be attractive to aviation at some time in the future; we do
not say it will be within the next ten years or when it will be, but the
potential is there.

Blake- I may have gotten across several things 180 degrees from intended.
Personally, I believe that petroleum will be around for at least twenty or
thirty more years at competitive prices, unless something drastic hapens to
the entire market. Changes may come from an unexpected direction, such as the
proposal to supply LH2 to LAX. I believe the important thing is that changes
may come rapidly and unexpectedly from a variety of directions, not just
technological or economic. Keep in mind the 15-year visibility limit. We
certainly shouldn't support every avenue equally, but it may be a mistake to
rub out or ignore any completely.

Borger- The logistic problem for LH2 is considerably larger than LAX or
O'Hare. An LH2 airplane is a whole new airplane; the least that will be
changed is the engine. (several responses, "That's right").

Blake- One of the things that comes out of the study is that future capital
costs dill be high, even staying with petroleum. So when you are facing
almost immeasurable capital costs, you should compare them with other almost
immeasurable costs. It is difficult to guess how we might come out on some of
these things in the long run; we may not be able to forecast with confidence
on any of them for more than about five years right now.

Momenthy- A comment on the greenhouse effect. If you're talking about
hydrogen from coal, considering the first and second laws of thermodynamics,
C02 production is greater than with the production of jet fuel or anyching
else from either shale or coal. Conversion for the O'Hare demand alone, if
done by electrolysis, would take a 6.5-gigawatt nuclear poaerplant. It is not
likely to be regarded as benign by the neighborhood.

Garretson, Mobil- On the NPC statement that refinery capability will be able
to produce all product slate demands in any of the disruption scenarios: That
may have been true in the past and may be now. But looking into the future
with more middle distillate demand, especially diesel, with more small
refineries shutting down and the other trends in the refining industry, there
may be some need for an emergency jet fuel specification. It would be helpful
to develop that now rather than when an emergency arises.

Blake- One of the things that might be looked at is what would happen to
existing engines and aircraft if operated on a broader-cut fuel.
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Garretson- More naphtna would! n-t- affect performance and that would come out
of the gasoline stock, which migh: stand a reduction better than aviation
during a disruption.

Afternoon Program

S. V. Drum, General Manager, Aviation, Chevron, U.S.A.(Standard Oil of
California)- I'll be caling from the marketing view of my favorite subject,
jet fuel. My company has not projected beyond the year 200; as the
discussion suggested here this morning, we conclude that petroleum-based
kerosine will carry us through to that date. It's a novelty to talk about
availability because in times of plentiful supply, like now, most of the
people who talk to us only want to discuss price.

We conclude that kerosine jet fuel demand is likely to have very little growth
in the period to 2000. We forecast a maximum growth of 1% per year from now
to the year 2000, and I tnink this is as pessimistic a forecast as I've seen.
As Charlie showed on a chart this morning, this will be far less growth than
we have experienced in the past. During the 50s and 63s it wasn't unusual for
us to have 15-20% growth per year.

Again as we've seen, motor gasoline demand is expected to take a precipitous
decrease. By 2000, we expect the nation to be using about one-third less
gasoline as it is today. On the other hand, distillate demand is expected to
be 17% greater, including both kerosine-based jet fuel and diesel. The net
result of these changes in light-product demands will be an average reduction
of crude runs in the US of perhaps 1/2 to 1% per year. With crude runs
decreasing and distillate demands increasing, the logical conclusion might be
that the country will have difficulty meeting distillate demands. Chevron
forecasts that distillate percent of run will rise fron 29% in 1980 to 39% in
year 2000, a spectacular increase.

As crude runs decrease, the feedstock dill become heavier, as has been pointed
out; producer countries will force that upon us. As they do become heavier,
straignt-run light-produc: yields will decrease proportionally, further adding
to our supply problem. Light-product yields can be improved significantly by
refinery conversion units which use cracking and hydrogenation. We are
heavily involved in both of those. These conversion units require substantial
investment and do increase operating expense. Most major refiners either have
or are making these investments.

As a case example, our Pascagoula, Mississippi refinery, considered to be one
of the most modern in the industry, is undergoing a billion dollar resid
reduction retLofit. When this is completed, mid-distillate yields from Arab
heavy will be more than double that from a topping refinery of the same size.

The real imponderable is the question of crude availability; this worries all
the planners in the oil companies almost every day. Chevron is forecasting
that large volumes of oil dill be found and produced in the US, but about 50%
of our oil needs will still be imported for the next twenty years from
relatively insecure foreign sources. Although progress is being made,
unfortunately synthetics and energy from other sources will not be available
in sufficient quantities before year 2000 to render us independent from these
insecure foreign supplies. We are enthusiastic about synthetics long term
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and, as we saw, with proper hydrotreating, they are a proper source for high
jet fuel yields. Chevron has a large commitment to shale, as was shown this
morning.

We receive endless questions of whether broadened jet specifications would
result in increased availability and decreased price. We may differ from sone
of the other views you will hear here, but it is our conclusion that
broadening the specifications within the mid-distillate range will not
necessarily result in a substantial increase in the supply. Wien supplies of
distillate are long, as they are today, noone is having any problem getting
the jet fuel they need. When times are tight, aviation will get about its
share, along with the diesel customers and the 2-oil customers. If we broaden
the specs for jet fuel, we would reduce the production of the zomponents for
these other customers, for which there is an increasing demand.

One change that could increase availability would be a relaxation of flash
point, due to the decreasing demand for motor gasoline. In times of plenty,
this could have an impact (downward) on price. When the industry is long on
alkylate, the price of JP-4 has reflected that. Also when alkylate has been
tight. I believe the same would hold in going to a lighter-product jet fuel
encompassing some of the gasoline which is now going to become surplus. It
could have an influence on price in times of plenty.

Our calculations are about like everyone else's: a ten degree Fahrenheit
reduction in flash point from 100 to 90 degrees would permit an additional 1%
of crude to be included in jet production, which could amount to about 10% of
the total future jet fuel supply.

In conclusion, how will these shifts in lignt-product demands affect jet fuel?
There will be an increasing competition for products in the mid-distillate

kerojet range. It is reasonable to conclude that through the rest of the
century, the availability of kerojet will be dependent on the industry's
ability to meet distillate demand. Reduced quality crude oil will not produce
enough straight-run fractions to meet the middle-distillate demands.
Additional resid conversions and hydrocracking will be required to convert
heavier fractions to distillate products. This will require sizeable
investments and higher operating costs; both will have to be reflected in
price.

We think the greatest uncertainty in availability of jet fuel relatesto crude
oil supply. However, if domestic crude oil is found in the volumes that are
currently being forecast, and if foreign imports continue to be available, and
if the political climate permits reasonable return op investment, Chevron
believes that the oil industry certainly can meet the aviation industry's
demand for jet fuel through the year 2000.

Q- I've heard that you've been delayed on your refinery modifications at
Richmond by local environmental regulations.

Drum- That's true, Al, but that modification was pretty much involved with a
lube oil plant; it really had nothing to do with enhancement of jet fuel
capacity.

Dr. Theodore R. Eck, Chief Economist, Standard oil Company of Indiana (AIWCO)-
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Looking at the world oil demand, it is expected to go up very slowly in
comparison with experience. There is absolutely no question about oil
availability at least through the balance of this century, and we do forecast
beyond tne year 2000. We're up to 2020 now and still have lots of oil.
There's no geologic restraint on oil production as long as any of your
airplanes will fly.

We're indicating a big growth in the use of gas. That's a new dimension in
hydrocarbons; the use of methane gas. A lot of coal use, also. We think the
prices are going to be structured about as you see here; oil is and will
remain the most expensive fuel. Natural gas Is going to be cheaper than oil
in all of our major markets of the world. It is not a premium fuel; it has
less *place utility*, as we say in Economics; a cheaper fuel. And coal, of
course, being the least mobile and least flexible, carries the lowest price.

Our next point is that most energy growth will come from non-petroleum
sources, say in 1991. Most of our oil will come from non-OPEC sources,
indicating no pressure from OPEC supplies. I indicated that there will be a
great deal of gas available in the world and I show here some countries that
have large volumes of gas available for export. We could show several slides
of countries that have commercial quantities of natural gas for sale. There's
no question that there's more gas available in the world than there is market.
The question is who's willing to pay the market price for gas, and I'm

assuming the price will be competitive with the price of residual fuel oil in
the-end-use market. This suggests that natural gas , FO, will need to be
priced considerably cheaper than crude oil.

Who are the countries willing to accept these low prices, not necessarily all
you see here. But certainly the USSR will have to because of limited capacity
to export oil. rhis is the general rule, that the big exporters of natural
gas will be the ones that do not have exportable surplus volumes of oil. So
you are going to be seeing gas exports from countries you do not normally
associate with the international petroleum business, such as Thailand, for
example, Qatar, several emirates, Tunisia, and so on. Incidentally, Mexico
has immensely large volumes of gas, much of which is associated with oil and
will either be reinjected, or they will have to find a market for it.

We thin4 the Soviet Union will have some exportable oil, but not much. Oil
production will keep up with consumption in the entire bloc. The Soviets will
therefore be increasingly dependent on gas for the foreign exchange they
desperately need to pay for imports of material and focdstuffs. We see the
USSR continuing to supply considerable amounts of natural gas to western
Europe.

We thnink there is an immense amount of material still to be found in the US,
OPEC and especially in the Free World. When you see what's happening with
exploration activity, there's a tremendous increase in activity outside of
OPEC overseas. We're starting to get some major discoveries, some of which
have and some of which have not been announced. We're developing some new
major discoveries, much of which is gas. We continue to discover more
hydrocarbons overseas than we're producing and the production line i3
flattening out. We think in the future that discoveries will exceed or at
least match production, so there is no indication of a supply restraint for
geologic reasons. Our forecast shows the world oil production increasing
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steadily out through the end of this century; we do not concur with the
forecasts that expect world oil production to peak in the 1990s. We view that
peak as well after 2000.

Looking at demands on OPEC, there are no particular pressures in meeting these
requirements. Note that Saudi Arabia stays in a very comfortable range of 6-7
(M8D. We see Iran and Iraq coming back into production. The total demands on
OPEC are in the max range of 25 MMBD; OPEC has already demonstrated its
capability of delivering well over thirty. WE envision a substantial
production capability surplus in OPEC as far as we can forecast, or a world
surplus production capability in the 8-10 MMBD range for the next twenty
years. That isn't meant to say that the world will be swimming in oil; this
is excess in the sense that it isn't going to be produced. But the capability
of increasing production exists and will represent some sort of discipline on
world oil prices. That's particularly true in that more than half of that
surplus is in Saudi Arabia and they have the capacity to maintain that share
into effective infinity, due to their immense resource base.

OPEC will not remain a cartel so much as a continuing single, firm, oligopoly,
dominated by the production and pricing policies of Saudi Arabia. You
probably saw the announcement this morning that OPEC is going to meet again at
the end cf this month. We expect it will be clear at the end of this month
that Saudi Arabia is, indeed, in control of the structure and pricing of crude
oil in the world. It should lead to a higher but unified price structure.

Underlying much of this optimism is the role of conservation, which I'm sure
you have discussed. We look for it to continue, but we think we nave seen a
large percentage of it already. We continue to conserve, but we have done the
easy steps and we think the situation in Europe is similar. We think world

oil production will resume its upward rise and we think it will go up some
next year. This explains in part the probability of OPEC's moving the price
structure of oil upward.

We've had a good discussion on the future of the refining industry and our
outloox is essentially the same. We'll be producing less middle distillates
over the longer term, but we'll be producing more during the 1990s than we do
today. the big thing that's happening is the big reduction in gasoline
napnthas. I conclude from this that we have big troubles with kerosine. It
will be continually short and will be more expensive to make than gasoline. A
long time ago, that was the original situation in the petroleum business. We
will make kerosine by hydrocracking, which will be very, very expensive; we do
not have those facilities in place, so you are going to have to pay the price
of the new refineries.

Another problem is that we will be losing the residual fuel market, which is
where we've been able to dump materials we didn't like on the road to making
kerosine. To throw out a number, kerosine could cost as much as 10% more than
gasoline. One of the key questions is what happens to the quality of diesel
fuel. The easiest way to improve cetane is to dump kerosine into diesel fuel.

To finish up my optimistic viewpoint of where the US petroleum industry is
going: This is a great year; we're going to drill 77,000 wells, more than
twice as many wells as we drilled four years ago. The number of oil wells
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alone '-his year is up 43%, a tribute, of course to oil decontrol. The next
decontrol option is natural gas, which should begin in 1982 and be accompanied
by a tig increase in drilling activity. I think it may be a more comfortable
world than our Chevron friends are suggesting, because we see our importing
only about 4 AM3D, or considerably less than half our requirements. We
believe this will be accomplished by, first producing a considerable amount of
natural gas, displacing much of our need for oil and second, we are just going
to find more oil. Last year was a great year; we think we found as much in
this country as de produced and you will notice that oil production is heading
up, rather than down.

Ebinger- Ted, on your non-OPEC supply, what kind of rise do you see ii.
non-OPEC demand to consume that sup-ly, rather than having it available on the
international market?

Eck- Incidentally, we think the proved oil reserves in Mexico are already
bigger than in the US and that the potential reserves in Mexico are the order
of twice that of the US, and Mexico is a non-OPEC country. Africa looks like
a very generously-endowed continent, particularly for liquid hydrocarbons.
The Far East is difficult to gage, but a lot of material there. I'm impressed
with two events. One is the very high level of exploration going on now all
around the world. In our own company, we're currently exploring in more than
fifty countries and we're making major discoveries. As economists, I think we
are guilty of underestimating the elasticity of both supply and demand. The
world may balance even more quickly than we suggest.

- $ow does cost relate to drilling depth?

Eck- We are drilling deeper in the US and one reason is because of a sort of
silly law that says that if you drill oells below 15,00 ft you can sell the
gas for three times as mu:h as if you drilled shallower than 15,000 ft. We're
trying to explain to Congress right now that we don't think that's a very
clever law. We can drill at least three times as many wells at 7,000 ft as
the cost of one well at 15,000 ft. If we get the Government out of the well
drilling business, I don't thin< there is any question that we'll be drilling
more and cheaper wells.

It's also true that there is a jot of gas at deep elevations and that we're
learning how to find it. Another exciting thing on the road to domestic
self-sufficiency in the oil and gas business is new siesmic technology which
permits us to looK underneath an igneous overlay. That may not sound exciting
to a non-geologist, but it opens up all sort of new land, particularly for
gas. The deeper the formation, the better the chance for gas, rather than
oil. Our estimate of the gas base is going up by leaps and bounds, partly
from new knowledge about geology and partly because of the new big, big
discoveries. Tuscaloosa deep gas, below 15,000 ft; very large gas pools.
Whoever would have thought to look under the Rocky Mountains for gas? But
there's just a hell of a lot there, all the way from Mexico to Alberta.

We're drilling more and more wells, but dry wells are not going up as a larger
percent of the total effort, suggesting that our shooting average is better,
something the economists might not have forecast.

Girard, USGS- I'm not sure I can share in your optimism of future supplies of
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oil and gas, both domestically and world-wide. I agree with you in the amount
of exploratory effort and I think this is surely a banner year. However, if
you look at finding rates, especially -in the US, it is a dramatically
dwindling declining curve. I certainly agree with you that the percentage of
dry wells is less today and that a lot of new wells and fields are coining in.
But the supply is not really coming in to turn down the curve. In fact, the
USGS just completed a study of all the offshore areas of the world, excluding
the Soviet Union and China, and the same type of decline curve is apparent in
all the offshore areas as in the Lower 48. To me, the evidence is
overwhelning that the supply really is not there.

There is another problem. In order to meet consumption, you need to deliver
the product at a particular rate. I think this country is well-endowed with
resources and the resources are there world-wide. However, the field-size
distribution of these resources, as well as for shale oil, geopressured zones,
oil and gas from Eastern shale, does not allow them to be put on line and
produced at the rate we need. It is more of a deliverability problem than it
is a total resource problem. It's like draining an Olympic-sized swimming
pool with a garden hose.

Eck- Everybody has different data and, fortunately, we have a lot of
geologists, because we're looking in places now that some of our geologists
didn't favor and we're making finds. We had been expecting to see in our own
exploration efforts this decreasing productivity; we're not seeing it. We're
continuing to hold about the same success per unit of effort. We don't thinK
we are doing that much better than everybody else.

You can count your money in many ways and there are a lot more dimes in
circulation than fifty-cent pieces. You find the big bills first, but there
are still a hell of a lot of small ones left around. That has been our sort
of experience. When we see the 1981 results, I think we're going to see
maintained or increased the reserve/production ratios.

Oswald W. Girard, Jr., Deputy Chief for Oil and Gas Resources, U.S. Geological
Survey- Our office is responsible for predicting a variety of resources,
including oil and gas, coal, uranium, thorium and so forth. My own specialty
is oil and gas. I brought with me slides only on domestic resources, not on
the world-wide supply. We do this by considering all the categories in the
McKelvey Box, and work on filling the undiscovered side. So the USGS stays
away from the known side of the box. I'm only going to talk about
conventional resources, not the unconventional or small resources. There's
another whole category of unconventional sources that we're just getting into.

The Service looks at each individual basin in the US, both onshore and
offshore and, by subjective Delphi approach, try to predict just how much
resource lies under each of these basins. Through a Monte Carlo process, we
aggregate these data and come up with a total for the entire United States.
We" report the resources in a log-normal distribution; we feel there is much
error in the predictions, in fact, even in the known reserves. We feel we do
justice to the system by predicting the probability distribution, T and N on
9B1 of the resources, that there is a 5% probability, one chance In twenty,
that we will have that much. And then a 95% probability, or a 19-in-20 chance
that we will have X amount. So you can choose any probability you want and
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read off tne amount of hydrocarbon tnat will be expected with that
probability.

In virgin or undrilled areas, we try to use our best geologic judgment on the
chances of hydrocarbons occurring. This is what we call our marginal
probability or our basin risk. In :nis case, some of the 4orch Atlantic where
no finds have been made, it is 30%. So we're saying there is only a 70%
chance of commercial hydrocarbons occurring to begin with. I nay be
presenting a pessimistic picture, but I believe the Service has been guilty of
being too optimistic in the past.

What do the undiscovered resources 1ook like? Basically, this is aggregating
the various provinces and we show tne low number of at least 95% probability
of that amount and then the high number of having at least 5% probability of
that amount. So, total offshore, going out to 2500 meters of water, beyond the
current production capability, we have a distribution from about 42 BBbl of
oil at the 95% probability level to 71 BBbl of oil at a one-out-of-twenty
probability, or 5% chance. So there's at least a 95% probability of 42; it's
going to be larger, and at least a 5% chance that there will be 71. We don't
assess the tail end of that distribution, which goes way out.

For the total US, we see between 64 BBbl and 105 BBbl of oil yet to be
discovered from conventional reservoirs, based on current economics and
tecnnology. For gas we see anywhere between 474 and 600 Tcf, total US. To
see just now big or small these figures are, we have in the bank today about
58 B~bl of oil and 328 Tcf of gas. Throughout our long production history,
about 150 years, we've only prod-aced 121 8Bbl of 6ii and 578 cf of gas. So
thac will give you an idea of where we've been in the last 12Z to 150 years
and where we are now. If you believe our numbers, we've already discovered

between 60-75% of all of our conventional gas and only discovered between
55-66% of all our conventional oil. I don't like looking at rates, but at
current consumption, our oil will last 11-18 years and the gas 24-37 years.
fnat just gives a feel for the size of the numbers; it is a dangerous guessing
game.

As has already been said, we see aviation Kerosine-based fuel available until
the year 2000. Some 26 to 40% of the production will come from offshore and
25-3i% from onshore. My own analyses lead me to expect that anywhere from 45
to 70%, and 70% is a high number, of conventional production will come from
federal lands. For gas, 43-55% will come from federal lands, heavily weighted
to the offshore. All offshore, of course, is federal-controlled beyond the
three-mile limit. Any way you cut it, there is an awful lot of regulation and
constraint applied to production by the federal government.

All of Alaska north of the Brooks Range and all offshore Alaska is federally
controlled, and we don't think there's much prospect onshore Alaska south of
the Brooks Range. The way the feds play the game will determine how we
produce the future supply. There is a little encouragement in Alaska because
the Government is going to open up the old NPR-4, petroleum reserve. Under
this administration we hope to speed up and streamline the offshore leasing
process; they at least are trying to accelerate the exploration. We're trying
to find out just what our national inventory is. Now we have nothing better
than educated guesses.
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We're now moving into the foreign areas trying to run inventories, for example
in Venezuela, Nigeria, we're halfway through the Soviet Union, and we're doing
Mexico and Indonesia. We want to put all of these into the same time and
format so that we can compare foreign and domestic with Iran, Libya and so
fort hx.

Ebinger- Have your studies concluded how much of our resource is likely to be
on the unexplored federal lands?

Girard- Although it was mentioned this morning that only a small amount of
federal land has been explored, experience has shown that the largest, richest
fields tend to be found earliest and that we should not expect a direct ratio
between the amount of land left to explore and the amount of oil expected to
be found on it. On a large new area of land, such as Baltimore Canyon, there
may be only a few structures that the oil companies think are worthy of
exploration. It isn't fair to say that only two percent of the OCS land has
been explored.

Q- How do you make forecasts on the Soviet Union?

Girard- We've had a couple of people in the Survey who have spent a fair
amount of time in the USSR and one member who publishes an assessment of only
the Soviet Union. The basis is going through all the literature available and
talking to people, including a defector who works for Argonne Labs now. We
also use geological analogies and the "lay of the land".

Q- Has Landsat helped with these surveys?

Girard- Landsat would have been a great help some years ago. Today, most of
our interest is at greater depths, where little evidence will be seen at the
surface. But we have a cooperative arrangement with China where there are
large areas still unexplored and Landsat data gives the lay of the land where
they can quickly drill to get the first assessments. Some people feel that
Landsat is still useful in the US, but that is their opinion, not mine.

Dr. Joseph D. Parent, Consultant, Institute of Gas Technology-
Looking over some of the material that has been presented, basically I use the
US_3 data snown for oil in the United States. I try to evaluate everything I
see published on oil and gas in the US and try to assemble an overall picture.
This year the USGS stuck with the undiscovered gas and oil, while from the

Potential Gas Committee, we also have the so-called probable and undiscovered,
which they call possible and speculative.

My own evaluation of gas was to look at Harry Kent's (Potential Gas Committee)
breakdown by sections of the country. In some cases USGS values are higher,
while in most cases they are lower. I established a range for each section
and came up with an overall range which is a little wider than USGS. The USGS
uses a more sophisticated Monte Carlo method, while the Potential Gas
Committee uses a consensus figure for each group, where groups need not be
consistent with the others. The same type of thing is true about oil, gas and
coal throughout the world, resolving the differences among numerous
puublications. The most dependable ones are from The World Energy Conference,
especially for coal.
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The trend of oil and gas discoveries in Mexico has been interesting to me.
Mexico produced oil before 1900 and it was the second-biggest producer in the
world in 1920. Forecasters may note that when the well logs were re-examined
from tne Reforma Field and deeper drills were made, they came into hugh
amounts of new oil and gas. These would never have been forecast on the basis
of the finds at shallower depths. So there are always unforseen factors that
seem to enter to affect these evaluations; the same things have happened in
Hubbert's analyses. His analyses do not take into account the effects of
price, taxation and this sort of thing. He has never seemed to be interested
in those factors because he apparently considers them trivial in the overall
picture. As far as I'm concerned, a projection which makes future production
absolutely symmetrical with past production is unacceptable. In the early
history of a process, you can probably fit any number of equations to the data
and extrapolate them to almost any value you want.

Kurt H. Strauss, Senior Technologist, Research and rechnical Department,

Texaco, Inc.- Fuel flexibility means different things to different people.
One approach is parametric testing and the other one is a drastic change in
fuel specifications. My basic contention is that different refiners will

react differently to different problems. They will have different crudes, use
different processes; what we will see is a gradual change in fuel trends and
we will not see a drastic fuel change in 1995, or at any other specific date.
We don't have the same problem all over the US or all over the world at the
same time. In addition to different crudes and refining capabilities, more
imiortant are different demands for the product slate. In many cases, that is

what determines the quality of the aviation fuel.

A recent paper by aob Friedman of NASA Cleveland shows that the amount of fuel

which is approaching spec limits is increasing with time. That is the problem
that we foresee, and how to attack it from a practical view. You do
parametric testing, examine the problem over a range of variables, from good
quality to the worst anticipatable. This might tell an airline there are
times when it pays to trade engine life, not efficiency, but life for fuel
cost. A test of the worst fuel should not be taken as a signal that this is
what the future fuel will look like, but that is what's happening.

There is inertia in the basic system; we've heard today that the spec is fixed
for the next twenty years. I think we'll see a continuing pressure by

suppliers to relax here and there a little bit, followed by a scramble by

everybody to see if this is a legitimate way to go. That is my main message

today. We're looking for maximum flexibility in terms of constant minor
changes. Incidentally, I doo't see an increase in flash point as being in
this category; I agree with Al Momenthy that today's aircraft are fully

certificated to use that fuel.

We should caution against over-simplication of a highly complex problem.
Somebody has said that it's too complex to be solved by the application of
simple logic.

William G. Dukek, Senior Research Associate, Exxon Research and Engineering
Co.- First, I'd like to tell you a little bit about the capital requirements

o-"tne refining industry in the US and, second, to tell you about our attempts
to zero in on the quantity and costs of jet fuel.
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US refiners are facing some unprecedented uncertainties during the next twenty
years. They are, of course, concerned with the mix and quality of product
demands, the availability of raw materials, including synthetics as they
become available, and important external factors such as car design and
government regulations. We've had to drastically revise our demand forecasts
downward because, since 1973, we've seen Interruptions in crude and a ten-fold
increase in price. rhe effect, as you know, has been to reduce the refinery
rate in this country to less than 70% of capacity. In fact, some forty to
fifty refineries, mostly small ones that lack conversion capacity, have been
shut down; there has been a loss of about a million BPD of capacity in the US.
Present projections, contrary to pre-1973 optimism, are for about level

demand.,

The expected decrease in motor gasoline demand will be accompanied by an
increase in middle-distillate demand, specifically jet and diesel fuels, which
will essentially double by 2000. This shift will require refiners to convert
their naphtha production to middle-distillate production and use more
efficient hydro-treating catalysts.

The fastest growing market is expected to be automobile diesels, where
proposed regulations on particulate emissions will be especially difficult to
satisfy. This chart shows that only two of the three engines tested would
meet the 1982 regulations on particulates. None of them meet the proposed
1985 regulations of 0.02 grams/mile. This chart of particulates against fuel
quality shows that even for jet fuel as low as 16% aromatics, only the
smallest engine, like a VW Rabbit, will meet the 1985 standards. This is a
major problem which will require cooperative efforts of both the petroleum and
the automobile industries. It impacts directly on jet fuel availability.

You've heard that crudes are becoming heavier. The average crude mix in the
1980s, with an API gravity of, say 32o, would yield about 19% heavy fuel at a
refinery that lacks bottoms-conversion facilities. Now from a heavy crude,
with say 28o API, we end up with an enormous 40%. But the market, even in
1985, is only going to require about 9% heavy fuel. Today there is about 1.2
million barrels of bottoms-conversion capacity in place. So we're going to
need another 700,000 bbl capacity in the next few years.

rhe cnoices among these processes are really quite difficult, such as:
vis-breaking, three or four kinds of coking processes, residual
hydro-conversion processes, so that it depends much on the market for
byproducts such as coke, fuel, gas or asphalt. Refiners are faced with
capital investments of about $50 billion in the next ten years. Of this,
about 15% must be directed at a bottoms-conversion type program.

On this chart you can hardly see the contribution from synthetics, shale and
coal, by the year 2000. Projections vary considerably, from one to five
million PD. They will have a significant effect on refining because these
materials contain nitrogen and oxygen, and are quite deficient in hydrogen.
Since shale oils are paraffinic, they are ideally suited for middle
distillates. Coal is different, with the option to produce either liquids or
gas; the latter route could be the key to the new automotive fuel, namely
methanol.

Looking into the future, all the refiner sees are questions: The extent of
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automotive diesel; meeting particulate emissions; the kind of
residual-conversion process to install; how to deal with these heavy,
high-sulfur crudes; the future octane requirements; the amount of synthetic in
his feedstock; can he count on the product demand mix; what does he do with
spare capacity, shut down complete units or shut down the complete refinery;
what role do oxygenates play; and should he be investing in methanol? Then in
the nitty-gritty: what kind of engines will Detroit produce; will the
Government make the problems worse or easier and, finally, where in the world
is the money going to come from for these investments?

Turning from the refiner's problem, let's go to the cost and availability of
jet fuel. NASA is making a serious attempt to home in on the cost and
availability of future jet fuel, largely to determine the needs for future
R&D. NASA has let two 24-month contracts for computer studies; one to EXXON
Research a year ago and the other to ICF a few months ago. These will look at
refinery yields, energy and costs. Look at US and NATO jet fuel possibllities
to optimize refinery yields, costs and energy consumption out to 2010, the
eastern and western regions of the US and Canada, northern and southern
Europe. A mix of refineries is considered: simple, intermediate and complex,
while crude sources considered will also include synthetics.

The approach in both contracts is to use programs that are generally employed
in industry refinery-planning studies, looking to Pads I-IV as a group,
because of all the inter-transfer that occurs, and Pad V, the West Coast,
separately. We develop models for individual refineries and then integrate,
using all the processes and types. We take qualities and quantities out of
the crude data bank, the best information on synthetic quality, and then vary
the demand for gasoline, distillates and heavy fuel products during the time
period.

The model outputs include yield, investment, operating cost, and return on
investment. One of the most important efforts is to try to verify the results
against historical data. Finally, you run parametric variations in which you
examine Jet A boiling range and quality against the model and produce an
output in terms of incremental costs of Jet A, with different quality
variations. One of those variables could be aromatics, as has been
illustrated today. Costs will be in terms of 1980 dollars.
Finally, we may develop costs for processes which are still in the pilot stage.

As far as the Exxon project is concerned, we have about a year to go. The
refinery process models are completed, as have the crude quality forecasts, as
well as product demands. We've defined the jet fuel quality variations for
the parametric study and all of the processes have been bridged to our
linear-programming systems for the least-cost, least-energy and other
optimization steps.

Q- The naphtha fractions available from the excess motor gas, which many
people are predicting, can be used to increase the aviation pool in the
wdide-cut direction. But this carries the stygma of moving In a less safe
direction. What's wrong with combining the diesel and the motor gas pools so
that diasel moves toward the wide-cut direction? Certainly the naphtha Is
valuable; it's got to be used; you can't throw it away.

Dukek- There are state laws governing sale of diesel fuels, as far as flash
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point is concerned. This is not the same for aviation fuel. So we are more
limited in wide-cut diesel fuel and wnich end we can operate on; we can only
raise the final boiling point. That's being looked at now; to handle more
cetane and heavier-type diesel fuel.

Q- There may be many ways of solving those problems, not the least of which
is to change the laws. Or blend the naphtha and diesel on location, as they
are used; don't ship them and dispense them as a combined product. Seems to
me the diesel question is being used to alarm the aviation people that diesel
cars are going to steal all their fuel. Here's this big pool of motor gas
wnich has always been the sacred cow in the US and now ;de don't know what to
do with it. It will work in aircraft, but it will also work in diesels or in
stationary powerplants. Furthermore, it doesn't have to be reformed in order
to get octane. Can't diesel go down to 100o flash?

Dukek- This may be one of the more insoluable distributional/logistic
problems, either blending on site or changing the laws of fifty states.

Q- Maybe diesel and jet fuels both have to change.

- I'd liKe some comment from industry on where these capital funds will be
coming from and whether you think they are real, whether government spending
or other sectors of the economy -dill have claims on these same funds.

Dukek- Fortunately, the petroleum industry generates capital much faster than
the aviation industry does at the moment. We obviously have many alternatives
for investing that capital. There is no question that the investment for
refinery modernization will be found because that comes first. But some of
the smaller refiners won't find the capital. That impacts on jet fuel because
it will affect the price of all products.

2- There has been some legislation which almost gets into the punitive
category, for example reduction in the depletion allowance. If you build a
reformer to use some of this naphtha you are otherwise stuck with, you are not
allowed to drite it off under any reasonable depreciation plan. The same
appears to building other refinery modifications to use the other fractions
that yau otherwise can't handle. Am I wrong about that?

DukeK- I think the scheduled depreciation rates are spelled out by law.

Q- You have to invest so that almost any refinery can nandle almost any types
of feedstocks, irrespective of whatever products you might make. Right?

DuKek- Right. I don't think I can answer the specifics of your question. I
Know there planned changes in the law which should help on the depreciation
you mention, for our other industry as well as for others. But I can't answer
your question.

Albert. M. Momenthy, Manager, rransportation Energy Programs, Preliminary
De ign, Boeing Commercial Airplane Company- Steve Drum stole my conclusions
and Joan Borger, my straight man, left. Kurt Strauss and Bill Dukek haven't
given me the usual rough time, but maybe I can still stimulate some
discussion.
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We've had an aviation fuels program at Boeing for eight years now. Unlike
rumors ?eople have heard, it is not just computer modeling, wiich is only
about 15% of the work. It is highly involved in economics of the aviation
industry, and of the petroleum industry. It's sometimes termed the Boeing
interference in the oil companies. We got into this because fuel once :ost
only 12 cents per gallon and was 21% of the direct operating costs of a 727.
Even we believe those days are gone forever. Currently at about a dollar a
gallon, fuel comprises about 45% the DOC of a 747. What Boeing is trying to
do and what the industry must have is at least a holding of tne line of that
share of the DOC.

the petroleum industry knows hod to maKe a profit and this means no unsold
product from the refineries. A refinery with residual being sold below cost,
makes up the difference from gasoline, jet fuel, and other products. So after
we spent two years doing cost and delta-cost studies on jet fuel, we decided
they didn't make too much difference.

We feel very strongly that the aviation industry is going to grow and so we
nave been looking at options for future fuel. In 1980 jet fuel was 5.2% of
the refinery output, supplied by approximately 15% of the refineries,
accounting for about 31% of their output. Individual refinery Jet A yield was
up to 25%. There is a big difference between "marketed" and the refinery
capability. Our 1995 forecast shows about 8% of the US refinery output could
be Jet A. We have made a comparable study on international fuel. If this
were to be supplied by the 15% of refineries currently supplying jet fuel,
distribution and other considerations would mean that individual refinery
output of jet fuel would have to go as high as 40%. We don't believe the
security of the market or the profit associated with jet fuel would allow a
refiner to dedicate 40% of his capability to the jet fuel market, regardless
of what the specifications were.

In the long run we see jet fuel coning from shale or coal, emphasizing that
this won't happen overnight. The NASA Lewis study which has been showing
deterioration in jet fuel, unfortunately, does not include the latest data.

We nave analyzed a large number of refineries in the US under various
conditions, optimizing for jet fuel and for diesel. A desirable level of jet
fuel production is between 15-25% of refinery output. Some refineries now
fall below 15%, but a lot of them would like to get their market share higher.
We agree that the jet yield should increase by raising the freezing point;
however, we feel we would not get that fraction. Unless someone came up with
a significant price break, not cost break, we don't see any attraction for
raising the freeze point.

Lowering the flash point has a lot less impact on the aviation industry. The
heat of combustion goes up and aromatics would typically go down. However, we
don't think we would get more or cheaper fuel. Before we worry about changing
the flash point specification, someone should worry about getting deliveries
down to where the spec is today, allowing the delivery of 1Bo flash point jet
fuel.

We couldn't develop a scenario that would push the aromatic content above 25
volume percent. We can always point to a few refineries which reach up there,
but they are isolated cases. We would never want to base the aircraft
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industry on a few isolated cases. Aromatic levels on the West Coast have nod
leveled out and have decreased. If we had believed earlier predictions we
wouldn't be able to compete with the A-300 today.

Any fuel study must consider product distribution. By the way, UOP announced
in Canada week before last that they have booked orders for 8 million barrels
worth of bottoms-upgrading equipment over the next eight years. We took these
projections and some of our own to see what the refinery of the future might
look like, with the residual market receding and disappearing. We see no way
for the refiners catching up with the decreasing quality of the crude between
1980 and 1990. Refiners are going to have an excess of residual until 1990.
rhey will probably have to sell their residual at a lower price per Btu than
the cost of the crude and smear that cost up through the gasoline and middle
distillates.

We think the refiners that survive in 1990 are going to have the capability of
putting out zero residuals. During the 1978 crisis and even today, the
refineries that are making the most profit are the sophisticated plants with
the most flexibility, even though their overall thermal efficiency may be
lower. Ihey are undercutting the price of jet fuel from the so-called simpler
refineries; they can meet the demand for product mix more closely.

*rhe 8ig Four are doing quite well; they have 70% of the market. But that has
come down in two years from 72% and we see it dropping to 68%. Before
decontrol, we identified 46 refineries producing jet fuel; producing, not
selling. There are currently 51+ refiners marketing Jet A. We put the + in
because there are more like 62, but we feel some of them won't survive the
market; they are too small to compete in the up-grading. Some, like Citgo,
are doubling their capacity for jet output.

With due respect to Exxon, we don't think the tremendous investment in the
Donor Solvent Process is attractive because of the high-aromatic output to
compete in a declining automotive market. We feel the most successful private
procer-es will be the synthesis processes, somewhat like SASOL and Mobil M;
they ace the most likely for near term high-quality fuels, like diesel and
jet. One refiner told us that if we would design airplanes to accept a higher
aromatic content, with direct-hydrogenation coal liquids, we could save 9% of
the energy in US refineries. If you did that, it would drop the heat of
combustion from 18,400 down to 17,400 Btu per pound. That alone, without
accounting for our guarantees on range/payload, would cut that 9% in half.

We are spending a lot of money to save fuel consumption in new aircraft. We
would hate to see that reversed by a change in fuel properties.

We tried to develop the most optimistic scenario for synthetics and conclude
there is no way, combining coal, oil shale, oil sands, or whatever, worldwide,
that we could develop more than 9% oil liquids by the year 2000. That is the
absolute maximum. The 5% or so we saw from Chevron, we consider more
reasonable.

In summary, we feel increasing jet fuel demand will be met by more refiners
entering the jet fuel market. Ultimate development of oil shale and coal. We
don't see jet spec changes significantly improving jet availability or price.
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Q- dow much fuel can we save by flying at slower speed? Is it significant?

Momentny- It's significant, but I can't give you the number. Mr. Borger, who
was here but left, could have given it to three places. That information is
readily available and I can get It for you.

Blake- I had a chart this morning on DC-10s which showed that after you cut
down to about Mach 0.8, you actually begin to lose fuel efficiency by going to
lower speeds. In other words, those airplanes are designed to cruise at
fairly nigh speeds. If you start getting up on the drag rise, the fuel
consumption goes up rapidly. On the chart I showed for effect of headwind,
the first time I saw the chart I thought it should go the opposite way,
because the seat-miles per pound of fuel decreased as speed decreased. But
the curve was correct. The airlines have already taken the optimum they can
on speed reduction; there's really no reserve left.

The turboprop shown in the Lockheed data is more fuel-efficient, although that
airplane is designed for optimum fuel efficiency at Mach 0.85. However, that
airplane was designed for an arbitrary requirement and a more fuel-efficient
turboprop would be designed to operate around Mach 0.7. It would be a
completely different airplane.

Monenthy- I think that turboprop data is up for question at the 0.84 Mach
number, Charlie.

Blake- Well, that's true. We don': have the prop yet or the gearbox to go
with it. More important, the industry will have to pay for designing and
certificating the new aircraft, but they can't afford to build the broad R&D
base tnat will justify their proceeding toward these new fuel savings.
Lockheed, at least, says it is completely dependent on a continuing, or even
an intensified NASA program in aeronautics, in order to meet the Aerospace
Industrie competition for the Delta Airline 150-passenger "1936 airplane".

Momenthy- Nor do we have data on the installation losses associated with the
turboprops in these aircraft.

BlaKe- Right.

G. Daniel Brewer, Manager, dydrogen Programs, Lockheed-California Co.- I have
a few comments about the material Charlie presented this morning, using some
charts on hydrogen as an aircraft fuel. If an airplane is designed to use
hydrogen, it will have a smaller wing, a larger fuselage and a reduced gross
weight. decause of the lower gross weight, it will have smaller engines and
the engine noise will be less. if it's an SST you would expect it to have
lower sonic boom overpressures, again because of the lighter weight and the
smaller wingspan. The pollution advantage has been mentioned.

Energy, costs and safety are the three points I want to address primarily.
Availability is an obvious advantage because hydrogen -,in be made from water,
using just about any energy source. It has been mentioned and seems to be a
popular misconception that hydrogen is good only for large airplanes. This
chart shows it is indeed desirable for large airplanes, up to 5,000 nautical
miles radius, over l0,000 miles out and back without refueling. But aircraft
down to the size of a DC-9 or 737 would have about a 12% total resource energy
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advantaqe. Its gross weight would be about 6% lighter.

Hydrogen costs are also much maligned. These costs came from a NASA study and
are the basis of the costs Charlie used this morning. Here we compare
aircraft that are designed to use synjet, liquid methane, and liquid hydrogen.
LH2 costs $11 per million Btu, compared to about $8.47 for synjet made from

coal. ne direct operating costs are essentially the same, within the
accuracy of the estimates. The estimate for synjet made from shale is a
Boeing figure, I believe, and is around $6 per MMBtu.

As we discussed a little bit this morning, LH2 was offered for delivery to LAX
for about $8.50/,4.3tu, delivered into the aircraft tanks. That includes
shipping coal from Montana, gasifying the coal at Barstow, California by the
IGT continuous steam-iron process, which generates lots of spent producer gas,
used to drive generators and produce electricity. The electricity could be
sold and, as mentioned earlier, the price was agreed to by the California
Public Utility Commission. Utilities are required by law to buy electricity
at the rate prevailing in their district.

rhe base cost in the proposal was 7.145 cents per KWhr. Taking advantage of
this price, the cost of the hydrogen is driven down. The base cost of
electricity around the country varies from about 4 cents to 11 cents per KWhr.

With nydrogen at $8.50/Mi4Btu, aircraft can -,- operated at a very substantial
direct operating cost advantage over synjet.

rnis lower curve shows the advantage of achieving laminar flow control over
certain portions of the airplane by cryogenic wall cooling. This potentiality
has been Known for forty or fifty years, but has not been investigated
thoroughly. These drag reductions drop the DOC to about 1.45 cents/SM, even
dith the $11 per MABtu cost for hydrogen. Combined with $8.50 hydrogen, it is
naturally very attractive. These costs do not include the other possibility I
mentioned this morning, of doing the liquefaction by magnetic refrigeration.
rhat process is probably even farther away from application, but all the tests

that nave been run on it indicate that it is a real potential. John Barkley
at Los Alamos has demonstrated the capability of cooling liquid down to liquid
helium tenperatures, not just to LH2.

rhe main point is that LH2 is not necessarily a high-cost option. It does

represent one that could be near at hand and competitive.

My principal topic is international interest in Hydrogen. This chart shows

agencies and activities that are current. In Stuttgart, Germany, Sept. 1979,

there was a meeting on Hydrogen in Air Transportation. Briefly, It was
attended by fourteen nations and about 125 people were there. They

represented airframe and engine manufacturers, airport operators, fuel

producers, airlines, government agencies, universities and research

organizations. It was a four-day conference, with a great deal of interest
and an ad hoc executive group was formed, currently chaired by Willis Hadkins.

rhe group has been very active since in drawing up an R&D program needed to
develop the technologies required by hydrogen-fueled aircraft. It shows the
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long lead-times that would be necessary to switch to LH2 if that avenue is
found to be economical. ?he group most recently met in Montreal in the first
week in October, just past. There are nine countries represented on the AHEG
(Ad Hoc Executive Group), who gave reports at the meeting. Some countries
have one representative, some as many as three. IATA has been given a copy of
the research program proposed by the AHEG and has endorsed it, the chairman of
their Technology Committee, Dr. Richard Shaw, formerly of Qantas. They
recommend that the program go forward, with the exception of the portion on
engine technology, which they feel is not a vital issue.

Canada has a large year-long study sponsored by a seven-member-of-Parliament
committee, recommending that Canada embark on a $1 billion hydrogen
development program over the next five years. This is intended as a first
step in a process to bring up hydrogen as a principal fuel in Canada, in spite
of the fact that Canada is unusually well-supplied with hydrocarbon resources.
The International Energy Agency (IEA) has agreed to accept a portion of the

AHZG's program plan as an annex to their on-going hydrogen program or to
accept the entire plan. The only reluctance is that the IEA mission now is
not directed toward the use of hydrogen, only toward its production. They are
investigating revising their charter to include use.

rhe European Economic Coanission (EEC) has recently sponsored a study by Rolls
Royce on hydrogen engine aircraft technology, starting from scratch design.
Charlie has already mentioned that there has been interest from the Soviet
bloc on our hydrogen aircraft activity.

We do not expect hydrogen to be accepted immediately as the answer to the
world's aviation fuel problems. On the other hand, we see realistically that
at least a couple of decades are going to be required for the technology
effort, followed by flight demonstrations to convince airlines, the traveling
public as well as the industry that hydrogen-fueled aircraft are safe and
tractable. Another eight years will be required for development of the
aircraft and the production facilities at key airports. We focus on the
international applications because of the international need for a common
fuel. We think hydrogen could start coming into the market about 1995.

We recently finished a study comparing the crash-fire safety of aircraft
fueled with Jet A, liquid methane and liquid hydrogen, done for NASA Lewis.
We concluded the cryogenic airplanes would be less susceptible to damage
because of the location of the fuel tanks in the fuselage, exposing less
frontal area in a crash. Fuel tank rupture is less probable because of the
tank strength. The fuel causes least hazard to the surroundings in the event
of a crash.

Momenthy- Boeing's position on hydrogen is pretty well known. We wonder how
Dan solves the problems associated w:th loading and minimum ullage in the
tank, particularly in short-range aircraft. It's a problem the space program
has wrestled with, showing that with small aircraft and the insulation of the
NASA report, you are stuck with at least 20% ullage. How do you get the fuel
to the engines; where are the costs of the pumps? I don't know any way,
without supercooling, how you can load a lightly-insulated cryogenic tank to
within 2% ullage. It is basic thermodynamics, not a design problem. We spent
as much money on how you get the fuel to the engines as was probably spent on
the entire NASA program and, frankly, we were unable to come up with a
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solution.
A pump tnat could meet the design conditions has a life of around a thousand
seconds. What has been done on the cost numbers since the NASA program?

Brewer- it may be worth noting that the work on our pumps was done by both
The Garrett Corporation and by Rocketdyne, two companies that have extensive
experience in the space program. We have a lot of confidence in the work they
have done on the thermodynamic components.

Momentny- Garrett and Rocketdyne are where we are getting some of our
conclusions. Are any of your data based on studies since the NASA program,
which NASA said aas preliminary?

drewer- les, the AHEG program is based on doing all the R&D technology ,nich
is recognized as necessary, including a lot of pump work.

Siegbert 3. Poritzky, Director, Office of Systems Engineerin9 Management,
Federal Aviation Administration- A Boeing brochure made available to us today
describDes an airplane as a device which turns fuel into revenue; I think some
of the users of the airspace would say that the air traffic control system can
be considered a machine which turns revenue into delay costs.

Fuel used by the US aviation community is not a large component, about the
same numbers as you heard earlier today. You've also seen that fuel costs
dominate DOCs. Fuel impact is very high, indeed, and fuel saving pays off for
air carriers, as well as for general aviation users. The cost of fuel has
caused us to bring close attention to system delay, delay costs, and back to
fuel costs and fuel wastage. This curve showing delay rising as demand
approaches capacity, is a real-life curve; this one happens to be Chicago
3'Hare airport, but numbers are similar for Los Angeles, Kennedy, and for
enroute air traffic control sectors. It shows that when demand approaches
some 83-85% of the design capacity of an airport, an airport complex or a
runway, delay rises very rapidly. Therefore delay costs and therefore fuel
costs also rise very rapidly.

rnis cnart shows the problem in a different way: an airplane that wants to
cruise at 33,000 ft and is forced to cruise at 37,000, spends 7% more fuel.
If ne nas to fly at 17,000, 36% more fuel. That gives an idea of the kind of
costs 4e are talKing about.

There is significantly more traffic during peak hours than can be handled
without delays. FAA established a Central Flow Control facility in 1968,
which is essentially advisory in character and, in effect, manages the large
flows of aircraft across the US, primarily transcontinental. FAA uses Fuel
Advisory Departure Procedures, which is a fancy way of saying it holds
aircraft on the ground until space is available. The system has severe
limitations because the weather is not known ahead for the five hours needed.
Another process is known as Quota Flow, a part of Flow Control, which limits
the number of aircraft on certain routes. There is enroute metering
implementatlon now at 20 of the centers that serve 18 of the major terminals.
fhat is a process that keeps airplanes high, rather than having them milling
around at low altitudes.

We have a chart of all the fuel savings that a 727 can achieve by installing
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an energy management system, maintaining the airplane, polishing it up and so
on; a six-minute hold at 6,000 ft 4ipes out more than all those savings on a
70a-mile leg operation.

rne programs I've discussed are restraining programs, managing the traffic by
managing the demand and by interfering with what the airplane wants to do. A
more recent process is Operation Free Flight, which shows that de can handle a
certain number of flights on direct routes, rather than on the airways that
have been established. But there is a limit to the number of airplanes a
human controller can handle and manually juggle the variables, keeping them
apart. de can handle more on pre-described routes than he can if they are on
their own-designed routes. But even in the manual system today, there are a
large number of aircraft that request clearance direct. He will often get
that direct route.

Under the new administration we are looking at the entire ArC system for
inefficiencies in the manual system. This could adjust sector sizes,
corridors, all manner of fine tuning to let aircraft do more what they want to
do. This project will go on for about three years.

Small savings are important here. Reducing the IFR, Instrument Flight Rules,
average delay by one minute reduces direct operating costs by $250 million
annually. That conclusion comes from task forces made up of airport
operators, airlines, FAA and general aviation operators now at some twelve
airports. rhese costs are because 4e are trying to put too many aircraft at
the same time into a very limited airport resource. Discussed demand/capacity
at Atlanta and other airports 4here demand/capacity is 143%. That happens
because people wan: to travel at particular times. equally important is the
fact that there have been no ne4 airports for some time, nor are there likely
to be any new airports.

rhere is a lot of capacity that is not being used, but it Is to places and at
times dnen people don't want to go. There are few ways to increase capacity
if 4e continue to have peaks in demand, with no new airports. We can improve
existing airports with more runways, more taxiways and more optimal use of the
airports themselves. Tnat is a limited avenue. Reduced IFR separations is a
relatively small gainer, something on the order of 5-10%. Segregated arrival
streams and more arrival streams can appreciably reduce delays at some
airports, Denver being an example.

What can we do about the manual limitations of the controller? One answer is
advanced automation. The system has a fair amount of automation now, but none
of the decision process is automatic. It's done by people, aided by radar, by
good displays, by very automatic IFR-communication. But the process is
totally manual, one at a time. If we are willing to pay for and use
automation, the reductions in fuel penalties and the delays imposed on the
users can be reduced quite dramatically. An automated system can accomodate
user-preferred routes and profiles. The projection is about 6%, a quite
ambitious number in the context we have been discussing. We have a simulation
of such a system operating at McLean, Va.

It can deal with preferred routes and large airmass weather information. It
will permit us to separate aircraft from aircraft, rather than separate
aircraft from airspace, as is often done today. This a coming possibility,
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but expensive. The presest automation System has 1.2 million lines of code;
the automated enroute syet** do are working on nod would have 1.5 million
lines of code in addition. Not & simple system.

We nave a program under way for Integrated flow Management, which takes the
central flow function, automates it by providing better information to It,
primarily in aeatner. winds aloft and weather front*, with demand and with
accurate knowledge of the capacity of the airport Itself. At O'Hare, the
capacity or throughput of that airport can vary from 96/hr. depending on
weather, aircraft six. etc., to as such as 196/hr on a good ViA day. Ask
yourself which capacity the users dill use for their flight planning. So a
small niccoagh 4ill cause delay for five. six of seven hours. The Integrated
Flow Kanagement system would tie in with the aircraft flight management
systems wnich airlines want toobuy to optimize the aircraft's flight and
fuel-consumption results, and optii* the situation and use of the airport
for the whole group. There are a variety of things we expect to get out of
this, primarily tying together a wihole series of optimization*.
One thing to do Is assist the controllers to select the optimum configuration
of runway operation for a given situation of weather, traffic expectations and
other factors.

Bottom lines are relatively simple. There are near-term gains Eros procedural
improvements and current technology. We think gains as large as 6% will come
from levels of automation than the community is currently thinking about. It
dill take Integrated Flow Managemeont and an exquisite integration of the
aircraft capabilities, the enroute system and the airport system. A realtime
netdorx of winds aloft and temperature should save somewhere betweeon I and 3%
of the fuel bill for US air carriers; that's between $10 and $300 million a
year. The technology is here, both to acquire the data and the digital
communication. We want to do this better and the carriers will have to do It
better to maintain a profit situation.

Even a!ter all these years, we need to understand that there Is a
demand/delay/fuel cost relationship. Pressure on the system doesn't do It.
People need to undorscand what the limits are.

Paul A. Potzricx, Director , Office of Shale, Department of Energy- Yestwrday
I got a new job to add to that introduction; I became program manager for the
Union and Tosco agreeoments at the 009. The outlook for oil shale is a hell of
a lot of hard work. It's going, but think of what weOve been through with
Union. I received the first unsolicited proposal at &RDA five years ago for
that 10,090 6PD module that Is just being constructed on test Middle Pork of
Parachute Creek. It Is scheduled to go Into production in 1982.

At the same time when I first came in to the Office of Commercialization, I
received an unsolicited proposal to assist Tosco with the construction of the
Colony Project. We did all we could to help them for five years: ws finally
have been able to make, a loan guarantee award to Tosco, for 750 of their 469
share of the project. I don't think the project would have over gone If 9xxon
had not come In with their immediate $400 million toward the balance of the $3
billion it will take to build the Colony project. go the outlook for oil
shale Is a lot of money, a lot of hard soork, and a lot of guts.

Oil shale Is the-nearest geologic relative we have to petroleum; it is the



best alternative by every analysis that low* see". it to the best source ter
synthetic jet fuel. It atter& tae best price. out the most Importat Waig
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the world. Uream the strategic v1040 it to nIc to able to rely am that
you have Inside your border&.
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rela @I od nndr*d million dwhs fen It appeer*d the porback eight
occur In a year or too. It to qaite another thingl to talk about
mmulti-billien-dollar projects In cointrIeS othicht have problemsl dite Political
stability, territorial integrity ena so teeth. and payback does not occur for
several years.

1o0", oil sbale in Colorado and Utahi to not lmune to those prablomog it to
still subject to the political valoaries of our on system. A compay aomid
same all tWi investment and then be Ssat dooe either through a court svit. or
for Other reasons net be able to operate their plant and got their retura.
?mey are hot faced with an esy :aoaCe. but there to a plote to our futere for
oil shale.

I won't got Involved In pr2Jecting !1lres. fte compais all have different
laterpretationa, but fifteen of the twtenty largest oil companies aro actively
involved, 10 One a~y Or ano0ther, In Oil Shale. they Oll have the measage
they have an Investment In refineries and lacey need to **sure feedstock.

I'll simply introdace some of !no hendouts here and lot Vo drar 'rotr on
conclusions from them. One Is called, 90uido to Oil Sholle. Written for
laymen line state legisletore. knother is the final edition of the Project
book that we did early In it. *:, list* the current projects and I wilt run
throogh a fee to put their to';% -C importance Into rofr inds.

The first In the boot, SuiL'-.3 Trac*, is a study of "astern oil shale. it
was very controversial because wet pitted a **stern technology* Parao. agasinst
tao most laoo "aStern tehnolovy. It proved that liquid ("*ls cam be cored
froe eastern shale, but at a price, otith lih-pressure systems, catalysts, and
hydrogen to get the production. fThre Is considerable cost advantage to
accepting loder production, uoing one of the simpler sfstem at atmospheric
pressure. perhaps sost Important, you mast consider somethbiu" ite a
Voigenoration facility to recover beat from the residual carbon and convert It
to electricity or other marketable products, and recover marketable lase.
Sastatn shalt oil is perhaps ten years away for serious operation, but that's
not so bed wthen you consider what I just said about Union.
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First, considerinq the existing production, consumption

and resources in petroleum on this continart it would appear

that the consumption of conventional oil and gas has already

peaked out and such sources will be finished within 50 years.

The exploitation of tar sands and oil shale will p.robably

prolonq the life of the oetroleum industry for another

50 years.

in the .-eaniee I believe that uranium fueled sowor plants

will tncrvaosrg|i te 4e4 over the S0 year period from now to

pr4uce electricity. in soits of the ooposition of the public.

The onli real comertit ion to tne uso of the uranium reactors
wi .t com re-o the t-creesin4 us. of coal to oroduce electricity.

6tt& 4a *s. out the d.stre|ve effects on the environment both

t. t4* iat ava on te terrain will rtsult ,n very stiff opoosition

from t " ,. ad riqti so. its use vil! probably reach

t-! ea*vp ot*% fiy years fron now and then remain constant

Wigt *01ft oft %o ovop dto he of ,ast-breeder as an
*oewy.orc i wi,1j atobty otat to' roaco tht uranium
rw*gtr* Ift tif%,f yoof *r*4 its* use oeak P' #boat 100 years.

1% 19 **Awl t%'e% &V tim ue 1ho as* of *fusion' will
%a.* beam goua; It and 0olt goercy. which latter
*IL; he" .4* r1' 4uJally froxi ftvv on. v*-22 finakllY
*tde*~tV ** Ae * egi" "Outcts of eergy tn 200 years.

V. ee of ot~et tourcs of eqerqY' such as hydro. wind,
tide. het~.. soet . and ctrep will be relatively Insigni-

I ht 1 f t a csti Im-wie Mtarld"oint althoqh each will

lab edddlly 60 WNW &MCtC*futll I" oarticular areas.

"a 0ete*eet of eWOe*4siw4 the abowe vievw is that w'll

Se deed b14.te w S*W if trey ate riqht or Wronq.
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!low to look at the wcrld-wide situation:

It appears that of the "developed" countries, three

*t4 34t as the potential "greats" of the future from an

Y Production standpoint. They are the U.S.S.R. and the

K~,~~-)n the basis of current production and known reserves,

nr1 !04ny tolie 'e that eventually China will becone a strong

Some :Ardian experts currently say that of the known resources;

-ion i, S: .R. 's double the Petrole. , a bit over double the

' , " 44i. and triple the coal resources of the U.S.A. The

S L s also strategically. located to be able to take

Spoc-sian Gulf if it should ever feel the need.

)fe si-called "developing" countries only two areas have
a 'r rp'9:es of aporeciable magnitude. Saudi Arabia and

Suf have nine times the petroleum and a bit more

, : U.S.A. but nc ccal. The other area, North

, a-ost double the Detroleum and half as much gas

. :. and aqain no coal.

We :--es o! the rest of the world are currently very

w t racil escalation of the costs of explora-

- rocessing, transportation and interest

". ,,w-, -o~ey, it neans that the capital cost of pro-

*i.-i mj few souces of energy, petroleum and otherwise, is
* '*im" b ora ti~aily imossible for the developing, and

&,*te le-eloped countries, ever catching uo with

-moet eeroa- needs. If they can't meet these industrial

Orr±v teqitaements they will never change from a developing

lo~v*10ped country.
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It is appreciated that many of the developed countries

do held those less endowed in many ways, but seldom where it

really counts from the standpoint of making them self-sufficient.

We give products manufactured by ourselves because it helps

our own labor situation, or we give or loan money to them if

our own country gains some benefit from so doing.

In any event it appears to me that the gap between developed

and developinc countries will continue to widen, with the final

result that many of the developing countries will be assisted

to such an extent that they will finally become controlled

by specific developed countries. It would be impolite to call

them "colonies" again. They will be "indeDendent" and enjoy

a status such as Afghanistan, Hungary, Poland, etc.

I believe that our best hope is that China, with technical

help from our continent, will develop sufficiently fast to so

worry the U.S.S.R. that it will have to concentrate a large

part of its efforts on its Eastern borders instead of being

free to move Southward or Westward.

Many years ago, someone in England said "Beware of the

bear that walks like a man." This is still true today.

Therefore, any help we can give to China to help it

develop its energy resources should be to our own advantage

as well.
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MCOMENTS ON VOLUME 1 - EXECUTIVE SUMMARY

Since you asked for comments on Volume 1 here they are:

Firstly, I'd like to say that it is an excellent presen-

tation so I hope that you will not take any of my comments as

a critisim. They are merely the reaction of one reader.

In the opening paragraph one gathers the impression that

the oil industry really started in the Ohio valley with Titus

first oil well in 1859.

Anything one reads or is taught of a historical nature

must be taken with a grain of salt if it is written by one's

own countrymen.

Canada's petrcleum industry says that James Milles Williams

was the father of the North Jk erican oil industry because he

successfully produced oil from a well early in 1858 in Ennis-

killen Township of Ontario and refined it in his 1857 refinery

on the shores of Black Creek nearby. Williams operations was the

first North American integrated oil company as it was involved

in exploration, prcducticn, refining, and marketing. It

eventually became t!e Canadian Oil Company in 1860.

We in Canada are told that in 1859 Col(?) WVilliam Drake

drilled a hole in Titusville, PA, and found oil at a depth of

70 feet. By the end of 1960 the U.S. industry was providing

40 to 80,000 m3 of oil per year while Canada was still only

providing 1,600 m3 per year.

So although the U.S., within a year of starting its oil

industry, rapidly outproduced Canada, it was not the first.

This historical view is not really important, but only

mentioned here to illustrate how every country, city or town

thinks it is first or the best in something.
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Reference is made to the third paragraph on page 6. While not

d.isazeeing with what is said, I believe it could be mentioned some-

e:'e that prices do not always follow the law of supply and lemand.

?rces may be controlled politically as by OPEC and also In Canada

to scne extent. The next paragraph concedes this In a way, witho..t

menztzning "politics." It takes page 8 before it is mentioned that

prices do not necessarily depend on supply.

Beference is made to page 9. It Is not clear if you nean only

.e ,: or JPl ;:;nen you say "aviation", "Jet fuel" and exclude J?4 or
S. You may be considering the latter along with "gasoline."

<h.e coneed-Ing that Jp4 is a wide-cut gasoline it shold, in my

nz~ -:n, be included as a "jet fuel" because theremght come a time

In zn= future when its use might greatly increase. Actually it

: be better to say "kerosene"or "wide cut" beca .se their use wil'

;e: nt to some extent in the future on the demand for the various

=:rt/:ns of the barrel. In any event you should ma:e it clear

-he --e of fuel you are talking about when you say "Jet fuel."

Reference page 11, paragraph 19. You say "Air:raft DrC wit),

.en fuel are comparable to those with avJet but airpcrt 2osts

..r. "uefaction and handling are considerable." If the liquefaation

a.nd '-ndling costs are high, the airline is going to pay for it by

_ airport charges or some other means. (It is the total operatng

z::S -nat counts, not just DOC, which was established about forty

;£ r agc and doesn't even include cabin attendant 2os:s.) I do not

Celle':e that the airlines will use liquefied hydrogen w.Ithin at least

:'e next fifty years (in spite of some enthusiasts at Lockheed).

Reference page 14 "Jet A...", et seq. See my previous comments

relating to the degree of safety of Jet A over Jet B and use of an anti-

stati.c additive to reduce handling hazards. As mentioned elsewhere,

I believe the options should be kept open for the airline to use

eit'her Jet A or Jet B as future

207



13.

conditions dictate. But I believe that the use of an anti-

static additive should be mandatory in both jet fuel specifications.

To conc~ude - Your report is exceptionally good, core-
hensive, interestin.:, and very well presented. .y oments

are insignificant.

J. T. Dyment
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I PlaA
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jo~ :t A (i.e. karosana) 4*6 involve-.. (&As *Sowing fo e0sita :?-. Present 1

'he aircraft tauis,). bea.,~ l~levapor wall list so preset. Static
3ruill-oap results from the Passage o! tho toek through filters tn.' usuaally the sors
bf~t:lent the filter ant. oi course. the higher the rate at !lov. the ireater t's
jQe-WrltiOn Of Static GlG:tfCILY. tn practice. hsigh static bw#1d-wp Jose fta1 ie.ult
frun flow thoragh piptl nea and. Ir. fact. existing stac Cnar,60 tends &o be roe.&hec

:.tjthe 11o-. thr-og% ?ipel aoes or the fueling %***a.

The -implece s.eration of unsissoiveu water from iterostne is not as *say to actieve
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Zotr. as :0OEbafol with etrosene.

During the original research ani laboratory w~ork to develop 54% anti-static additive.
both Shell and 9axon boe; developed possible additives. both were testeS extensively
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tons and at levier cost then the town additive.

?ro- the beginning, there was concern about the AMA-) aditive being a surfactant
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