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1. In the past decade the world's energy supply status has
received much attention because of changes in perception,
exploration, drilling success, known reserves, production,
distribution, consumption, world politics, and pricing. The

3 petroleum supply disruptions of 1973-1974 and 1979 serve to
highlight the tenuous nature of some major sources of supply.
There is an emerging awareness that the availability and

¢ affordability of petroleum supplies for operating the Navy are
likely to impose significant and potentially unacceptable
limits, especially if petroleum related problems and
contingencies are not adequately dealt with and prepared for
well in advance.

2. At the direction of the CNO, the Center for Naval
Analyses, in cooperation with the CNO Long Range Planning
Group, has undertaken to better define the Navy's future
petroleum environment and its implications. The main
objectives were to evaluate the likely availability of
petroleum products for the fleet to the year 2010 and to
identify the probable effects of petroleum availability on the
conduct of naval warfare, the selection of weapons, and
mobility. The resulting study examines the factors affecting
current and future petroleum availability, looks at alternate
means of coping with the expected petroleum environment, draws
conclusions, and makes some recommendations to help meet the
challenges the Navy will face in the future.

3. The study finds there are two general types of problems the

Navy will face. The first problem is the near certainty that
s over the long term the real cost of fuel will continue to rise.
Part of the cost will result from the need to adapt to wider
variations in the quality of fuel available in the future. The
other problem is that import interruptions are almost certain
to occur and will likely be at least as severe as those
experienced in the 1970s. These problems will present the Navy
with enduring challenges, because affordability will remain a
continuing problem and major supply disruptions will have
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significant international and U.S. Navy impact. Although there
is uncertainty over the exact nature of the likely disruptions,
the resulting international uncertainties and operational
considerations will pose challenges just as demanding as those
arising from affordability considerations. Change and
discontinuities are difficult to address in any planning
effort, but the petroleum arena is likely to be turbulent in
the decades ahead. The Navy must hedge now against these
uncertainties in order to be better prepared to deal with
disruptions, increased real costs, and other challenges that
may arise as a result of dependence on petroleum supplies.

4. The study provides the following recommendations:

® The Navy needs strong management of energy-related
matters to implement conservation and to help it adjust
to the constraints imposed by higher costs, lower
availability, and poorer quality of fuel. All relevant
energy information--including that pertaining to nuclear
energy-~should be available to Navy planners for a
complete management perspective on the Navy's energy
problems and options.

e A strong and comprehensive research and development (R&D)
program should be maintained to increase fuel efficiencies
and to prepare for problems of degraded fuel quality.

® The life-cycle costs of individual nuclear-powered ships
are higher than those of conventionally power ships,
based on the then current fuel price of $52.50 per barrel
used in the study. However, the FY82 cost of $57.40 a
barrel is very close to the cost crossover point for
aircraft carriers (CV vs CVN) on an undiscounted basis.
Thus, the prospect of even higher petroleum prices and
interrupted fuel supplies, combined with military
effectiveness advantages of nuclear power, argues that
all large ships of the future should continue to be
strong candidates for nuclear propulsion.

® Because of their efficiency and tolerance for varying

fuel quality, diesel engines should be used more widely
on smaller ships.

[\
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, e Large civilian and military reserves of petroleum give

’ significant protection against disruptions in the market
and curtailed supplies of fuel. They should be
vigorously supported.

5. Enclosure (1) is forwarded.
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ABSTRACT

This study evalustes petroleuw
igsues facing the Navy over the next 20
years. It analyzes the threat of reduced
availability of petroieum and the prob-
able effects on naval warfare, on the
selectien of weapons, and oun mobility.
There avre four areas of inveastigation:
the curvent oil market, production fore-
casts, the prospect of import interrup-
tions, and Navy options.

The study addresses the changes in
the o0il market since the embargo of
1973. It explains how those changes 1ia
the market have affected Navy budgets
and «roded steaming and flying hours.
Publicshed forecasts of lowered praduc-
tion of petroleum and the threat of
interruptions of imports are evaluated
for their potential to d’svupt world
markets out to the year 2000, Several
aspects of future petroleum supplies are
quantified. The study concludes by
recommending measures the Navy can tazke
to deal with the problems of rteducad
fuel availabhility and quality.




EXECUTIVE SUMMARY

This study evaluates petroleum issues facing the Navy over the next
20 to 30 years. It respounds to concerns expressed by.the Chief of Naval
Operations about the implications of petroleum availability for the Navy
in the long term. The work was sponsored by the Navy's Long Range
Planning Group, Op-00X.

OBJECTIVES
The study has two main objectives:

o To evaluate the likely availability of petroleum products
focr the fleet to the year 2010

e To identify the probable effects of the availability of
pettoleum on the conduct oi naval warfare, the selection
of weapons, and mohility.

OVERVIEW OF PEIROLEUM AVAILABILITY

.
The industrialized world is expetriencing a major transitinm in
energy resources as heavv reliance on conventional petroleum gives way
to more diversified forms of energy. This change has significant
implications for the MNavy because its ships and aircraft will continue
to depend on petroleum for mobility fuels well into the 2lst century.

Petroleum products are expected to be generally available to the
fleet, even though produgtion of conventional oil in the world is
projected to begin declining around the year 2(G00. However, the Navy
can expect two kinds of problems. The first is the near cetrtainty that
fuel costs will continue t6 increase despite occasional leveling of
prices resulting from such factors as short-term production excesses and
the policles of the Organization of Petroleum Exporting Countries
(OPEC). Greater costs will result from higher real prices and from the
need to adapt to wider wvariations in the quality of fuel. Fuel of
degraded quality 1s likely to become more prevalent as synthetic crudes
from heavy oil, shale, and coal supplument declining supplies of
conventional crudes.

The second problem is that of import intercuptions. Such inter-
tuptions are almost certain to occur and are likely to be at least as
gevere as those experienced in the 1970s. 1In theory, the Navy will have
priority access to the petroleum needed for its missions. In practice,
however, uncertainties about the length of intervuptions and political
reluctance to transfer scarce petroleum supplies from the civil sector
are likely to result in problems of reduced fuel availability with
potentially serious impact on the cperating forces.

-iii~




Prior to 1973, petroleum was a minor constraint in Navy planning,
and the nation was much less vulnerable to interruptions im petroleum
imports than it 1is today. Adapting the Navy to the harsher conditions
of fuel availability mentioned above will require continuing management
attention to energy-related issues.

FORECASTS OF THE SUPPLY OF PETROLEUM

The rate at which new oil has been found in the non—-Communist world
has been declining for about 30 years. In the past 10 years, the
world's petroleum has been produced and consumed faster than new
replacement 0il has been found. This fact underlies grim geological
estimates that worldwide production will peak within two or three
decades. Production in the U.S. has already peaked and is estimated to
be in a long-term decline.

Economic theory tends to ameliorate the motre pessimistic geological
outlook. According to the theory, the unfettered market will compensate
for the depletion of a scarce resource by raising fuel prices.

Increased prices in turn will vetavrd demand, stretch the remaining
supplies, and stimulate the production of substitutes. The theory will
probably prove to be valid over the long term; howevetr, the problem is
the transition through the next 20 to 30 years. The modern world lacks
experience with depletion of a resource as critical as petroleum.
Furthermore, a world oil market that is politically vnencumbered is an
abstraction that will never be fully attained in practice. In addition,
there are large uncertainties about when substitute products will be
available in sufficient quantities and at acceptable levels of

quality. Finally, on the issue cf quality, it is important to recognize
that the chemistry of petroleum-like substitutes and its implications
for engines are only partially understood.

Figure I illustrates two projections of the production of sorld oil
«nd gives a perspective on the relative position of U.S. production.
One projection peaks before the year 2000 and follows a bell-shaped
profile. It reflects the rate at which one 2nergy expert has estimated
that remaining conventional oil might be produced. In contrust, Exxon
projects a lower, flatter plateau extending to the year 2000.

Assuming ro prolonged stagnation in the world's economies, an Exxon
projection of l-percent-per-year growth in demand would not force
production against a physical ceiling until after the year 2000.
However, if the annual growth in demand 1s abcut 3 percent—-still less
than half of what it was in the 1970s--then the production of
conventional oil is likely to peak before the year 2000,

The principal conclusion drawn from our evaluation of the forecasts
is that fuel from petroleum or petroleum—like liquids will be generally
available in the world market as products from conventional oil are
supplemented with products refined from heavy oil, shale, and coal.
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However, it should be recognized that as conventional oil production
peaks, fuel will almost certainly cost more. It will also vary widely
in quality, but overall quality will decline. Two other significant
conclusions emerged from our evaluation:

e The U.S. and other Western industrialized nations will
continue to import large quantities of petroleum for the
foreseeable future.

e From 50 to 60 percent of the ultimately recoverable
conventional oil remaining in the world is estimated to be
in the region of the Persian Gulf.

Millions of barrels per day
8
1

40 |-
30 }- . .

Conventional oil Heavy
20 |-
10 |- U.S. lower 48

conventional oil

0 | |
19286 1950 1975 2000 2025 2050 2075

Year

FIG. I: PROJECTIONS OF WORLD OIL PRODUCTION

IMPORT INTERRUPTIONS AND PETROLEUM AVAILABILITY

The significant veserves of the world's remaining conventional oil
are heavily concentrated in a few producer countries, Partly because of
this unequal distribution, interruptinns in the supply of petroleum to
the world market, at least as severe as those experienced in the 1970s,
are estimated to be a near certainty over the next 20 years.

U.S. domestic production of all petroleum liquids 1is expected to
drop from 10 million barcels per day (mmb/d) in 1980 to 7-8 mmb/d by the
yeatr 2000. As a consequence, the U.S. will continue to rely on imported
petroleum and be vulnevable to supply interruptions. High levels of
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resetrve stocks of both crude oil and products can supplement domestic
production and reduce vulnerability. Additional help can come from
conservation programs, from greater use of substitutes for coaventional
patroleum, and possibly from the existing international agreements to
share shortages among the irporting nations.

Figure II gives two estimates of usable U.S. petroleum stocks in
the year 2000 and shovs how high levels could offset the loss of imports
for a few months. The Strategic Petroleum Reserve (SPR) is expected to
be particularly important if supplies are interrupted.

8 —
Millions of barreis
T Stocks  High  Low
s |- DoD 140 100
industry 500 200
5 |- SPR 750 250
Total 1,38¢ 550

U.S. stocks

1,390 million barrels
550 million barrels

Shortfall (millions of barrsls per day)
»

Endurance {months)

FIG. II: ENDURANCE OF U.S. OIL STOCKS DURING AN IMPORT
INTERRUPTIGN IN YEAR 2000

Effects of Disruptions on Military Supplies

The Department of Defense is a relatively small user of total U.S.
petroleum products. For example, in 1980, it used about 3 percent and
the Navy about 1 percent of the total U.S. demand for petroleum
liquids. In the first year of a war, direct consumption by U.S. forces
might climb to as much as four times peacetime levels. Table I shows
year 2000 estimates of the direct Defengse burden on U.S. petroleum
supplies under different assumptions about import interruptions and the
availability of veserve stocks. Under these scenarios, Defense needs
are expressed as a percentage of the available supply in the U.S. They
range from 3.8 to 7 percent in peacetime and from 15 to 29 percent in
wartime.
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Even though ihe Department of Defense is both a high—-priority and
relatively small ucer of petroleum in peacetime, it is unlikely to be
inmune from the adverse effects of future interruptions in imports. 1In
the past, shortages of Delense fuels resulted from command decisions to
conserve during crises of uncertain length and from Defense's inability
to contract for all of its fuel requirements in a turbulent martket.
Future crises may not differ gignificantly. Such realities as political
reluctaace to deprive the domestic economy of scarce petroleum supplies
are likely to result in peviodic shortages to some military users. Less
urgent and training missions may be particularly vulnerable to severe
mavket disruptions.

Even though petroleum products and close substitutes are expected
to be generally available for Navy use through the remaindetr of the
century, import intecrruptions are likely to have adverse effects on the
Navy 1n the form of intermittent fuel shortages and higher prices.
Maintaining the proper level of prepavedness to deal with this
significant problem will require the continuing attention of the Navy's
leadership to a broad range of measures including support for adequate
reserves.

COST OF FUEL

In addition to the problem of import interruptions, a major problem
over the long term will be the day-to-day management of the higher cost
of fuel.

The Navy has already expevienced over a fourfold increase in the
real price of fuel in less than a decade. Some of the past effects of
the ;e increases ave shown in figures III and IV. As the figures
indicate, the cost >f fuel is now a major constraint, accounting for
about one-thitrd of the direct operating and support (0&S) costs of
mobile weapon systems.

Future prices could make fuel costs even more burdensome. Figure V
shows the effect of three hypothetical growth rates on the price the
Navy pays for a barrel of a composite of DFM (marine diesel fuel) and
JP~5 (aviation fue'). Considering past iacreases, an average annual
price growth, in real terms, of 5 or even 10 percent is plausible. For
example, since 196C, the real price of fuel has increased at an average
annual rate of 8 percent. If 1973 ig taken as the base, the average
rate of increase has been 23 percent per year.

¥ith no real growth in Navy budgets, future increases in the price
of fuel could severely erode Navy programs. This potential is
illustrated in figures VI and VII, using the hypothetical price
increases of 2, 5, and 10 percent annually. Requirements for larger
budgets are depicted in figure VIII.

-viii~
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Figure VI shows how increases in the real price of fuel could
reduce the steaming and flying hours of the fleet by the year 2000. It
illustrates the erosion as a percentage drop from the 1980 level of
operations, assuming that the budget for operations is fixed. The
intermediate case of a 5-percent annual increase in price would cut
steaming and flying hours to less than half of their 1950 levels. The
benefits of conservation are shown if the goals for fuel efficiency
are met.

Figure VII shows the possible erosion of future force levels caused
by increases in the price of fuel. 1In this example, the tempo of opera-
tions is assumed to stay at 1980 levels. Increases in the fuel price
then cause fuel costs to rise above tha October 1980 level. These
excaess fuel costs are assumed to be paid for from the procurement
tadgets for new ships (SCN) and new airvcraft (APN). Under thase
aisumptions, the cumulative effect by the year 2000 of an annual 5-
parcent real increase in the price of fuel would be a loss of 24 new,
average combat chips and 610 combat aircraft. Suncessful conservation
might avecrt the loss of 7 ships and 90 airplanes under the S—percent
. case.

Figure VIII is an illustration of how much the 1981 Navy budget
would have to grow each year to offset hypothetical annual increases in
the price of fuel. The petrcentage increases required annually in the
Navy's total obligational authority (TOA) are small. However, the
0.11-, 0.30-, and 0.8l-percent increments accumulate by the year 2000 to
about $10 billion, $28 billion, and $78 billion, respectively. Effec-
tive conservation would reduce the .need for additional funding.

Bk

An additional perspective on the size of the annual increases in
figure VIII can be obtained by comparing them with the history of the
Navy's budget growth. Including the Vietnam years, real growth in the
Navy budget averaged 0.47 percent annually. An intermediate fuel price
hike of 5 percent would offset about two—~thirds of that total increase.

W

FUTURE FUELS AND FUEL QUALITY

Other considerations closely velated to the cost of fuel are the
type and quality of fuel. Although exotic alternatives to petroleum-
derived fuels, such as hydrogen and alcohol, may eventually help meet
the Navy's energy needs, liquid hydrocarbons will remain the mainstay of
Navy mobility fuels through at least the next few decades. Liquid
hydrocarbons, including synthetics, are superior to the alternatives
because of their energy density by volume, availability, ease of storage
and handling, and adaptability to engines designed for petroleum
1 products.

However, many of the future gyanthetic and petroleum crude products
will be of lower quality than those derived from the light, low-sulphur
cvudes currently available, Because these products require more

-xii-
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processing and additives, they are expected to be both higher in price
and lower in quality.

Fuel of low quality causes maintenance and reliability probleas,
particularly ic gas turbioe engines. The Navy has already encountered
aspects of this problem with both JP-5 for aircraft and DFM for ships.
Unless engines are modified, using fuel of degraded quality could cut
the life of some expensive components in half. Fuel quality is likely
to become one of the important considerations in managing the Navy's

fuel. It will almost certainly coantribute further to the problem of
fuel costs.

NAVY RESPONSES

There are a pumber of measures available to contend with future
price rises, interruptions in supplies, and a declime in fuel quality.
They are classified below as actions to reduce petrole: consumption or
actions to increase access to whatever petroleum is available.

Measures to reduce consumption:

e Make existing and planned systems more fuel efficient.
® Reduce the operating tempo of the fleet.

® Reduce force levels.

e Rely more on substitute systems that are less fuel
intensive.

e Develop alternative fuels.
Measures to increase access:
® Obtain larger Defense budgets.
e Obtain a larger share of the available Defense budget.
® Change fue! specifications.
o Design engines to accept lower quality fuel.
® Increase petroleum regservea.

Most of tha Navy's efforts sre concentrated on getting more
efficiency from existing and programmed systems. Fuel can also be rwed
by operating less or by reducing the size of the Navy. Large fuel
savings could come as a byproduct of changing the mix of naval

weapong, For exasple, relying wmote on miasaslles and remotely piloted
yvehicles (RPVs) as couwplewments to manned aircraft and on nwclear

-xiii-
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propulsion for conventionally powered ships could yield large direct
savings in petroleum. A long-term possibility is to develop nonnuclear
fuels that are alternatives to petroleum.

There are a number of possibilities for the Navy to get more of
whatever fuel is available. One is to get larger budgets for all the
Services to offset higher fuel prices--as has been done. Another is to
demonstrate the comparative advantages of seapower to get a larger ghare
of whatever resources are available to Defense. The Navy might also
reduce its fuel specifications and design engines so that they are less
sensitive to variations in the quality of fuel. Finally, the Navy's
leaders can use their influence to increase the nation's Strategic
Petroleum Reserve and military stocks of petroleum products.

Most of the measures in the above list are getting attentica within
the Navy, the Departmeant of Defense, or the Department of Energy.
However, some merit more management sttention.

Counservation

Conservation within the Navy yielded about $200 million in fuel
savings in 1980. 1If the goals for 1985 are reached, savings of about
$1 billion will be realized for that year. For ships and alrcraft,
meeting these goals will require a reduction in fuel consumption from
1975 levels of 20 percent per underway steaming hour and 5 perceat per
flight hour.

However, three problems face any management of energy-related
issues in the Navy, including the implementation of conservation
programs. They are:

e How to organize to manage a problem as pervasive as energy

e Need for more meaningful incentives to foster conservation

o Scarcity of planning information on the muclear portion of
the Navy's energy consumption.

Substitution Measures for Aircraft and Ships

Additional ways to save fuel involve substitution measures for the
major users of mobility fuels—ships and aiicraft.

For aircraft, some additional fuel savings will result from
efficiency improvements and increased use of flight simulators.
However, large reductions in aviation fuel consumption can only come
from reduced operations or as a byproduct of some long-term changes in
the mix of naval weapons. Examples of such changes would involve less
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dependence on manned aviation and wmore use of crulse missliles, surface-
to-air missiles, artillery, and unmanned surveillance aystems. This
last measure includes systems such as satellites and RPVs.

In contrast to the relatively small efficiency improvements
possible with gas turbines in aircraft, ship prime movers offer a wider
rarge of possibilities. Diesel engines consume less fuel than gas
turbines for the same power output. Savings can be in the range of 40
to 50 percent during cruise operation and 0 to 10 percent at full
power. Steam plants can also provide fuel savings of perhaps 20 percent
at low-power settings. Thus, comoinations of a gas turbine for high-
power operations with another system that displays greater part-load
efficiencies can be attractive. Furthermore, low-speed diesels and
steam plants Jlisplayv gceater tolevance than gas turbines for fuels of
lowered quality.

Nuclear Propulsion

Large savings in petroleum could come from making wore ships
nuclear powered. Today's fleet of nuclear ships and submarines uses an
amount of energy equivalent to cver 8 million barrels of oil-equivalent
(umboe) per year, or about one~third the fuel consumed by current
conventional ships.

One of the major arguments against nuclear-powered ships has been
their higher costs of acquisition. However, as the price of petroleum
outstrips other prices, the operating costs and, thus, the total costs
of conventional ships will rise relative to their nuclear-powered
alternatives. Figure IX shows the life-cycle costs of auclear and
nonnuclear aircraft carriers as if they were new construction. Costs
are calculated for both their undiscounted and discounted values.

The life-cycle costs of the two carriers cross in the undiscounted
case at an average fuel price of $58 per barrel--very close to the
current price of $52.5C per barrel. Discounting places a greater weight
on the nucleatr carrier's higher procurement costs than on the
conventional carrier's higher operating costs becauce the latter occurs
later in time. The point of equal life-cycle vosts in the discounted
case ig at an average fuel price of about $220 per barrei. This
corresponds to an increase in the price of fuel of about 6 percent per
year over the lifetime of the ship. It should also be noted that the
diffevence in discounted costs between these two ships becomes small
well before the breakeven point.

The life~cycle costs of two Aegils cruisers-—-oune nuclear, the other
conventional--for varying fuel prices were also considered. The points
of equal cost for the nuclear and the nonnuclear cruisers occur at a
fuel price of about $270 per barrel in the undiscounted case and at
about $550 petr barrel in the discounted case. Such high fuel prices




would result from average annual increases sf about 6 and 9 percent,
respectively.
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FIG. IX: CARRIER LIFE-CYCLE COSTS (iOC 1992)

Nuclear propulsion also offers a number of tactical advantages for
surface ships, such as sustained high speeds and reduced support
requirements. Along with the coasidevation of comparative life-cycle
costs, these advantages increase the attractiveness of nuclear power for
ships above about 10,000 tons.

EFFECTS ON THE NAVY OF CHANGES IN THE PETROLEUM MARKET

On Warfare

One important effect of rising fuel costs on naval warfare will be
on the size and the readiness of the Navy. The Navy's capabilities at
the outbreak of a future conflict could well be less than they would
have been with stable fuel costs.

Another aspect of the problem of petroleum availlability is that the
Middle East has up to two~thirds of the non-Communist world's reserves
of petroleum. Access to that region will therefore be essential to the
U.S. and its allies. Tec lnsure that access, the Navy must be able to
keep the sea lanes open.
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The level of both civil and military rveserves will affect the
¢ availability of military fuels during supply disruptions. In addition,
these stock levels could be a major determinant of the nation's response
to conflicts that reduce petroleum imports. Because oil shortages
impair the economy, pressures for quick resolution of conflicts-—=zither
: ' through escalation or by submission-—ave apt to be greater in an
e environment where petroleum stocks are critical.

Fuel rationing could produce similar responses. Wars that fail to
. engage the support of the American public could be more difficult to
6 prosecute when accompanied by fuel shortages and rationing. As in the
3 case of critical oil stocks, the pressure would be in the direction of
quick resvlution of the conflict.

On Weapons

The effect on the choice of weapons will be similar to other
situations in which resource costs rise appreciably. Substitutes and
different ways of performing missions will become increasingly
‘ attractive as the econcmic burden of higher priced fuel becomes clearer
E 3 to planners. In the acquisition of new weapons, fuel efficiency will
t become a more important factor, provided likely increases in fuel prices
1 are treated realistically in estimates of life-cycle costs. The problem
o of uncertain supplies of fuel in a crisls will alsc make fuel-efficient
I alternatives more attractive.

b, As fuel of lower quality becomes more prevalent, there will be
.- corresponding decreases in reliability and increases in maintenance

. requirements for ships and aircraft. Engine modifications could reduce
] these e2ffects somewhat.

: The advantages of designing future ship and aircraft engines to be
e less sensitive to variations in fuel specifications will become

VX apparent. In addition, there will be pressures to move toward fuel that
A is more widely used by othetr military and civilian users. These changes
. could lower costs and increase supplies.

: 2 N

3 In manned avi.tion, conservation efficiencies and simulators will
: provide added fuel savings. However, very large savings could only

> result from reduced operations or as a bynroduct of some long-term

’{ changes in the mix of naval weapon systems.

E - On Mobility

Diesel engines are more fuel efficient than gas turbines. At low-
power settings, steam powerplants are also more fuel efficient than gas
. turbines. Low-speed diesels and steam engines ave also less sensitive
than gas turbines to variations in the quality of fuel.
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Nuclear power provides the greatest freedom from reliance on
petroleum. The higher procuremert costs of large nuclear ships can be ¢
offset by thelr lower operating costs as the real price of petroleum
increzses in the future. O0il prices have tisen enough already so that
the undiscounted life-cycle costs of nuclear-powerad carriers ave nearly
equal to those of conventionally powered carriers. For smaller ships, s
fuel prices will have to rise significantly before the life~cycle costs
of nuclear and nonnuclear ships are equal.

The prospect of higher fuel costs also adds to the comparative
advantages of sealift over airlift.

RECOMMENDATIONS
The study concludes wirh the following recommendations:

¢ The Navy needs strong management of energy-related matters
to implement conservation and to help it adjust to the
constraints imposed by the higher costs, lower avail-
ability, and poorer quality cf fuel. All relevant enetgy
information--including the nuclear aspects~-should be
available to Navy planners for a complete management Y
petspective on the Navy's energy problems and options.

e A strong and comprehensive research and development (R&D)
program should be maintained to increase fuel efficiencies
and to prepzre for problems of degraded fuel.

e The life-cycle costs of nuclear ships are higher tnan
those of conventionally powered ships at the October 1980
fuel price. iHowever, the prospect of even higher
petroleum prices and interrupted fuel supplies, combined
with the effectiveness advantages of nuclear power, argues
that all lavrge ships of the future be much stronger
candidates for nuclear propulsion than they arve now.

& Because of their efficiency and tolerance for varying fuel
quality, diesel englnes should be usnd move widely on
smaller ships.

e Large civilian and military veserves of petroleum give
significant protection against disruptions in the market
and curtailed supplies of fuel. They should be vigorously
supported.
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CHAPTER 1

INTRODUCTION

This study evaluates petrolecum issues facing the Navy over the next
20 to 30 years. It responds to concerns expressed by the Chief of Naval
Operations (CNO) for the adequacy of the Navy's fuel supply. The work
was sponsored by the Navy's Long Range Planning Group, Op-00X.

OBJECTIVES
The study has two main objectives:

¢ To evaluate the likely availability of petroleum products
for the fleet to the year 2010

e To identify the probable effects of the availability of
petroleum on the conduct of naval warfare, the selection
of weapons, and wobility.

SCOPE AND ASSUMPTIONS

To present a CNO-level perspective on such a pervasive problem,
several key issues were selected and analyzed to support the inferences
drawn. A mix of empirical, statistical, and heuristic arguments were
made. Although the arguments may not be equally compelling, they are
all velevant to Navy planning. Quantitative analyses were used where
appropriate.

The scope of the study was reduced in several ways. One way was to
focus on the fuel derived from conventional o1l and synthetic petroleum
liquids. Other energy forms, such as uranium or hydrogen, were intro-
duced to make some comparisons but were nol analyzed in detail. Anothert
way was to limit the study to the direct consumption of petroleum by the
major fuel users—--the ships and aircraft of the fleet. Although there
are significant quantities involved, the energy consumed by the in-
dustries supportinrg the Navy and the direct use of petroleum by the
Navy's shore establishment were excluded from the analysis. Finally, it
was assumed that the fleet would evolve along the lines of its current
composition of aviation, surface ships, and submarines. Radically
differeat fleets were not examined, even though they could have large
effects on fuel usage.

Most of the projections by industry and government used in the
study do not extend beyond the year 2000. However the trends and majior
infetrences diawn are expected to continue as dominant considervations in
planning through the year 2010.
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ORGANIZATION AND SOURCES

There are four distinct areas of investigation: background, fore-
casts, supply interruptions, and optilous.

Chapter 2, background, emphasizes the changes that have taken place
in the oil market siuce the embargo of 1973 and how they have affected
the Navy. The principal sources for this part of the evaluation include
oil~price data from industry and government; Navy fuel-consumption data
from the Chief of Naval Operations (Op-413); and published, energy-
related reports from the Navy, the Department of Defense (DoD), the
Department of Energy, the Congress, and academia.

Chapter 3 evaluates the forecasts of petroleum supply and demand.
The forecasts are from published sources and are summarized in the study
to characterize the problems the Navy 1is likely to face. The petroleum
industry is the source of the basic drilling and production data cn
which most assessments ave based. A broader segment of private and
public organizations provides estimates of both proven reserves and
ult:mately recoverable resources. A still larger number of organiza-
tions get involved in estimating future levels of supply and demand for
petroleum products. This study examined over 15 forecasts and analyses
of petroleum availability, but velied mostly on analyses from the oil
industry and the U.S. Geological Survey (Us3GS) and on reports from the
Department of Enertgy.

Chapter 4 examines the problems stemming from interruptions eof the
o1l supply. Both government and private analyses are used, which
include: econometric studies of past and potential gross national
product (GNP) losses from petroleum Ilnterruptions, testimony before the
Congress by Defense officials on the problems expetrienced in procuring
and managing stocks duving crises, and evaluations of the Strategic
Pettroleum Reserve (SPR).

Chapter 5 summarizes the problem of the future availability of
petroleum and introduces the range of options avallable to the Navy to
manage its petroleum consumption efficiently.

Chapters 6 through 9 analyze aspects of the major options for their
potential to receive mote or less management emphasis. The cognizant
offices in the Office of the Chief of Naval Operations, the Naval
Material Command, and the Departmeunt of Energy provided muclt of the data
used in these mini-analyses.

The conclusicns and vecommendations of the study are coniained in
chapter 10.

Additional information supporting parts of the study are im the
appendices and in a separate, classified memorandum, cited in [1].




CHAPTER 2

BACKGROUND

During the 1970s, changes in the world petroleum market were wide-
spread if not revolutionary. TIhe decade ended an era of inexpensive oil
and iatroduced a new period of greatev scarcity and higher veal prices.
In addition, the U.S. became vulnerable to supply interruptions,
increasingly interdependent with other industrial economies, and vitally
concerned with access to the oil resources in the Persian Gulf. These
changes were strategic in chacacter and worldwide in scope. This
chapter examines evidence of the changes and their effecc on the Navy.

PETROLEUM CONSUMPTION

The amount of petroleum consumed divectly by the Navy and the other
militatry services has varied substantially with differences in the size
and compositicn of the forces, the tempo of operations and, in recent

years, with the price of fuel.

Defense Consumption

The amount of fuel consumed divectly by all the armed forces
reached a post-World Wa: II peak in 1969 during the Vietnam War. As
shown in table 2-1, the average consumption of 1.090 million barrels per
day (mmb/d) nearly matched the World War II peak in 1945 of
1.110 mmb/d. However, when viewed :s a percentage of total U.S.
petroleum consumption, the Vietnam peak was only 8 percent, whereas the
World War II peak was 23 perceat. Since World War II, the average for
the Department of Defense (DoD) has been 5 pevcent of the nation's total
fuel consumption. In recent years, however, record-high petroleum
prices and smaller forces have veduced defense consumption substantially
below 5 percent.

Figure 2-1 provides an additlonal perspective on Defense and Navy
consumption in 1980. The Navy now directly consumes about 1 percent of
the petroleum used in the U.S.

Nuclear Energy Usage

The Navy is unique among the military services because it does not
completely depend on petroleum products for its mobility fuels. Twelve
surface ships and 123 submarines avre nuclear powered. Nuclear propul-
sion provides an amount of energy equivalent to about 23,000 barrels of
oil daily, or 8.4 million barrels of oil-equivalent (mmboe) annually at
1980 operating levels. This corresponds to about one-third the amount
of pettroleum consumed by Navy ships in 1980. The devrivation of this
estimate is published separately [1].
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TABLE 2-1

HISTORY OF PETROLEUM CONSUMPTION FKROM 1940 TO 1980

All military Navy
U.Ss Perceat of U.S. Pervcent of military
Year (wmb/d) Mmb/d consumption Mmb/d consumption
1940 3.7 0.045 1.2 0,037 82
1941 4.0 0.066 1.7 0.061 92
1942 3.8 0.175 4.6 0.086 49
1943 4.1 0.591 14.4 0.376 63
1944 4.6 0.915 20.0 7.469 51
1945 4.8 1.110 23.0 0.549 49
1946 5.0 0.673 13.0 0.451 67
1947 5.4 0.287 5.3 0.157 55
1948 5.9 0.299 5.0 0.159 53
1949 5.7 0.328 5.7 0.158% 48
1950 6.4 0.350 5.5 0.157* 45
1951 7.0 0.395 5.6 0.1712 43
1952 7.3 0.397 5.4 0.166> 42
1953 7.6 0.496 6.5 0.200% 40
1954 7.8 0.530 6.8 0.2052 39
1955 8.5 0.568 6.6 0.210% 37
1956 8.8 0.591 6.7 0.2162 37
1957 8.8 0.660 7.5 0.239 36
1958 9.1 0.598, 6.6 0.214% 36
1959 $.5 0.739 7.8 0.2622 35
1960 9.8 0.692 7.1 0.242% 15
1961 16.0 0.760° 7.6 0.2662 35
1962 10.4 0.865 8.3 0.303% 35
1963 10.7 0.8440 7.9 0.295% 35
1964 11.0 0.826 7.5 0.289% 35
1965 11.5 0.801 7.0 0.2802 35
1966 12.1 0.873 7.2 0.305% 35
1967 12.6 0.994 7.9 0.348° 35
1968 13.4 1.075 8.0 0.376% 35
1969 14.1 1.090 7.7 0.381% 35
1970 4.7 0.919 6.3 0.296 12
1971 15.2 0.825 5.4 0.258 31
1972 16.4 0.797 4.9 0.253 32
1973 17.3 0.748 4.3 0.247 33
1974 16.7 0.578 3.5 0.216 37
1975 16.3 0.508 3.2 0.184 36
1976 17.5 0.482 2.8 0.166 34
1977 18.4 0.473 2.6 0.165 35
1978 18.9 0.454 2.4 0.160 35
1979 18.5 0.470 2.5 0.161 34
1980 17.5% 0.463 2.6 0.158 34

—r

Sources: [2 through 5].

;Esttmaces of Navy consumption are based or partial information for these years.
Based on military purchases of major petroleum products in U.S. and foreign countries,
Spreliminavy.
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FIG. 2-1: DEFENSE PETROLEUM ENERGY CONSUMPTION IN 1680

FUEL COSTS

Soaring Prices
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One of the changes with strategic significance has been the burden
of shavply higher fuel prices. Shortly before the oill embargo of
October 1973, the price for 2 barrel of fuel--an average of the price
for the distillate fuels JP-5 (aviation fuel) and DFM (mavrine diesel
fuel)——was $12.57 in constant FY 1981 dollars. 1In October 1980, the
price had risen to about $52.00 per barrel--over a fourfold increase
above the rate of inflation. Figure 2-2 illustrates this price history
taken from the data in table 2-2. The table shows the prices paid by
the Navy to the Defense Fuel Supply Center (DFSC) stock fund.

As shown in figure 2-2, Navy fuel prices increased dramatically in
response to the market turbulence experienced in 1973 and 1974 and,
again, in 1979 and 1980. The equivalent average annual iuncrease,
measured from 1973 to October 1980, was 23 percent above the rate of
inflation. From 1960 to 1980, the price increased at an annual average

of 8 pertcent.
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FIG. 2.2: NAVY FUEL PRICES
(AVERAGE OF JP-5 AND DFM)

Operating and Support Costs

One measure of the changing buvden is the fuel portion of the
direct operating and support (0&S) costs* of naval weapons. Figures 2-3
and 2-4 show these changes for rvepresentative ships aad -~ircraft since
1973. The data have been adjusted to reflect the higher steaming and
flying hours in 1973.

As both figures show, fuel-—-a relatively minor cost consideration
in 1973--is now a major claimant for resources. It is in the same range
as manpower. Although fuel prices have had the largest effect on
changing 0&S costs, other support prices contrvibuted also. For example,
expenditures for manpower have not kept pace with inflation and have
dropped in relative importance between 1973 and 1980.

Larger Budgets

Higher prices for fuel required larger Navy budgets aud, in some
cases, reductions in Navy programs. For example, the Navy required

* 0&S costs consist of expenditures for these two categories: military
pevsonnel, Navy (MPN), and operations and maintenance, Navy (O&MN). For
alvcraft, costs of replenishment spares are also included. Fuel costs
are contained in the O&MN account.




supplemental approgriarions for fuel of $135 million and $807 million in
FY 1974 and FY 1980, respectively. In addition, the Navy budget for
FY 1981 was amended to add $1 billion for fuel [9 and 10].

TABLE 2-2

HISTORY Of STANDARD NAVY PRICES FOR JP-5 AND DFM
(Dollars per Barrel)

Then-year Constant

dollars FY 1981 dollars Constant FY 1981

dollars (average

Jp~5 DFM _JB-5  DFM of JP-5 and DFM)
Jul 1960%  ¢5.10 $4.70 ¢13.32 $12.28 $12.80
Jul 1968 5.33 5.04 12.89 12.10 12.49
Jul 1969 5.33 5.04 12,4} 11.73 12.07
Oct 1970 4.96 4.45  12.74 11.44 12.10
Jul 1971 5.17 4.91 12.79 {2.14 12.46
Jul 1972 5.21 4.87 12.47 11.61 12.01
Jul 1973 6.80 6.85 12.52 12.61 Embargo 12.57
Jul 1974 14.28 24.57 22,13 22.57 22.35
Jul 1375 17.14 16.38 24.30 23.21 23.76
Oct 1978 16.17 16.17 21.91 21.91 21.91
Oct 1977 18.52 18.52  23.65 23.65 23.65
Oct 1978 18.90 18.90  22.43 22,43 TIranian 22.43
Oct 1979 26.46 25.62  28.84 27.9. Revolution 28.38
Oct 1980 53.34 51.24  53.34 51.24 52.30

Source: [6].

2In 1960, JP-5 and DFM were not separately ileatified. The closest
comparable fuels in tiat year were "Jet Fuels” and "Diesel.”

Program Reductions

Increased funding has not always been sufficient to cover th: added
costs of fuel. This was the case In the spring »f 1980 when about
$1 billion of previously authorized and appropriated Navy programs wvere
reduced or cancelled to help meet the combined costs of fuel, inflation,
and operations in the Indian Ocean [9].

Along with a winding down of the Vietnam level of operations,
rising fuel prices have contributed to reduced steaming and flying
hours. Tables 2-3 and 2-4 show that in 1980, the underway steaming and
flying hours for the average ship and aircraft were below 1973 levels by
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TABLE 2-3

- STEAMING-HOUR HISTORY OF OPERATIONAL SURFACE SHIPS FROM 1973 TO 1980

Average number Underway Hours per Year-to-year

Year of ships? steaming hours ship-year change (percent)
1973 517 1,221,700 2,363 -

1974 459 839,600 1,829 =22

1975 449 900,000 2,005 +10

1976 430 798,300 1,857 -7

1977 412 736,800 1,788 -4

1978 394 732,800 1,869 +4

1979 393 719,200 1,830 -2

1980 391 756,100 1,934 +6
Percent

change:

1973-1980 -24 -38 -18 -

Source: [11 and 12].

3gxcludes nuclear-powered and Military Sealift Command (MSC) ships.

TABLE 2-4
£ 1 FLIGHT ACTIVITY OF OPERATIONAL NAVY ATRCRAFT FROM 1973 TO 1980
Average flight
hours per
month per Year-to—-year
Average number Total flight hours  operational change
Year of aircraft (thousands) aircraft (percent)
1973 5,500 2,548 38.6 -
1974 5,260 2,184 34.6 ~10
1975 5,016 2,142 35.6 +3
1976 4,877 2,042 34.9 -2
1977 4,762 1,998 35.0 0
1978 4,419 1,925 36.3 +4
1979 4,316 1,899 36.7 +1
1980 4,313 1,947 35.7 -3
Percent
change:
1973-1980 -22 -24 -8 -

Source: [13].
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18 and 8 percent, respectively. However, most of the reductions
occurred in 19/4. Since then, the steaming and flying hours of the
average ship and ailrcraft have varled only slightly from year to year.

In contrast, the fleet's aggregate steaming and flying houvrs are
down sharply, which mainly reflect the decline in force levels. The
reduced hours have resulted in substantial petroleum savings, shown in
table 2"5 .

TABLE 2-5
TOTAL FLEET STEAMING AND FLYING HOURS IN 1973 AND 1980

Percent change:
Total fleet 1973 1980 1973 to 1980

Underway steaming 1,221 756 -38
hours? (thousands)

Flying hours 2,548 1,947 -24
(thousands)

Petroleum fuel 72 46 -36
consumed
(millions of
barrels)

Source: [11, 12, and 13].

31ncludes only conventionally powered surface ships Iin the active fleet.
Petroleum fuel used by naval ships and aircraft; total Department of
Navy consumption was 93 and 58 million barrels, respectively.

VULNERABILITY TO SUPPLY INTERRUPTIONS

Another change of strategic eignificance ard with implications for
the Navy is the vulnerability of the U.S. to interruptions in the supply
of oil. The embargo in 1973 and the Iranian Revclution *n 1978 and 1979
disrupted the world petroleum market with economic effects in the U.S.
and in the other Western industrial economies. Sharply higher prices
for 011 contributed to a slowdown in the economy in the U.S., to higher
rates of inflation, and to shortages in Defense fuel stocks.

Effects on the U.S. Economy

During the past 8 years, interruptions of supplies to the world
market have resulted in higher prices that, in turn, have affected the



nation's economy. Several econometric studies have estimated those
effects. One estimate [l4] placed the loss in veal gross national
product (GNP) at $30 billion in 1974 and at an additional $66 billion in
1975. Significant losses ave thought to have been incurred as a result
of the market turmoll stemming from the Iranian Revolutior and the war
between Iran and Iraq. The Congressional Budget Office [15] estimated
that the $4-per-barrel rise in the price of crude oil imposed by the
Organization of Petrvoleum Exporting Countries (OPEC) in 1980 (a 12-
percent price increase) added about 1 petvcent to the nation's rate of
inflation.

Effects on the Navy

U.S. vulnerability to import intervuptions has serious consequences
for both the Department of Defense and the Navy. When the economy's
output is smallevr, fewer real vesources are available for either Defense
or the civil sector. In addition, inflation complicates managing the
Navy. For example, inflation has been a major factor in difficult
contract negotiations for new chips. Furthermere, inflation is often
cited as a reason for both lower morale and difficulty in keeping
personnel due to the evosion of benefits and pay.

0il-supply interrvuptions also affected military operations. As a
result of the embargo in 1973, naval operations were curtailed because
of the uncertainty about che length of the interruption. However,
petroleum stocks held by Defense reportedly were not seriously affected
during that crisis [16].

In contrast with the earlier crisis, opetrations in 1979 and 1980
wetre not significantly curtailed, but Defense fuel stocks fell 6 percent
below acceptable levels. To maintain the level of operations, war
reserve stocks wete used. This shortage was caused by the irability of
the DFSC to contract for all cof its requitements. Cumbersome government
procurement practices and the inability of some of the refiners to
obtain crude oil in the regulated market all conttibuted to the problem
[17].

INTERDEPENDENCE

A thitd change with stvategic implications and with potential to
affect Navy fuel supplies is the added =2mphasis on the intecvdependent
relationship among Western industrial economies.

Volatile petroleum markets had adverse effects on Western Eutope
and Japan similar to those experienced in the U.S. Economic growth
rates fell and unemployment and inflation rates rose. Although the
reasons for the worldwide recessions in 195 ana, again, in 1979 and
1980 are debated, several estimates coansider oill price increases to be a
major culprit-—responsible for about half the inflation rates and the
decline in economic growth rates [18].
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The economic health of allies mattetrs to the security of the U.S.
As a consequence, even if petroleum self-sufficiency foc the U.S. were
attainable, it would not solve enecgy-related threats to U.S. global
interests. Compared with the U.S., Weste~n Europe and Jap »~ depend even
more on impocted oil (see tabie 2-6). They are expected tu continue to
rely heavily on production from the Middle East. Finally, the U.S.
patticipates in the International Energy Agency {IEA) and has agreed to
share petroleum supplies in the event of serious intevruptions [19].
Thus, the vulnevrability of these important allies will be a continuing
concern with potential to influence the allocation of available
petroleum stocks.

TABLE 2-6

PETROLEUM IMPURTS—-PZRCENTAGE OF TOTAL CONSUMPYLION IN 1978

Western
U.S. Eucrope Japan
Percentage of petroleum imported 45 87 100
Percentage iumported from Middle East 12 59 72

Source: [20]1.

STRATEGIC IMPORTANCE OF THE PERS1IAN GULF

A fourth major change in the strategic environment that affects
Navy planning is the added significence of the Persian Gulf in world
politics. Its importance has risen steadily as the world‘s demand for
petroleum has increased. During the 1970s, the vegior accounted for
about one-thivrd of the world's entire production of crude oil and for
about 60 percent of the crude o1l in the world's export trade [20]. The
importance of this region is further emphasized by its ability to
significantly increase or decrease its petroleum ocutput to respord to
world market conditions.

Access to the petroleum in the Fersian Gulf has become an added
national priovity that affects U.S. defense capabilities. That priority
has been a major rationale for formiag the Rapid Deployment Force.
Implemencing this priority will continue to require adjustments in
forces, commands, and war plans that avre predominantly criented to the
forward defense of Western Europe and Japan.
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CHAPTER 3

PETKOLEUM FORECASTS

There are two broad threats to the continued availability of petro-
leum. One is the problem of inadequate production rates. The other
threat arises from interruptions in the supply of o0il stemming from
political, economic, or military causes. This chapter examines the
evidence for inadequate production of petroleum because of geological
limitations.

The future of petroleum production is important to the Navy because
the Navy depends on the civil sector for oil and because of the long
planning horizon of 20 to 40 years for aircraft and ships. However,
assumptions for planning have been inconsistent because of disagreements
in the forecasts. Two rvepresentative analycses exemplify the divergence
in views. Une, by the Air Force Systems Command {21], sees a
"Malthusian” ceiling on oil production. It projects coantinued high
rates of demand against a declining supply of petroleum. The result {is
au ever-widening "gap” within a decade between the quantity of oil that
could be supplied and the grantity of oil that will be demanded.

A far more optimistic viewpoint has been taken by Professor S. Fred
Singer at the University of Virginia's Energy Policy Studies Center
[22]. He sees the demand for conventional oil falling vapidly as both
price and price-induced substitutes for petroleum alleviate the pressure
on the available reserves. In contrast to the doomsday view, his
opinion anticipates the world abundant with excess pecroleum within a
decade.

This chapter addresses the differences between the two divergent
views aund, usiag published for=casts, suggests an alternative long-term
outlook.

FORECASTS--METHODS AND UNCERTAINTIES

Estimates of futuve oil production must consider both the quantity
of petroleum thought to be ultimately recoverable-—already discovered ot
undiscovered—-and the future demand tnat will determine the rate of

depletion.

Ultimately Recoverable Resources

The quantities of the world's petroleum that are ultimately
recoverable include oil that has beem or can be economically produced
using existing technologies--both primary and enhanced recovery methods.
Sources of this o0il include known tresetvoirs, extensions of known
fields, and undiscoveved fields. A numbetr of complementary methods are




used to estimate amounts of oil from undiscovered fields, including:

e Projections from empirically derived finding rates of new
oil [23]

o Geophysical studies of likely and known oil-bearing forma-
tions [24]

e Analyses of the distribution of large and glant oil
fields, including the likelihood of finding additional
ones [25].

Table 3-1 lists six estimates of the world's crude-oil resources
that used some or all the above techniques. The highest estimate,
attributable to Bernardo Grossling, is based on his premise of insuf-
ficient exploration in underdeveloped countries and offshore areas.
However, this premise is not generally shared by the oil companies,
which claim that most of the world's sedimentary basins have been
adequately assessed by geophysical methods [26].

TABLE 3-1

ESTIMATES OF ULTIMATELY RECOVERABLE WORLD CRUDE-OIL RESOURCE

Datz of Quantity

Organization and scurce estimate (billions of bbl)

British Petroleum Ltd. 1973 1,915
(H.R. Warman)

Mobil 0il Corporation 1974 2,000
(J.D. Moody and
R.W. Esser)

U.S. Geological Survey 1974 2,000
(M. Xing Hubbert)

U.S. Geological Survey 1974 2,600-6,500
(B. Grossling)

World Energy Conference 1977 2,230
(Delphi approach) (average of

28 estimates)

Rand Corporation 1979 1,600-2,000
(R. Nehring)

Source: [26]}.
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As table 3-1 shows, most of the estimates of the world's ultimately
recoverable resource indicate a total of about 2 trillion barrels.

About 0.4 trillion of that figure had already been consumed by 1980,
with 1.6 trillion still to be produced. Of the 1.6 trillion, about 0.6
trillion is considered to be discovered reserves that can be produced by
primary or enhanced recovery techniques.

The data in table 3~1 do not include natural gas liquids (NGL).
NGL are usually produced separately from crude oil and then added to
petroleum stocks in the refining process. Their production might aug—
ment total 1liquid petroleum output by 5 to 15 percent.

The recoverable resource represents less than half the total
resource. Lf prices are high enough and the techrology for more
advanced recovery exists, more than 1.6 trillion barvels might be ulti-
mately recoverable.

Finding Rates

One of the most important techniques for estimating oil teserves is
to extrapolate from tt: history of crude—oil discoveries. This histovy,
well documented fc¢ ~te U.S., is shown in figure 3-1. The figure shows
the relationship between the discovery of new oil and the total amount
of exploratory drilling. Figure 3-1 also shows the approximate dates
when the drilling occurred. The area undetr each bar represents a quan—
tity of crude oil added to reserves. This quantity accumulates as more
wells are drilled until eventually the ultimately vecoverable resocurce
is established. In this way, the ultimately vecoverable resource can be
estimated by extending the falling trend in the finding rate. This was
the technique that M. King Hubbert used in his pioneer work [23]. He
noticed that the behavior of the finding rate is matched fairly well by
an exponential curve fit.

Before 1945, the larger oil deposits constituted the primary finds,
because they were the easiest to discover. With discovery rates of
about 250 barrels per foot of exploratory drilling, additions to already
proven resetrves stayed well above i‘he usage or production rates. The
supply of domestic o0il could be easily tapped to meet the country's
growing needs.

In later years, however, finding rates dropped. They are now about
10 barrels per foot of exploratory drilling, primarily because addi-
tional discoveries are coming from smaller fields. As moce and more
resources are needed to locate and to extract petroleum, fivrst additions
to resetrves and then levels of production have fallen below the uation's
rate of counsumption.

Figure 3-1 strongly suggests that this trend will continue. Addi-
tional large finds will be at best infrequent. Even the great increases
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in drilling activity existing today will not significantly alter the
fact that new teserves of oll are not keeping pace with production.
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FIG. 3-1: CRUDE-CIL DISCOVERY RATE IN
LOWER 48 STATES

The phenomena of declining rates are not confined to the U.S.
Exxon reports [29] that world production rates have exceeded the addi-
tions to new reserves since 1970. The resulting pattern of declining
reserves is expected to continue, even though wrilling activities have
increased and Exxon's projections of the world demand for oil are
lower——less than 1 percent annually. The Exxon report reaches the
following conclusion about the possible upper limit on world production
through the year 2000:

Consequently, even with a very active ex;loration effort, the
average discovery rate for the outlook period is likely to be well
below the expected production rate of about 20 billion barrels pert
year. The unavoidable result will be further decline in the
world's inventovry of discovered reserves. Production cannot coun-
tinue growing under these circumstances, and it is reasonable to
expect it to plateau around the turn of the ceatury.

Additional evidence that the finding rate is a valid measure of the
rate of depletion is taken from the locations of drilling sites of the
major oil companies. If oil were still plentiful and easy to find, then
the oil companies would not have to drill in geographically remote and
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difficult frontier areas-—including offshore——where the costs are
several times higher.

Future Demand

The future demand for petroleum is a major uncertainty. Price, a
key determinant, affects not only the incentives to conserve energy, but
also the incentives to replace oil with alternative forms of energy
where possible. The effects of higher prices on consumption again
became apparent early in 1981: U.S. and world demand was expected to
drop below 1980 levels by about 6 and 3 percent, respectively.

Table 3-2 shows past and projected levels of demand for both the
U.S. and the world. Most of the estimates show a growing demand for
petroleum products in the less-developed nations and in the oil-
producing nations, but not in the Western industrial states. The Com-
munist states are expected to become net importers by the year 2000
{307.

TABLE 3-2

PAST AND FUTURE PETROLEUM CONSUMPTION

Uu.S. World
Percent annual Percent annual
Size increase over Size increase over
Year (mmb/d) the decades? (omb/d) the decades

1960 10 —_ 22 -
1970 15 4.1 46 7.7
1980 17 1.3 63° 3.2
Projected:
1990 13-16P (2.7)~(0.6) 70¢ 1.1
2000 13-15P 0 -(0.6) 77¢ 1.0

Source: [20 and 29].
4( ) denotes decrease.

bEstimates by the Department of Energy.
CEstimates by the Exxon Corporation.
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The assumptions made about future rates of demand will largely
determine whether a doomsday or a relatively less pessimistic view of
the petroleum mavket is vreached. High energy prices, recessionaty
economies, and less-expensive substitutes for petrvoleum will clearly
slow the rate of depletion. However, Exxon and the Congress' Office of
Technology Assessment [26] do not project a sufficient drop in world
demand to sustain an optimistic view of world oil supplies.

As potential substitutes for conventional o0il, petroleum-like
liquids from shale, coal, and heavy oils could reduce the demand for
0il. The higher petroleum pricee become, the greater is the potential
for syanthetics. Within the U.S., the question is not so much whether
there will be a synthetic-fuel industry, but when and at what levels of
ptoduction. The Exxon Corporation projects that synthetics from shale,
coal, and heavy oils will meet up to 8 percent of the world's demand for
petroleum liquids by the year 2000 [29]. Texaco and others, less op-
timistic than Exxon, foresee a more modest contribution from synthetics.

U.S. PRODUCTION

Figure 3-2 illustrates projections of domestic production of con-
ventional crude oil and NGL. It was adapted from USGS data and is an
update of M. King Hubbert's work. This and subsequent curves in this
chapter have been smoothed for citarity. The graph shows that in 1970,
production of conventional oil in the lower 48 states peaked at
11.3 mmb/d and declined gradually thereafter. The estimated course of
U.S. production is a contiauation of that decline in the form of a bell-
shaped curve.

The trend toward declining production was reversed in 1977 with the
arrival of oil from the Alaskan North Slope. But this turnaround is
thought to be temporary. Alaskan production is also expected to taper
off. As shown in figure 3-2, petroleum substitutes—-such as heavy oil
from enhanced vrecovery techniques, plus synthetics--are likely to slow
the tvate of decline, but not stop it. The amounts attributed to syn-
thetics in the figure ave at best suggestions. As noted above, there
are large uncertainties about the availability and production levels of
synthetic fuels.

Alternative Projections

Figure 3-2 ghows total domestic production in the year 2000 at
about 7 mmb/d, Zncluding over 1 mmb/d of synthetics. In comparison,
Texaco [31] foresees almost 8 mmb/d, including about 1 mmb/d of
synthetics. Exxon [29 and 32] expects about the same conventional
production levels as Texaco, but with additions from synthetics of
perhaps 4 mmb/d. Exxon's projection is the most optimistic for domestic
synfuel production. Whatever the levels of petroleum substitutes, they
bring with them problems of fuel quality that are just beginning to
appear.

3-6




Exxon

1T

and synthetics
Alaska

>

8 10

B

-4}

[

@ gl Texaco
o

©

a Enhanced recovery
5 6

wv

c

o

s

4
U.S. lower 48
2 conventional oil
0 } | | J
1925 1950 1975 2000 2025

Year

Source: [27, 29, and 31-33]

FIG. 3-2: PROJECTIONS OF U.S, OIL PRODUCTION
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Fuel Quality

Fuel quality is associated not only with future synthetic fuels,
but also with today's petroleum—derived fuels. Difficulties have al-
ready begun to appear from more use of heavy, high-sulphur crude
stocks. Products of low quality have a greater prcvalence of long-chain
hydrocarbons and higher levels of contaminants. 7The cost of the extra
refining needed to upgrade these products to meet current military fuel
specifications will be substantial if not prohibitive. Thus, the
quality of fuel is expected to deteriorate over the next few decades,
with sevious implications for the maintenance and veliability of en-
gines. Chapter 8 discusses in detail the problem of fuel quality and
its implications.

ot

U.S. Consumption

Figure 3-3 adds the history of U.S. consumption to the production
curve. The graph illustrates that, at a time when production was
beginning to drop, domestic consumption continued to grow steadily.
Therefore, it was necessatry to expand the import levels to cover the
shortfall. The sharp peak in .>nsumption in 1977 at 19 mmb/d and the
] anticipated reduction to levels ranging from 13 to 15 mmb/d by the
’ year 2000 reflect the effect ¢n demand of higher oil prices and slower
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economic growth. Exxon and Texaco ave forecasting year 2000 consumption
at 15 mmb/d, but the Depatrtment of Energy's midrange estimate is

13 mmb/d [34]. This pictuve indicates that consumption will fall, but
not as rapidly as the production of conventional oil. Thus, import
levels could be reduced ouly by accelerating the production of
synthetics or by cutting consumption even more drastically.

14 Consumption
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Millions of barrels per day

Production % and synthetics

U.S. lower 48
conventional oil

0 | ! | |
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Source: (27,29, and 31-34]

FIG. 3-3: U.S. OIL PRODUCTION AND CONSUMPTION

WORLD PRODUCTION

Figure 3-4 depicts two projections of the production of world oil
and oil substitutes and gives some petspective on U.S. production. One
curve was drawn by the Energy Editor of the Financial Times (London) in
1979 to show the trends of a bell-shaped production curve [35]. As the
curve suggests, there are substantial quantities of unproduced oil. In
addition to the estimate of 1.6 trillion barvels for the remaining
conventional oil, heavy oil from enhanced recovery and synthetics from
shale and coal will greatly increase the total quantities of liquid
pettoleum that will be eventually produced [36]. However, these addi-
tional resources will be movre difficult to refine and to use.




100 —

9 Note
0 - The U S curve i1s from
figure 3-2.
80 -
>
1]
e 70 -
Lo
8 Exxon
a 60 |- _
e Synthetics
© 50 |
0
M-
° 4}
w
5
= 30 |- , ,
s Conventional oil Heavy
20 |~
10 L Consumed U.S. lower 48
convemional oil
0 § i — | }
1925 1950 1975 2000 2025 2050 2075
Year

Swurce. (29, 32, and 35].

FIG. 3-4: PROJECTIONS OF WORLD OIL PRODUCTION

Alternative Production Peadks

In contrast to the peak in world oil production in the 1990s sug-
gested by one curve, Exxon projects a lower, flatter plateau extending
to the year 2000. This view reflects the effect of higher prices and
slower economic growth.

A family of production curves, each having its own peak, could be
drawn that would allow for different patterns of future oil demand and
exploratory drilling rates. Assuming the world will not experience
widespread economic stagaation, the Exxon projection of l-percent-per-—
year growth in demand will not force worid oil production against a
physical ceiling until after the year 2000. However, if demand growth
rates are 3 petcent or more petr year, world production of conventional
0il is likely to peak and begin a decline before the year 2000 [37].

Distribution of Resetves

One of the important features of world oil production is its un-
equal distribution. The world's significant reserves are concentrated
in a small number of countries, with curvent world production dominated
by a few giant fields out of hundrads of producing fields. For example,
in 1975, 42 percent of the world's production of oil came from 33 giant
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fields—-25 are in the Middle East, 2 each in the U.S. and the USSR, and
1 each in Algeria, China, Libya, and Venezuela [37]. Future discoveries
are unlikely to significantly alter this dominance of a few producers.
For example, studies by Richard Nehring of the Rand Corporation estimate
that the Persian Gulf region contains over 50 percent of the world's
ultimately recoverable conventional oil [25].

FORECAST FINDINGS

The gap becween the pessimistic and optimistic views of the energy
future has been reduced by this analysis. A drop in demand will
alleviate the pressures on production. However, demand is unlikely to
drop so rapidly that a peak in che world production of conventional oil
can be postponed much beyond the year 2000. Using more petroleum
substitutes will help delay the time of peak production, but will bring
additional problems of quality and cost.

The following points summarize this study of the forecasts:

e The production of conventional oil in the U.S. is esti-
mated to have peaked in 1970. Petroleum-like liquids from
shale, coal, and heavy o0il are expected to slow, but not
reverse, the overall decline in t'.S. production of petro-
leum products.

e The production of conventional oil worldwide is expected
to reach a ceiling around the year 2000.

@ The U.S. and other Western industrialized nations will
continue to import large quantities of petroleum for the
foreseeable future.

e Because of estimates that from 50 to 60 percent of the
remaining ultimately recoverable conventional oil is in
the Persian Gulf region, that area will be just as
important in the year 2000 as it 1is today.

e TFor the next few decades, major nonnuclear mobility fuels
will be produced from petroleum, heavy oil from enhanced
recovery techniques, and synthetic liquids from shale and
coal. Because these primary products will vary widely in
quality, fuel of low quality will be more prevalent.

e With 1.6 trillion barrels of recoverable, conventional oil
remalning, plus synthetics and heavy oils, the world is
not going to run out of oil suddenly. However, the con-
ditions of that availability will require significant
changes in the way hydrocarbon fuels are produced
and used.
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CHAPTER 4

OIL SUPPLY INTERRUPTIONS

Interruptions in the supply of petroleum to the world market during
the 1970s demonstrated the extent to which the U.S. and the industrial
West had become vulnerable. The preconditions of that vulnerability
included rapidly growing rates of oll consumption, the concentration of
the remaining petroleum resources among a few key producers, heavy
reliance oz imports, and, in the case of the U.S., the loss of its
earlier capacity to expand domestic oil production significantly.

Future import interruptions are a near certainty. This chapter
provides a perspective on that problem by describing the ways interrup-
tions of oil supplies can affect the Navy and possible measures that
might be taken by the Navy's leadership.

DETZRMINANTS OF SEVERITY
As in the past, future disruptions in the supply of oil will stem
from economic warfare or from some circumstances within a producer

state. Some historic examples are cited below:

Economic warfare

Anglo-American embargo against Japan—--1941

Destruction of tankers-~World Wars I and II

Attacks on refineries—-World War II, Iran-Ivaq War 1980
Arab oil embargoes—-1946, 1957, 1967, 1973,

Other causes

Nigerian civil war-—-1967-70

Iranian Revolution--1978 and 1979

Terrorist attacks on pipelines--Trans—Arabian Pipeline, 1971
Reduced production for conservation--Saudi Arabia, Kuwait,
and othets

Reduced production for price increases——OPEC and others.

Worldwide Effects of Interruptions

In contrast to the velatively small effects of oil supply disrvup-
tions in the 1950s and 1960s, interruptions in the 1970s had serious
worldwide effects. Tne emphasis is on worldwide because the "oil
weapon” has turned out to have very low selectivity with respect to
specific targets. Whether arising from embargoes, vevolutions, or
production quotas, oil shortages in the 1970s have indiscriminately
damaged most of the world's petroleum importers by destabilizing prices.
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With the world's largest econcmy and as the largest user of
petroleum, the U.S. has been hit p. rticularly bavrd. The U.S. has lost
its capacity to expand domestic production of petroleum [38]. A decade
earlier, a Cabinet-level task force had estimated this excess capucity
at 3 wmmb/d {39]. Additional evidenre from the previous chapter (see
figure 3-2) supports the view that U.S. production had peaked by 1970
and is now in decline.

The implications are clear. The U.S. and other industrial nations
will continue to be vulnerable as long as they requive substantial
imports from a market dominated by a few producerc. By increasing ov
decreasing the quantities of petroleum they produce, the exporting
_ountries can influence, if not manipulate, market prices and national
policies.

Even when world stocks of petroleum are at high levels, as in mid-
1981, the underlying conditions for U.S. vulnerability still remain.
Lower fuel prices can even increase the natlon's vulnevability by
reducing the urgency to implement conservation and substitution
measiures.

Size and Length of Disruptions

Judging from the history of disruptions and the importance of
imported petroleum to the industrial nations, futuve disruptions are a
neat cettainty. It is the size and the length of the disrvuptions that
are highly uncertain and will be major determinants of severity.

One planning paper of the Department of Enetgy presented alter-
native probabilities of interruptions by size and duration. Their mid-
range scenario, established for purposes of contingency planning, used
the numbevrs in table 4-1.

When both recent experience and the volatile conditions in the
Middle East are considered, the numbers in table 4-1 may be veasonable,
The 3~-, 10—, and 20-mmb/d levels correspond to the loss of production
from Iraq, Saudi Arabia, and the Persian Gulf, respectively. In co—par-
icon, table 4-2 shows the magnitude of the past two disruptions. 'iae
shortages and assoclated percentages shown are measured from data on
wotrld production for the month before the crisis.

In both historic cases, the excess productive capacity of other
suppliers and their willingness to use that capacity determined the net
loss to world markets. Saudi Arabia and other producers steppead up
production and made up most of the deficit caused by Iran in 1979. 1In
the 1973 and 1974 embargo, however, Iran and others were unable to
offset the Arab—~induced shortages.
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TABLE 4-1

STZE OF DISRUPTION LASTING 1 YEAR
VERSUS PROBABILITY OF OCCURRENCE IN 10-YEAR PERIOD

“ Size Probauvility
(mmb/d) _(percent)

3 75

10 30

20 5

Source: [40].

TABLE 4-2

DURATION AND SIZE OF DISRUPTIONS TO THE WORLD PETROLEUM MARKET

Maximum monthly Average net
shortage? shortage
Duration Size Percent Size Percent
Event (mo) (mmb/d) of world (mmb/d) of world
Embargo 5 4 8 2 4
1973 and 1974
Iranian Revolution 6b 2 4 1 2

1978 and 1979

?z Source: [38 and 41].
;i 3gee appendix A for tabular data on world production during the two
= crises.
€ | Iranian Revolution has continued longer, but significaunt shortages in
£ oil supplies occurred in the first 6 months.
gi
E
g,
g A
ﬂ;
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Table 4-2 also shows how small the actual net reductions wevre on
average; yet, the economic effects in the non-Communist world were
very large.

The effects of interruptions on the future economy could Gurpass
the past adversities discussed in chapter 2. 1f 3 mmb/d were removed
from the wortd market of the 1980s, U.S. imports wight be cut by
0.5 mmb/d with an arnual GNP loss estimated at $85 billion [40]. If
10 mab/d were lost-~thc equivalent of Saudi production-—the U.S. share
might be about 2 mmb/d. The Congressional Budget Office estimated that
a 2~mmb/d loss in U.S. imports would veduce the GNP for 1984 by
$146 hiliion in that one year [42].

DETERMINANTS OF PETROLEUM AVAILABILITY FOR THE NAVY

Disruptions in the wutrld's petvoleum supply will inevitably affect
tie Navy's supply of fuel. The evidence and some of the effects on the
Navy of past disruptions wecre presented in chapter 2. “he remainder of
this chapter develops some of the detevuinanis of future availability
and their effects on the Navy.

Cistuptions Jn petroleum supplies can affect hoth the early avail-
ability of fuel and long-term cost to the Navy. Investigaiing petroleum
interruptions 1in tne 1970s falled *o identify any significant examples
of a complete cut off of military fuels. Never+*eless, early in a
crisis, fuel could be cut off or at reduzed levels wf availability for a
number o1 reasons. As noted earlletr, commauder: may treduce their oper-
ations because they are uncertain about the length of the interruption
and they anticipate higher prisrity missions. Fuel levels may also be
tzduced because supplisrs are either unwilliny or unable to provide
military products. Currently, the Departmenc¢ of Defense has contracts
with about 20 suppliers overseas aid 60 in the U.S. {43]. Furl may also
be unavailable because of the fallure of eitlier the user service or the
Defense Fuel Supply Center (DFSC) to anticipate miliftary requirements.
Foreseeing such requirements, arranging for timely tanker support, and
positioning stocks where needed are encuring managenent problems.

Although fuel may be unavaiiable for sihort periods and in specific
locations, it is difficult to ervision situations in which it would be
unavailable for any sigriiicant period during a crisis. The reascns for
this judgment iaclude: <{(ne high levels of domestic production relative
to> DoD requirements, the existence ana planned expansion of military and
civilian petroleum stocks, governmental powers both to acquire and to
allocate the resources it needs, and the high priority usually extended
to national security activities.

Domestic Production

The U.S. has .nd will ccatinue to have for several decades the
domestic productive capacity to provide the Depariment of Defense with
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its fuel requiremenis during a severe crisis or a war. However, it is
apparent that the burden on the civil sector would be heavy and could
not be sustained for long without substantial imports and domestic
stockpiles.

Table 4-3 shows Defense and Navy levels of petroleum consumpticn
for peacetime, crisis, and wartime operations. These estimates assume
that crisis-level operations are 133 percent of 1980 operating levels
and that wartime operations are 300 to 400 percent of the 198C levels.

TABLE 4-3

ALTERNATIVE DEFENSE FUEL CONSUMPTION
(Millions of Barrels per Day)

Consumption by a

1980 force DoD ___Navy
Routine peacetime 0.a6 N.16
Crisis level? 0.61 0.21
Wartime? 1.38-1.84 0.48-0.64

4gource: [44].

The U.S. production of liquid petroleum in 1980 was 10 mmb/d, but
it is projected to drop to about 6 to 8 mmb/d by the year 20C0. Even if
all imports of oll were somehow lost, domestic production could sriil
meet defense needs. Table 4-4 shows year 2000 estimates of the direct
defense burden on U.S. petroleum supplies under differeni assumptions
about import interruptions and the availability of reserve stocks.

Under these scenarios, defense needs are expressed as a pcrcentage of
the available supply in the U.S. They range from 3.8 to 7 percent in
pracetime and from 15 to 29 percent in wsrtime.

Reserve Stocks

In addition to domestic production, both the Government and the
private sector hold reserve stocks of crude oil and products thst would
be available to help offset an import interruption. Table 4-5 sho . the
approximate U.S. holdings of petroleum in mid-1981. Although comm: cial
stocks are the largest quantity in this table, only about 25 percer . of
the 1 billion barrels is considered usahle by industry standards because
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of the need to maintain pipelines and feedstocks at minimum levels
[45]. 1In the case of the Strategic Petroleum Reserve (SPR) and holdings
by the Deparctment of Defense, 95 percent or more may be usable [43].

TABLE 4-5

U.S. PETROLEUM 3TOCKS2
(Millions of Barrels)

Probably

Total usable
Commercial stocks (crude and product) 1,000 250
SPR (crude) 160 150
Defense stocks (product) 100 95

Source: [45 through 47].

3Holdings ia June 1981.

Endurance of reserves. In the unlikely event that 6 mmb/d of U.S.
imports are interrupted, the usable stocks shown in table 4-5 could
offset the Import losses for about 3 months. However, import inter-
ruptions are more likely to be smaller--perhaps in the 0.5~ to 3-mmb/d
range-—-so that stocks would last longer. Figure 4-1 estimates endurance
at alternative stock levels for the year 2000.

When coupled with estimates of U.S. domestic production, these data
suggest that U.S. stocks could meet both defense and civilian needs for
a few months and alleviate the upward pressure on oil prices. If import
crises were frequen: and stock levels were low, however, both the eco-
nomic effects and the constraints on military ~perarions could be far
greater. Also, the possible demands of international sharing agree-
ments, such as the one mentioned earlier under the Interunational
Emergency Agency (IEA), add uncertainty about the duration of U.S.
stecks. During an import interruption, the SPR would be important under
sny circumstances.

Strategic Petroleum Reserve. The Congress established the SPR to
heip offset the severe economic effects of import interruptions [42].
Its authorized capacity is 1 billion barrels, but the program has been
plagued by intermittent funding shortages, and there is some uncertainty
about its reaching the authorized goal.
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FIG. 4-1:. ENDURANCE OF U.S. OIL STOCKS DURING AN IMPORT
INTERRUPTION IN YEAR 2000

To be effective, the SPR must contain sufficient reserves so that
the Government is willing to use them early in a crisis of uncertain
length. 1Ii must also be able to withdraw the reserves at an adequate
rate to offset losses from an import ilnterruption. The withdrawal rate
is the distinguishing advantage of the SPR over the earlier concept of
reserving oil fields and keeping the oil in the ground. The current
withdrawal capability of the SPR is about 1 mmb/d. The planned cap~

ability, associated with a 750-million-barvel capacity, is about 4 mmb/d

[48].

As shown in table 4-6, a reserve of 750 million barrels couvld
offset a 3-mmb/d interruption for up to 8 months. Once depleted, how-
ever, the SPR could take years to refill. Thus, the U.S. economy would

become more vulnerable.

Allocation Powers

The genetal concern of Defense managetrs over the future avail-
ability of fuel was intensified in 1979 when the DFSZ was unable to

contract for all of its

requirements.

As noted earlier, Defense fuel

stocks fell below acceptable levels as war resetrve stocks were used to
keep up an adequate level of operations. Most of the problems of
inadequate government procurement practices vreportedly have been

corvected.
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The Government can take certain measures to meet defense needs,
such as allocating petroleum products by invoking the Defense Production
Act of 1950. Although this Act was criticized as ineffective in 1974
[43], it has been improved. Domestlic refiners can be required to make
prompt delivery of petroleum products to Defense users [49]. In
addition, the Congress could legislate new measures to ensure that the
military services get the petroleum products they need.

TABLE 4-6

STRATEGIC PETROLEUM RESERVE
(Total: 750 Million Barrels)

Fill rate Time to fill NDrawdown rate Time to deplete

_(b/d) _Gry (mmb/d) (mo)
100,000 20 4 6
200,000 10 3 8
300,000 7 1 25

In brief, the Department of Defense has access to a range of market
and nonmarket mechanisms for procuring fuel under a variety of shortage
conditions. These meacures are set forth in the Defense Energy
Emergency Management System (DEEMS) [49].

The uncertainty deals not so much with the measures for acquiring
fuel, but with the timely and effective administration of these
measures. During a minor interrruption comparable to the two crises in
the 1970s, political reluctance to employ the acquisition powers avail-
able and the uncertainty about the length of the crisis may lead Defense

managers to cut their own operations to conserve fuel--as has been done
in the past [17].

National Priorities

National security has a priority clalm on the nation's resources.
In tae face of a clear threat, the necessary resources, Iincluding petro-
leum, would be made available--by mobilization if necessary. The prob-
lems arise when the threat is ambiguous and there is a lack of national
consensus on the appropriate level of support for the nation's
defenses. Two examples are cited below in which an equivocal popular
support could result in reduced availability of petroleum and other
resources important to Navy operations.

One arises from the adverse effects of o0il shortages on the
economy. With fewer total goods and services produced, it would be more
difficult for Defense to obtain resources. 1In this indirect way,




pettoleum shortages would continue to affect adversely both the size and
the operation of naval forces.

Pettoleum chortages might also constrain a foreign—policy ini-
tiative or the conduct of warfare. The tolerance of the American people
for possib’: ‘uel rationing--whethetr by substantially higher prices or
by administ.ative allocations-—is uncertain and depends on the circum~
stances. 1In contrast with the public support of rationing in World
War II, fuel rationing in the future could become an additional pressurte
on the Government if coincident with an unpopular foreign—-policy
initiative ot an unpopular war. At the height of the Vietnam Wavr, less
than 1 percent of the adult population was affected by conscription. 1In
contrast, the "conscription” of fuel would affect virttually every
citizen.

Under these hypethetical circumstances, the Government would most
likely attempt to vesolve the conflict quickly, elther through esca-
lation or by submission. Either outcome would have significant impli-
cations for the conduct of warfare, the assoclated naval operations, and
the availability of military fuels.

EFFECTS ON THE NAVY

The effects of future import interruptions on the Navy are likely
to be similar to those experienced in the 1970s. Fuel may be tempo-
rarily at veduced levels of availability. However, even with a cutoff
of all {fmports, the nation's domestic production, planned reserve
stocks, and allocation mechanisms are adequate tc provide the military
forces with petroleum products if the nation's leadevs give them the
priority normally extended national security activities. Less urgent
and training missions may be particularly vulnerable to severe market
disruptioans.

Because of the potentially severe consequences of petroleum short-
ages on the civil economy and on the tolerance of the public for fuel
rationing, the pressures on the Government for decisive actions during
an impotrt intertuption are apt to be great. Under these circumstances,
the Navy could be called on to increase its level of operations to
suppott political or military objectives, thus using more fuel for very
important operations.

The Navy can help protect itself from some of the short-teim,
adverse effects of interruptions by ensuring that the mechanisms for
Defense to acquire fuel atre effective and by supporting larger civil and
militacry reserves of both crude oil and refined products.

Recent history indicates that the more enduring problem of future
disruptions will be the higher cost of fuel. At planning and program-
ming levels in the Navy, the requivement to consetrve and to manage fuel
efficiently is likely to be viewed as a problew. of affordability. The
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same problem may be seen by the operators in the fleet 4s being one of
reduced availability. Whether from the standpoint of affordability ot
availability, coping with the long-term effects of the fuel constraint
will require every management technique to deal with a scarce resource—-
including effective conservation programs. These measures are addressed
in chapters 6 through 9.
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CHAPTER 5

FUEL AVAILABILITY AND NAVY OPTIONS

Navy planning and programming can be significantly influenced by
what decisionmakers see as their prospects for fuel supplies. This
chapter briefly summarizes these prospects, suggests the urgency for
additional management action, and lists a range of Navy measures for
dealing with the problems atrising from greater scarcity of petroleunm.
These measures are developed further in chapters 6 through 9.

THE FUTURE OF PETROLEUM FUELS: AN INTERPRETATION

The availability of petroleum has been evaluated from geologic and
economic petrspectives and from the viewpoint of import interruptions.
From those evaluations, three problems facing the Navy have been iden-
tified~-the cost, availability, and quality of petroleum products. Over
the next 20 years, all three problems will become more severe.

The cost of fuel has been discussed as that of a higher priced
resource. Some of the past effects of higher vreal prices were described
in chapters 2 and 4. Petroleum fuels are expected to cost even wmore in
the future as world production of conventional oil reaches 4 peak and as
substitutes for conventional products enter the market. As a conse-
quence, the day-to—day management of expensive fuel is likely to be one
of the more enduring and challenging problems fac .ng the Navy's
leadership over the long term.

The discussion of the availability of fuel nas depended on the
context but genevally refers to access to fuel as if price were not a
factor. Some of the circumstances leading to reduced availability ot to
the absence of supplies were treated in chapter 4, In future inter-
vuptions, delivery of fuel to military forces could be curtailed whether
fuel is allocated by the government or by market prices. While the
reduced availability of petroleum is unlikely to impair important mili-
tary operations for any extended period, voutine operations and training
may suffer more. The long-term effects of interruptions can make the
problem of cost even worse.

The quality of fuel determines how well a petvoleum—derived fuel
burns relative to a well-retined product from conventional crude oili.
The quality of fuel available to the Navy is expected to decline as more
high-sulphur crudes and synthetics derived from coal and shale are
processed. This decline will add further to the cost problem.

OPTIONS

The above assessment of futuvre petroleum supplies identifies a
problem that will be enduring, pervasive, and setrious. The problem will




endure until petroleum—like substitutes ot completely different fuels
are commonplace. The problem is pervasive because it affects nearly all
aspects of energy—dependent naval operations. It is serious because of
its demonstrated and potential costs.

Three possible levels of emphasis for the Navy's leadership to deal
with petroleum and other energy—related issues are business as usual,
accelerated adjustments, and crash programs.

If the optimistic view of rapid and drastic vreductions in world
demand for petroleum suggested by some in chapter 3 proved to be
correct, a business—as—usual response would be appropriate. A crash
progtam would be the appropriate response if the doomsday view of near-
term depletion were cortrect. Our intevpretation of the petroleum prob-
lem argues for a level of management attention that clearly transcends a
business-as—usual attitude, but considers an extensive crash program to
be unnecessary at this time.

The specific measures available to the Navy to manage its energy
future fall into two broad categories. Emphasis can be placed on those
measutes that veduce the consumption of petroleum, and/or effort can be
directed at increasing the Navy's access to the available petroleum
fuels. Specific measures under each approach are listed below. They
address different aspects of the triple threat of cost, availability,
and quality.

Reduce Consumption of Petroleum

e Make existing and planned systems more fuel efficient.
® Reduce the operating tempo of the fleet.

e Reduce force levels.

e Rely more on substitute systems that are less fuel
intensive.

e Develop alternative fuels.

Increase Access to Available Petroleum

o Obtain larger Defense budgets.

e Obtain a larger shave of the total Defense budget.
e Change fuel specifications.

e Design engines to accept lower quality fuel,

e Increase petroleuan vresetrves.
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Most of the above measures have received attention within the Navy,
the Office of the Secretary of Defense, or the Department of Energy.
Chapters 6 through 9 evaluate aspects of the above measures for their
potential to veceive more emphasis from management.
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CHAPTER 6

MEASURES TO REDUCE PETROLEUM CONSUMPTION:
CONSERVATION AND PROGRAM REDUCTIONS

This chapter addresses the first three of the measures that can
contribute to the reduction of fuel consumed by the Navy. They are
conservation efficiencles and program reductious in both operations and
force levels. The putrpose is tc describe briefly the measures and their
potential for management action in the future.

CONSERVATION

Conservation 1s the wise use of fuel. It reduces the amount of
fuel normally consumed while keeping to a minimum Iinterference with the
structure, size, or tempo of operations of naval forces.

The Navy used 36 percent less pettoleum in 1980 than in 1973, the
year of the embargo. However, most of that reduction, which amounted to
35 million barrels, was the result of smaller forces and a winding down
of the Vietnam Wavr--not efficiency improvements. 1In 1980, a reduction
of about 3.3 million barrels, worth about $200 million, could be
attcibuted to the more efficient use of fuel by ships, aircraft, and the
shore establishment [3].

Goals

Further savings from conservation are expected. Using consumption
in 1975 as th-: base year for calculating conservation, the Navy has
established goals for 1985. If reached, ~urcent Navy goals for 1985
should yield a total annual savings of 13 million bzrrels of fuel, worth
about $1 billiou in 1981 constant dollars. These planned savings ave
expected to come mainly from [3]:

e Aircraft-—1.3 million barrels
e Ships——4.0 million barrels

¢ Shore establishment--7.4 million barrvels of oil-
equivalent (mmboe).

Aircraft

Conservation in aviation is measured by the reduction in fuel
consumed per flight hour. The 1985 goal is a 5-percent reduction below
1975 levels. 1t was attained in 1980 with savings mainly from improved
flight planning and from more efficient refueling opecations. Further
savings are expected from engine and airframe modifications and greater
use of simulators [3].




Ships

Conservation in ships 1s measured by the reduction in fuel used per
underway steaming hour. By 1980, little progress had been made toward
the 1985 goal of a 20-percent reduction for ships. However, as
table 6-1 shows, substantial savings are expected from drag reduction
methods and more efficient fuel combustion. Other modifications with
energy-saving potential under study are waste heat recovery systems and
smaller propulsion plants for cruise [50].

TABLE 6--1

PROJECTED FY 1985 UNDERWAY FUEL SAVINGS
FOR THE EXISTING FLEET

FY 1975-85 fuel

Procedure or modification re luction (percent)

Underwater hull cleaning 8.6
Naval boiler combustion optimizer 5.1
Machinery performance monitoring 1.6
Standby main feed pump i.5
Low-excess alr burners 1.3
Water resource management 1.0
Improved economizer 0.9

Total 20.0

Source: [3].

Shore Establishment

Shore facilities yielded fuel savings of about 1.7 mmboe in 1980.
Grea.er use of alternative solid fuels, more energy-efficient designs
for new buildings, and waste reduction measures in older facilities are
expected to meet the 1985 conservaticn goals. With command attention,
the shore establishment can yleld substantial savings through conser-
vation and can help redistribute petroleum from consumption ashore to
the mobility users.
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Simulators

Using simulators to augment tralning has great potential for saving
fuel. The Navy 1s just beginning to employ simulators for ships with
the introduction of an FFG~7 training simulator, although “fast crulse"*
training methods have been used for years.

The Navy now uses aircraft simulators more extensively than it did
in the past. In 1980, simulators saved the equivalent of about 8 per-
cent of the fuel used by aircraft in 1975. With operating costs of
about 5 to 20 percent that of comparable aircraft [51], simulators are
cheaper to operate than aircraft. However, their greatly expanded use
in the future is controversial for combat training. Although additional
sivings with advanced simulators are likely, the minimum number of
actual in-flight hours required to maintain pilot readiness must be
determined.

Energy-Management Problems

Figure 6-1 shows the organizations responsible for managing the
Navy's energy programs. Alrerndative organizational arrangements were
not addressed in this study. However, three needs confront any manage-
nent of energy~-related issues in the Navy:

¢ Comprehensive planning information on the Navy's energy
consumptlon, 1ncluding the nuclear aspects

e Sustalned support for a Navy research and development
(R&D) program in energy

¢ Incentives to adopt conservation measures.

The orgaaizatlous in figure 6-1, charged with managing the Navy's
energy programs, are limited to looking only at conventional fuels.
Tnis is a direct result of the divislon between the nonnuclear and
nuclear Navy. A consequence is that information is fragmented; 1t is
more difficult for the CNO to get a complete view of his energy problems
and cptions. A more eifective srructuve would nave access to all the
relevant informarion for decisionimaking--including the nuclear aspects
of the choices.

A second issue is continued support for a Navy R&D progran in
energy. Leadership support is needed to keep of the current modest
program ongoing when fuel is temporarily plentiful and to overcome views
tha: somehow energy R&D is not directly relevant tc Navy hardware.
Keewing abreast of developments in fuels and related technology and

* When the crew simulates at-sea operations while the ship is at the
pler, it 1is called a "fast crutse.”
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having the technical base to adapt the Navy to changing fuel supplies
will become even mure important iu the future.

A third and related issue is the difficulty of implementing energy
initiatives. Long—~tetrm energy issues may not seem as important or
relevant as today's concerns because of vrosy views of future supplies of
petroleum. Another and movre likely veason is that the structure of
incentives is oriented to near-teram payoffs, and sevrious energy conser-
vation 13 not one of them. The problem is common to most large
organizations whose budget is mostly determined by someone else. When
managers do not have to pay for the resources they use, such as fuel,
and are judged primarily by their output or their level of effec-
tiveness, they have less incentive to consetve resources. Under these
civcumstances, effective enecgy management depends on the support of the
Navy's leadership.

Through effective consetrvation, the Navy will realize large poten-
tial savings. Equally important, conservation will probably be the
least painful way to deal with the comstraints of higher priced petro-
leum in the future.

PROGRAM REDPUCTIONS

Two additlonal ways to veduce fuel :ounsumption are to operate less
or to buy a smaller force. Both operations and force levels have been
vreduced since 1973, with some of the reductions due to higher prices for
fuei. The effect of even higher fuel prices on year 2000 opevations and
force levels was est.imated with assumptions about future prices, energy
conservation, and fleet consumption set forth below.

Projected Fuel Prices

Lower vreal prices for fuel could result for a period if reces-
sionary economic conditions prevail. However. the more likely outcome
cver the long tevm is for fuel prices to ris:.

In this study, three alternative price increases are assumed for
the year 2000. They are 50-, 150-, and 500-percent real increases above
the October 1980 level for a barrel of a composite of DFM and JP-5. As
illustrated in figure 6—2, these equate to about 2-, 5-, and l0-percent
real annual increases over }9 yoars.*

Large price increases in the futnre are apt to uccur As in the
past—with sudden jumps or shocks. The swmooth curves i1 figure 6-2 arve
used for analytic purposes; they do not coanvey the prezise way fuel
pricas will rise.

* The precise annual increases avre 2.16, 4.94, and 9.89 percent
compounded for 19 years from a base of $52.50 per barrel.
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FIG, 6-2: NAVY FUEL-PRICE HISTORY AND PROJECTIONS

For comparison purposes, some econometric models used an increase
in fuel prices of 5 percent above inflation. The Saudis have urged a

§ steady price rise in the 2- to 3-percent range [15]. Although the
E_' 10-percent case may appear unrealistically high, prices actually rose at
%4 an equivalent annual rate of 8 percent from 1966 to 1981 and at 23

percent from 1973 to 1981.

Reduced Overations Due to Price Increases

Figure 6-3 shows what the potentially devastating effects of higher
fuel prices on the operating tempo of the fleet in the year 2000 will be
1f the fuel budget stays at a level to support current operations at
current prices. With no price increase, 100 percent of the 1979
steaming and flying hours can be maintained. As the real price of fuel
increases, however, the fuel available to sustain that tempo of oper-
ations will decrease.

The benefits of conservation are shown by the shaded areas in
figure 6-3. The conservation achieved by the year 2000 was assumed to
be 20 percent for ships and 17 percent for aircraft below their
respective 1975 levels of consumption.

S

o Kk




140 — 140 —

123
o 120 L. 120 111 With conservation
3 » Without conservation
£ 100 |- § 100 b
o gt
@, 100 82 & 100
£2 80 |- 28 8o |- . 74
&% 38
o 60 |- - | 60
ge 67 49 £5 67 a4
] 40 - g 40
o 40 20 o 40
é:: 20 b m 2 - 19

0 17 0 I 17 I
4] 2 5 10 4] 2 5 10
Annual increase in real fue! prices Annual increase in real fuel prices
{percent) (percent)

FIG. 6-3: YEAR 2000 OPERATING TEMPO: EFFECT OF FUEL PRICE INCREASES

Fleet Fuel Consumption in Year 2000

Data for figure 6-3 were devived from the 1979 operating tempo and
individual consumption rates cf existing ships and aircraft [53].
Estimates were made for types that have not yet been added to the
fleet. The Extended Planning Annex (EPA) to Program Objective Memo-
randum (POM)-82 [54] was used for the number of nonnuclear ships in
FY 2000. Aircraft force levels were also obtained from EPA guidance,
but the anticipated aumbers of active squadrons were taken from the 1980
Naval Aviation Plan (NAP) [55].

Table 6-2 summarizes the expected fleet fuel consumption in
year 2000 and the corresponding fuel costs. They are based oan the
October 1980 price of $52.50 per barrel and a force of 460 ships and
3,900 aivrcraft that individually operated at the same tempo as in 1979.%

The above estimates do not consider the naval expansion planned by
the current Administration. It was estimated that by 1986, the
augmented force wight consume an additional 6 million barvrels per year
over the counsumption in 1980 by ships and ailrcraft. 1ihat is about a 12-
percent increase. The amounts in table 6-2 would also be increased.

* See appendix B for additional details on the calculations. The
listings for ships and aircraft are in [1].




TABLE 6-2

TOTAL FUEL CONSUMPTION AND COSTS FOR
FY 2000 SHIPS AND AIRCRAFT

Fuel cost (miilions

Fuel consumption of constant FY 1981
(millions of bbl) dollars)?
No With assumed No With assumed

conservation conservation conservation couservation

USN ships 24.10 19.65 1,265 1,032

USN aircraft 13.01 11.71 683 ol5

USMC aircraft 4.57 4.11 240 216

Training aircraft 2.17 1.95 114 102
Total 43.85 37.42 2,302 1,965
FY 1979 total 47.6 1,250P

a$52.50—per—barre1 base price.
$26.25 pcr barrel.

Force-Level Reductions Due to Price Tncreases

Another way to meet higher fuel prices is to buy fewer ships and
aircraft. For example, with fixed budgets, procurement funds from ship-
building and counversion, Navy (SCN), and alrcraft procurement, Navy
(APN), accounts could be diverted to maintain the tempo of operations.

Figura 6-4 depicts the effect such a decision would have on force
levels.

In the intermediate case of a 5-percent annual fuel-price increase,
24 notional ships and 610 average aircraft would be lost to the fleet.
If conservation goals were met; they would avert an equivalent loss of
about 7 ships and 90 airplanes. The l0-percent case would have even
more severe consequences.

The long-term effects on Navy forces of deferring procurement of
new systems would be even more severe than shown because new ships and
alrcraft would be lost. As a consequence, the fleet would have a higher
average age.
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Figure 6-4 incorporated some additional assumptions. It was
assumed that under conditions of no fuel price rises, new constructioun
was just sufficient to offset attrition, so that force levels would
remain the same over the period 1981 to 2000. With the active EPA and
NAP force levels as the base, excess fuel costs above FY 1981 levels
were then charged against the SCN and APN budgets. As new units were
deferred for lack of funds, force levels dropped. The reductions each
year were computed using the unit procurement cost of an average ship or
aircraft, taken from the EPA and the Five-Year Defense Program (FYDP)
[56]. Expressed in terms of coustant FY 1981 budget dollars, the

average ship cost $561 million and the average aircraft cost
$18.2 million.
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CHAPTER 7

SUBSTITUTION MEASURES: AIRCRAFT AND SHIPS

Of the total petroleum used by the Navy in 1980, ships and aircraft
consumed 45 percent and 40 percent, respectively. Thus, they are
primary candidates for measures that reduce fuel usage. As discussed in
chapter 6, fuel savings can come from efficiency improvements and from
increased use of simulators to substitute for some in-flight and at-sea
training. Savings can also come from greater relliance on different
engines or completely different weapon systems that use less petroleum
than existing ships and aircraft. However, large reductions in aviation
fuel consumption can only come from reduced operations or as a byproduct
of some long-term changes in the mix of naval weapons. Such clianges
would be motivated by larger cost-effectiveness considerations than Jjust
fuel.

This chapter discusses some of the substitution measures possible
in ships and aircraft. Alternatives to perform the missions now covered
by tactical aviation are addressed briefly, but most of the analysis is
on nuclear propulsion in ships.

COMPLEMENTS AND SUBSTITUTES IN TACTICAL AVIATION

Further advances in cruise missiles could change the composition of
the Navy. If missiles and other unmanned systems assume some of the
missions now performed by tactical aircraft, substantial direct savings
of fuel would be a result.

Although they have not been studied for their potential to save
fuel, several possible alternatives to complement or to substitute for
tactical air capabilities are listed below:

e Cruise missiles
-Air launched
~Surface launched
~Submarine launched

e Surface-to—air missiles
e Artillery for the Fleet Marine Force
¢ Unmanned systems in surveillance.
The first two alcernatives involve greater use of missiles. Direct
fuel savings would be expected from building more performance into a
missile system and less performance into the launching platform,

assuming no loss of overall effectiveness. For example, a recent study
by the Naval Weapons Center at China Lake [57] evaluated the potential
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to substitute for tactical airpower. That study found cruise missiles
to be more cost-effective than tactical aviatlon against heavily de-
fended targets in a campaign using conventional weapons. The submarine,
equipped with cruise missiles, was said to offer unique capabilities to
initlate the offensive against land-based targets and to complement
subsequent strikes by carrier aviatien.

Savings might also be obtained by relying more on missiles for air
defense and by increasing the proportion of artillery to close air
support for dirvect fire support of the Marine Corps.

Finally, some fuel savings could result from greatec:r reliance on
unmanned surveillance systems such as satellites and remotely piloted
vehicles (RPVs). For example, the F-4 is reported by Science magazine
as using 20 times nmore fuel than an RPV in a similar surveillance
mission [58].

In geneval, additional fuel savings in naval aviation will result
from efficlency improvements, simulators, and reduced operations.
However, large reductions in the use of aircraft fuel would result from
some long-term changes in the mix of naval weapon systems that dimin-
ished the role of tactical aviation.

DIESEL ENGINES AND STEAM POWERPLANTS

Although the tecent trend in propulsion has been toward shipboard
gas turbines, diesel engines and even steam powerplants offer several
advantages over gas turbines.

The advantages of diesel engines and steam powerplants are primar-
ily in the areas of lower fuel consumption and lesser sensitivity to
low—quality fuels. Figure 7-1 shows that for part-load operating condi-
tions, diesels and steam plants have higher thermal efficiencies than a
gas turbine. They are able to convert a grcater percentage of the
chemical energy stored in the fuel to useful work than a gas turbine
can. This greater fuel efficiency extends for diesels over their entire
operating spectrum. Diesels, particularly low-speed diesels, and steam
plants can also be made more rugged and less sensitive to future fuels
of degraded quality. This last important advantage is discussed more
fully in chapter 8.

A disadvantage of diesels rvelative to gas tutbines is their in-
ability to match the great acceleration of gas turbines, which is useful
for sprint purposes. Proposals are being considered to combine gas
turbines with diesels to exploit the greater fuel efficiencles displayed
by diesels during cruise operations (at about 15 to 20 percent of maxi-
mum power). Other combinations that pair propulsion systems optimized
for different load conditions are also possible.
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Another disadvantage of diesels, especially the low-speed variety,
lies In their greater noise generation, which is particularly important
in antisubmarine warfare. While work is reportedly underway to reduce
the noise problem, this study did no. examine the extent to which this
can be accomplished.

NUCLEAR PROPULSION

Large savings in petroleum could come from making more ships
nuclear powered. Today's fleet of nuclear ships uses an amount of
energy equivalent to over 8 mmboe annually, or about one-third the fuel
consumed by current conventional ships.*

One of the major arguments against nuclear-powered ships has been
their higher costs of acquisition. Uowevar, the rising price of conven~
tional fuel has made large nuclear ships more attractive by raising the
total costs of their conventional alternatives. TFuture increases in the
price of fuel can be expected to favor nuclear ships.

Life-Cycle Cos.s of Nuclear and Conventional Ships

To show the likely effect of future fuel prices on the choice of
nuclear or conventional propulsion, the life-cycle costs were com-—
pared. An Op-96 study [60] was adapted and upd- That study ex-
amined two alrcraft carrizrs, CV-67 and CVN-68: Aegis cruisers,
CG-47 and CGN-42; and one non-Aegis crulser, CG. .,3. The underway
replenishment ships, escorts, consumables, and manpower were all
included in the costs. However, the costs of the air wings were
excluded because they were assumed to be identical.

Changes to the Op~96 study included using constant FY 1981 dollars,
incorporating the October 1980 price of $52.50 paid by the Navy for «
barrel of fuel that is a composite of DFM and JP-5, and calculating the
life-cycle costs for both their undiscounted and their discounted
values. An additional change was the use of an escalation factor for
the cost of nuclear fuel. The escalation factor used may be more ap-
plicable to the costs in commercial nuclear plants than to the Navy.

The actual costs to the taxpayer of nuclear fuel for Navy reactors could
not be determined from the available data. However, sensitivity anal-
yses suggest that the costs of nuclear fuel would not be a significant
factor bzcause the burnup charges amount to about 0.3 percent of the
total, adjusted life-cycle costs of the ships.** The results are in
table 7-1, and in figure 7-2 for the carriers and figure 7-3 for

the cruisers.

* The derivation of this estimate is in [1].
*% Sec appendix C for more details on the escalation factor used in
costs of nuclear fuel.
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As fuel prices rise, the costs of conventional shipe outstrip those
of nuclear ships. The horizontal axis in each graph shows the averag:
teal price of fuel over the ship's opervating life. Here, the operating
life is 1992--when the ship achleves initial operational capability
(I0C)~-until 2021. The horizontal axis also includes corresponding
annual percentage increases for fuel above inflation, with the FY 1981
ptice assumed as the base.

The life-cycle costs of the two carciers cross in the undiscounted
case at an average fuel price of $58 per barrvel--very close to the
current price of $52.50 per barrel. This can be treached by only a 1/2-
percent annual price increase.

Discounting places a greater weight on the nuclear carrier's higher
procurement coscs than on the conventional carvrier's higher operating
costs because the latter occur later in time. The point of equai life-
cycle costs in the discounted case is at an average fuel price of about
$220 a barrel, which corresponds to an annual increase in the price of
fuel of about 6 percent over the lif~time of the ships.

In comparison, earlier studies of conventional and nuclear airvcraft
carrlers, done in the 1960s, used fuel ptices of about $12 per barrel
(in constant FY 1981 dollars) instead cf about $52 per barrel.

Figure 7-3 shows the life-cycle costs of two Aegis cruisers--one
nuclear, the other conventional. These smaller shipsz are more affected
than the carriers by the greater weight and acquisition costs of exist-
ing nuclear powerplants. The points of equal cost for the nuclear and
conventional cruisers occur at a higher average fuel price of about
$270 per barvel in the undiscounted case and about $550 per barrel in
the discounted case at 10 percent annually. Such high fuel prices would
result from average annual increases of about 6 and 9 percent,
respectively.

This analysis shows that the higher procurement costs of nuclear
ships are offset only by the greater opervating costs of coanventional
ships if fuel prices vise sufficiently. Recent histovry attests to such
large price 1lucreases. As previously noted, the prices of distillate
fuels used by the Navy have jumped by a factor of over 4 in real terms
since 1973, equalling a 23-percent annual increase above inflation.

When spread over 20 years, that still corrvesponds to an annual rtise of
about 8 percent. This is close to the increase required to reach points
of equal cost for the crtuisers in the discounted case. On the other
hand, the cost differences in the discounted cases become quite small
well before the crossover points. Because the cholces are unot slmply a
question of the less costly of two equally effective alternatives, these
coect differentials might not be that important.




Other Considerations in Nuclear Propulsion

In addition to the possibility that nuclear ships may cost less
than theitc conventional counterparts, there are other less quantifiable
advantages and disadvantages to nuclear power umentioned only briefly
hevce.

Nuclear ships have several advantages over conventional ships.
They are able to sustain high speeds over prolonged periods that offer
tactical advantages and reduce their vulnerability. High speed can also
boost morale, particularly when the speed is used to shorten the transit
times to and from deployments. Finally, nucleatr-poweved ships require
fewer support ships and fewer underway treplenishments.

Among the cited disadvantages of a larger nuclear program are
increased waste disposal, the limited nuclear shipbuilding capacity in
the U.S., and the shortage of nuclear-trained manpower. Although the
Government's reprocessing facility at Idaho Falls is reportedly adequate
for present and anticipated waste quantities [61], this study did not
gvaluate these areas for their potential to constrain nuclear propulsion
systems.

Both the costs and the benefits of nuclear and conventional ships
are uwnequal. With due recognition of the uncertainties noted above, on
balance, the Navy's acquisition of more nuclear ships would be a far-
sighted move to cope with a future of higher cost petroleum. All large
surface ships, above about 10,000 tons, should become more sevious
contenders for nuclear propulsion than they are presently. The
possibility of extending nuclear power to smaller ships will depend on
the development of lighter, smaller powerplants.

Prospects of Nuclear Power for Smaller Combatants

Smaller surface combatants, such as escorts, require a greatert
ratio of power to overall tonnage than larger combatants such as air-
craft carriers. Because of this requirement, the current pressurized-
water reactors (PWRs) are not economical for combatants below 8,000
tons. However, smaller ships might eventually benefit from the devel-
orment of lightweight nuclear powerplants (LWNPPs). This would entail
reducing the size and weight of the propulsion system——the reactor and
the power conversion system.

Figure 7-4 illustrates the relatiouship between a ship's specific
power (horsepowetr per ship ton) and the specific weight of its pro-
pulsion system (pounds per horsepower of the system). It shows that
sutface combatants require a greater specific power than larger
carriers. Also, conventionally powered ships weighing 8,000 tons have
propulsion systems in the range of 60 pounds per horsepower; existing
nuclear-powered ships have pronulsion systems limited to 100 pounds per
horsepower ot higher. Thus, an LWNPP would be required in a nuclear
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FiG. 74: COMPATIBILITY BETWEEN NUCLEAR PROPULSION
SYSTEMS AND SHIPS

Several approaches to attain such ar. LWNPP were examined at a work-
shop conducted by the Office of Nava> Researcly (ONR) in 1975 [63]. It
was suggested during the workshop that a propulsion system having a
specific weight near 50 pounds per horsepower could be constructed.

Westinghouse has proposed a design for a gas—coolei LWNPP [64].
That design has been advauced as a possible alternative to the LM-2500
gas turbine-—~the engine being installed in DD-963~ and TG-47-class
escortse. The LM~2500 is also being considered for the DDGX.

However, as the ONR workshop and others have later noted, there are
a number of problems with the LWNPP concept. They include the lack of
designs that would permit maintenance work at sea and fears for the loss
of coolant.

Apparently little has been d ne to advance the state of the art in
LWNPP ia recent years. A large R&D effort probably would be required to
implement the concept.

1n the absence of a significant R&D effort, the benefits of LWNPP
for smaller ships appear to be postponed to a more distant future.
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Pending future developments of LWNPP, diesels offer significant

petroleum savings and should be considered for expanded use in smaller
Navy ships.
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CHAPTER 8

MOBILITY FUELS: ALTERNATIVES AND QUALITY CONSIDERATIONS

Conventional crude oil of generally high qualifry has be2n the
dominant source for the production of petroleum fuels used in existing
ships and aircraft. However, the supply of such high-quality crude-—of
low density and containing low levels of sulphur and other
contaminants——is becoming scarce. Refiners ate preparing for crude
stocks of lower quality and for the production of syntheiic, petroleum—
like liquids from heavy oils, shale, and coal. This development will
affect the quantity and quality of fuel available to the Navy.

Planners have limited choices to cope with the changing types of
fuel. One pussibility is to rely on fuels other than petroleum or
uranium, such as hydrogen and alcohol. Another approach is to change
fuel specifications so thkat a broader range of petroleum fuel types and
synthetic substitutes can be used.

Thi=s chapter discusses how likely changes in the chemical prop-
ertlies of mobility fuels will affect the Navy.

CANDIDATE NONNUCLEAR MOBILILITY FUELS

Petroleum products have been used because of their high energy
content, relative abundance, and ease of storage and handling. However,
a wide range of substances can be considered as potential mobility
fuels.

Figure 8-1 identifies and arranges potential alternatives according
to two major criteria: energy density by weight and energy deasity by
volume of the substance. The alternatives to retrgleum are evaluated
further in terms of their availability, ease of storage and handling,
and the inventory of engines that would use the fuels.

Energy Density

The amourt of energy that can be released .rom a given volume of a
substance is more imporiant for ships and airccrarft than the fuel's
energy density by weight. This is because these vehicles atre mostly
volume limited instead of weight limited. Their drag (therefore their
rate of fuel consumption) 1s related more to their volume than to their
weight.,

Hydrogen has the greatesc energy for an equivalent mass, but even
in liquefied form, its energy density by volume is far below that of
petroleum or the synthetic hydrncarbons (see figure 8-1). The fuel tank
of a liquid-hydrogen system would have to be four times the size of one
filled with conventional fuel. Alt:rnatively, the range of the vehicle
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carrying hydrogen would be limited to about one-quarter that of the
conventional system.

10 — JP8
s JP-5 Petroleum products, oil shale,
o JP4 i and coal-based hquids
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FIG. 81: ENERGY DENSITY, PER MASS AND PER VOLUME,
OF VARIOUS CANDIDATE FUELS

None of the other products shown in figure 8~1 compare favorably
with petroleum. Platforms using ethanol (ethyl alcohol), methylamine,
or liquid methane would have their ranges degraded about 40 percent.
Acetylene and liquid propane are similar to the JP fuels, but they have
other unfavorable characteristics, as discussed below.

Resource Abundance

Some candidate fuels, such as hydrougen and alcohol, have poten-
tially abundant resource bases. For example, hydrogen gas can be re-
leased from water; ethanol can be fermented from grain. However, at
present, it is not generally aconomical to produce large quantities of
these substances, because theilr production requires a great deal of
energy. For cxample, hydrogen, now produced by processes assoclated
with the refining of petroleum or coal gasification, eventually might be
produced in commercial quantitlies from seawater using a nuclear reactor

for the source of energy. However, that process is not now economically
viable.

Because the production of alcohol i{s energy intensive, more energy
might be needed to ferment and distill the alcohol than can be obtained
from burning it as fuel. A further problem is the use of grain to

[Re]
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provide transportation fuel and as a source of food. The competition
for grain would probably drive up prices and effectively reduce the
availability of g-ain for fuel.

Many of the other candidate fuels, such as acetylene, methylamine,
and hydrazine, ave not readily available in large amounts today by any
practical process.

Handling Problems

A thivd conslderation “nvolves storvage and handling problems as-
sociated with many of these substances that would seriously interfere
with theitr widespread use. Some compounds are toxic, corrosive, reac-
tive, or explosive. Examples include ammonia, which is both toxic and
corrosive; hydrazine, which is very veactive; and acetylene, which
becumes explosive when compressed.

Most substances that are gases at vroom temperature and pressute
must be liquefied to vaise their energy density by volume to a practical
level. This is done either by cooling the gas to form a cryogenic
liquid or by keeping it under substantial prassurte.

Liquid hydrogen and liquid methane——the latter is essentially
liquefied natural gas (LNG)--must be maintained at very low temper-
atures, which requires large amounts of insulation and energy. A study
of very large aircraft by the Rand Corporation [66] revealed that the
energy expended to maintain these cryogenic fuels as liquids signifi-
cantly increased the total energy requirements of these planes ralative
to petroleum—fueled aircraft. These fuels are also more dangerous to
handle than petroleum, due to their low temperatures.

Propane, a major constituent of liquefied petroleum gas (LPG), is
heavier than air in its gaseous form and must be pressurized to 60 to
300 pounds per squatre iach to keep it liquid [67]. Because of these
characteristics, propane is also a more dangerous fuel than oil to
handle and to storte.

Engines and Infrastructure

A final consideration is the need to adapt or to replace the en-
gines and supporting infrastructure (such as refineries, the supply
system, and stovage) designed for oil.

Table 8-1 summavrizes the findings of a study by the National
Academy of Sciences [68] on the comwpatibility of several energy soutces
for general maritime vse and ship prime movets. Aircraft gas turbines
were also examined briefly.

Table 8-1 lists a number of fact.rs that relate to the probabil-
ities of producing commercial quantities of each fuel, of adapting the

8-~3
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existing storage system to 1ts use, and of using the fuel in existing
and future engines. The synthetics, coal-oil slurries, and solid coal
will be the most likely alternatives by the year 2000. All are expected
to be employed in commercial ships bulilt 20 years frowm now, and all
except for solid coal will be burned by the year 2000 in the fleet of
older ships still used by the maritime industry. Steam powerplants and
some diesel engines that powevr those ships will be able to use all these
fuels. However, gas turbines are not expected to be able to burn either
solid coal or a cecal-oil slurry.

Liquid hydrocarbons will remain the mainstay of Navy mobility fuels
through at least the next few decades. R-s.il.s nuclear power, Navy
mobility fuels will be liquids derived rrom conventional oil, heavy oil,
shale, tar sands, or coal. Exotic ~lternatives, such as hydrogen,
alcohol, coal—-oil slurries, and solid coal, may eventually help meet the
Navy's energy needs. But they cannot become importaat fuels until the
proper infrastrvucture is built up and new engines are produced or
existing engines are modified. They are possible fuels for a uwore
distant future.

LOWER QUALITY FUELS

A conclusion from chapter 3 is that the quality of the crude slate
has already begun to change from predominantly sweet (low-sulphur),
light crude oil to the sour (high—sulphur), heavy crudz2s [69 and 70].
In addition, as mentloned above, petroleum substitutes will become more
prevalent io the future. As a rvesult, products of high quality will
become less available. Both technical and economic forces will be
responsible for this development because crudes of poorer quality te-
quire motre extensive processing. Extra processing, which can include
hydrotreating or hydrocracking, puts many of the small refiners that
supply the Department of Defense at a competitive disadvancage, because
they lack some of the necessary refining capabilities [71 and 72].

Figure 8-2 shows the vrelative hydrogen content of various fuels and
sources. Forming liquids of high quality from shale, tar sands, and
coal would require completely different processing techniques from those
currently employed for crude oil. The reason is that the hydrogen-to—
carbon mole ratios (H/C) of the synthetics are even lower than those of
residual oil. This comes from their having a greater number of either
long—-chain molecules or ring structures (including aromatics). Because
these molecules ave more difficult to burn in diesel engines or gas
turbines, they must be broken up to form distillate fuels. Either
extensive hydrogenation (hydrogen addition) or pyrolysis (carboun
removal) steps are performed to increase the value of E/C so that these
soutrces can reach distillate levels.
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Note:
SRC 1, Synthoil, and H-Coal are names of representative hydrogenation processes that
convert coal to a higher grade of salid or to liquids or gases.

SRC 1 Synthoil and Petrofeum

Peat tar sand ‘ I I .
Coke and
anthracite coal

‘ 1

Residual

H-Coal le ol Premium
Coals @ ag::,ﬁ,oa'r',d Heavy Light Distillate products
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FIG. 8-2. HYDROGEN CONTENT OF VARIOUS HYDROCARBON
FUEL SOURCES AND PRODUCTS

Many feedstocks of lowei quality have severe contaminants that
drive up processing costs unu -lamage engines. Contaminants include ash,
sulphur, nitrogen, and heavy metals. For example, the high nitrogen
content (above 2 percent) and presence of certain trace metals in shale
0il will poison catalysts used in rvefinery operations. Therefore,
preliminary distillation and other steps to treat the feedstock become
necessary [74].

As mentioned above, more exteusive processing and additives will be
required to supply petroleum fuels in the future. For this reason,
pettoleum products are expected to be both higher in price and lower in
quality. Both fuel costs and quality have important implications for
existing and new engines.

EFFECTS OF LOWER QUALLTY FUELS ON ENGINES

Even though fuels derived from heavy oil and syatbhetic hydrocarbons
are bpasically compatible with existing engines, they are not completely
equivalent to petroleum products of high quality. These syanthetic fuels
introduce a unique set of problems whose scope is not yet well
uaderstood.

The Navy has already encountered fuel difficulties with its F-14
operations [75]. Smoking in the F-14's TF-30 turbofan englne and
lubricaticon problems in the afterburner boost fuel pump have been




reported. The high aromatics content of the Alaskan crude used by some
refiners plus some deleterious side effects of refining this lower
quality product may account for these problems in the F-14.

In general, lower quality fuel causes maintenance and veliability
problems for existing engines. The high viscosity of the long-chain
hydrocarbons restricts fluid wovement and possibly causes clogging
within fuel filters or small passages in the engine. Elevated levels of
aromatics and other ring sttuctures generate smoke through incomplete
burning. Contaminants can increase corvosion or erosion rates.

Aircraft Engines

Aircraft gas turbines are the most susceptible to lower quality
fuel because of the complexity and fine tolerances of their com-
ponents. Pratt and Whitney Aircraft (P&WA) has estimated the effect of
a specific type of fuel of degraded quality on its present and future
conmercial gas turbine engines [76]. This fuel contained primarily high
aromatics levels, but only small guantities of sulphur and heavy metals.
The analysis disclosed a numbet of potential problems associated with
using this fuel: reduced combustor-liner life (by about 40 percent),
adversely affected ignition characteristics, worsened fuel thermal
stability, iucreased smoke levels, and higher emissions.

In zddition to problems with the combustor, P&WA expects to have
difficulties with the expensive, high-pressure turbine section. Because
of incomplete combustion in the burner, the turbine airfoils will be
exposed to higher temperatures and heat loads, along with roughened
airfoill surfaces from coating erosion and particle deposits. It is
estimated that these factors will reduce the life of those patrts by up
to 60 percent. Although design modifications could veduce the dele-
terious effects on the combustor and turbine to a degree, these changes
would generally either lower engine efficiency (increase fuel
consumption) ovr reduce engine performance (drop the power level).

Moreover, the P&WA study did not address potential problems that
could arise from high sulphur and heavy-metal contaminant levels. They
could also be significant, as the study by the National Academy of
Sciences [68] indicated.

Ship Propulsion Systems

Other prime movers are unot as sensitive as gas turbines. Marine
medium— and high-speed diesel engines are somewhat better able to resist
the effects of many fuels of low quality. Low~speed diesel engines
provide even greater vresistance. WNevertheless, bunker fuels for diesel
engines currently in marine use would still vequire considerable
upgrading to prevent excessive maintenance.,
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Steam powerplants, in particulur those ordered since the mid-1960s,
are the least sensitive to degraded bunker fuels [68]. Also, these
newer plants could probably be adapted to burn coal-oil slurries.

Future steam plants could even be designed for solid fuels, such as
prnlverized coal or stoker coal.

NAVY RESPONSES
The Navy has initiated a numbetr of research programs designed to
both understand and deal with problems caused by future fuels. Their

effort is divected towaxd [77]:

e Assessing the dungtee to which fuel specifications can be
changed withouc significantly degrading engine perfotrmance

e Defining the relationship between fuel chemistry and the
behavior of fuel during burning

e Determining the effects of synthetic fuels on the per—
formance and reliability of systems

e Evaluating the fuel vequirements of future engines.

This work 1s directed toward all types of prime movers used by the
Navy: gas turbines, diesel engines, and steam plants.

FUEL SPECTFICATICNS

The Javy s fuel specifications set forth the level of fuel quality
desired “>r each of its fuels. Because the quality may be difficult to
maintain “or the quantities requited, the Navy may consider changing its

fuel spec.fications.

Reduced Fue' Specifications

The Navy's fuel specificatiors impose demands on vefineries that
affect the potential mix of products from a given feedstock. 1In a
recent study [7¢], Exxon estimated the sensitivity of the maximum
theoretical ylela of JP-3 to two of its specifications: the freeze and
flash points. Tab.e 8-2 lists the properties of the five crude slates
considered. The tresults of this analysis are shown in tables 8-3 and
8-4 for the freeze pcint and the flash point, vespectively. JP-5 pro-
duction could be boosted about 40 percent by a 10-degree increase in the
former and about 25 percent by a 10-degree drop in the latter. Pratt
and Whitney has also estimated that a reduction in the smoke point from
19.0 to 17.5 millimetetrs could be accompanied by a 200-percent increase
in JP-5 output [79]. Of course, increasing the yield of JP-5 by chang-
ing the specification would reduce other products made from petroleum
feedstocks.




1ABLE 8-2
PROPERTIES OF CRUDES USED WIDELY BY WESTERN JP-5-PRODUCING REFINERTES

Type of crude?

Propercty A B C D E
Gravity (deg AP1) 32.8 4n.3 38.1 26.2 37.1
Pour point (deg F.) -40 25 40 15 15
Total sulfur (wt %) 1.6 0.05 0,12 1.1 0.40
Mercaptan sulfur (ppm) 71 1.3 2.0 2.0 i.0

Source: [78].
ACrude description:

medium—gravity, high-sulfur Mexican crude.

light-gravity, low-sulfuv, high-aromatics Indonesian crude.
light-gravity, low-sulfur, low-aromatics Nigeriai. crude.
heavy-gravity, high-sulfur, high-aromatics Alaskan crude.
light-gravity, low-sulfur, Calif.rnia crude.

Mmoo W
o

L

TABLE 8-3

TR

EFFECT OF RELAXATION OF FREEZE POINT ON
MAXIMUM THEORETICAL YTELD OF JP-5

L iR
o -

Percent increase
Maximum in Xielda

Type of thenret%cal
crude vield

Calle bl

45 =40 =30

0 41 16 144
3 24 44 83
2 23 41 78
5 25 45 86
3 26 50 94

Mo O P

Source: [78].

80ver curreat specifications at the indicated
E freeze points (degrees Fah.enheit).

3 In volume percent, at the current specifica-
. tions: freeze point of -°1 degrees Fahrenheit
and flash point of 140 degrees Fahrenheit.
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TABLE 8-4%

EFFECT OF RELAXATIOYN OF FLASH POINT ON
MAXIMU.I THEORETICAL YIELD OF JP-5

Percent increase

Maximum in yielda
Type of theoretical
crude yield® 135 130
A 7.0 21 49
B 19.3 13 27
C 14.2 13 25
D 11.5 13 25
E 12.3 17 33

Source: [78].

30ver curreat specifications at the indicated
flash points (degrees Fahrenheit).

In volune pervcent, at the curvent specifica-
tions: freeze point of -51 degrees Fahrenheit
and flash point of 140 degrees Fahrenheit.

These results highlight the importance of the cngoing efforts by
the Navy to define acceptable limits ian fuel-property variations. If
engines with wider fuel tolerances are developed, the greater flexi-
bility that should come from using lesser quality fu.ls will guard
against future fuel sluortages.

More Common Fuels

Another way to inctrease the Navy's access to fuel supplies is to
adapt to types of fuel that are more widely used. The twoc middle dis-
tillates of high quaiity, DFM and JP-5, accounted for two—-thirds of the
consumptron of petroleum—derived fuels in 1980 by both the Navy and
Mavine Corps. Furthevmore, the Navy 1s by far the world's largest
consumer of these products.

Refiners might find it profitable or necessary to cut back tempo—
rarily on the production of these fuels. This threat could be reduced
ot eliminated by using nore common fuels, such as No. 2 diesel cil for
DFM and Jet A~1 for JP-3. Research into the possibilities of tailoring
nilitary fuels more along civilian lines could yield significant supply
benefits.
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Standavdizing aircraft and ship fuels is another possibility.
Although blends of alrcraft and ship fuels have been examined for emer-
gency use, the day-—to-day use of a single fuel would benefit the Navy.
Even though ships might have to shift more toward aircraft fuel, this
should not greatly increase the Navy's overall fuel bill. 1In October
1980, the Navy paid to the DFSC $1.22 per gallon for DFM and $1.27 per
gallon for JP-5. Cost savings vesulting from transporting and storing
ship and aircraft fuel togethetr instead of separately might defray this
modest differential. In any case, the proposal merits more study.

8-11




CHAPTER 9

MEASURES TO IMPROVE ACCESS TO PETROLEUM: LARGER BUDGETS

In addition to reducing the quantity of petroleum used, management
might place mace emphasis on ways to increase the Navy's access to the
avallable petroleum supply. This study has addressed four of these
measures. They are:

o Press for larger civilian and military veserve stocks
(chapter 4).

e iosure that both the market and ncnmarket mechanisms for
Defense to acquire petrcleum are adequate for a range of
wotld-suppiy conditions (chapter 4).

e Change fuel specifications for greater fuel commonality
(chapter 8).

o Increase engine tolerances, thereby enabling operations
with fuel of lower quality (chapter 8).

An additional measure 1is to obtain larger budgets to offset fuel price
increases.

Future increases in the price of fuel may be offset by larger
budgets for all the military services. Altecrnatively, one service may
get a larger share of the available budget for fuel on the basis of some
comparative advantage. This chapter estimates how much larger Depart-
ment of Navy budgets might have to be to offset future price increases.
In addition, an example of a comparative advantage of seapower is evalu-
ated for its fuel implicatfons.

EFFECTS CF FUEL PKICE INCREASES ON THE NAVYY BUDGET

The relative burden of higher petroleum prices shows up in Navy
budgets. 1In FY 1973, petvoleum fuels accounted for 2 perceat of the
Navy's total obligational =zuthority (TOA). In FY 1980, they were
6 percent of the budget. Thils change in the relative burden occurred
even though there were larger cporopriations for fuel and a smaller Navy
that consumed 36 percent less petroleum than in 1973.

Historically, larger budgets have not fully covered the addad costs
of higher priced fuel. However, this study estimated how much larger
the Navy's budget would have to be in the future to fully cover real-
price increases of 2, 5, and 10 percent annually. This was accomplished
by first determining the cumulative budget growth from 1981 to 2000
required to pay excess fuel costs above the FY 1981 level. That growth
was then converted into an equivalent yearly pevcentage increase above




the FY 1981 budget o~ $50.9 billion. Figure 9-1 shows the results;
appendix B gives the details.

2 With conservation
L] Without conservation

1.0 -
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FIG. 9-1: NAVY BUDGET: ANNUAL INCREASES REQUIRED
TO OFFSET FUEL PRICE RIiSES

The yearly increases in figure 9-1 are small. However, the 0.11-,
0.30-, and 0.81-percent annual rises accumulate by the year 2009 to
about $10 billion, $28 billlon. and $78 billion, respectively. Effec-
tive conservation would reduce the need for additional funding.

An additional perspective on the slze of the annual increases in
figure 9-1 compares them with che actual history of the Navy's budget
growth. Including the Vietnam years, the Navy budget had an average
annual Increase of 0.47 percent.* The intermediate price Increase of
5 percent would cancel about two-thirds of that amount.

A COMPARATIVE ADVANTAGE: SEALIFT VS. AIRLIFT

In addition to a larger budget for Defense to help offset fuel
prices facing all the services, the Navy might also cbtaln: a larger
share of the budget availahble for Defense.

* This was computed using data on Navy TOA for 19€3 to 1981 tcken from
{80 and 81], adjusted to constant dollars. The total growth abcve the
7Y 1963 1zvel was converted to an average annual increase.
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An example in the area of strategic mobility was analyzed for its
fuel implicaticns and to demonstrate the potential for redistributing
the nation’s resources, inciuding petroleum, in response to a compar-
ative advantage.

Ar estimate was made of the fuel required to 1lift a notional Marine
Amphibious Brigade (MAB) with 15 days of supplies, including POL, from
the East Coast around South Africa to the Middle East. Traasport by
anphibious ships was compared with transport by military aircraft over
the same distance.

The sealift of the force would require 24 amphibious ships and a
tanker, as shown {n table 9-1. The ships would burn about 529,000
barrels of fuel, assuming a rouad-tvip distance of 17,200 a.mi. znd an
averagz trsns!lt speed of 16 knots. Ia contrast, an airlifc of this MAB
would require 4.4 dllion barrels, with an average speed of 400 knots.
Assuming a capability to atrlift the POL, the estimates in table 9-2
show that the planes of the M{litary Airlift Command (MAC) and Civil
Reserve Air Fleet (CRAF) would have to fly over 1,800 sorties to
complete the missfon.

In this comparison, sealift is almost an order of magnitude more
efficient in terms of fuel consumption than afrlift. Furthermore,
positioning the fuel for the four refueling stops needed by the aircraft
In each round trip could pose a problem.

There i{s no doubt that airlift {s more responsive than sealift for
small, lightly supported forces. However, the capahilities of airlift
are overvhelmed by larger, fully supplied forces. Although the initial
units of a larger force would arrive sooner by atrcraft, the closing
times for the MAB considered here would not be much different than if it
were transported on ships. Assuming that about 300 aircraft are avail-
able continucusly for 10 hours per day [85], it would take about 26 days
to airlift the entire force. Ian contrast, the cne-way transit time for
ships averaging 16 knois is about 22 days.

In brief, sealift offers large potential fuel savings when compared
with airlift. Furthermore, when large forces, equipment, and supplies
are moved, seallift is the only feasible means for moving them. The
advantages of sealift might be stressed more when decisfons are made
allocating the nation's resources to strategic mobility. It is omne
example “f a comparative advantage of seapower. When appropriately
emphasized, a systeam's comparative advan“-ages should be the basis for a
larger share of the available resources .or Defense~—inzluding the
scarce resource of petroleum.
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TABLE 9-2

AIRCRAFT SORTIES TO TRANSPORT A MARINE AMPHIBIOUS BRIGADE®

c-141 C-5 CRAF Total
Sortiesb
without supplies 620 194 48 862
With supplies 208 65 16 289
POL 485 152 38 675
Total 1,313 411 102 1,826
Fuel consumption rate of
total sorties (thousands d
of bbl/hr) 61.6° 33.9° 7.4 102.9

- aSame MAB weights as in table $-1.
bsealed by MAB weights, based on data from [83].
CBaged on data from [84].

dEstinates for civilian afrcraft.
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CHAPTEKR 10

CONCLUSIONS AND RECOMMENDATIONS

EVALUATION OF FORECASTS: IMPLICATIONS FOR AVAILABILITY

For the past 10 years, the rate at which petroleum has been pro-
duced in the world has exceeded the rate at which new oil has been
found. In the non-Communist world, the finding rate of new oil has been
declining for about 30 years. These facts support grim geological
predictions that a peak will be reached within two or three decades on
the production of the world's ultimately vecoverable crude oil. U.S.
production has alveady peaked and is in decline.

Economic theory offers some comfort. According to the theory, the
unfettered market will compensate for a scarce resource by raising fuel
prices. Increased prices ian turn will vetard demand, thereby stretching
the remaining supplies and stimulating the production of substitutes.
The theory will probably be valid over the long tevm; however, the
problem 1s the transition through the next 20 to 30 years. The moderan
world lacks experience with depletion of a resoutce as critical as
petroleum. Ia addition, there are large uncertainties about whether
substitute products will be available in sufficient quantities and at
acceptable levels of quality. Finally, on the issue of quality, it is
important to vecognize that the chemistry of petroleum—like substitutes
and its effect on engines are only partially understood.

Planners can expect fuel to “e zenerally available as products from
conventional oil are supvlemented oy substitutes from heavy oil, shale,
and coal. However, the prudent planner should recognize that fuel will
cost more and its quality will vary widely because of a greater
prevalence of lower quality feedstocks.

AVAILABILITY IMPLICATIONS OF IMPORT INTERRUPTIONS

The reserves of the world's remaining conventional oil are un-
equally concentrated in a few producer countries. This condition is
expected to petrpetuate the vulnerability of the industrial economies to
market disvuptions at least as severe as those experienced in 1973 and
1974 and, again, in 1979 and 1980. The U.S. will be unable to counter—
act future supply interruptions by expanding its own domestic production
of crude oil. However, by maintaining high stock levels in the SPR, the
nation will help reduce its vulnerability. Other measures that can help
include consetrvation, substitution of alternative forms of energy, and
possibly the existing iaternational agreements to share shortages among
the importing nations.

10-1




The nation's domestic fuel productior aad planned resecve stocks
are adequate to provide products for military use at likely wartime
levels of consumption even with the unlikely cutoff of all imports.

Both market and nonmarket mechanisms exist for the Government to acquirve
fuel under a variety of conditions. However, the political will to
allocate fuel to military users way not always exist.

As in the past, oil-supply disruptions will mainly affect the
nation's ecouomy, but the military sevvices will also be affected.
Reductions in supplies to the Navy or even complete unavailability of
fuel may occur for short periods during a crisis. Deliveries of fuel
supplies to military forces could be curtailed as a result of inadequate
logistical planning, command decisions tc¢ consetrve oil in a crisis of
uncertain length, or the allocation of fuel to other military or
civilian users. Routine naval operations and training may expe'ience
longer periods of curtailed supplies of fuel. The loag-term effects of
future interruptions will be an even worse problem of fuel costs.

PROBABLE EFFECTS ON THE NAVY OF CHANGES IN THE PETROLEUM MARKET

The dominant problem of the future suppiy of petroleum will be the
day-to-day management of gieater costs. Tv« Navy has already exper~
ienced over a fourfold iacrease in the real price of fuel in less than a
decade. Fuel now constitutes about one-third ¢f the direct 0&S costs of
mobile weapon systems--in the same tange as maapower.

Future increases in the price of fuel couid be even more severe.
In the ahsence of substantial real growth in Navy budgets, a hypo-
thetical 5-jevrcent, annual real-price increase out to the year 2000
coulda have one of the following effects:

o A rveduction in the operating tempo by more than half the
current level

e A loss of 24 new, average ships and 610 new, notional
aircraft

e An offset of two-thirds of the 0.5-petrcent avevage real
grtowth in the budget experienced by the Navy from 1963
to 1981.

On Wacfare

One important effect of the rising fuel costs on naval warfavre will
be on the size and veadiness of the Navy. The Navy's capabilities at
the outbreak of a future conflict will be less than they would have been
with stable fuel costs.

Another aspect of thez problem of pettroleum availaoility is the fact
that the Persian Gulf has up to two—thirds of the non-Communist world's
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reserves of petroleum. Access to that vegion will continue to be essen~
tial to the U.S. and its allies. To insutve that access, the Navy must
be able to keep the sea lanes open.

The level of both civil and military reserves will aftect the
availability of military fuels during supply disruptious. 1In addition,
these stock levels could be a major decerminant of the nation's response
to conflicts that reduce imports of petroleum. Because oil shortages
impafir the economy, pressures for quick vesolution of conflicts-—elther
through escalation or by submission--ire apt to be greater in aa en-
vironment where petroleum stocks are low.

Fuel vationing could produce similar responses. Wars that fail to
engage the support of the Americen public could be more difficult to
prosecute when accompanied by fuel shovcages and rationing. As in the
case of low oil stocks, the pressure would be in the direction of quick
rvesolution of the coaflict.

On Weapous

The effect oan the choice of weapons will be similar to other situa-
tions in whlch resource costs rise appreciably. Substitutes and dif-
fevent ways to perform missions will become increasingly attractive as
the economic burden of higher priced fuel becomes clearer to planners.
In the acquisition of new weapons, fuel efficiency will become a more
important factor, provided likely increases in fuel prices are treated
realistically in the estimates of life-cycle costs. The problem of
uncertain suiplies of fuel in a crisis will also make fuel-efficieac
alternatives more attractive.

As fuel of lower quality becomes more prevalent, there will be
corzesponding decreases in reliability and increases in maintendnce
requirenents for ships and airccaft. Engine modifications could reduce
these effects somewhat.

The advantages of designing future engines for ships and aircraft
to be less sensitive to variations in fuel specifications will become
apparent. In addition, there will be pressures to move toward fuel that
is more widely used by other military and civilian users. These changes
could lower costs and increase supplies.

In manned aviation, consevvation efficiencies and simulators will
provide added fuel savings. However, very large saviags could only
result from reduced operations or as a byproduct of some long-term
substitutions——such as cruise missiles for manned aviation.

On MuQilitz

Dieszl engines are move fuel efficient than gas turbines. At low
power sf :ings, steam powerplants are even mote fuel efficient than gas
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turbines. Low-speed diesels and steam engines arz also less sensitive
than gas turbines to variations in the quality of fuel.

Nuclear power provides the greates: freedom from reliance on petro-
leum. The higher procurement costs of large nuclear ships can be offset
by their lower operating costs as the real price of petroleum increases
in the future. O0il prices have risen enough already sn that the undis-
counted life—cycle costs of nuclear-powered carriers are nearly equal to
the conventionelly powered carriers. For smaller ships, fuel prices
will have to rise further before the life-cycle costs of auclear and
nonnuclear ships are equal. For example, in comparing Aegis cruisers,
annual real price rises of cbout 6 pevcent in the undiscounted case and
9 percent i{n the discounted case would yield equal system life-cycle
costs.

The prospect of higher fuel costs also adds to the comparative
advantages of sealift over airlift. Defense leaders should consider
relying move on sealift capabilities to meet the nation's needs for
strategic mobility.

RECOMMENDATIONS
The study coacludes with the following recommendations:

e The Navy needs strong management of energy-related matters
to implement conservation and to help it adjust to the
constraints imposed by the higher cost, lower avail-
ability, and poorer quality of fuel. All velevant energy
information--including the nucleatr aspects--should be
available to Navy planners for a comnlete management
perspective on the Mavy's energy problems and optious.

e A strong and comprehensive R&D program should be main-~
tained to increase fuel efficiency and prepare for prob-
lems of degraded fuel quality.

o The iife-cycle costs of nuclear ships are higher than
thogse of conveationally powered ships at today's fuel
prices. 1In spite of this, the advantages of nuclear power
in the projected energy environment make all large ships
of the future much stronger candidates for nuclear power
than they are now.

e Bzcause of their greater efficiency and tolevance for

varying fuel quality, diesel engines should be used more
widely or smaller ships.
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o Large civilian and military reserves of petroleum give
: significant protection against disruptions in the petro-
leum market and curtailed supplies of fuel. Large civil

and military reserves should be vigorously supported.
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Avatiiability of fuel

CeN

Congarvation e ficlencas

Contaminants

Conventional oil

Cost, affordability

oV
CVN
DEENMS

upM

DFSC

PMgrounting

GLOSSARY

ring hydrocarbeus «ith alternating double
bunds; undeairadblc comporente of distillete
fuels, becaunn thev are diffricuit ta ura in
gas turbines erd dicsels

defined for this study as the accessihility
of fuel and often used as 1if price were mot
a factor

conventicnally powered gulded-missile
crulser

nuclear—~powered guided-missile cruleer

reductions i~ & system's fuel consumption
with little or no loss of capability and
sometimes resulting in lwproved capabilitles
in gsuch areas as ncise levels, infrared
signatures, endurevce, speed, and
maneuverability

componcnts of fuel other than hydrocarbons;
such as ash, sulphur, nitrogen, and heavy
metals

crude oil and natural gas liquids

the economic cost of the fuel regource;
usually mescured in zerxs of foregoae oppor-
tundties or slternatives for spending
conventionally powered aircraft carcier
nuclear-powered alrcraft carrier

Defense Energy Emergeacy Management Systenm

diesel fuel, marine; distillate €uei used by
Navy ships

Defense Fuel Supply Ceater

the process of calculating the present
values of future octlays to determine the
time value of woaey assuming a 10~prrcent
discovut (inlere.t} rare




Fnergy deasity

Enhanced oil reccovery

EFA

Fxcess productive

capacity

Finding rate

GNP

Bydrocracking,
hydrotreating

IRA

Infrastructure

JP~5

Life-cycle cost

LWNPP
smb/d
MPN
NAP

NGL

ULOSSARY (Cont'd)

energy content of a substance per unit of
mass or volume

various methods to produce additional
petroleum after natural displacement and
waterflooding have been used; such aa
additions of chemicals to waterflooding,
carbon dioxide flooding, steam injection, ot
in situ combustion

Extended Planning Annex to POM-82

ability of a country to increase it petro-
leum production above its current output

the number of barrels of new petroleum found
in relation to the amount of exploratory
drilling

gross national product

treatment of crude with hydrogen to break
down large molecules or to remove various
contaminant compounds

International Energy Agency

the pipelines, vefineries, storage, and
supply system assoclated with the use of an
énergy source

distillate fuel used by Navy jets and turbo-
prop alreraft

the total cost of a system over its pro—
Jected lifetime

lightweight nuclear powecrplant
rilltions of barrels per day
@ilitary personnel, Navy
Naval Aviation Plan

natural gas liquids
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s GLOSSARY (Cont'd)

OPEC Ovgarization of Petroleum Exporting
' Countries
& Operating tempo a measure of the fraction of time (hours or
5 days) that ships or aircraft operate during
a given period
: O&MN operations ard maintenance, Navy
0&S operating and support
Proven teserves the quantity of petroleum in krown oil

fields that is known with reasonable
cectainty to be recoverable under prevailing
economic and technical conditions

Quality of fuel the characteristics of fuel relative to
well-refined petroleum that determine how it
burng

R&D research and development

SPR Strategic Petroleum Rescrve

Synthetic fuel, synfuel fuel derived from shale oil, oil from tar
gands, or coal-based liquids

Thermal stability the Jdegree to which a fuel will form
deposits as its temperature is increased

TOA total obligational authority

Ultimately vecoverable the total quantity of petroleum whose ex-

Tesoutrce traction is economically feasible up to a

certain price
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DISRUPTIONS IN WORLD PLTROLEU¥ SUPPLIES

APPERDIX A

The Arab embargo in 1973 and the Iranian Revolution in 1978 and
1979 severely disrupted world petroleun markets.
shown in tables A-1 and A-2 below:

OPEC OIL PRODUCTION, SEPTEMBER 1973 TO APRIL 1974

TABLE A-1

(Millions of Barcels per Day)

Arab countries
Saudl Arabia
Kuwait
UAE
Qatar
Libya
Iraq
Algeria

Total

Non-Arab countries

Tran
Nigeria
Venezuela
Indonesia
Ecuador
Gabon

Total

Total for OPEC countrvies

World production

Source: [A-1].

Sep _Oct _Nov Dec Jan _¥Feb _Mar
8.5 7.8 6.3 6.6 7.5 7.8 8.1
3.5 3.1 2.6 2.6 2.8 2.8 2.8
1.4 1.3 1.2 1.0 1.2 1.3 1.5
0.6 0.6 0.5 0.5 0.5 0.5 0.5
2.3 2.4 1.8 1.8 2.0 1.9 1.9
2.2 1.8 2.0 2.1 1.8 1.8 1.8
i.1 1.0 0.9 0.9 1.0 1.0 1.0
19.6 18.0 15.3 15.5 16.6 17.1 17.6
$.8 .0 6.0 6.1 6.1 6.2 6.1
2,1 2.2 2.2 2.3 2.2 2. 2.3
3.4 3.4 3.4 3.3 3.3 3.2 3.2
1.4 1.4 1.4 1.4 1.5 1.4 1.4
0.2 0.2 0.2 0.2 0.2 0.2 0.2
0.2 0.2 0.2 0.2 0.2 0.2 0.2
13.1 13.4 13.4 13.5 13.5 13.4 13.4
32.7 31.4 28.7 29.0 30.3 30.5 31.0
57.5 56.0 53.1 53.7 55.5 55.7 56.3

The shortfalls arve
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APPENDIX B

CALCULATION PROCEDURES TO ESTIMATE BUDGET
INCREASES AND PROGRAM REDUCTIONS

This appendix outlines the computations used to estimate the
effects of fuel price rises from 1981 to 2000 on Navy budgets, force
levels, and the tempo of operations. It also includes details on the
anticipated fuel consumption of Navy ships and alrcraft in year 2000.

The effects of price rises determined from these calculations are
i1lustrative. Several simplifying assumptions were made and represen-
tative values of param:ters were used to facilitate the computations.
Forces were initially set to levels planned for FY 2000. The operating
tempo was assumed to remain the same on a per ship and per alrcraft
basis as in FY 1979. Finally, increases in the price of fuel were
offset entirely by the budgets for operations and procurement, respec-
tively, instead of allowing for a combination of approaches.

PARAMETER DEFINITIONS

The fundamental equation employed for this work relates the cost of
fuel to both the price and total fuel consumption. This is written
simply:

C=PF=P2 NH

R . (B-l)
k k'kk

The parameters in this relation are defined by

%

c anrmal fuel cost (dollars per year)

= fuel price (dollars per barrel)

P
F = %E NkaRk total annual fuel consumption (barrels per year)

Nk = number of ships or aircraft of type k (units)

Hk = operating tempo of units of type k (hours per
unit-year)

Rk = unit fuel consumption rate of type k (barrels
per hour).




Each 2 above variables may either be held constant in time or
be varied during a time period. For the current study, this period was :
set to the years 1981 to 2000. Several diffevent cases are examined in
the sections that follow.

FUEL COSTS PAID FOR FROM AN EXTERNAL BUDGET

In this first simple case, computations are performed for a single
year, FY 2000. The total fuel consumption of all ships and aircraft is
calculated from estimates of Nk’ Hk’ and Rk made for the normal
opevation of each type. Results of these calculations are summarized in
a separate classified publication [B-1]. Fuel savings due to conservi-
tion efficiences are included either by adjusting the value of each
R, or by reducing the total F. Note that these are separate from fuel
sav ags due to veduced operations.

Under these conditions, equation (B-1) shows that the fuel cost is
w 'inear function of the price P. Nonlinearities would result from
variztions in F as P changes. However, it is assumed that excess
fues costs ave paid for from an external budget that does not reduce
cousumption.

ANNUAL RISE IN A BUDGET TO NEGATE AN ANNUAL FUEL COST INCREASE

Instead of only treating the case of 1 year, as in the previous
section, an analysis can also be made of fuel price rises over time.
If, again, annual fuel consumption is kept the same, but the price is
allowed to increase at the annual rate 1c’ cost and price are related
by this formula:

ctyc® = ptyp0 = (1 + 16) 1, (B-2)

The time step 1s denoted by 1, vepresenting the years 198l to
2000 by the numbers O through 19. The initial fuel cost €~ and
price P~ are knewn{

A budget 1is designated to pay for all costs above the base level
tgrough annual vate increases iB. Starting from the initial amgunt
B, assumed to be the FY 1981 Navy total obligational authority (TOA)
of $50.9 billion, the budget is allowed to grow according to

al/8° - (1 + 18)1 , (5-3)

B-2
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where i, 1is a constant to be detervmined. It can be shown that the
discrete relationships of equations B-~2 and B-3 are also expressible in
tetms of continuous relations. The relationships are written as

= t = c -
c, =¢, (1+1c) Coe (B-4)

¢ aBt
B, = B, (1 + in) =Be? . (B-5)

The constants C, and BO ave still the initial fuel cost and
brdget; ag and ag arve only the constants

a, = 1n (1 + 16) and ag = In (1 + 18) . (8-6)

The time t has units of years and extends over the period from
t =0 to t= tf’ with tf set to 19 for this analysis.

Total excess fuel costs above the base level C0 are set equal to

the overall rise in budget above B, during the period t =0 - tf to
compute the effective annual budget increase iB. Mathematically, this

is expressed by

t t

£ f £
j(; (Bt - Bo)dt = o (Cc - Co)dt . (B-7)

The two Integrals written above differ only by their values of constants
employed as multipliers and in exponents. Both are easily integrated to
yield this result:

t t
£ £
(1+1B) 1 C, (1+1c) -1

= =ty + 5
in(l + 18) £ BO 1n(l + ic)

-t . (B-8)

E-3
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The right-hand side of this equation is complately specified, which
enables iB to be solved for using any of several standavd itecative
techniques. A first guess for iB may be generated from an expansion
of equation B-8 and a retention of terms to the second power im both
1B and 1C’ because they are assumed to be small. Equation B~8 then
reduces to

c
9 -
1% B, 1, (1p 1, < 1) . (3-9)

The behavior shown by this expression could have been anticipated for
small price increases over short time periods.

Effects of Congervation on Annual Budget Increases

In the previous section, total fuel consumption F was maintained
at one level, but price was allowed to vary with time. If fuel savings
from consetrvation measutes were also considered, F would fell with
time from its initial value FD. The ratio of F to FO’ here
tetmed t, can then be viewed as the weighted average of the relative
consumption curves for all ships and aircraft. Because of the large
uncertainties about the actual course counservation will take, this
function is assumed to be a straight line. With the value of r at
time te denoted by Tes this is written

r= F/Fo =]« (1 - rf)t/tf . (B~10)
Now equation B-4 is modified to read

¢, = ¢, (1 + 1c)t [1 - - rf)t/tf] . (z-11)

This expression 1s then substituted into equation B~7. The left-
hand side of this equation is not altered; the integral on the right-

hand side is not difficult to evaluate, because T and tf ave

B-4
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constants. The result 1is

t t
(1+1)f c (1+1)f-1
1 (1B+1 )—1"%*%9' ln(lc+i) -t (B-12)
n B 0 c
Co 1 - rf

Bo v, [1aq1 + 1C)] 2

t
£ -
x{ 1+ (1 + 1c) [tfln(l + 1) 1]

Equation B-9 indicates that for the case of no conservation, iB
approaches zero as 1, does. However, this is no longer true with
conservation being considered. To examine the latter situation, the
right-hand side of equation B-12 is first expanded for small ic, and

then the limit as ic approaches zevo is taken, which gives

(2]

i
141,) F -1 1 %
Ta(l + 1y 72 By (- (1, *©) . (B~13)

The above relation enables the effective annual budget increase with
conservation and a constant fuel price to be calculated. It may be
realized that 1, 1s now negative, indicating that the budget actually
decreases. Equation B-13 can be approximated by expanding the left-hand
side for small values of in. The result is

C0 1 - T,
iy ®- 5 t (1 * 0, |15l <« 1) (B~14)

o

This implies that the annual budget drop is proportioanal to the
slope of the linear conservation fuaction, with ne price increase and
gsmall 1, Furthermore, it confirms that iB vanishes when T = 1,

which is the proper tesult.



EXCESS FUEL COST3 PAID FROM PROCUREMENT BUDGETS

Another case to be considered involves charging ewcess fuel costs
above a minimum level against procurement accouunts. In chia case, fewer
ships and aircraft can be bought to make up for attritfon, thereby
causing a drop in force structure with time. 1t 1s assumed that forces
woulé have remained at their initial level under the situation of no
price increases. In addition, the avevage annual fuel consumption of a
tynical uvitt is presumed to sray the saame.

For simplicity, calcuiations performed in this section are based on
characteristics of an average ship or afvcraft. Initislly, ihe number
of such average units is assumed to equal the total number of ships or
aircraft from the first sectioa of this appendix. With the subscript
} referring either to all ships (j = 8) or to all aircraft
(i = A), this is expressed as

:g = 3 By 4 (3 = S,A) . (B-15)
k

Now, an average vate of fuel consumption per unit is defined by

(j = 5,4), (B~16)
k

Ljﬁ:L;”o

J— 1__ -
HR 0 2 Ny Mg B
h |

which is a constant over the time period. 1In essence, it vepresen:s the
annual fuel consumption of all ships (or rircraft) dividea by the total
numbetr of ships {or aircrafi) before changes are made due to puice
increases.

The effect of these price rises from FY 1981 to FY 2000 is to
increase fuel costs above a base level. At time step 1, costs are
Jdeaoted by Ci, bhut Ci represents the bLase cost. This last quantity
may either be kept equal to the constant Cg. ot be allowed to rise
yearly by an amount 1,. This is written

cf;l- cg (1 + 1*) 1, (B-17)

B-6




Tor I, = 0, this bace remains conestant at ihe inicial level. The
methodology involves reducing the force atructure N% from the previous
year by the equivalent number of units that could have been brought from
procucesment funds, but which instead were used to pay for excess fuel
costs above C&?l. This calculation is thea

G i
x§+3 - Ni - _j__z___ii_ , (B-18)
N 3

where bj is the acquisiton cost of an average unit.

Equation B~1 indicates that fuel costs ave computed at step
{ +1 by the formula

C P F

§+1 - 1+1 i;+1 - Pi+1 N::ll+1 T (B-19)

j *
If equation B-19 is substituted Into equatfon R~18, N§+1 m~y be solved
for ‘n the fors

na et /s,
4 2 2 . (3-20)

Because at time steg 1 + 1 ail quantities on the right-hand side of
thls recursice rela:tlon have alreszdy been determined, the force struc-
ture can alsc be computed. Equation B-19 is then emploved to give the
fuel cost.

§£§ects of Conservation on Force-Level Reductions

In the derivation of equctions B~19 and B-20, it was assumed that

HR, did not vary with time. This veatriction can be changed to include
fuel savings from conservation. If these savings are apportioned over
all ships or aircraft in relation to their unit consumption rates, a
congunption factor rﬁ is chosen in such a way that

Rij - r§ Ry * (B-21)

B-7
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Thus, t1 is the same factor for each ship and for each ailrcraft,

depending on the value of j. Variable Rk stays equal to the value
for each unit assigned in the previous section, but ol registers the
drop in consumption as time progresses. In line with equation B-10,
this factor is represented by the linear function

i
rj 1-(1 rjf) i/if (B-22)
with rjf and i replacing e and tes tespectively.

Fuel consumption per average unit from equation B~16 is now
modified to read

ot . L i = IR -
B Ng %Nkj“kj € Ry = vy R, (3-23)

which results in the vevision of equations B-19 and B-20 to

N +Ci+1/b

i+l ] * 4
N, - o= (B-24)
3 i+1 1+1
1+ . HR / bj
i+l i+ i+l 14l —
= . {B- 5
< PN mzj {B-25)

Note that by setting T £ 1, these relations reduce to those of

the previous case. In this study, the following values were adopted:

ig = 19 and rjf was .815 for ships and .900 for aircraft.

CHANGES IN OPERATING TEMPO TO KEEP A CONSTANT FUEL COST WITH RISING
PRICES

Instead of paying for excess fuel costs from other sources than
normally used, the Navy could choose to hold down the cost of fuel. 1In
this section, the reducticns in the Navy's intensity of operations
required to xeep its fuel costs constaat atve calculated. It is assumed
that forces and consumption rates are held constant. Alsoc, effects of
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conservation are included. At one instant in time, an altered value of
the fuel consumption per unit is computed from

— 1 —
' om o - -2
“Rj Ng %. Nkj hj ij tj Rkj hj rj HRj , (B-26)
where:
hj - Hij/ij and rj = R&j / Rkj . (B~27)

Both h;, and r, have been assumed to be the same for each ship and
aitcrafg. The former represents the velative operating tempo in the

modified situation to the original level; conservation 1s again intro~
duced through the factor «r._.

3

The adjusted cost of fuel 18 set equal to the original cost Cg-
Equation B-1 may then be employed to yleld

P' Ny HR) =P N HR . (B-28)

Because force levels have been maintained unchanged, they may be can-
celled in the above relation. Substituting equation B-26 into equation
B-28 and vearrvanging them gives the result

h, = 1 (B~29)

i rjP'/Po )

This indicates that the ratio of altered~to-original operating
tempo is 1lnversely proportional to two factors. The first represents
the effects of congservation, and the second gives the velative price
change.
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APPENDIX C

COST AND ENERGY CONSIDERATIONS
FOR NUCLEAR SHIPS

WUCLEAR FUEL COSTS

The Navy pays for nuclear fuel in a differeut manner than it does
for conventional fuel. 1lnstead of purchasing it through the Defense
Fuel Supply Center (DFSC,, the Navy contracts with the Department of
Energy for an entire reactor ruel loading, but then pays for only the
amount of uranium consumed during each period. This "uranfum buvrnup
charge” was included in performing calculations of the annual operating
costs of nuclear ships in [2-1]. The nuclear fuel costs were taken from
Admiral Rickover's testimony to the Senate [C-2] and then adjusted for
future price increases.

The price of nuclear fuel was escalated using projections made by
the Electric Power Research Imstivute (EPRI) f[C-3]. With FY 1981 as a
base, EPRI expects the price of uranium fuel in the civil sector to
increase linearly each year by 3 percent above {nflation, under condi-
tions of no reprocessing. Although the Navy is presently reprocessing
spent nuclear fuel, this estimate was judged tc be the most reasonable
of those available.

With a 3-percent rise over the sghip‘'s lifetime (40 years, including
construction time), the average uranimm buraup costs should be about
77 percent greater than FY 1981 levels or 88 percent above FY 1979
costs. This burnup charge represented la:v than 0.3 percent of the
adjusted life-cycle costs of the ships cornsidered in the analysis.
Thus, large changes in the burnup charge =i:er the life-cycle costs only
slightly.

A price rise of 3 percent might appear romewhat low. Although the
future of uranium costs is uncertain, indirect support for the 3-percent
figure comes from [C-4]. This paper anticipates that the U.S. will
become dependent on inexpensive foreign sources of uranium within a
decade, unless giant domestic uranium depssits can be found soon. The
availability of abundant and inexpensfve fore'zr ursiuium, partially from
such glant deposits, is expected to nold down prices.

Although this view is in contrast with recent experience witb oil,
it reflects to a degree the situation encountered a few decades ago in
the petroleum industry. On the other hand, the dlscovery of huge U.S.
uranium svpplies would probably also serve to keep prices low.




ENERGY REQUIREMENTS OF NUCLEAR POWERPLANTS

A widaly held view 18 that nuclear power is a net energy deficit
for the nation, because of the large amounts of energy requived to
process nucleat fuel. Even if this were true, it might not be a valid
objection to the use of nuclear propulsion by the Navy. This is because
nuclear power still replaces petroleum fuel that the Navy would other-
wise need. This fuel could either be in short supply locally during
crises, otv could rise drastically in price, as was already discussed.

Nevertheless, the argument that nuclear powerplants consume more
energy over their life cycle than they produce has been shown to be
incorvect by a study done in the civil sector [C-5]. The results of
this study indicated that the output electrical energy of light water
reactors can be more than 3.5 times the total energy required for its
production. Because some of that input energy is supplied by the
plant's nuclear fuel, the electrical output energy was also shown to be
more than 20 times the amount that could be potentially input by fossil
fuels. The nuclear fuel used by Navy ships is more highly enriched,
however, so that these tresults would have to be modified to be directly
applicable.

DISCOUNTING THE COSTS OF NUCLEAR AND CONVENTIONAL SHIPS

The discount factors given in table 7~1 for each component of ship
life-cycle costs were used to determine the discounted costs also pre-
sented :here. The calculations performed to establish those factors are
outlined below.

A general velation for a discount factor (DF) is given by the
compound interest formula

i
2 a1
we 3 —
1-11 (1 +4d)

where d 1is the discount rate (assumed in this study to be 0.10), a,
is a coefficient that varies with index i, and 1 rtepresents the
years 1981 to 2021 by the corresponding numbers O to 40. The summation
is carried out from 1 year, which corresponds to 11, through a second
year, vepresented by 1i,. The values of 1,, 1,, 'and a,6 were
deternined for each component of the life-cycle costs as follows:

Procurement:

=1, 1, =10 .

i, 2




Hu,

The coefficients a, are, from [C~6]:
i= 1 2 3 4 5 6 7 8
ai = 0026 n13a 019 u16 015 |13 006 '06

Midlife conversioa:

11 = 12 = 25 .

is a coanstant; a, =1,

0&S and coaventional fuel:

ay

1, =11, 1, = 40 ,

2

ay is a constant; a, = 1/30 .

c-3

w

«05

19
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