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PREFACE

Beyond supporting research, development, and demonstration projects,
government energy policy is directed toward introducing new energy tech-
nologies into commercial use. Considerable policy attention has been
focused on the commercialization of energy process plants that produce
substitutes for imported petroleum and natural gas., These include the
production of crude oil from o0il shale and gas from coal or biomass.
Commercialization refers to the adoption of a technology for general
use by the private sector after most questions of technical feasibility

have been resolved.

This report discusses the principal economic and institﬁéional;
problems surrounding the commercialization of surface'biiiéhale tech-
nologies. The study was conducted for the Department of Energy and its
predecessor, the Energy Research and Development Administration, as part
of an overall Rand program of research and policy analysis. A companion
report by William F. Hederman, Jr., Prospects for the Commercialization
of High-Btu Coal Gastification, R-2294-DOE, April 1978, addresses similar
economic and institutional issues arising in the commercialization of

synthetic natural gas from coal.
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SUMMARY

This report examines the problems and prospects for the commer-
cialization of o0il shale from surface retorting. Commercialization
refers here to the process of private sector adoption of a technology
for general use after most of the technological uncertainties have

been resolved. The report addresses three primary questions:

0 What economic and institutional constraints are currently de-
laying the introduction of surface retorting plants by the
private sector?

o What kinds of govermment policies or actions might remove or
mitigate constraints on commercialization?

o In light of the constraints and the feasibility of actions to
mitigate them, what would be realistic goals and schedules for

commercialization?

Three categories of constraints and uncertainties can be identi-

'

fied: technical constraints relating to the performance characteristics

of the technology; economic constraints on the ability of the technology
to yield an acceptable rate of return to investors; and institutional
constraints that arise from the organizational and political context

in which commercialization takes place. Because surface retorting in-
volves relatively well understood technologies, this study deals almost
exclusively with economic and institutional constraints.

In early 1974, when OPEC tripled oil prices, it appeared that the
longstanding cost barrier to oil shale commercialization had been re-
moved. It was then estimated that oil from shale would have to be
priced at only $8.00 per barrel to earn a 15 percent rate of return to
investors, well below the OPEC price. By the end of 1974, however,

some revised industry estimates exceeded $19.00 per barrel to earn the
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same rate of return., Capital cost estimates made since the end of 1974
by industry have been about four and one-half times the estimates made
in 1971,

Four factors are responsible for the increases in capital cost
estimates: (1) increases in the general price level that account for
about 12 percent of the total increase, (2) increases in the costs of
capital construction throughout the econoemy, over and above general in-
flation, that account for an additional 6 percent of the total increase,
(3) costs of environmental protection, which can account for between 8
and 20 percent, and (4) a large residual, much of which can be attri-
buted to better knowledge of costs as a result of more complete plant
design. The serious underestimation of costs based upon plant designs
prior to the completion of a final design for actual plant construction
poses important difficulties both for government energy planners and
corporate investors. The federal govermnment has had to scale down its
plans that called for a major contribution to energy supplies from oil
shale, and oil companies have lost substantial sums of money.

The underestimation of capital costs for first-of-a-kind energy
plants appears to be commonplace, notable examples being the experience
with plants for high-BTU gasification of coal, coal liquefaction, and
nuclear power. 1In the future the problem might be eased through such
measures as government cost-sharing of definitive plant designs to pro-
vide more confident. cost estimates on a timely basis, and developing a
data base on cost experience with industrial first-of-a~kind plants in
the chemical processing and electricity generation industries, Such.a
data base would permit a more quantitative analysis of the factors that
have driven estimates upward between preliminary design and first—of-
a-kind plant construction.

At present, the cost of shale o0il is the principal barrier to the
commercialization of surface retorting processes. Potential developers
now estimate that cost at about 50 percent above the current world oil
price. The time when shale oil will become cost-competitive obviously
depends on the relative changes in world oil and shale oil prices.
Major factors that will affect the shale oil price in the future in~

clude the accuracy of current capital cost estimates, changes in real
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capital and operating costs (including those arising from possible bot-
tlenecks in construction), additional environmental, tax, or other
governmentally imposed costs, and technical advances and learning effects.

Currently, shale oil from surface retorting is estimated to cost
$20 to $26 per barrel (in 1977 dollars) to maintain a 15 percent dis-
counted cash flow rate of return on an all-equity basis. Shale oil
costs, however, are sensitive to a number of assumptions: capital costs,
interest rate on debt, plant availability, state and local taxation,
and environmental policies, Uncertainties surrounding these factors
mean that costs could go even higher than the range of current esti-
mates. Assuming that shale o0il costs will in fact remain in the $20
to $26 per barrel range, and assuming a 2 percent per annum real in-
crease in world oil prices, shale oil from surface retorting would be-
come competitive between 1995 and 2008. ‘However, capital costs of large
plant construction and operating costs for chemical and refinery plants
have outpaced inflation over. the past decade. A continuation of these
trends would dim the prospects for competitive shale o0il in this cen~
tury. At today's low and high estimates of $20 and $26 per barrel of
shale oil, a 4 percent and a 5.5 percent per annum real increase in
world oil prices would be necessary to achieve competitiveness by 1995
if past increases in capital and operating costs are extrapelated into
the future.

Bottlenecks in the supply of components and engineering services
for plant construction could also affect shale oil costs during commer-
cialization., Bottlenecks would lead to sharply increased costs or
major delays, or both, for plants under construction. The potential
for bottlenecks in o0il shale cannot be isolated from other economic
factors in general and other energy plant construetion in particular.
Architect—-engineering services appear to represent the most serious
potential for bottlenecks if, as a result of very sharp increases in
world oil prices or a govermment subsidy program to deploy oil shale
and other synthetic fuel technologies, a rapid buildup to more than a
million barrels per day over 10 to 12 years took place. Architect-
engineering services are subject to bottlenecks because only 6 or 8

firms have the wide range of skills necessary for oil shale plant
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design and construction, and lead times of 5 to' 8 years are necessary
to expand supply in certain critical areas.

Decreased costs through learning have been sometimes cited as off-
setting future increases in capital and operating cests. If a learning
factor of 10 percent were assumed for shale plant construction, meaning
that costs would decline 10 percent with each doubling of the cumula-
tive number of plants, then the cost of the sixteenth plant would be
only about two-thirds that of the first, assuming other factors remain
constant, Unfortunately, for several reasons, such significant gains
from learning are highly unlikély for surface retorting plants: (1)

A considerable portion of shale oil capital costs are either not con-
sidered reducible through learning or occur in well-established tech-
nologies that have already attained most of their learning gains; (2)
because o0il shale plants will be site-specific to. some -extent, it will
be difficult to duplicate experience that is critical to learning; and
(3) changes in eunviromnmental and safety rules may force plant redesign
and disrupt learning., As a result, a learning factor of 2 to 3 percent
is probably as much as can be hoped for.

Commercialization is also constrained by institutional problems,
The most serious of these appears to be the availability of water.
Water allocations in the semiarid shale region are subject to a variety
of laws, compacts, and restrictions governing the Upper Cplorado River
and are subject to intense political pressure. . Surface retorting plants
would probably encounter difficulty in obtaining water at an industry
gsize of one million barrels per day. This problem would become pxro-
gressively more severe as the industry approached two million barrels
of daily capacity, especially if the industry buildup were rapid. Other
important instutitional constraints include uncertainty over future en-
vironmental regulations, legal challenges to oil shale production from
environmentalists and others, and a currently unfavoerable climate for
investment in oil shale by o0il companies due to uncertainty about the
effects of the proposed crude oil equalization tax and the continuing
possibility of divestiture legislation.

At the present time, a government commercialization effort for oil

shale surface retorting would not be likely to result in a viable
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industry in this century. Alternative oil shale technologies such as
modified ¢n situ processes offer prospects of lower shale oil costs,
but are less well developed. Data on modified in situ processes are
not abundant enough as yet to permit serious estimates of commercial-
scale costs. Consequently, government decisions regarding the commer-
cialization of modified Zn situ technologies should await the comple-
tion of further technilcal tests and an independent definitive plant

design.
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Chapter 1
INTRODUCTION

Since the Arab o0il embargo and subsequent '"energy crisis" of
1973-74, the federal government has been more active in promoting the
development of new energy technologies. It has increased its funding
of energy R&D, and has been contemplating major programs to. accelerate
the commercialization of nonnuclear technologies.* Between -1974 and
1976 there was active discussion within the federal government and in-
dustry of whether and how the government might promote the early estab~-
lishment of industries to produce substitutes for petroleum and natural
gas. Two major task forces addressed the issues, and two legislative
proposals calling for large subsidy programs were submitted to Con-
gress.T Congress did not enact legzgiatloﬂizs accelerate the use of
0il shale and other synthetic fuels, however; meanwhile, the United
States has grown increasingly dependent on foreign supplies of oil,
and estimates of world supplies of petroleum and natural gas are fraught

with uncertainty. If another oil embargo occurs or if world oil prices

begin to climb rapldly because world productlon peaks sooner than ex—z
I R

‘pected, the percelved ‘need to speed ‘the 1ntroduct10n of domestlc sub—

stitutes could quickly return. We would define a rapidly accelerated
buildup to be the production of 3.5 to 4 quadrillion BTU'KEEEEESfBEEf
year over a 12 to 15 year period, or about two million baEEEIE*EEE“EAy;
This report analyzes the commercialization prospects for one such
technology: surface retorting of oil shale, = The analysis is one com-
ponent of Rand's study of constraints on the commercialization of energy
process plants that produce substitutes for imported petroleum and na-

tural gas. Energy process plants--oil shale, coal gasification, coal

*The government's involvement in nuclear power technologies dates
back more than 20 years. The Power Reactor Demonstration Program was
the first major commercialization program undertaken by the federal
government,

The Project Independence Task{Force and the Inté;;gEHE;ﬁE;ﬁZ7§ﬁ§Er
on Synthetic Fuels Commercialization. o '



liquefaction, and liquid and gaseous fuels from waste and biomass~-share

a number of characteristics that are important for commercialization

planning:

o} These plants use abundant resources, such as coal or oil shale,
or potentially abundant resources, such as biomass. They
could, therefore, become large and long-term sources of sub-
stitutes for the scarcer petroleum and natural gas reserves.

o All are more capital-intensive than conventional oil and gas
sources.,

0 Most of the process plant technologies are expected to achieve
minimum cost per unit output at large plant size, which, com-
bined with capital intensiveness, means that very large cap-
ital plant outlays are necessary.

o For the most part, until 1974, the private sector developed
energy process plant technologies with minimal gevernment
support. This is in sharp contrast to nuclear power develop~
ment, in which the govermment has acquired most of its experi-
ence in aiding the commercialization of emergy supply technol-
ogies,

o Finally, the energy process plant technologies entail long
commercialization planning horizons, Construction of a single
plant takes four years or more, and the orderly buildup of a

sizable industry would take many more years.
The principal questions addressed in this report are:

1, What economic and}institutionalfbonstraints could delay or

prevent the commeféialization of 0il shale?

2., 1In light of the constraints and of the feasibility of actions
to mitigate them, what would be realistic goals and schedules
for commercialization of oil shale plants?

3. What are the lessons from previous government attempts to ad-
vance the commercialization of the technologies, and in what
areas is the curfent knowledge base insufficient to assess

commercialization issues?
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Issues of why the government should become involved in commercial-
ization are important but are not the subject of this report. Govern-
ment involvement in commercialization may be justifiable when the pri-
vate sector declines to undertake, or withdraws from, an enterprise
that answers a pressing social need or otherwise promises important
social benefits. The penalty of inaction by both sides may take the
form of forgone social benefits, such as the value to national security
of assured domestic supplies of o0il, or the form of costs (externalities)
imposed on society, such as damage to the environment., The private
sector occasionally fails to promote the socially optimal use of a tech-
nology because the govermment is already intervening in a way that dis-=
courages use of the technology (for example, through price regulations).

Market failure is only a necessary, not a sufficient, reason for
govermment involvement. Only if the benefits of government involve-
ment exceed the costs, appropriately discounted, is government action
justified. The relevant choices are not between efficient markets and
inefficient government, or between efficient government and inefficient
markets, but between inefficient govermment and inefficient markets.

The key is to know which one will be less inefficient in a particular

situation,

DEVELOPMENT, COMMERCIALIZATION, AND DEPLOYMENT:

In this study, commercialization refers to the process of the pri-

vate sector adopting a technology for general use after most uncertain-
ties surrounding technical feasibility have been resolved. Commercial-
ization may take many years,.or only a few, depending on relative
economic advantage and constraints on the use of the technolegy. 1In
the United States the private sector undertakes most commercialization
of new technology without direct govermment involvement, although the
level of governmment activity in aiding commercialization has expanded
greatly in the past ten years, especially through the use of demonstra-
tion projects.* We are most interested in the initial period of com-
mercialization—-roughly, from the time that the results of development

* ,
See W. S. Baer, L. L. Johnson, and E. W. Merrow, Analysis of Fed-
_erally Funded Demonstration Projects: Final Report, The Rand Corpora-
tion, R~-1926-~DOC, April 1976,
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activities are known to the time that the continued expansion of use
of a technology is self-sustaining in the private sector. Tn partic-
ular we are concerned with how the govermment might facilitate or
accelerate the initial phases of commercialization.

It is important for our purposes to distinguish between develop-
ment and commercialization and between commercialization and deploy-
ment. Development activities focus principally on the resolution of
technical and, to a lesser extent, economic uncertainties surrounding
the use of a process., Commercialization activities are directed at
promoting the immediate use of a process by the private sector, and
address principally nontechnical uncertainties or economic and insti-
tutional constraints on the use of a technology by the private sector.

A government commercialization program should -also be distinguished
from a govermment~sponsored deployment effort. Underlying a commercial-
ization effort, on the one hand, is an assumption that any constraints
on the use of the technology by the private sector are temporary, and
that the commercialization effort will hasten overcoming those con-
straints and thereby accelerate the introduction of a technology that
would have been introduced in the long run by the private sector with-
out govermment assistance. A deployment effort, on the other hand,
requires no such assumption, because it is usually a response to a major
crisis. -During World War II, for example, the federal government sub-

sidized the deployment of synthetic rubber plants as part of the war

effort. It was merely/éerendipitous that the synthetic rubber pro-.

cesses subsequently became competitive with nmatural rubber and commer-~
cialization occurred.

Both deployment programs and commercialization efforts for energy
process plants have been suggested as strategies for increasing U.S.
domestic energy production to counter the political and economic lever-—
age of the OPEGC cartel, Although both approaches have the same goal—--
augmentation of energy supplies—-they imply very different relationships
between the govermment and the private sector. A deployment effort can
be planned and paced largely by the government. It is in many respects
a "closed system" similar to weapon system acquisition by the Depart-

ment of Defense, The role of the private sector may be limited to the



construction and perhaps operation of the plants. Decisions to adopt
*

are made by the government. Commercialization, by coentrast, requires

a close interface between govermment and potential{ﬁafgﬁaggzg_afifﬁg‘

technology.in the private sector.

CONSTRAINTS ON COMMERCIALIZATION

Successful commercialization of a technology ultimately depends

upon only one factor: profitability., No matter how actively the
government promotes a technology's introduction, commercializatiom will
not occur if industry cannot obtain a positive return on its investment
comparable to what other investment opportunities may offer. In con—
templating the prospects for successful commercialization, both govern—
ment and industry may need to consider a large number of factors that
may affect profitability. These factors fall into three interrelated
categories: technical, economic,.and institutional. Within each cate-
gory, problems and uncertainties may arise that jeopardize commercial-
ization by reducing profitability or increasing risk, or both. These
problems are '"constraints."

Technical constraints and uncertainties frequently center on the
performance of a process with scale-up from pilot or demonstration

plants. A technical barrierfiooms if,an advance in the technological

state of the art is necessary to'meet system performance goals; for
example, scale-up may demand that a component perform beyond the capa-
bilities of available equipment. The seriousness of such barriers
would depend on the completeness of the development effort, and the
extent to which the technology involves novel elements.

Eeonomic constraints and uncertainties vary substantially between
technologies that produce a substitute for an old product and those
that produce largely new products.

In the former case, economic uncertainties and constraints center

*Government deployment programs eliminate the need for private
sector investment decisions, but do not necessarily avoid institutional
constraints. Environmentalists, for example, could be expected to
resist a govermment deployment effort for synthetic fuels plants as
vigorously as they would resist commercialization by the private sector,



on cost. -In unregulated markets, an economic barrier arises if the
output of the new technology cannot be sold at the prevailing price

and yield an acceptable rate of return to investors.* Cost uncertaihty
may stem from residual uncertainty in the technical dimension or from
uncertainty about the cost effects of accommodating institutional con-
straints. As we will discuss in the case of oil shale, however, cost
uncertainty can also exist independently of the other dimensions.

In the case of a new product, economic constraints and uncertain-
ties are more complex because consumer response to the product at dif-
ferent prices may be unknown, consumer resistance to the product may
have to be overcome, and new markets may have to be established.

Institutional constraints and uncertainties arise from the organi-
zational and political context of commercialization. The institutional
milieu will always be influential, as either a help or a hindrance.

The extent to which it constitutes a constraint will depend'largely on
the extent to which commercialization entails a conflict of values and
interests among those involved in and affected by the new technology.

For commercialization to occur, a technology must remain within
constraint ceilings in all three areas, or the technology must be
changed to accommodate the constraints. Recognition that the three
types of constraints are highly interdependent is not only ebvious,
but crucial, for understanding commercialization. Constraints in one
area can often be traded off with those in another. Technical con~
straints can often be mitigated by relaxing performance goals, but gen—
erally at the price of less favorable economics than estimated with
higher performance goals. Costs may be reduced by relaxing institu-—
tional constraints, such as environmental goals. And of course, en-

vironmental regulations. are frequently met by changes in t_he_t;echnology.Jr

*In regulated markets such as natural gas, decisions of regulatory
commissions substitute for the forces of the market. Nonetheless, a
regulatory decision to allow a new technology to be used is generally
affected by its relative costs.

TTradeoffs also may be made within the types of ‘constraints. An
obvious example would be tradeoffs between capital [costs and operating
costs,
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The chances for successful commercialization are determined by the
amount of latitude in which the technology can be adapted to cope with
technical, economic, and institutional constraints without encounter—
ing barriers. 1f, for example, .the relative economic advantage of a
technology is very large, then extensive accommodations to environ-
mental goals can be made before an economic barrier is reached. If the
technical performance requirements of the system are low, relative to
the existing state of the art, there may be ‘room for reducing economic

or institutional comstraints through improved technical performance

goals. But if performance goals are high, the costs atefcloseTto or
above competitive selling prices, and institutional barrierégggé being
pressed, then the technology is a poor candidate for successful com—
mercialization unless the ceilings on the constraints can be raised.
The usual response of the private sector in such situations is to post-—
pone commercialization pending technological improvements, increases

in market prices for the products, or improvements in the institutional
climate, It is the dilemma and challenge of government commercializa-
tion planners that the technologies they consider are usually poor
candidates for immediate commercialization; otherwise, the private sec—
tor would be vigorously pressing forward on its own. .By our previous

definition, a technology meriting government support. is one that may

ultimately be/commercialized by private efforts, but on too slow a

schedule to suit social needs. In that case, the only recourse for
government commercialization planners is to attempt to.relax constraints
by changing the points at which barriers are encountered: technical
barriers, by R&D; economic barriers, by some form of subsidy; and in-
stitutional barriers, by a variety of actions, such as changes in ad-
ministrative rules and regulations, legislation, and political persua-
sion. To know which actions (if any) to take, the planner must kiow
the point at which barriers are reached for a technology, what factors
determine them, and the extent to which lifting the ceiling on one type

of constraint will affect the levels of others.

CONSTRAINTS ON THE COMMERCIALIZATION OF OIL SHALE

Shale o0il is derived from fossil organic matter--kerogen~-trapped

in marlstone rock. The world's richest deposits are found in the
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Piceance and Uintah basins of Colorado, Wyoming, and Utah. When treated
with heat, the kerogen is released and can be upgraded into a high~-
quality refinery feedstock to substitute for conventional petroleum.
Western U.S. oil shale reserves are immense: Over 1.8 trillion barrels
(over 15 gallons per ton) are in place, of which about one-third is
considered recoverable. As shown in Table 1.1, the 243 billion barrels
of high grade shale compares favorably with the Middle East petroleum

reserves, and dwarfs the Alaskan North Slope reserve.

Table 1.1

KNOWN RESERVES IN THE UNITED STATES AND MIDDLE EAST
(In billion barrels)

Western U.S. oil shalea eseecsvsacssasscansees 243

PetroleumP
Middle EQSt eicenccscacseasasscasacsannasaes 268
NOorth SlOoPe ceviececncaccaessaccccsccannasans 9

Continental U.S. .ciieeveereenceccanccnacnass 33
Most accessible reserves will yield 25 gallons
or-more.per ton.

b .
Recoverable at current prices.

0il shale is second only to coal as a U.S. fossil fuel reserve,
and is by far the nation's largest reserve of liquid fuels. Shale oil,
if produced, might be expected to direétly feplace imported petroleum—-—
a major goal of current U.S. energy policy.

There are three basic types of technologies for the extraction
(retorting) of kerogen from shale: <n situ (in place) retorting, which
requires no mining; modified in situ retorting, which requires partial
- mining; and surface retorting, which requires complete mining and trans-
port of the shale to a processing facility. (See App. A for more
details,) All three have been known theoretically for many years, and
varying levels of R&D have been performed on all three for at least 25
years, but they have reached different levels of technological maturity.

The technological feasibility of Zwm situ retorting for deep re-

serves is still in doubt. In situ methods are in early development,
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and by most estimates are at least 15 or more years away from avail-
ability for commercial use. In situ research has been funded and con-
ducted largely by the federal government through the Bureau of Mines
and the national laboratories,* but some has been conducted by oil
. firms. Until recently, the principal oil firm conducting <in situ re-
search was Shell 0il.

Modified Zm situ technology development has received only a low
level of govermment funding; it has been pursued more vigorously by
the private sector, primarily Occidental Petroleum Corporation. Oecci-~
dental's process, on which a number of patents have been obtained, has
proceeded through the pilot stage and is currently being tested at near
commerical scale.+

The most mature technology for shale oil recovery- is the]?ﬁ?%gggj
process., Since World War II, the federal government and privége firms
have piloted at least six types of surfacé retorting technologies.
They differ primarily in their methods of hedting the shale to pyrolysis
temperatures, about 900° F. (See App. A for details.) Although none
of them have been scaled up to commercial size even as a module, in-
dustry and government are confident, owing to extemsive experience and

the basic simplicity of the technology, that scale-up will encounter

kThe Laramie, Wyoming, facility of the Bureau of Mines, now part
of DOE, has conducted 47 situ research for shale since 1963, with cur-
rent budget outlays of $1.3 million. Lawrence Livermore Laboratory
(LLL) began researching the feasibility of using nuclear explosives
for im situ fracturing in the early 1960s. Modified in sitZu research
has been conducted at LLL since 1973, with current budget outlays of
$2.5 million. 1In addition, the Office of Coal Research, also now .part
of DOE, has conducted an extensive program of <n. situ work for coal
that has partially benefited the in situ shale program.

+Although Occidental is clearly pursuing development, it is dif-
ficult to assess the state of the art for Occidental's modified im situ
process in the absence of independent data. The large retort ignited
‘in fall 1976 was less successful: than hoped,.  although-O¢ccidental appears

not to be [disturbed about it, Public announcements of when|Occidental .
‘will have a commercial facility in operation are also -unclear. It has-
simultaneously been suggested that it could be as soon as 1981 or as
late as 1985. Rio Blanco, a consortium of Standard of Indiana and Gulf
0il, has recently announced plans to{employ’itsvownlmodified'in,situ\v
process for oil shale traét C-a in Colorado.
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no serious technical difficulties. Other aspects of the extraction-
to-finished-product process are: mining, spent-shale disposal, and
upgrading (partial refining). Because these aspects involve no new
technology, this report discusses the problems of surface shale tech-~
nology commercialization. Where issues and conclusions are applicable
to pure or modified Zn situ development, ‘that will be explicitly noted.
A surface shale oil production complex entails a series of large-
scale operations. First, using neither underground or open pit mining,
over 65,000 tons per day of oil shale must be mined to feed a 50,000

barrel per day production facility. The mined shale is conveyed to a

nearby plant where the rock is crushed toia size appropriate for the

particular retorting technique employed. 'A 50,000 barrel per day fa-
cility employs 10 to 12 retorts (heating vessels) in parallel. The
retort products are raw shale oil, gas (usually of low heat content),
and spent shale amounting to 85 percent of the input shale by weight
and over 100 percent by volume. The raw shale oil is either sent to

an on-site upgrading plant where sulphur, nitrogen, and other impuri-
ties are removed, or is treated with chemicals thatrmake it possible to
pipeline the raw shale oil to an upgrading plant and refinery near
market points in the Midwest or on the West Coast. Upgraded shale oil
("syncrude") would be pipelined to refineries without additional treat-
ment. Shale syncrude is a high-quality substitute for conventional
petroleum crude and can be refined with conventional techniques. The
large quantities of spent shale must be either landfilled or partially
returned to the mine. (Complete return is impossible because of ex-
panded volume, Back-filling the mines is also more costly than land--

fill.) By-products from upgrading are elemental sulfur. (about 160 tons

per day), ammonia (about 135 tonS‘peragay), and cgiés(about 660 tons perr

day). A 50,000 barrel per day facili;yaémploying underground ﬁ;ning
would consume between 6000 and 9000 acre-feet of water per year with
no return flow.

Although this report focuses on economic and institutional con~
straints and uncertainties, their relationship with technical coanstraints
is discussed at a number of points. There are two reasons for this:

(1) Surface o0il shale technologies are considered well known (only
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minimal uncertainties are thought to remain), and (2) surface technol-
ogies offer little scope for modifications to reduce either economic

or institutional constraints. With surface technologies there is no
way to avoid a very large mining effort, a very large plant, and dis-
posal of very large quantities of spent shale., Although some possible
improvements in surface technologies are now in the development stage,*
available technology offers little promise of markedly improved per-
formance, Despite more than thirty years of development, surface shale
technologies today are not markedly superior in expected performance

characteristics to those of a generation ago. The fact that surface

‘shale technologies are costly and unlikely to become cheaper reduces

| the scope for tradeoffs between technical and economic and institutional

constralnts, and thereby reduces their prospects ‘as candidates for com-
mercialization, It also increases the salience of économic and insti~-
tutional constraints.,

In preparing this case study of the prospects for surface o0il shale
commercialization, we reviewed the extensive literature on oil shale
going back to 1950; and we interviewed government officials involved
in 0il shale development at the federal, state, and local levels,
representatives of major oil shale developers, members of architect-
engineering firms with oil shale development experience, and members

of citizens groups in Colorado and Utah concerned with oil shale de-

velopment in the Piceance and Uintah basiné?\ )

q—

Chapters 2 and 3 explore‘economiC'cohstraints. Chapter 2 examines
why economic constraints continue to preclude the commercialization of
0il shale despite the rapid increases in world oil prices since 1973,
In particular, it examines the factors that have contributed to the
very large increases in the estimates for capital costs of surface
shale facilities, and discusses the implications of our findings for
how estimates might be improved for process plant technologies in the

~ future,

*The hydroretorting process being developed by~ the Institute for
Gas Technology may advance the state of the art in surface retorting.
The economics of hydroretorting are unknown and its commercial ~avail-
ability is a number of years away. F. C. Schora, et al., "16T/A.G.A.
0il Shale Process for 0il and/or Gas Production," Hydrocarbon Process-
ing, April 1977..
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Chapter 3 explores the question of when or if surface o0il shale
will become competitive with world o0il by examining the critical as-
sumptions that underlie projections of relative price changes, and by
assessing the escalation in: capital and operating costs, learning as-
sumptions, and potential bottlenecks in construction.

Chapter 4 discusses potential institutional constraints on the
commercialization of oil shale that might arise in both the private
and public sectors. Included are possible imperfections in private
investment decisions, problems raised by interjurisdictional disputes,
water allocation, and environmental policies.

Chapter 5 summarizes some of the implications of this examination
of 0il shale for the commercialization of energy process plants, and
suggests how the framework from this analysis might be applied to other

technologies,
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Chapter 2
OIL SHALE ECONOMICS, PAST AND PRESENT

For oil shale production to be commercially competitive, it must
séll at a price that allows at least a "normal" rate of return to in-
vestors and is no greater than the market price for a premium quality
refinery feedstock.* Figure 2.1 shows the relationship over time among
world and United States domestic oil prices, Saudi light crude prices,
and the estimated prices for upgraded shale oil that would be required
to yield a 15-percent discounted cash flow (DCF) rate of return on in-
vestment (ROI), assuming 100 percent equity financing of the/;;;5222+
(all in 1977 dollars).

Estimates of oil shale plant costs have been made by government

and industry firms since 1950. Estimates have been updated and de-

signs refined during periods when commercial intere;t in oil shale was
high. These studies, reported in App. B, have been used for both in-
dustry planning and government information.

As is obvious from Fig. 2.1, the estimated ceiling price required

for shale oil has always exceeded world and domestic 0il prices. 1In

*Upgraded shale oil ("syncrude"), because it is essentially sulfur-
and nitrogen-free, should bring a price slightly above Saudi Arabian
light crude==the benchmark against which world oil prices for different
grades are computed. Syncrude can be processed at existing refineries.

+Posted»prices of Saudi Arabian light crude Freight on Entry (F.0.E.)
are used as the benchmark of world oil prices. Until 1973, shale oil
had to compete with the prices of U.S.-produced crude, which were kept
above the world oil price by import quotas on foreign oil. The 15-
percent DCF on 100-percent equity was used as a basis against which to
normalize the cost projections of a large number of studies. The 15-
percent figure was chosen because (1) it was the most often used rate,
and (2) it is widely considered a necessary rate of return by the oil
shale developers. A 1l5-percent rate of return is considerably higher
than that which would be required for routine, low-risk business ven- :
tures. Given the high risk entailed in oil shale development, at least
in the initial period, 15 percent has generally been the minimum return
on equity capital felt to be necessary by potential oil shale developers,
A 10~percent rate of return target would significantly lower the selling
price necessary to balance cash flow, but not enough to compete with
current prices for world oil., See App. B.
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25

Selling price per barrel ($)

Fig.2.1— Prices of world and U.S, domestic crude oil, Saudi Arabian:
light crude, and required selling prices of upgraded shale oil
for 15% RO (in corstant § 1977)

only one study,*vpublished in 1963, did anyone project required shale
01l selling prices to be less than domestic crude prices, However,
during the mid- to late-1950s the Union 0il Company was actively in-
volved in a project that was moving toward the first commercial shale
facility. Union was very short of conventional crude supplies and felt
that shale would, on balance, be profitable from'an overall corporate
viewpoint. Union terminated its effort when it was able to obtain pe-
troleum crude supplies in 1958.

0il shale R&D by oil companies, development firms, and construc-

tion firms continued, however, primarily through consortium arrangements.

%
Henry Steel, "The Prospects for the Development of a Shale 0il
Industry," Western Economic Journal, Fall 1963.
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The next serious attempt to launch a commercial project did not
~occur until the steep climb in world oil prices began in 1973. This
project was an outgrowth of the Colony Development Operation begun in
1964. Colony began to move quickly toward developing its private land
holdings in Colorado's Parachute Creek. Given that the required sell-
ing price for shale had not been estimated at more than double the

world oil price since before 1962, the tripling of world oil prices

(in constant dollar terms) from 1972 through 1973 led Colony, among
others, to believe that oil shale's time had finally arrived. However,
by the time that the definitive engineering design for the Colony fa-
cility had been completed, the estimated project cost had risen from

an initial estimate of $255 million capital cost in 1972 to $960 million
in September 1975. The required selling price for a 15~percent DCF rose
from $6.60 to about $21.70/bbl.

Shale oil, therefore, has never been competitive with conventional
crude oil supplies. It is noteworthy, however, that considerable R&D
efforts by a number of private firms have continued throughout the past
20 years.T In addition, oil shale commercialization nearly became a
reality at least twice in the past two decades: in 1957-58 and again
in 1973-74. We can see that whenever estimated shale costs have ap-
proximated either domestic or imported oil prices, commercialization
plans have taken shape, and taken shape rather quickly. The private
sector not only has been intimately involved in R&D for surface shale
processes, but has been ready to move toward commercial deployment

3
whenever economic conditions have appeared to Justlfy it.— These

*Estimates do not provide for leaé—Tcosts, transportation, and R&D
cost recovery. Estimates of R&D cost are-not available. :

1~Despite the long history of R&D on surface retorting processes,
it is striking that little technological advanece appears to have taken
place. All of the surface shale retorting processes currently being
considered have been around in basic design for at least 20 years. Al-
though each process has undergone refinements, .no conceptually different
retorting processes have been seriously researched. in this period.

iglthough 0il companies appear to have been ready to go forward
with commercialization in the past, one cannot automatically assume
they will in the future. Environmental and other institutional con-
straints, discussed in Chap. 4, are more serious potential impediments
to commercialization today than in the past.



~16~

efforts were completely independent of any government subsidy or other
encouragement,

Figure 2.2 plots the change in estimates for the capital costs of
surface oil shale facilities from 1971 to 1977 as multiples of the 1971
estimate.* The most obvious and striking feature of Fig. 2.2 is the
very rapid increase in the estimated capital cost of building a shale
plant that occurred between mid-1973 and early 1975. Estimates escala-
ted from about 1.35 times the 1971 level in 1973 to about 4,4 times
that level in 1975, If the estimated costs of building and operating
an oil shale facility had stayed on the 1962-1972 trend line, oil shale
prices would have been considerably below those for the OPEC oil with
which it would compete.

Several hypotheses have been advanced to explain the increase in
cost estimates. One such hypothesis is that oil shale development com~
panies exaggerated the cost of shale o0il in order to increase govermment
subsidies. This possibility, mentioned in the press, seems to be based
on little more than the fact that the estimated costs went up at the
same time that possible subsidies for an oil shale industry were dis-
cussed, We have been able to find no supporting evidence for this view.
Rather, we believe that the increases in estimated required selling

prices result from four principal factors:

o Increases in the general price level;
o Economy-wide. increases in the real costs of capital plants;

o Tighter environmental regulations for shale development; and

*1971 will be used as the base period from which to measure in-
creases in cost estimates because several initial estimates were com-
pleted in that year, not only for oil shale but for several other
energy process plant technologies with which the study as a whole is
concerned. In preparing Fig. 2.2, costs were normalized to capital
costs per barrel of daily capacity. Plant sizes were nominal, 50,000
or 100,000 barrels per day. All formal cost estimates: available to us
are included. Not included are costs reported in newspapers, journal
articles, or testimony for which backup material was unavailable, Ap~--
pendix B presents the data from which this and the preceding figure
were developed. Note that Fig. 2.2 is expressed in then-current rather.
than constant dollars.
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o A large residual, much of which can be attributed to better
knowledge of what the costs of a commercial shale facility

would be, due to more complete design.

INCREASES IN THE GENERAL PRICE LEVEL

There is a widespread notion among oil shale developers that in-
flation was the primary culprit in the progressively discouraging eco-
nomics of oil shale in the period after 1972. Although the evidence
discussed below clearly suggests that this argument is mistaken, it is
easy to understand how the perception arose when one recalls that the
period from 1973-75 was one .of very high general inflation. To oil
shale developers, facing current rather than adjusted prices, the ef-

fects of general dollar inflation would appear very. large indeed. In
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addition, of course, one of the by-products of inflation in the general
economy is to increase nominal interest rates,.a fact to which large
capital construction efforts are very sensitive. Included in Fig. 2.2
is the implicit GNP price deflator between 1971 and 1977, which measures
changes in the general price level. As is evident, such changes account
for only about 12 percent of the escalation in cost estimates over this
period.

General inflation in itself is not important for commercialization
efforts except insofar as it affects the perceptions of industry. Much
more important are the relative price changes discussed below and in

"the next chapter.

CAPITAL PLANT COST ESCALATION

In the past decade increases in construction costs for refineries

and chemical processing facilities have outpaced inflation by about 2
percent per annum.* During the late 1960s and the first years of the
1970s, the principal driving force in construction-cost inflation was
large increases in the costs of construction labor; after 1972, it was
rapid increases in the cost of components and materials.+ The strongest
inflationary surge in chemical plant costs took place in 1973-74, coin-
cident with the very large increases in the estimated costs of shale
facilities. But while there was a 12 percent real dollar increase in
the DuPont Chemical Process Plant Construction Index in 1974, the esti-
mated capital costs of an oil shale facility rose 54 percént between
March and August aloneggj’As can be seen in Fig. 2.2, the real increases
in chemical process plant costs (adjusted for inflation) account for

only 6 percent of the increase in estimated shale plant costs between

*% : v :
1971 and 1977. .[zihe implications of the rapid price run-up in 1973=74,

% ,
Based on Nelson Refinery Index. and DuPont Chemical Plant Index.

_ TEdmund Faltenmayer, "Hyperinflation in Plant Construction,"
Fortune, November 1975.

f$Colony estimates for capital costs of a 50,000 barrel per calen-
" dar day (BCD) facility using TOSCO II retorting and including upgrading.

%%
The DuPont Index was chosen as the best surrogate for how shale
plant costs would have changed if an industry had been in place in the
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caused by bottlenecks in equipment supply and inflation in materials
prices will be discussed in the Chap.-3 under the heading "Bottlenecks
and -Shortages.") A real increase in chemical process plant costs of

2 percent per year over a long period of timé would be of serious con-
cern to government and industry commercialization planners if it is
believed that such increases will continue for energy process plants

in the future. But this factor, even allowing for substantial measure-
ment error in the DuPont Index, accounts for only a very small portion

of the total increases in estimates.

INCREASES IN COST ESTIMATES ATTRIBUTABLE TO ENVIRONMENTAL PROTECTTION

As suggested in Chap. 1, institutional constraints frequently trade
off with cost. Such tradeoffs are clear in the case of environmental
regulations, and have had appreciable effects on the estimated capital
cost of oil shale.

Until 1967 no national air quality standards of any consequence
had been passed. Even the Air Quality Act of 1967 (P.L. 90-148) went
essentially unenforced.* Starting with the National Environmental
Policy Act of 1969, and continuing with the 1970 Clean Air Amendments,
the 1972 Water Pollution Control Act Amendments, and the granting of
substantial enforcement power to the Environmental Protection Agency,

changes in the stringency of environmental protection measures amounted

past. Engineering firms interviewed consider the DuPont Index as good
as or better thanm any other published index. No index is fully adequate
for estimating changes in shale facility costs because shale facilities
- entail a combination of solids, liquids, and gas processes not fully
captured in either refinery or chemical process plant indices. There
was consensus among engineering firms that all of the indices for chem—
ical and refinery plant construction costs tend to understate the size
of the increase in the 1974-~75 period. This lack of sensitivity to
year—~to-year price changes can be ascribed to using list prices for com—
ponents rather than. prices actually paid. While delivered prices for
many components and materials were somewhat below list prices~-the pe~
riod before 1973--delivered prices were generally considerably above
list prices in 1973-74. Because of faster and more aceurate reporting
for labor cost changes, the indices are genmerally more accurate during
periods when labor rather than equipment and materials prices are chang-
ing.

“Allen V. Kneese and Charles L. Schultze, Pollution, Prices, and
~Public Policy, The Brookings Institution, 1975, p. 49.
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to a revolution. Beyond question, these changes, which are reflected
in state legislation as well, have been and will be very costly to in-
dustry. It is difficult, however, to establish exactly what it costs
a particular industry to meet environmental regulations. The costs to
industry generally (excluding the automotive industry) of meeting air
and interim water quality standards have been estimated at about $82
billion for the "best practicable treatment" standard and $116 billion
for the "best available technology" standard between 1975 and 1985, in
1975 dollars.

The costs of envirommental protection in oil shale development
devolve to a number of organizations: to the federal government in the
form of enviromnmental R&D costs, EPA standard setting and enforcement
costs, the costs of environmental impaet statement preparation by ERDA
and the Department of Interior on federal leases; to state government
for monitoring and enforcement; and to developers. In this section we
are concerned with the direct and indirect costs of environmental pro-
tection that fall on developers of o0il shale. 1In particular, we have
attempted to assess the impact of environmental costs on capital cost
estimates for shale facilities, and the nature and effect of indireect
costs of environmental protection.

To estimate the cost to developers, we have surveyed the firms
that have been most involved .in oil shale development to date, and have
examined available data on the costs of envirommental equipment used
in shale facilities. Until 1974 estimated environmental costs were
minimal because the estimates had not kept pace with changes in environ-
mental standards.

Estimates of the direct capital costs of pollution- econtrol among

those surﬁeyed fanged from a low of 6.5 percent to a high of 15 percent

oL

‘of total capital costs.  Almost all of the jenvironmental costs had- to |
do with retorting (removal of particulates, hydrocarbons, and st’froﬁ'
the gas train) and shale handling (dust control in screening and spent

shale disposal). If we assume a value of zero for such environmental

*Data from noncommercial scale plant estimates are not included.
We could not verify the reported environmental costs directly. The
estimates reported bracket the independent estimates of Kneese and
Schultze, ibid., for the o0il industry.
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costs in 1971 estimates, then between 8 percent and 20 percent of the
increases in estimated capital cost between 1971 and the present can

T
be attributed'to‘env1ronme£E;I\factors.

All developers emphasized'the difficulty of estimating even direct
environmental costs, partly because they have no actual experience with
the construction and operation of a commercial-scale facility, and
partly because the developers have not systematically tried to separate
environmental costs in their estimating or accounting.*

' Although direct costs of environmmental protection have been in-

. cluded in estimates since 1974, indirect costs stemming from environ=-

mental regulations have not. Such costs include:

o lChanges in siting,

0 Increased transportation costs incurred to aveid prerefining
in the immediate area,

o False starts,

o Changes in mining plans,

o Disruption of construction schedules, and

o Less reliable plant operation.

Disruption of construction schedules can be particularly damaging to
plant costs depending upon when in the construction process a delay
takes place. Delays in obtaining initial permits to.begin construc-
tion usually cause only a modest increase in costs. Delays late in the
construction process (as might result from an dinjunction sought for en-
vironmental reasons) can have a devastating effect on plant economics,
both because of losses in interest or return on investment during con="
struction and because of losses in labor productivity, as wofkers must
either be retained idly or dismissed and replaced at a later date. Be-
cause of the addition of environmental equipment, plant reliability will

tend to decline if the plant must be shut down when environmental

*To our knowledge there has been no systematic-attempt to index
the cost of pollution control equipment. We also failed to uncover
any analyses of the added costs of pollution control for the chemical
process or refining industries.
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equipment fails., Even a slight impact on plant service factors is sig-~
nificant; a 5 percent decrease increases the required selling price
about 7 percent to maintain the same return on investment.

From the developers' viewpoint, uncertainty is the greatest prob-
lem stemming from envirommental concerns and other institutional con-
straints. Even within existing regulations there is substantial un~
certainty over how the laws will be interpreted, administered, and
enforced. Added to that must be uncertainties about future regulations
and how plants already built or under construction would be treated un~
der new, more stringent, legislation.

Rather than attempt to estimate indirect costs of lenvironmental

regulations, developers have increased their estimates of the uncer-
tainty surrounding the accuracy of current estimates, usually in an
informal way.

To summarize, envirommental regulations have significantly increased
the estimated direct capital costs of a shale faecility and the uncer-
tainty facing developers. Nonétheless, environmental costs that have
entered cost estimates since 1971 can account for no more than one-
fifth of the total escalation in estimated shale plant costs between
1971 and the present. To explain the bulk of that escalation, one must

look to the way the estimates themselves have been made.

BETTER KNOWLEDGE OF COSTS

The residual after general inflation, capital plant escalation,

and envirommental factors are taken into account is roughly 70 percent
of the increase in capital cost estimates for o0il shale plants since

*
1971. When we consider that the largest increases in estimates have

taken place when the engineering estimates became more complete, and

%This should be interpreted as only an approximation. Both the
capital cost escalation measured by the DuPont Index and our estimates.
for the amount of increase attributable to envirommental factors may
be subject to some error. We would note, however, that even if the top
estimate of envirommental costs is -taken, and the constant-dollar in- :
‘crease in chemical process plants is three times that estimated by the

DuPont ‘Index, fully 50 percent of the increase in shale. plant caplfél
costs remains unexplained.
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on the basis of discussions with architect-~engineering firms (A~Es) and
potential purchasers of oil shale plants, and in light of evidence

from other technologies, we believe that the great bulk of the residual
can be attributed to better knowledge of costs that accompanies more

complete engineering design.

Cost Estimates for New Processes

Estimating the cost of a process that is new at commercial scale
ordinarily is an iterative procesé of preparing a series of designs,
each going into greater detail and each estimating costs on the basis
of the improved information. As each design and cost estimate is com—

pleted, the potential plant purchaser has an epportunity to reevaluate

the technical and economic feasibility of the\proposed project., There

are four kinds of engineering design estimates that fepreéent'diffefégé
stages of the design process. In some cases all four may hbe carried
out by a single architect-engineering firm in the course of a design
project that carries from process development through the construction
of a commercial plant. In other cases, the designs may be conducted hy
different A-Es and be spread out over many years. The four stages of
design are discussed below.

Initial estimates, sometimes called "back of the envelope' designs,
are based on little engineering work. They are generally made when a

technology is in the early stages of development and provide only a

rough guide to costs, Initial estimates usually cost about $10,000 or

less, and are often offered gratis to potential plant purchasers by
process developers., ' '

The preliminary design estimate is the first serious attempt to
design and estimate the costs of a process. For preliminary estimates
the overall scope of the plant is defined, and subsystem flow diagrams
are prepared. Preliminary designs are often called "black box" designs
because what goes "inside" the subsystems is not defined. Process flow
sheets, piping and instrumentation diagrams, and the purchase specifi-
cations for components are not included. Although many of the materials
and components of a subsystem will be known--so many pumps, COmMpPressors,

steel requirements, etc.--neither the specifications for the components
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nor precisely how they will be integrated are defined. The results of
the preliminary design signal the first important decision point for a
plant purchaser, because engineering costs increase rapidly as one moves
to the next stages of design. A-Es and potential plant purchasers say

that final plant costs can be expected to fall within about 30 to 40

percent of the preliminary design estimate, assuming an immediate start

of construction.

The usual next step is a detailed design or control estimate. This
involves completing process flow sheets, all plant diagrams, and pur-—
chase specifications for materials and components of the plant. Mean-
while, interchange is usually extensive .between the A-E and the poten-
tial plant purchaser, because the contours of an operating plant are
taking shape., When the detailed design is complete, the final plant
costs are expected to be within 20 to 25 percent if construction starts
immediately.

The definitive design is the last step preparatory to plant con-
struction. Bids on equipment and materials are received, precise man-
power requirements and costs are defined, and the construction schedule
is worked out in detail. A definitive design is usually undertaken
only if plant construction is expected to follow directly. By the time
the design is complete, uncertainty is much reduced and actual costs
are generally expected to be within plus or minus 10 percent of the
estimate. For techmologies involving large scale-up, such as oil shale,
the upper end of the uncertainty range is often extended to about 20
percent. By the time the definitive design and estimate is complete,
the engineering cost to the plant purchaser will be about $15 to 30
million for a major first-of-a-kind facility, not including the costs
of the plant purchaser's own personnel. For well-established process
plant technologies, the preliminary and detailed designs can often be

dispensed with unless the site offers novel elements in the design,

“The final plant costs in this case include only those portions
of the plant that are the responsibility of the A-E. It does not in—
clude all capital cost items. For example, the capital costs of reserve
acquisition, start-up, and working capital are often not included.
Estimating these costs is. generally the responsibility of the plant
purchaser.
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because actual costs of ‘previously constructed plants provide a basis
for cost estimation.

For a new process, the kind of design is only one element in ar-
riving at confident cost estimates, The other element is the quality
of the technical data base from which the design is made, which in
turn depends on the completeness of technical development. Technical
development for new technologies usually proceeds from laboratory or
bench-scale tests of basic concepts, to a process development unit that
is generally a small continuous process model, to a pilot "mini-plant"
in the field that allows testing of materials and process configuration.
Occasionally, industry will construct a semiworks or demonstration plant
that tests at least some aspects of the technology at the same scale as
would be found in a commercial faciliby.* Each stage in the process
should provide progressively better technical information upon which to
base a design for a commercial scale plant.

Figure 2.3 illustrates the relationship between the type of design
and the development stage for the reduction of uncertainty about cost.
Just as.an initial estimate, regardless of the stage of development,
provides very little confidence in cost estimates for first-of-a-kind
plants, even a very complete design--that is, whether detailed or
definitive--~will provide little confidence if the technical data are
based on a bench-scale unit. As one moves along both dimensions, con-
fidence in the cost estimates improves. The process.is supposed to
work so that, as progressively more complete estimates based upon better

technical data are prepared, the range of uncertainty narrows.T Except

*In 0il shale, developers generally agree that a demonstration
would not provide enough infermation about the techmology or cost to
justify the expenditure., Exactly what constitutes a demonstration as
opposed to a large pilot or pioneer commercial plant is, of course,
unclear, For oil shale the most frequently mentioned demonstration
plan was for a commercial scale module producing / to 10 thousand bar-
rels per day. The usefulness of such a demonstration would be to show
environmental acceptability rather than to gain knowledge of costs.

TThe uncertainty ranges in Fig. 2.3 should be interpreted as rough
"rules of thumb" only. Different plant designers may use different
ranges depending on the type of plant being designed and the procliv-
ities of the particular firm.



. Data base for design (develdpfnent étége)

Bench

Pilot

Demonstration

Process
‘Development Unit

-2 H=

Type of engineering design

1nitial Preliminary Detailed Definitive

/] Little confidence +20% to -20%
' +10% to -10% (depending
@. +30% to -30% +20% to -10%  ©On process)

Fig. 2.3—Effect of development stage and type. of estimate
~on cost uncertainty



-27-

for the effects of increases in the costs of labor and materials, the
cost estimates from the definitive design should lie within the range
of uncertainty of the preliminary design estimate. Plant purchasers
clearly hold these expectations, and corporate planning proceeds on
that basis. That potential plant purchasers and A-Es held such expec-
tations about the cost-estimating process is. illustrated by the fact
that both potential plant purchasers and A-Es were amazed (and dismayed)
by the data reported in Table 2,1, 'Between the preliminary estimate in
November 1973 and the definitive design less than ‘10 months later, the
estimated cost rose 75 percent. The preliminary design estimate was

%
about double the initial estimate prepared for Colony in-1972, Members

of the Colony consortium were not the only|ones to be surprised at the

_—

results of the first definitive design for an oil shale plant; thie rest
of the industry, and government engineers and planners, were equally
surprised. The results of the Colony definitive design were subsequently
replicated by other potential purchasers of surface oil shale plants.,
This period 1974~1975 was a critical time in the planning of oil -
shale commercialization, not only for the private sector but also for
government planners, Two high~level task forces were trying to formu-
late programs to accelerate the commercialization of oil shale and other
synthetic fuels techmologies. But the results of the first definitive
engineering design were not quickly adopted by federal oil shale planners.
The results of the Colony definitive design were made available in
August 1974, showing capital costs+ of about $770 million for a 50,000
barrel per day facility, resulting in a required selling price of abeout
$19.00 to maintain a 15 percent DCF feturn. Later that year and after
discussions with the Colony estimators, the govermment was still using
estimates of $280 million for capital costs, yielding a selling price

of $8.35 to maintain a 15 percent DCF, about $2,.65 below the OPEC crude

%
J. A. Whitcombe, "0il Shale Development: Status and Prospects,"
Journal of Petroleum Technology, Jamuary 1976, p. 18.

~l‘NOL included are reserve costs, transportation costs, and recovery
of R&D costs.
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Table 2.1

COST ESTIMATES FOR COLONY SHALE OIL PROJECT

Estimated
Construction Percent
‘Date | . Cost? Increase Over
Type of Estimate f of Estimate\ ($ million) Preceding Estimate
Preliminary design November 1973 $406 -—
Detailed design. ' _
("control estimate') March 1974 554 367
Definitive design b )
estimate August 1974 710 28%

SOURCE: Mr. David M. Crowley, Director of the Synthetic Crude and
Minerals Division, Atlantic Richfield Company. (ARCO was the operator
of the Colony Shale Project.)

%These costs include only the capital construction costs for the
mine and other on~site facilities that were the A-E's responsibility.
Not included in the estimates are the following items: acquistion of
reserves, community planning and development, spare parts, land acqui-
sition, environmmental analysis, mining and, Sémiworks tests, project
management staff, mining predevelopment, mobile equipment, ceramics,
chemicals and catalysts, prepaid licenses, employee recruitment and
training, accrued interest, interest during construction, start-up,’
working capital, contingency for nonplant fac111t1es, miscellaneous
and other expenditures,

bBased on a field start of October 1974.

* . s . .
price of F,O.E. Fifteen months later, government commercialization

incentive proposals were based on a required selling price of $12.10

*Project Independence Task Force Report Potential Future Role of '
011 Shale: Prospects and Constraints, U.S. Department of the Interior,
November 1974, The data for the Task Force were supplied by the Pro-
cess Evaluation Group of the U.S. Bureau of Mines, Morgantown, West
Vifginia. Results of ‘the Colony estimates had been made available to
that group before the publication of either the Task Force Report-or -
the Process Evaluation Group's Economic Analysis of -0il Shale Opera-
tions Featuring Gas Combustion, Technical Progress Report 81, September
1974. Although TPR 81 is based on the gas combustion retort and Colony's
estimates on TOSCO II (see App. A), this cannot account for the dlffer-
ence in estimates.
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%
to maintain a 15 percent DCF, only slightly above the OPEC price. In
the meantime the Colony estimates had been revised (in the light of
more information and to account for inflation) to capital costs of $829

million and a selling price of $21.70 for 15 percent DCF.+ It isjin’l:~

portant to emphasize that this was not a case of information being with~
held from government, but a problem of the best available information
not being used by government. Government planners chose to rely upon
cost estimates produced by the government rather than the private sec-—

tor.

Sources of Error in Early Estimates

Error in initial estimates is not surprising; such estimates are
often made casually, and rarely include the full scope of the plant.
Error in initial estimates is somewhat less important than error in
preliminary or detailed estimates because initial estimates are seldom
used as more than a crude guide for corporate or government planning.
There are several sources of potential error in preliminary design
estimates.

Preliminary designs are generally not site-specific, but are pre-~
pared on the basis of a conception of a "typical" site. The problems
associated with any particular site will often be much more obvious
and severe than those associated with the "typical" site. For oil shale,
for example, the cost of road construction and product transport facil-
ities often considerably exceeds original estimates. When detailed
shale mine plans have been completed in the past, each developer has

found that the geology of the particular tract called for unexpected

*
Report of the Synfuels Interagency Task Force,. Synthetic Fuels
Commercialization Program: Technology and Recommended Incentives,
Vol, III, November 1975, pp. IV-E-10-11.
¥ :

Again this figure excludes reserve costs, transportation and R&D.
In addition to ARCO and Whitcombe, op. cit., Colony cost data are from
J. A. Whitcombe, R. G. Vawter, and J. F. Nutter, "Shale 0il Production
Costs and the Need for Incentives for Pioneer Plant Construction,"
paper prepared for American Chemical Society, Division of Industrial
and Engineering Chemistry, Symposium on the Commercialization of Syn-
thetic Fuels, February 1-3, 1976, Colorado Springs; and discussions
with representatives of TOSCO (a member of the Colony consortium), and
C. F. Braun Company (the A~E for the Colony project),
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unexpected expenses, and in one case, the form of mining had to be

changed completely.*

The ease\or difficulty of plant construction cannot be accurately
measured from_;fprellmlnary design. Ultimate capital costs are very
sensitive to manpower and construction time requirements and when in
the construction process capital outlays must be made. Preliminary
designs for oil shale facilities have called for a construction time
of 3.5 to 4 years. Construction times based on definitive designs (and
not including any allowance for regulatory or other delays) are esti-
mated at 4.5 to 5 years. Adding a year to construction times for an
oil shale plant increases capital cost about 8 to 10 percent.

A preliminary design will almost always exclude some factors that
contribute to cost, perhaps because they are simply not recognized, or
because they simply cannot be estimated in the absence of a specific
choice of site.

It is important to note that there is a systematic downward bias
in preliminary estimates- rather than a dispersion. This is illustrated
by Fig. 2.4, which presents the point estimates for capital costs made
between 1971 and the present. The square represents the .Colony detailed
design (control) estimate, and the triangles the definitive design esti-
mates., Although there is some variance in the preliminary estimates,
none of them approach the definitive~design-estimated capital cost.

We conjecture that the downward bias in the preliminary estimates
derives from the manner in which the multitude of uncertainties are

treated. Confronted with uncertainties, the estimator tends to take

an optimistic view of the ultlmate cost when uncertalntles are resolved

AR
And, of course, for those cost factors that cannot be recognized until

*The owners of C~a (Colorado tract A of the Department of Interior's
Prototype 0il Shale Leasing Program) abandoned surface mining plans for
environmental and economic reasons., Owners of C-b discovered that the
tract could not be mined using the room and pillar method as planned
because of unexpected geological problems.

TAssuming that the temporal distribution of investment is shifted
back 12 months.
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- a.detailed or definitive de§§gg_is prepared, even the method of treat—
ing juncertainty is irrelevant.
ﬁhggiis evident iH the case of o0il shale, even detailed designs in
"which the basic "blueprint" for the plant is complete can be subject
to significant underestimation. We believe that this can be attributed
not only to the fact that construction schedules and equipment and ma-
terials prices are not qﬁoted until the definitive design is completed,
but to the fact that until the detailed design.is complete the costs
falling outside the responsibility of the A-E are not included system—
atically. (See Table 2.1, footnote (a), for a list of capital cost
items sometimes omitted f;om A-Es' estimates.)

Another possible source of error in oil shale cost estimation is
the fact that an oil shale facility demands an extraordinary range of -
skills on the part of any A-E firm. Although no one portion of the
facility, e.g., mining, retorting, refining, may be particularly com~-

-plex, the facility in its entirety is extremely challenging to an A-~E.

Estimation Error in Other Technologies

The problem of erro¥rs in cost estimates for new technologies is
wa no means confined to sufface 01l shale facilities, The cost esti-
mates for other synthetic fuels such as coal liquefaction and gasifica—
tion have shown similar patterns. For example, 40 percent of the $290
million increase between 1973 and 1975 in the cost estimate for the
Western Gasification Company Lurgi: high-BTU plant has been attributed -

to the effects of definitive engineering.f Capital cost estimates for

*Although this problem did not emerge in oil shale, preliminary
designs may not expose areas in which advances in the State of the
art will be necessary. This may not mean that major breakthroughs im :
technology are necessary, but simply that, for example, the plant .re-
quires components that are not commercially available. The first
electricity generating nuclear reactor, for example, required a low-
pressure turbine that was not then in manufacture. Although this omne
component represented a step back in the state of turbine technoloegy,
it was responsible for an appreciable part of the cost overrun for the
.Shippingport reactor. L. L. Johnson, E. W. Merrow, W. S. Baer, and
A. J. Alexander, Developing Breeder Reactor Technology, The Rand Cor-

poration, R-2069-NSF, November 1976.

+Henry Linden, "Is the Synthetic Fuels Option Still Credible,"
Energy Systems and PoZicy,_Vol. 1, No. 4, 1976, App. B.
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syncrude from Canadian tar sands increased by more than 100 percent be-
tween January 1974 and February 1975, much more than could conceivably
be attributed to capital plant cost escalation. and inflation.*

Similar problems have occurred in successive light water reactor
(LWR) designs. In the case of LWRs, data are not available that would
enable one to compare preliminary and definitive designs of new reactor
types (or redesigns of existing reactor types that have occurred since

initial commercialization). A strong inference that preliminary design

lestimates have been low can be made, however, from the fact that actudl

plant costs exceeded design estimates numerous times,

The area of technology development in which the most systematic
evidence and analysis of growth in estimates has been accumulated is
that of weapon systems acquired by the Department of Defense. The
growth in the costs of 15 weapon -systems completed in the 1960s, from
the time at Which DOD approved the cost, delivery schedule, and per-
formance requirements of the systems until delivery was actually made,
averaged 40 percent after adjustments for inflation and changes in
programs.+ In addition, delivery schedules slipped an average of 15
months, -and although the ratio of estimated to actual performance aver—

(X

aged 1.0, some systems performed much less well than originally promisedA

Tmplications for Policy and Analysis

The underestimation of costs is a serious problem for government.
The ability to plan for commercialization of a techﬁology, and there-
fore for future energy supplies, is hampered significantly if costs -
cannot be predicted with any accuracy until commercialization is about
to commence. It is an equally difficult problem for industry; it is

highly-unlikely that oil companies would have bid over $400 million for

i
Ibid., App. A.

TRobert Perry, Giles K. Smith, Alvin J. Harman, and Susan Henrichsen,
System Acquisition Strategies, The Rand Corporation, R-733-PR/ARPA, 1971,
Pp. 5=9.

‘~E§£he fange of actual to estimated performance in the sample was
fromtabout 0.35 to 2,1, If these systems were produced for the private
sector, schedule slippages and less than estimated performance would
translate into higher costs per unit output.




—34=

the Prototype 0il Shale Leasing tracts, or advanced many millions in

development efforts, if they had known the cost estimates associated

with the definitive design.

At least two steps have been or might be taken to ameliorate the
problem for government- planners. DOE's Fossil Energy Program Planning
and Analysis Office is attempting to improve the comparability of early
estimates by applying a consistent methodology to all estimates.* An
example of this approach to provide an improved basis for comparing
alternative technologies is the analysis of coal gasification costs
being performed for DOE by C. F. Braun and Company.f The approach em-~
ployed by Braun is to create a set of common assumptions upon which to
systematically compare the costs of alternative technologies for high-
BTU gasification, This approach would be wmost useful for comparing
technologies at similar stages of development and for which similar
designs had been completed in order to obtain an ordinal ranking of
which technologies appeared more economic. . .

But such an approach cannot effectively address. the problem of in~
creases in estimates discussed in this section, If, for example, a set
of common assumptions had been established and applied to surface oil
shale technologies in 1972, an estimator might have concluded that pro-—
cess "X" appeared preferable to "Y" and "Z," but probably would also
have concluded that all three processes would produce upgraded shale
oil at less than $8.00 per barrel for a 15 percent DCF return.

A second approach that the government might take teo improve its
information base for planning commercialization efforts would Be to
promote the timely performance of a definitive engineering design for
a new process through cost-sharing of the design with industry. In~
dustry does not usually contract for a definitive design until it has

decided to proceed directly with construction. In some cases, such as

B Martin Adams, Cyril Draffln, and . Chris Knudson, Econemic EvaZua-
tion by ERDA of Alternative Fossil Energy Technologtes,upaper prepared
for American Chemical Society Symposium on Comparative Economics for

Synfuel Processing, April 1976.

/.. Roger Detman, Factored Estzmates for. Western Can Cbmmere@az Cbn-
cepts: Interim Report, FE-2240~5, Government Printing Office, October
1976.
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0il shale and high~BTU coal gasification, that decision will wait for
many years until the technology has been sufficiently developed so that
a definitive design will yield confident cost estimates. By sharing
the costs of a definitive design--perhaps totaling $15 million or more
for a large plant-~the government should be able to obtain fairly
reliable estimates upon which to base commercialization or deployment
programs.*

This alternative is distinctly limited, however, = A definitive
design cannot yield accurate estimates until the development process
is essentially complete. In most cases, the govermment will need rea—
.sonably reliable estimates during development rather than afterward.

An alternative approach that offers some prospect of improving the
ability of government and industry to predict cost increases that might
be expected for a technology is suggested by analyses of escalation in
estimates for weapon systems. Over the past fifteen years or so, an
extensive data base has been collected on cost—escalation experience
for weapon systems acquired by the DOD and Western European nations.
This has enabled cost growth (i.e., increases in the costs of systems

from early estimates to actual production) to be statistically related

‘to factors such as the performance charaéteristics»sought (ee8es speeﬂ
and payload for aircraft), physical characteristics (such as weight),

measures of the advance in the technological state of the art implied’

. An effort similar to this was undertaken for the preparation of
de51gns for the Prototype Large Breeder Reactor under a cost-sharing
arrangement between ERDA and the Electric Power Research Institute.
In this case, however, no potential plant purchaser was directly in-
volved in the effort.

TMost of this work has been performed at The Rand Corporatien under
the sponsorship of the Air Force and the Department:of Defense. In ad-
dition to Perry, et al., op. cit., relevant Rand reports include:
Alvin J. Harman, assisted by Susan Henrichsen, 4 Methodology for Cost
Factor Comparison and Prediction, RM=6269~ARPA, August 1970; J. R. :
Nelson and F. S. Timson, Relating Technology to Aequisition Costs,
R-1288-PR, March 1974; R. L. Perry, D. DiSalvo, G. R. Hall, A. J. Harman,
G. S. Levenson, G. K. Smith, and J. P. Stucker, System Acquisition Ex-
perience, RM-6072-PR, November 1969; and Robert Summers, Cost Estimates
as Predictors of Actual Weapons Costs: A Study of Major Hardware Ar-
ticles, RM=3061-PR, March 1965.
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by the system, and program characteristics (such as duration of the
development program). This has enabled the DOD to be aware that if,
for example, the system they want calls for major advances in the state
of the art or requires a long program period, they should adjust their
expectations of final cost upward from early estimates. These statis=—
tically based estimates can complement engineering estimates and indi-
cate where underestimation of costs is most likely to occur for a par-
ticular kind of system.

A similar data base for energy technologies (e.g., for process
plants and electricity generation technologies) would promote more
realistic cost estimates for technologies at the process development
unit and pilot plant stages. Of course, the factors that lead to un~
derestimation in process plant technologies will probably differ from
those in weapon systems. For example, it might be discovered that
scale~-up, process complexity, or measures of the difficulty of con-
struction are the primary predictors of process plant costs, rather
than advances sought in the state of the art. Exactly what factors
contribute most to cost growth camnot be determined a prieri. At
least one large purchaser of chemical process plants is attempting to
use its own cost experience to adjust initial estimates, but at present
no industry-wide data base exists for either process plants or elec-
tricity generation. Such a data base and the accompanying methodology
and analysis might prove useful to both government and industry in im-
proving commercialization planning. The development of a data base
would complement rather than substitute for engineering designs, and
might provide a basis upon which to ‘decide when engineering designs are

seriously underestimating costs.

SUMMARY .

This chapter has explored the factors that led to rapid increases
in the estimated capital cost of shale facilities, which in turn have
raised the estimated required selling for shale oil above levels com-
petitive with world oil prices. The result is a barrier to commercial-
ization for the present.

The most important factor in the increased estimates appears to be
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improved understanding of costs resulting from definitive engineering
designs. This conclusion differs from the perceptions of industry,
which lays most of the blame on inflation and capital plant cost esca-
lation,

The most promising avenue to obtaining more accurate early cost
estimates is the development of a data base on changes in estimates
that similar chemical process plants have computed in commercial opera-—
tion. The subsequent analysis could enable cost estimates for early
energy process plants to be adjusted empirically in the future.

Although escalation in the costs of process plant construction
and costs associated with environmental protection can explain only
about 25 percent of the increase in cost estimates between 1971 and
1977, these factors have important implications for when (or if) sur-
face o0il shale plant technologies will become competitive in the future~--

the subject of the next chapter.
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Chapter 3
FUTURE PROJECTIONS OF OIL SHALE ECONOMICS

Potential developers currently estimate the cost of shale oil from
surface retorting processes at about 50 percent above the current world

oil price. The questions addressed in this chapter are:

o What factors will determine whether shale o0il will become cost-
competitive over the next ten to fifteen years?

o What would be the probable effect on shale 0il cost trends if
government policy changed and a deployment of shale plants

were begun through subsidy?

Ultimately, the competitiveness of shale oil without government subsidy
depends on only two factors: the delivered costs of shale oil, and
world oil prices. Because we have not made an independent assessment
of projections for world oil prices, different rates of change in those
prices are presented here only for illustration. For that purpose we
have chosen a rate of real increase of 2 percent per year (although
world oil prices have not increased in real terms since the initial
round of OPEC inereases in 1974). Predictions of world oil prices vary
widely from one model or study to another. They may not increase in
the continuous manner depicted in Figs. 3.1 and 3.2, but be subject to
sharp discontinuities,

We have assessed the following factors that could affect future

shale oil production costs:

o The range of uncertainty in current estimates of capital costs;
o] Future trends in capital and operating costs;
o Capital cost reduction from learning effects; and

o The possibility of bottlenecks in construction.

The first two factors affect the likelihood of private sector develop-

ment without government support, as well as the cost of a subsidy effort.
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In light of the probable trends in those factors, the last two factors
are most.relevant to a government subsidy effort for shale plant con-

struction.

UNCERTAINTY IN CURRENT ESTIMATES

In late 1976, ERDA's Fossil Energy Division estimated the price

range for surface shale oil at $16 to $25 per barrel (15 percent return
“on 100 percent equity).* Even the most optimistic developers now con-
sider the $16 figure too low. The current range is $20 to $26 per bar=
rel with $22 as the mode. Even this range is subject to some uncertainty

(especially at the high end) because selling prices are highly sensitive

*

Prepared statement of Dr, Philip C. White, Hearings Before the
Subcommittee on Minerals, Materials, and Fuels of the Senate Committee
on Interior and Insular Affairs, November 30, 1976, p. 7.
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to a number of assumptions. An error of 10 percent in estimating cap~

ital costs-=-a modest error for a first=-of-a-kind facility--would affect
the required selling price more than $1 per barrel to maintain the same
rate of return. A one-year extension of the construction or,ﬁEEEE:GEj

period, perhaps as a result of regulatory or legal delays, would add a

similar amount. Each 1 percent decrement from the 90 percent'service
factor assumed in plant designs would add about 25¢ per barrel to the.

required selling price, and 90 percent is the service factor assumed for

y * » X
mature-technology chemical process plants. (The service factor is the
ratio of actual to rated output over time.) The profitability of shale

plants is also sensitive to assumptions about taxation by all levels

*

These calculations are based on the cost model developed by C. F.
Braun and Co., for industry-financed coal gasification plants appropri-
~ately modified for oil shale, See Roger Detman, op. cit., pp. 33-36.
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of government. For example, elimination of the depletion allowance for
shale would add about $2.50 to the required selling price per barrel.

These uncertainties would make o0il shale a -highly risky investment
even if current estimates were in the competitive world oil price range.
This uncertainty is reflected in the insistence of almost all potential
developers that a 15 percent return represents a firm target, even
though 10 to 12 percent is more representative of o0il company rates of
return in the past fifteen years. The risk is compounded by the sus-
ceptibility of o0il shale facilities to economies of scale. A produc-
tion rate of 50,000 barrels per calendar day is generally considered
the minimum economic scale, and facilities with twice that production
- rate are believed about optimal, although no thorough economic analysis
of the feasibility of smaller plants--20,000 to 30,000 barrels per day--
has been performed.*

As illustrated in Fig. 3.1, the actual cost of the first commercial
plants may have a strong impact on expectations of when and if oil shale
will become competitive with world oil. Assuming a price of $20 per
barrel oil shale, a 2 percent per year increase in the real price of
world oil will bring competitiveness in 1995, ceteris paribus. Assum-
ing $26 per barrel, the date becomes 2008 unless we assume higher world
prices; at the same $26 figure, a real price increase of 3.5 percent per

vear would be necessary to make shale oil competitive by 1995.

FUTURE TRENDS IN CAPITAL AND OPERATING COSTS

Figure 3.1 assumes that the costs of shale production remain con-

”Stant within a range of uncertainty associated with moving from

*A related aspect of economies of scale is a possible inverse rela-
tionship between plant size and capacity or service factors. It is be-
lieved that such an inverse relationship may exist for utility plants
above 400 MWe, both fossil and nuclear. To our knowledge data do not
now exist that would suggest whether or not a similar inverse relation-—
ship exists for chemical process and refinery plants. Given the great
sensitivity of the required selling price of shale oil to plant service
factors, this area needs empirical research. See Keport on Improving
the Productivity of Electrical-Powerplants, FEA, PB-242473, March 1975,
and Power Plant Performance: HRuclear and Coal Capacity Factors and
Economics, Council on Economic Priorities, New|York, 1976,
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definitive plant designs to actual plant construction and operation.

As pointed out in Chap. 2, however, capital and operating costs for
chemical process plants and refineries have not remained constant in
real terms for the past decade. Since 1965 the real increase in the
DuPont Index of all chemical process plant costs has averaged 2 percent
per year.,

Figure 3.2 illustrates what would happen to our expectations of
when shale would become competitive if the trends in capital and op-
erating costs since 1965 are prdjected into the future. It is evident
that the prospects for oil shale commercialization by the private sec—
tor in this century would be even dimmer if these trends in capital
and operating costs continued. To make shale o0il competitive by 1995,
real price increases for world oil averaging &4 percent to 5.5 percent
per year would be required.*

We are not predicting that increases in capital and operating costs
for chemical process plants will continue to escalate-as they have in
the past. Rather, we stress that-it is the relative changes in world
0il and o0il shale costs that will determine when shale: o0il becomes com—
petitive, and that both world oil and shale oil costs may be subject to
upward pressures. Should trends in capital and operating cost continue,
they have implications far beyond o0il shale; commercialization prospects
for all capital intensive energy process plants would dim substantially,

In addition to genetal trends in process plant costs, factors par-
ticular to oil shale plant costs subsequent to deployment must be con-
sidered, Chief among these are ‘learning. curves and petential bottle-.
necks in plant construction, which will be discussed next in conjunction
with the possible effects of changes in environmeﬂtal regulations after

deployment has begun.

*Of the ETA, Nordhaus, and SRI models, only the ETA model, under
an assumption of high growth in GNP, forecasts the. wellhead oil price’
increasing as fast as 4 percent per year between 1975 and 2000. We
would assume that very large price increases for energy would have the
effect of slowing economic growth, which in turn would slow the growth
in energy demand. Of course, if world oil supplies peaked sharply
around 1985, then large price increases thereafter would be likely,
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LEARNING CURVES FOR OIL SHALE

A learning curve is a hypothesized inverse relationship between

the cumulative number of units of an item produced and the cost per
unit produced. The existence of unit-cost decreases attributable to

learning has been. empirically established for a wide variety of prod-

ucts including_automobiles,frefined petroleum, synthetic fibers, elec-

tronics, and airframes. (Léarning curves were first recognized for
airframes, which have been subjected to the most thorough empirical
research.) In fact, some have argued that the phenomenon is virtually
universal in manufacturing.* It is therefore not surprising that it
has found its way into cost projectiens for new energy techmologies.
This section reviews the assumptions underlying the learning curve and
inquires into its proper application to oil shale. The discussion will
be extended to other new energy technologies in which concept has been
applied. To anticipate our conclusions, we find that the learning curve
has been sometimes misapplied to oil shale cost estimates and that cost
reductions from learning have often been overestimated.

It is important to distinguish learmning from either technological
innovation or economies of scale, either of which can also reduce costs
over time. For example, catalytic cracking and centrifugal compressors
were technological innovations whose costs at the outset were lower
than those of the technologies they replaced; and following a learning
period, the costs decreased still further. In some cases the line
demarcating technological advance from learning is much less clear.

For example, extensive design changes resulting from experience with a
prior plant might be placed in either category. In general, incremental
cost decreases over time are attributed to learning, while breaks in a
downward sloping cost curve are attributable to other things.

Economies of scale reduce average cost“asjthej?aféf@f output in-
creases, This phenomenon is conceptually distincfrfggm?cost reductions
through learning, although a learning process is oftén associated with

éscertaining the optimal production rate after a technology is introduced.

%
Winfred B. Hirschmann, '"Profit from the Learning Curve," Harvard
Business Review, January-February 1964,
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Economies of scale may also result from the introduction of a new piece
of hardware; for example, the introduction of centrifugal compressors

%
more than doubled the optimal size of ammonia plants.

Factors Underlying Learning

Learning derives from a number of factors that show up in increased
worker productivity. In aircraft production, improved managerial or-
ganization and supervision contribute significantly to learning. Worker
productivity also improves with the repetition of a task, which makes
labor force stability an important factor in 1earning.

It is important to distinguish capital-intensive from labor-inten-
sive‘processes with respect to learning. For labor-intensive processes
such as airframe production, most gains from learning appear during
production. For capital-intensive processes such as shale, coal gasifi-
‘cation, and nuclear reactors, large learning gains can accrue only in
construction (i.e,, capital) costs, Even a very steep learning curve
for operating costgkyould have but a minor effect on product costs for
these technologies}ii Significant cost decreases may also result when
learning promotes higher service factors, i.e., more intensive use of
the plant. Given that high service factors are already assumed for oil
shale plants, however, this kind of learning would probably do no more

than cause costs to decline toward original estimates—-not below antici-

pated costs.

*
D. E. Chalkey, "Technological Advances—-Help or Hindrance?'" paper
presented to Heavy Organic Chemical Group of the SCI, January 18, 1972.

TDavid L. Bodde, Energy Systems Group, TRW, "Riding the Experience
Curve," Technology Review, March/April 1976.

ig&t is not unusual for operating costs to exceed estimates ini-
‘tially but then come down as the engineering is debugged and operating
routines are set, ' Because operating cost estimdtes are made for mnormal
‘operation, with a special.alloWancé'fpr start-up in most cases, benefits !
from learning for operating costs cannot be expected. The operating =
history of light water reactors suggests that learning does not auto-
matically occur in operating costs. One of the factors cited for the
disappointing operating record of LWRs has been a lack of proper train-
ing of operating crews and high turnover rates for operating personnel,
Report on Improving Productivity of Electric Powerplants, FEA, 1975,
p. 35.
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Much more is known about learning curves for labor-~intensive than
for capital-intensive processes because most of the original applica-
tions of learning theory were to labor-intensive processes; but what
evidence there is suggests that learning is less pronounced for capital-
intensive technologies.

Learniﬁg—cost decreases can occur for capital plant construction
in two principal ways: the learning embodied in construction labor  and
management, and improveménts in process engineering. To obtain most of
the potential learning embodied in construction labor  and management
requires that several conditions be met. There must be substantial con-~
tinuity for construction labor and supervision between plants. The
plants must be substantially the same.i Fihally, there needs to be
temporal continuity and feedback between one plant design and the next.

Belief in the importdance of these factors is illustrated by Duke
Power's approach to the construction of LWRs. Duke Power has maintained
continuity for comnstruction labor and supervision by hiring its own
-construction force and maintaining a very large design and construction
engineering staff. The company also has attempted to build identical
reactors to the maximum extent possible and maintain a steady workload

over time., Duke believes that substantial capital cost savings will

E Y

result, ™

Shape of the Learning Curve

*%
Starting with T. P. Wright's  pioneering work for airframes, the

most common assumption about the shape of the learning curve has been

" ,

Nicholas Baloff, "Startups -in Machine Intensive Production Sys—
tems," Journal of Industrial Engineering, January 1966; Hirschmann,
op. cit. '

+Losses of learning due to design changes have been observed for
airframes., See Paul Meyer James, "Derivation and Application of Unit
Cost Expressions Perturbed by Design Changes,'" Naval Research :Logistics
Quarterly, Vol. 15, No. 3, September 1968; and Nelson and Timson, op.
cit.

il
P = :
XiInterview with Warren Owen, Vice~President for Design Engineering,
Duke Power Go. Because Duke Power has completed only 3 of its 16 plant
programs, it is not yet possible to determine if its expectations will

‘be met.

%k
T. P. Wright, "Factors Affecting the Cost.of Airframes," Journal
of the Aeronautical Sciences, February 1936,
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log~linearity; that is, for each doubling of production, unit cost will
decline by a constant percentage;-as- depicted in Fig. 3.3. Algebra-

ically, the cost of the nth unit (Cn) can be expressed as:
- _ AX
c, Co(l a),
where Co is the cost of the first unit, o is the learning factor, and

x is equal to 1og2 n or log n/log 2, where n is the number of the unit

being estimated. In the past decade, however, more and more evidence

has accumulated suggesting that, rather than.log-linear, many learning

.

curves show an S-shape.h An S-shaped curve, which A-Es have suggested

to us as being more probable for shale than is log-linearity, means
that learning will be negative or very gradual in the beginning phases
of industry build-up of a new technology and accelerate later.+ Un-
fortunately, no empirical basis has been developed that would enable

.us to predict the inflection points for the S-shaped learning curve for

e . . )
a new technology.. /Nonetheless, if the S~shape is assumed, it does

have imiiic;EIohéifor'government éommerciali;éfién‘éffbrts, Whiéﬁiﬁiil
be discussed below.

In attempting to use the learning curve in cost projections for a
new technology, one must also consider the likelihood of either breaks
in production or major design changes. As Gates and Scarpa have pointed’

out, '"Whenever the routine~acquiring process is delayed for even a short

“See for example, Vincent Colasuonno, An Analysts .of Progress Curve
Conceptual Advances and Progress Curve Uses Since 1966, U.S. Air Force,
1967, available through NTIS; Nicholas Balott, "Extension of the Learn-
ing Gurve—-Some Empirical Results," Operations Research Quarterly, Vol.
22, No. 4, December 1971; D, M. Nathanson, "Forecasting Petrochemical
Prices," Chemical Engineering Progress, November 1972; Richard J. Alden,
"Learning Curves: An Example," IE, December 1974,

TOne cost estimator for an A-E firm suggested that the costs of
the second and perhaps third commercial scale oil shale plants would
actually be greater than for the initial plant, His reasoning was that
the first plant would be built with less redundancy and with lower-grade
materials than would ultimately prove necessary for optimal reliability..
He suggested that this phenomenon was not'unusual for first-of-a~kind -
plants.
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time, some of the experience curve effect is lost, although upon resump-
tion of the activity, the routine acquiring process resumes at the same
decremental rate."* Gates and Scarpa also find that although learning
resumes after a break in production, the loss entailed in the break

is never completely regained. Similarly, design changes can materially
lessen the amount of learning that can be expected for a technology.

If repeated design changes are anticipated, learning advantages may not

occur at all.

Firm—-Specific vs. Industry-Wide Learning.

In attempting to predict how learning will affect the costs of pro-
duction from a new technology, it is necessary to distinguish between

learning advantages that. are- captured by an individual firm and those

*
Marvin Gates and Amerigo Scarpa, "Learning and Experience Curves,"

Journal of the Construction Division, Proceedings of the American So-
czety of Civil FEngineers, March 1972, pp. 79-101.

A&ames, op. cit.; and idem, "Analysis of the Turbulent Regime of;
the Progress Curve When New Learning Additions Have Variable Slopes "

NavaZ Research Logistics Quarterly, Vol. 15, No..4, December 1968.
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that accrue to the industry as a whole. Firm-specific learning may take
the form of patents, proprietary information, and "know-how" specific

to individual members of a firm. The advantages of industiry-wide learn~
ing, on the other hand, accrue to all present and future members of the
industry.

Learning depends heavily on the organizational and institutional
set—up for development. For example, when government is involved in
developing and demonstrating a technology, more information usually be-
comes available to the industry than when the private sector alone de-
velops the technology. The availability of information also dependé on
whether learning accrues primarily to plant designers and constructors
instead of plant purchasers., Much of what A-Es sell is learning they
have acquired in designing and constructing previous plants.* Plant
purchasers who have acquired- learning have little or no incentive to
share it if it gives them:a cost advantage over competitors. . Other
factors that affect the diffusion of learning are the amount of inter—
action within the industry and fears of antitrust action.

The implications of firm-specific and industry-wide learning for
incentives to develop a technology are completely different;T If there
is substantial firm-specific learning, then there are distinct advantages
to being the first firm in an industry to deploy a new technology--the

advantage of "being in on the ground fleor." If, on the other hand,

“A recent analysis of LWR costs suggests that some learning may
have occurred for LWRs, all of which is specific to particular A-E
firms. LWR costs have been perturbed by so many factors that a modest
learning factor has but a marginal impact on costs. William E. Mooz,
Cost Analysis of Light Water Reactor. Power Plants, The Rand Corpora-
tion, R-2304~DOE, June 1978.

TThe 1975 FEA Report, op. cit., cites the fear of antitrust as one
of the reasons that learning has been slow to take place for LWRs. For
a similar conclusion, but in the shipbuilding industry, see John W. Wirt,
"Shipbuilding Research, Development, and Demonstration Program" in W. S.
Baer, et al., Analysis of Federally Funded Demonstration{Projects: Sup-"
lporting Case Studies,|The Rand Corporation, R-1927-DOC, April 1976. .

F [ S— ]
For the different 1mp11cat10ns of whether learning 1s‘E5propr1able vle 7
to a firm or not, compare Sherwin Rosen, "Learning by Experlence as©
Joint Production," Quarterly Journal of Economics, Vol. 86, August 1972
with Kenneth Arrow, "The Economic Implications of Learning by Doing,"
Review of Economic Studies, Vol. 29, No. 3, June 1962,
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there is a preponderance of industry-wide learning, every firm in the
industry will have an incentive to be second if not later in line.
This type of public-good problem is typically used as a rationale for

government aid in absorbing "first-of-a~kind costs" by demonstrating

or otherwise subsidizing commercialfintroduction:of a. technology, in

¥

cluding new energy technologies.

Note that the government's very involvement in developing a tech-
nology may further compel it to subsidize commercial introduction, be-
cause most of the accrued learning is available to all firms. By con-
verting what might have been an appropriable (private) good ianto a
nonappropriable (public) good, the government removes a firm's incentive

to be first. In some cases, of course, this may be good public policy.

Learning in 0il Shale

A number of studies have included an assumption of learning in
projecting oil shale costs from surface technologies.* Learning fac-
tors of 5 to 10 percent have been most commonly assumed, meaning that
0il shale plant costs will decline 5 percent or 10 percent with each
doubling of industry capacity. As depicted in Fig. 3.4, -a 10 percent
learning factor can dramatically affect one's expectatioﬁs about when
or if crude from shale will become competitive with conventional petro-
leum, As can be seen from Table 3.1, the sixteenth 0il shale plant
would cost only two-thirds as much as the first if a 90 percent learn-
ing curve (10 percent learning factor) were assumed. The learning
curve could vitally affect expectations of the costs of a government
subsidy prégram to deploy an oil shale industry.

In this section, we compare what is known about surface technology
and the likely circumstances of its deployment with the criteria for

applying a learning curve to capital-intensive technologies.

1. Learning is less pronounced for capital-intensive than for
labor-intensive technologies. A 10 percent learning factor

is often applied to capital-intensive technologiés although

% .

See, for example, Project Independence Task Force, Report on 0il
Shale; National Petroleum Council, U.S. Energy Outlook, 1972; Resources
for the Future, unpublished paper.
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Table 3.1
EFFECT OF LEARNING ON CAPITAL COSTS OF LAST PLANT
FOR DIFFERENT LEARNING CURVE ASSUMPTIONS

Cost of Last Plant as a
Proportion of the First

95% 90%
Cumulative Learning Learning

Number of Plants Curve Curve
1 1.0 1.0

2 0.95 0.90

4 0.90 0.81

8 0.86 0.73

16 0.81 0.66

32 0.77 0.59
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the empirical basis for this number is quite weak. One might

use 10 percent as one's most optimistic figure if other aspects
of the}technology's deployment discussed below are favorable

N
to learning,
2. Cost decreases from learning are pronounced in the early pe-

riod of the technology's use. As can be seen in Table 3.2,

17 percent of the capital/costs'of a_shale facility are ac-\‘r

counted_for byiupgrading,and by-product recovery, well~known

technologies that have -already been subject to substantial
1earning.* Mining is another well-known technology, but one
for which learning has never been established.T Indeed, among
total capital costs, only retorting, making up about 25 percent
of investment, is a "new techmology'--and this only in the
sense of being new at commercial scale., Figure 3.5 illustrates
the difference between assuming 90 percent for total invest-
ment and 90 percent on 25 percent of investment, which is

equivalent to a 2.5% learning factor.

Table 3.2

" CAPITAL COSTS FOR SURFACE SHALE FACILITIES

RELOTLING eesvercccessssossacccsnenoae 23%
MININE eevoeencraccaoasoscacascnnsans L10%
- Upgrading ..eeeercevecsecccssssnocass 117
By~produCt TECOVEIY sececesscssoccses 6%
Utilities and general facilities .... 17%
RESErve COStS eeesssecsssaascnsscnses 144
Other ceeeevsvaravssssassscssssacaaes 177

SOURCE: Colony Development Corp., 1977.

* e 3 . ' .
D. M. Nathanson, "Forecasting Petrochemical Prices," . Chemical
Engineering Progress, Vol. 68, No. 11, November 1972, .

Mining probably does show some learning with respect to operating
costs, After a mine is opened and progressively morc is known about
the geology of the area, some cost-saving improvements may take place.
One must also caution that capital and operating costs for shale mining
could easily exceed expectations. Operating costs and deferred capital
investment for mining could even increase during production in the
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3. Maintaining stability in construction labor, especially skilled
labor, may be very difficult if oil shale plant deployment be-
gins in the near future. The oil shale region is already crit-
ically short of both skilled construction and mining labor.

In the immediate area, oil shale will have to compete for labor
with expansion of conventional coal mining and possibly coal
gasification. Even without oil shale development there are

reports that "raiding" of skilled labor is going om.

absence of inflationary pressure. The extent to which mining is an in-
exact science is supported by the fact that the C-b- tract, which brought’
the second highest bonus bid, has turned out to be unminable by conven-
tional room and pillar techniques, much to the surprise and chagrin of
the original developers.
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4, The most vital requisite for learning is the ability to dupli-
cate experience. For five reasons, that duplication may prove

very difficult in oil shale.

Obstacles To Learning Through Duplication of Experience

First, there are at least six potential surface retorting tech-
nologies. At least two and as many as five éf them would be used if
government subsidies were made available for oil shale. Each will be
on its own learning curve-—and recall that more learning can be hoped
for in retorting than in any other part of the capital investment,
Consequently, lesser amounts of learning will accumulate for an array
of technologies instead of a large body of knowledge about one tech-
nology.

Second, o0il shale plants will to some extent be site-specific.

The grade of the shale, water availability, underground water problems,
associated minerals, proximity of plants to roads and utilities, mine
tonnage, and mining methods will vary from 51te to site within the
Green River Formation. Envirconmental regulatlons will also differ
among plants in Utah and Colorado, and will probably vary from place

to place within a state because of proximity to national parks or other
industrial development.

Third, if the past is any indication, learning from engineering
design changes will be blocked or severely reduced by tightening envi-
ronmental and occupational safety regulations. O0il shale development
is (and will be fbr-a long time) a highly contentious environmental

issue. When development begins, one can count on environmentalists to

:flleZEumerous lawsults, closely monltor envirommental regulation en—

fforcement and lobby in local,- state, and national arenas for stricter
standards. A prudent person would . .expect at least some of these efforts
to be successful, forcing design‘changes in many parts of shale opera-
tions, based not on cost improvement but on new regulations.

Fourth, to the extent that learning is captured by plant purchasers
(i.e., the 0il companies) rather than A~E firms, experience is unlikely
to be duplicated under current and long-standing federal leasing rules.

Developers are forbidden by the Minerals Leasing Act of 1920 from holding

—
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more than 5120 acres of federal shale lands-—enough to sustain only one
commercial plant. If learning is specific to the A-E industry as a
whole, however, it should become widely available through the market-
place.

Fifth, and finally, any ride down the learning curve is likely to
be abbreviated for the initial buildup of shale capacity because of
limited water availability, as discussed in Chap. 4 below. It appears
unlikely that a surface shale industry producing more than 2 million
barrels per day could be sustained in the Piceance and Uintah basins.
Even this figure méy.prove optimistic in light of political pressures
on water allocation. Realistically, only 15 to 20 plants would ever
be in operation at one time with the present processes.

For these reasons, it appears wise to entertain only modest ex-—
pectations of learning for oil shale technologies, probably not gfeater
than a 2 or 3 percent reduction for every doubling of industry capacity.

Whatever learning may occur. will probably be. captured by individual A-E

firms that will have little orﬁno incentive -to .risk losing a competi-

tive advantage by sharing expertise with other members of the A~E in-

dustry.

Implications for Energy Commercialization Planning

The first and most important implication of this discussion for
commercialization planning is that a cost estimator who makes a learn-
ing assumption must justify it carefully in terms of the realities of
the particular technoleogy. It would be rash to apply a 90 percent
‘learning curve (a 10 percent learning factor) merely because it is
"standard" for capital-intensive technologies. That standard has a
very weak empirical basis. As shown in Fig. 3.5 an assumption of sig-
nificant learning can be extremely important in determining the time
when shale will become competitive and therefore in scheduling commer-

cialiéationiiic

A second implication is that even if it is reasonable to expect
significant learning for a technology, our meager knowledge about the
shape of the learning curve offers little guidance in planning for the

_costs of a subsidy program for the technology. If the learning curve



~55-

is S—shaped on a log scale, rather than log-linear, the costs of a sub-
sidy program to the government may be considerably higher than expected,
assuming that the program is designed to operate in the initial phases

of the technology's deployment. More research will be needed to estab-
lish an adequate empirical basis for predicting the shape of a learning

curve for a new technology.

The likelihood that individual A-E firms will monopolize learning
has two implications. First, it points up the need to relax or remove

the restriction on the amount of land that ‘any one oil company can leése

Wfr;m the federal government, so that o0il companies can apply their ex~ -
perience with one plant to succeeding plants. This could increase the
amount of learning to be expected in construction costs, because plant
purchasers usually make significant inputs to plant design, and, more
especially, because utilization rates would increase.*

Second, the rate of learning for the industry as a whole will be
less than that for any particular A-E firm, each of which will be on
its own learning curve. This fragmentation may also exacerbate bottle-

necks in A~E services,

POTENTIAL BOTTLENECKS IN OLL SHALE. PLANT DEPLOYMENT

Government planners have been concerned that oil shale develop-

ment, especially within the context of an accelerated energy process
plant subsidy program, might encounter or provoke bottlenecks in plant
construction that would retard the growth of the industry and increase
the costs of shale oil. Obviously, bottlenecks cannot be considered
solely in the context of o0il shale plants; they may occur ‘in the demand
for components and construction services generally, and other government-
subsidized deployment programs may compete for the same resources.

This is a grave issue., The widespread bettlenecks and price in~
creases associated with capital construction in 1973-74 shocked both
industry and government in their scope and severity, and prompted the
creation of the National Commission of Supplies and Shortages. This

It is possible that oil companies with experience in operating
shale plants might be hired as operators of plants by other firms.
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experience has been unusual in the United States; since World War II,
only the Korean War and 1973-74 have been periods of major bottlenecks
in capital construction. If only for that reason, little data exist
that would enable us to model and quantify priece and shortage responses
to different oil shale buildups.* The following discussion, therefore,
must be largely qualitative.

S
It is important to recognize that "bottlenecks" is a%relative term.

Any increase in delivery times for a component, or-a demand-induced in-
crease in price, could be considered a bottleneck, But this sort of
bottleneck is generally short-lived. The one in 1973-74 lasted about
18 months and was brought to an end by a combination of increased supply
and sharply reduced demand for capital construction. In real terms,
the DuPont Chemical Process Plant Cost Index actually declined in 1975
and 1976.

For our purposes, we define a bottleneck as a major disequilibrium
in factor input markets, measured by one or more of the following cri-
teria: (1) lengthening of construction schedules due to unavailability
of components or services, (2) large, rapid price increases, and (3)
diminution in the quality of construction or components with a shifting
of reliability and quality-assurance responsibility to the purchaser,
Bottlenecks are also often reflected in changes in contract terms for
components and engineering services, Contract terms changed from a
fixed price basis in 1972 to a cost-plus-fee basis for engineering
services, and to a price-quoted-on-~delivery basis for some components
with no firm delivery date promised.

As the government considers its commercialization policies for oil
shale and other energy process plants, it is important to distinguish

* .
Government. and the Nation's Resources, Report of the National
Commission on Supplies and Shortages, December 1976.

+Bottlenecks rarely mean that .an input cannot be obtained at any
price. For example, even during the height of the 1973-74 period one
could generally obtain a component if one was willing to pay a premium
price to the supplier to "steal' the item from some other customer,
In some cases that premium was 40 to 50 percent over the list price.
Curtis M. Sides and D. Keith Dodson, Escalating Costs of Process Plant
Construction, Brown and Root, Inc., 1975..
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between economy-wide shortages such as occurred in 1973-74 and the pos-
sibility that commercialization activities themselves could induce
shortages for inputs into energy process plants and related capital
construction, Economy-wide shortages are and should be of considerable
concern to the govermment, but they do not enter into energy commercial-
ization planning. The possibility that energy plant commercialization
efforts could induce bottlenecks is more directly relevant to energy

planners for two reasens: If bottlenecks occurred, commercialization

strategies could be disruptéd;sandRbottlenecks inducedmﬁy synthetic

fuels development could also affect other capital construction projécts,
which would constitute an external cost of a commercialization program.

Often, the most important effects of bottlenecks on the costs of
capital plant construction are not confined to the direct increases in
the costs of the factor input in question. Indirect effects can be
equally or more severe. Bottlenecks can decrease worker productivity
because of schedule delays, increase the likelihood of false starts for
a project, lower the quality of components in short supply (or shift the
burden of quality maintenance from the supplier to the purchaser), and
increase engineering services costs by inducing redesign to obviate the
need for particular components. The ultimate result can be a plant
that is delivered later, operates less well, and costs more than if the
bottlenecks had not arisen. Obviously, there is a tradeoff between
these three factors of delivery schedule, reliability, and cost, all of
which are ultimately translated into less favorable economics for the
product.

Bottlenecks generally arise when a large and rapid increase in de-
mand takes place for an industry which cannot or will not rapidly in-
crease output. The most likely reason for rapidly increased demand for
0il shale would be a major government effort to deploy a large synthetic
fuel industry at a rapid rate, a rapid increase in world oil prices, or,

less likely, a repeat of the confluence of factors that led to the 1973-

74 bottlenecks. These factors weréf(l)!an end to price controls, (2)

an upswing in the economy, (3) devaluation of’ the ‘dollar, (4) unusually
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large worldwide demand for capital plant construction, and (5) signifi-
-cant hoarding of many items.*

On the supply side, the principal factors affecting the ability to
meet a surge in demand are the size of the supplier sector (number of
firms), their ability to expand capacity, and the ease of entry for new
firms.

We examined bottleneck possibilities for oil shale in skilled con-
struction labor markets, component and material suppliers, and A-~E
services by reviewing the relevant literature and interviewing repre-
sentatives of the appropriate industries. Our examination of the po-
tential for bottlenecks in process plant construction will be reported
on separately. Assuming an energy process plant buildup to 3.5 to 4.0
quads over a 10 to 12 year period as a result of a government subsidy
pfogram, our tentative conclusion is that the most serious potential
problem for an accelerated program would be in A-E services.,

Architect-engineering firms design, act as general contractor for,
and supervise the construction of large projects. A-~E services were
subject to severe bottlenecks in 1973-74; costs of services rose sharply,
and some firms could not accept all of the business offered. As we have
suggested, the 1973-74 period was a result of a number of special cir-
cumstances that make it inappropriate for projection into the future,
But a bottleneck in A-E services is a distinct possibility for oil shale
and other large energy plant projects if accelerated deployment becomes
government policy. Altheugh there is a very large number of U.S. A-E
firms, only about 6 or 8 would be attractive candidates for undertaking
0il shale and other large energy plant projects, for a number of reasons.

The A-E for the initial oil shale plants will need to have respon—
sibility for the project from initial design through construction and

shakedown. Most firms specialize in either design or construction, not

*Standard items such as pipes,[%élves:?and fittings were hoarded.
Such large inventories of some items weré accumulated by the end of
= 1974 that the inventory surplus is expected to continue through the
end of 1978.

TPossible shortages of skilled construction labor and various com—
ponents and materials are also being examined.
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both, A wide range of experience including knowledge of solids han-
dling, mining, and gas and liquid processes will be wanted. FExperi-
ence with the construction management of very large plants is critiecal
if construction schedules are to be met and costs controlled, Finally,

a desirable, although not necessary, characteristic of the.oilishale

A-E is the ability to procure components and materials in spot markets
worldwide, to keep costs down. So although the market for A-E services
appears heavy, it is in fact quite thin once these criteria are intro-
duced. There are a number of reasons why these firms might not be able
or willing to meet the demands of an accelerated program.

First, there are long lead times in personnel development in the
A-E industry, especially in construction management. An engineer's
university training must be followed by about five years on the job
before he can become a supervisor., Although the supply of engineers
in general has been expanding, the number of chemical engineers has in-
creased very slowly, and very few universities offer preparation for
engineering construction,

Second, wide fluctuations in U.S. demand for A~E services dis-
courage expansion of A~-E firms, Like all industries faced with wide

demand fluctuations, the A-E industry is reluctant to expand its jcapac— |

ity to meet peak demands and then be forced to either carry or dis-

lmiss surplus personnel after the boom period ﬂééieﬁded. In any case,
rapid expansion to meet peak demands is limited by the quantity of
available engineers.

A third factor making adjustment to an accelerated program dif-
ficult is that the major A-E firms have important and long-term com-
mitments to foreign construction projects, especially in the Middle
East and Latin America. Although such commitments might be broken,

A-E firms would be reluctant .to do so except in a major crisis. For-
eign projects account for as much as 80 percent of the total business
of some of the major U.S. firms that could build energy process plants,
and have the virtue of greater stability over time than the U.S. market.

Because capital construction programs in the Middle East, especially
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for petrochemical plants, are expected to be very long term, this situa-
tion could prevail for many years.*

A final factor discouraging rapid.  adjustment is uncertainty about
government plans and energy demand grdwth. Government planning for
large energy plants lacks credibility in the wake of the past few years,
in which major programs have been proposed, changed, defeated, and with-
drawn. Increased uncertainty about the demand for encrgy has made plan—-
ning difficult for all of the energy supply sector, including architect=-
engineering. '

The bottleneck.in A-E services would not, however, be an absolute
impediment to building an accelerated energy process plant. If the
most qualified firms were unavailable, other firms would undoubtedly
£ill the gap. The consequence would likely be somewhat more expensive
and less reliable plants and less chance of effective learning in cap-

ital plant construction, although these effects cannot be quantified.

SUMMARY

The cost of o0il shale from surface retorting is uncertain both now
and, particularly, in the future. Current estimates of $20 to $26 per
barrel are morc confidently bounded on the low side than on the high
side. In addition, a number of factors, including a continuation of
historical upward trends in capital and operating costs for process
plants, tighter environmental and safety regulations, and the fact that
major gains from learning are unlikely for oil shale, render the eco-
nomics over the next 15 years or so highly uncertain. In several ways,
some of the conditions that have promoted rapid cost increases in light
water reactors since the start of commercialization appear likely for
0il shale: regulations leading to plant redesign:and lengthened con-
struction times, and the need to tailor each plant to a specific site.

Given the unfavorable basic costs of surface shale technologies,
hopes for near—term commercialization of shale resources must depend on
modified or pure in situ processes or on R&D to discover new alternatives.

—

*
Walter McQuade, '"The Arabian Building Boom is Making Construction
History," Fortune, September 1976.
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These conclusions are, of course, subject to a caveat: If world oil
production peaks sooner and declines more rapidly than is generally

expected, then o0il shale development with surface téchnology will be-
come more likely. It is thus relevant to note that even at the high

end of the currently estimated price range, oil shale is less expen~-

sive than current estimates of the price. of bther}nonpetroleum refinety

*
feedstocks.

*
Linden, op. cit.
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Chapter 4

INSTITUTIONAL CONSTRAINTS ON OIL SHALE COMMERCIALIZATION

Every new technology is dintroduced into an organizational and po-

litical as well jas economic context. In some. cases, the organizational

and political--~i.e,, institutional--milieu:is highly supportive‘bf the

technology's commercialization. The initial period of nuclear reactor
commercialization, for example, took place in a climate of political
support for peaceful uses of atomic energy and at a time when nuclear
power was widely viewed as a clean and safe alternative to conventional
electricity generation.* Conversely, a technology may be introduced
into an inhospitable institutional climate. The principal determinant
of dinstitutional constrainté is the extent to which the technology is
perceived as consonant or dissonant with the interests and values of
those affected by its use.

Institutional constraints stem from the organizational and politi-
cal context and impede a technology's commercialization. Most commonly,
they consist of governmental actions and regulatipns, not only laws and
administrative procedures at all levels of govermment, but also deci-
sions of federal and state courts and litigation by private citizens
and corporations. In some cases, a government may take action to re-
duce a social cost (an ekternality) imposed by the application of the
technology, such as envirommental damage. In other cases, an institu-
tional constraint may be an unintended consequence of an action taken
for reasons not directly related to the technology. Natural gas price
regulation, for example, has impeded the commercialization of solar
heating and cooling.

Less often, institutional constraints may arise independently of
government. For example, if a new technology displaces workers, labor

*For a discussion of the institutional context in which nuclear
power reactor commercialization began, see L. L. Johuson, et al., Al-
ternative Imstitutional Arrangements for Developing and Commercializing
Breeder Reactor Technology, The Rand Corporation, R-2069-NSF, November
1976, and A. Gandara, Electric Utility Decisionmaking and the Nuclear
Option, The Rand Corporation, R-2148-NSF, June 1977.
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unions may oppose it; or an industry may resist it if it requires major
changes in the industry's investment patterns or established ways of
doing business and, for noneconomic reasons, the industry is slow to
adjust.

In assessing institutional constraints, one must be careful not to
equate a constraint with a "problem" to be overcome or removed. The
most obvious example of this is environmental regulations. If the ef-
fect of an environmental regulation is to internalize the social cost
(i.e., the negative value of environmental damage) of oil shale pro-
duction into the price, then no distortion has occurred that requires
remedy. An institutional constraint is clearly .inappropriate only if
it leads to a divergence between market price and the price that would
reflect the full social cost.*

The importance of an institutional constraint depends on its sever-
ity, i.e., how nearly it constitutes a barrier to commercialization,
and the extent to which a lowering of the constraint can be traded off
with technical performance goals and economics. Because there is con-
siderable uncertainty about a number. of institutional constraints on
0oil shale, one must. add -a probability (generally subjective) of the
constraint's becoming operative,

The commercialization of surface oil shale technology is beset by
a number of real or potential institutional constraints, listed in Table
4,1. Some, such as environmental constraints, are common to most energy

*
In general, there are no methodologies that can accurately quan-

tify social costs to permit calculation of the appropriate prices for
the product with social costs fully internalized. Several analyses,
however, have made steps in this direction for energy prices, hoth with
respect to specific technologies or resources and in a general way.
See, for example, Marquis R. Seidel, "Economic Benefits of Energy Con-
servation," Energy Systems and Policy, Vol. 2, pp. 1-30, 1977; T. H.
Binghan, et al., Cost-Effectiveness of a Uniform National Sulphur Emis-
sion Tax, U.S. EPA, 600/5-74-009, February 1974. The proper internal-
ization of social costs refers only to allocative efficiency. Questions
of the distribution or redistribution of wealth that are often germane
to discussions of institutional constraints do not enter here as a con-
sideration. But distributional questions may be central to the politi~-
cal realism of remedies for institutional constraints.



‘Table 4.1

INSTITUTIONAL CONSTRAINTS ON OIL SHALE COMMERCIALIZATION

Factor Potential Problem Organization Involved
Federal Policies
Leasing 5120-acre limitation on lease holdings by a single DO0OI, DOE
firm; complexity of regulations; uncertainty of
offerings on a timely basis.
Entitlements Entitlements must be made available for oil shale FEA

purchasers as long as they are.in effect.

State and Local Government Policies

State control

State taxation

Local zoning

State control over energy leasing and development
has increased; state governments can insist on
prior approval; new state rules limiting energy
export.

Increases in severaqce and other state taxes on
energy development should be expected as revenue-
raising and energy development control measures.

Rio Blanco (a major oil shale county in Colorado)
recently rezoned all unused land for agriculture.
Variances will be necessary for major shale
development. Contests between local and federal
government for control of federal land use likely.

State governments,
DOIL, DOE, courts (?)
on export laws

State, industry

Local governments, DOI

Multiple Responsibility

Water availability
and allocation

Environmental 1ssues:

Meeting current
regulations

Changes in
regulations

Environmental
opposition

Water rights are now controlled by all levels of
government , interstate compact, international
treaty, Indian tribes, and individual owmers.

State control has increased over federal projects;
environmental and, later, agricultural groups will
probably oppose allocation of water to shale devel-
opment. :

A problem in meeting particular ozone regulations
has been identified. Particulate regulation can
be changed by administrative action; ozone might
require legislation, :

Changes in regulations could be a source of serious
difficulty for industry, starting with proposed
changes to the Clean Air Act. Increasing costs and
uncertainty facing industry.

Opposition by regional and national environmental
groups can be expected at every step of the admint-
stratilve and regulatory process, Opposition will
be maximized by an accelerated federal deployment
program. No nonadversary processes are now ayail-
able to achieve compromises,

All parties

Colorado, EPA, citizens
groups, Congress (?)

States, Congress, EPA

Courts, DOE, DOIL,.
industry

Investment Climate

Taxation on "old" oil

Ventical éndnhorizontal
‘divestiture

Potential effect on oil company rates of return.

Effect on incentives to invest, availability of
capital.

011 companles, Congress,
Administration

0il companies, Congress,
Administration
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supply technologies. Others, such as water allocation, are particularly
salient for oil shale.

The sections below discuss institutional constraints on oil shale
commercialization, following the order of Table 4.1. Constraints in
the first three categories——federal policies, state and local govern-
ment policies, and multiple responsibility-—affect o0il shale commercial-
ization directly. The constraints in the final category indirectly af-
fect the willingness and ability of oil companies to invest in oil shale

production.

-FEDERAL POLICIESj

Even without an accelerated deployment or commercialization pro-
gram, the federal government is already deeply involved in oil shale
development: as owner of about 80 percent of the high-grade shale re-
serves, as regulator of petroleum.prices, and through taxation policies

that directly affect oil shale economics.

Federal Leasing Authority and Practice

The federal government is the primary owner of oil shale lands in
the West, owning over 80 percent of the highest-grade and most access-
ible reserves. Although the development of oil shale could begin on

privately held lands, it would be limited to only a few plants, and in

disposal of spent shale on federal land,fgfrboth. Tworleasing issues

could pose institutional constraints on o0il shale development: acreage
limitations and the possibility that lease offerings could be delayed
or halted.

Rules in effect since the passage of the Minerals Leasing Act of
1920 limit federal lease holdings to 5120 acres of oil shale lands by
any one company. A company may hold an interest in several leases as
long as the total does not exceed 5120 acres of federal land. This
policy effectively precludes a small number of firms from developing
a strangle hold on oil shale production, but it also reduces the ad-
vantage that a crude-short oil company could obtain because it limits

output per company to the equivalent of a single large operation, i.e.,
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100 to 150 thousand barrels per day. As discussed in Chap. 3, the
acreage limitation also decreases the chances for learning to take place
by a potential plant purchaser, because the number of plants operated

by a single company is limited,

A potentially more serious problem arising out of federal owner-
ship is whether the government can establish a leasing policy for oil
shale lands so that tracts can be offered without serious delay. The
Department of the Interior took the first step toward a leasing policy
in 1969 with a study to determine if shale lands should be made avail-
able. From that first step grew the Prototype 0il Shale Leasing Pro-
gram. Over the next four years, six tracts were nominated by industry,
the environmental impact statement for the program was completed, and
by the end of April 1974, four of the six tracts offered had been leased
for bonus bid payments of $447 million.* The bonus bids were to be
paid in five equal installments, the first upon acceptance of the bid,
followed by payments on the anniversary date for four years. The. last
two payments could be offset dollar for dollar by investment ifn develop-

ing the tract. The Prototype Program was intended to (1) make tracts

[ ——

f]of‘high-quality 0il shale available to a number of developers, (2) dem~

onstrate the environmental acceptability of oil shale production, and
(3) develop administrative procedures for future oil shale lease sales.
The first goal was accomplished; four oil company consortia were formed
to purchase two tracts in Colorado and two in Utah. The second and
third goals were not met.

Almost from its inception, the program became enmeshed in bitter
disputes between environmentalists, developers, and the government.
Environmentalists felt that National Environmental Policy Act (NEPA)
requirements were not fully met, and that they had had insufficient
opportunity to comment. on the environmental effects of o0il shale devel-
opment. (However, a great deal of environmental baseline data had been
gathered by developers as a necessary step toward development.). The
Prototype Program has encountered continuing difficulties from »

*Two tracts each were offered in Colorado, Utah, and Wyoming. The

Wyoming tracts, which are suitable for im situ recovery, received no
bids.
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governments at several levels. Industry officials complain that the
lease regulations were both very long in the making and difficult to
understand when completed. A number of lawsuits were threatened by
environmentalists, and in the wake of the suspensions of the leases by
the Secretary of. the Interior in 1976, a suit was filed, which has
since been dismissed.* The State of Utah has challenged the leases in
that state on grounds that the oil shale lands should have been deeded
to it in settlement of claims dating back to statehood. The owners of
Colorado Tract A (C-a) have threatened to sue Interior if the lease
suspension granted in 1976 is not continued. Continuation would prob-
ably lead to a reactivation of the environmentalists' suit under the
Minerals Leasing Act and NEPA. Finally, changes in development plans
originally filed by the owners of C-a and C-b will likely result in
yet another suit by environmentalists arguing that a new environmental
impact statement under NEPA will be required before development can
proceed. If that suit materializes and is successful, the Prototype
Program would be delayed one to three years and could be abandoned
altog-ether.+ Against this background, and with the continuing diffi-
culties encountered by the federal coal leasing program over the past
seven years, developers are understandably uncertain about the ability
or political willingness of the federal government to lease shale lands

in the future.

Entitlements
Several oil shale developers expressed concern that even with sub-

sidies that would bring the required selling price for oil shale into..

"Environmental Defense Fund, Inec., et al., v. Kleppe and Rutledge. |
The suit alleged that the suspensions of the lease and deferralcof bonus
bid payments were in violation of the Minerals Leasing Act and NEPA be-
cause the real reason for the suspensions was the unfavorable economics
of 0il shale rather than "for reasons of conservation" as required by
the law. The suit was dismissed by the U.S. District Court for the
. District of Columbia on a technicality: the plaintiffs' failure to in-
clude shale developers as defendants.

1.Yet another possible suit may be filed by Occidental Petroleum
against the C-a owners. alleging infringement of patent rights on the
modified in situ process now being planned for C-a.
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line with OPEC prices, the FEA would have to extend the entitlements
program to oil shale before they could compete. All that is required
is a definitional change in FEA regulations to explicitly include syn-
thetics as uncontrolled oil use by a refiner. Although there is little
reason to believe that the FEA would not make such an extension, oil
companies would be more comfortable if it did so immediately. The ef-
fect of the administration's proposed tax on "o0ld" 0il would be to
phase out entitlements over the next few years. Nonetheless, developers
would feel more confident if the change to allow entitlements were made
now. »

Unless entitlements were extended to shale oil, shale crude would
have to sell to refiners at a lower price than imported oil in order
to compete. An extension of entitlements to shale and other syncrudes
is a form of implicit subsidy, although the transfers are confined to
the private sector. But because entitlements are also a subsidy to
the use of imported oil, an extension to syncrude would not affect the

relative economics of syncrude and world oil.

Federal Taxation

Two federal tax policies pertain directly to shaie 0il costs. The
first is the depletion allowance for oil shale; its elimination would
require an increase of over 12 percent in the selling price to maintain
a 15 percent DCF return. The virtual elimination of the petroleum
depletion allowance has raised industry concern that the allowance on
0il shale might be similarly dispatched. That eventuality, although
it could affect the required selling price.of shale oil, would not
place oil shale at an unfair disadvantage'Yiﬁzﬁgggéjpetrbleum crude.
Unlike an extension of entitlements, the éépletion allowance provides
a subsidy to shale o0il not generally available to petroleum, although
it is not nearly enough to offset the higher basic costs. To eliminate
the depletion allowance for shale would either further postpone the
time when the private sector could undertake shale commercialization
on its own or increase the level of government subsidy necessary to

initiate a shale oil industry.

%
The potential indirect impact of the proposed tax on shale invest-—
ment by o0il companies is discussed below under "investment climate,"
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A second tax policy important to oil shale developers is the 10
Percent investment tax credit.currently applying to all capital invest-
ment by businesses. For several reasons, it is especially relevant to
shale development., 0il shale production is more capital-intensive than
the production of petroleum crude, which means that the tax credit is
relatively larger for shale than for petroleum. In addition, because
the credit can be taken in the year in which investments are made, it
improves cash flow during construction years, in which heavy investments
are made but no revenues .are received from the plant. This effect is
enhanced if a substantial portion of the plant is financed by a loan,
because the tax credit can be taken against debt as. well as against
equity funds by the plant purchaser.

The only differential advantage .of the tax credit results from the
capital-intensiveness of surface shale production. Thus, if shale pro-
duction from modified Zn situ is less capital-intensive than surface
retorting, the tax credit will be smaller. The improvement in cash

flow during. construction does not create an investment bias toward

i

shale{vis—é—vis any other capital investment. -
Although the depletion allowance and tax>credit improve oil shale's
economic prospects, they are also a source of uncertainty for shale de-
velopers. Developers' uncertainties about tax and leasing policies

will in some.fashion be incorporated into any future government subsidy
program by raising the minimum acceptable levels of subsidy necessary

to induce investment.

Federal policies on leasing practices and procedures appear to be
the most important potential constraints. Entitlements and taxation
policies trade off with economic constraints in a straightforward way.
And the chances are good that these constraints will not materialize.
But the failure of the U.S. government to lease on a timely and effi-
cient basis would pose a significant barrier to shale development that
could not be easily surmounted. In addition, difficulties in Western
coal leasing, the controversy surrounding the Protdtype 0il Shale Leas-

ing Program, and continued intense opposition to leasing by environ-

mentalists suggest that leasing constraints could indeed materialize when ,

the basic economics improve as a result of new technology, increases in

world oil prices, or government subsidy.
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STATE AND LOCAL. GOVERNMENT POLICIES
The Rocky Mountain states hold not only all of the. high~grade oil

shale, but large deposits of coal, some petroleum and natural gas, and
virtually all of the nation's uranium reserve. As a result of environ-
mental regulations that have increased the attractiveness of low-sulphur
Western coal, and as a result of the increase in energy prices, energy
development has quickened in the area and is expected to continue to

do so.

Unlike most other parts of the country, the Rocky Mountain states
have had a tenuous legal position regarding control of energy develop-
ment within their borders because the federal government is the prin-
cipal owner of energy lands in the region.

In the past several years, the affected states have become in-
creasingly assertive in their attempt to wrest control over energy de-
vVelopment on federal lands from the U.S. government, These attempts
have met with substantial success in several areas. The Western gov-

\;i§539£§iwon a pledge from the Secretary of the Interior that no major
enéfgy development would proceed in one of their states without the
prior approval of its governor. In environmental matters, state regu-
lations tend to take précedence over federal régulation when they are
stricter., State and local permits have generally been sought for de-
velopment on federal lands even though the official federal position
has been that such permits are usually unnecessary. The states have
also sought and gained much greater say over how water from federal
projécts will be allocated. The governor of Colorado recently won
from the Department of the Interior the right of prior approval of most
water allocations from federal facilities to energy projects.*

Although the goal of increased state control of energy development

is shared among the states of the area, their incentives vary markedly.

*The Memorandum of Understanding between Colorado Governor Lamm
and the Secretary of the Interior expresses Colorado's concern that
water from federal reclamation projects "not be reallocated, trans-
ferred or reassigned from agriculture, municipal or light industrial
uses to energy production-conversion uses in the State of Colorado in
ways which are inconsistent with the policies and program of the state."
Denver Post, July 10, 1977.
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In Colorado, energy development has become an important political issue,
especially as energy development competes with state environmental goals,
Politics in Colorado divide along traditional Democratic and Republican
party lines, with the Democratic party generally espousing a cautious
attitude toward energy development, and the Republicans citing the need
for greater energy and economic development., The parties are very

evenly matched in electoral strength, with the Democrats currently con-

trolling the state house and the Republicansithe¢legislature. Because
energy development is a contentious politicéigiééue, Colorado governors
have had very strong incentives to attempt to manage the process. The
desire for control was accentuated by what Colorado officials saw as
unilateral federal action on the 1975 Synthetic Fuels bill. They com-
plained that they did not receive advance copies of either the Inter~-
agency Synfuels Task Force Report or the 1975 legislation.

Utah's incentives to wrest control of energy development from the
federal govermment stem from frustration and a belief that the federal

establishment has not moved fast enough to allow development. A con-

sistent complaint of Utah officials is that the federal agencies are

overly sympathetic to the wishes of environmentalists, and thatrk“ |
R —

the agencies constitute the primary roadblock to the development of oil
shale and coal within the state. There is very little political dis-
agreement in Utah on the advisability of energy development. In stark

contrast with Colorado, Wyoming, and Montana, which are considering

oo

export limitations on converted energy resources, Utah officials hope

that the state can become a major net exporter of energy in all forms.
In addition to winning concessions from the Department of the V

Interior, the oil shale states can use taxation both to control the

pace of energy development and raise revenue. Thus far, only Montana

“The export controls mentioned. most often would limit the percent-
age of output from an energy conversion plant, e.g., electricity station,
coal gasification facility, and possibly oil shale, that could be con-
sumed outside the state. This limit would be part of the permit pro-
cess. A bill proposed in Montana would limit export to 25 percent of
total output; a similar bill introduced in Wyoming would enact a 50
percent limitation. If such legislation is ultimately passed by any
state, it will undoubtedly be subjected to a test of constitutionality
under the Interstate Commerce Clause.
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has used taxation to slow energy development. The state imposed a 30
percent severance tax on coal (about ten times the average in the re-
gion) as a reaction to the severe environmental and socioeconomic ef-
fects of the opening of the first two Colstrip mines and associated
power generation stations by Montana Power, a privately owned utility.

The oil shale states of Colorado and Utah are not now disposed to
use severance taxes to control development. Colorado has clearly
stated, however, that it will use whatever means it can to counter any
federal attempts to force the pace of development faster than the state
desires. Utah and Colorado currently view severance taxes simply as
revenue-raising measures; as long as they maintain this view, severance
taxes will be limited. Attempts to increase the Colorado severance
taxes substantially were defeated this year by the legislature,

Local governments in the Rocky Mountain region have also become
more assertive in claiming independent rights to control development
within their jurisdictions. In the past, local governments in the oil
-shale area have had very few problems. The area is sparsely populated
and predominantly agricultural. With the advent of new coal mine open-—
ings, however, many of the social ills of instant urbanization, such
as boom towns, have afflicted rural Montana, Wyoming, and Colorado.

The social problems found in boom towns—-breakdown in local government
services, mixing of opposing life styles, crime, mental illness, and so
forth~~have been thoroughly explored elsewhere.* From observing the
tribulations of their neighbors, the principal shale counties have
learned that they must prepare in advance if they are to have any con-
trol over the reshaping of their communities. The clearest example of
an attempt to gain preemptive control is. in Rio Blanco County, the most
important shale county in Colorado. The county supervisors have rezoned

all vacant portions of the county, including federally owned shale lands,

See, for example, William R. Freudenberg, "The Social Tmpact of
"Energy Boom Development on Rural Communities: A Review of the Litera-
ture and Some Predictions," paper presented at the annual meeting of
the American Sociological Society, August 1976; John S. Gilmore, "Boom
Towns May Hinder Energy Resource Development,' Scitence, Vol. 191;
William Christiansen and Theodore Clack, Jr., "A Western Perspective on
Energy: ‘A Plea for Rational Energy Planning,'' Science, Vol. 194.
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for agricultural use only. Thus, variances would have to be sought for

shale development.. The legality of local zoning of federal lands is

icy has been to request that developers of federally ouned lands- comply

with all local ordinances and.permits; and of course the issue does not
come to a head at all when counties zone nonfederal lands for agricul-

tural use only. In such cases there is no doubt about the legality of

counties' requiring a permit for development.

Counties' attempts to exert some control over the development
process should not be interpreted as opposition. Most public officials
in these counties welcome the economic improvement that would accompany
0il shale development. In addition, socioeconomic problems created by
commercialization are easily exaggerated. Firms opening new mines in
Western states have shown an increasing willingness to aid local govern-
ments both financially and with planning. 0il shale developers have
“all made plans to alleviate some of the ills of urbanization, if only
to help ensure a stable work force. An accelerated o0il shale subsidy
program, however, would undoubtedly bring pressure on the federal gov-
ernment to share at least part of the costs of social services., If it
did not, the withholding of county permits could retard development.

The extent to which state and local gbvernments stand in the way
of development will depend heavily on the negotiating skills of devel-
opers and federal agencies. The regulatory processes at both the state
and local levels are becoming more and more complex, particularly in
Colorado, with a marked increase in the number of points of control
in the past few years. These governments apparently will be in a strong
position to control the pace and nature of shale development if they
believe their interests are threatened.

Although federal energy impact aid and industry expenditures on
the community can help defuse state and local government opposition to
development, there is a political and human relations component to the
issues that cannot be ignored. Rocky Mountain state and local govern-
ment officials view the federal government as a sometimes benevolent
and sometimes autocratic landlord who is largely unresponsive to their

problems. Federal attempts to spur the development of oil shale have
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further inflamed. the situation. When resentment of the federal govern-
ment is widespread, it is politically difficult for governors to achieve
compromises on energy development issues. In addition, because of the
great heterogeneity of the Rocky Mountain. states, it is difficult to
fashion federal policies that are workable for the whole region. If

the federal government elects to accelerate oil shale development, even
with a mo@est demonstration program, it may have to engage in a great
deal of consultation with each state and local government to pacify the

opposition.

" AREAS OF MULTIPLE RESPONSIBILITY

The availability of water and the impact on the environment by oil

shale development are potential constraints that will cut across juris—
dictional lines. Both are contentious issues, and both are. subject to

uncertainties.

Water Availability

The amount of water that can or will be made. avallable for energy

development in the Western states has. been a serious concern to the fed—

eral government,ﬂiggggt;yz‘and the states. A recent report concludes
that "Under conservative estimates for water availability, consumptive
use reaches alarming levels in the West even by 1980."* The concern pre-
dates the drought of the past two years, but was undoubtedly heightened

by the record low-flow levels in most rivers in the Rocky Mountain region.

Water availability for oil shale development has been of speciall
concern because of the lack of flexibility in siting and the generally
more severe water constraints in the Colorado River Basin than in other
watersheds. The ¢ritical constraints| posed byiwater are oil shale water
demands, physical availability, and water rights.

Analyses of water use by a surface shale industry have converged
at between 140 to 175 thousand acre-feet per year as'consumptive re-

quirements (i.e., with no return flow) for a one-million-barrel-per-day

*Environmental Constraints on Rapid Developmeit.of Fossil Fuels-
As Energy Sources, Report to the Energy Resources: Development Agency .by
the Inexhaustible Energy Resources Task Force, -1977, p. 24.
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industry and accompanying urban development.“ Although.that is a great
deal of water for this part of the country, its allocation to oil shale
does not necessarily constitute a profligate use of water resdurces
relative to agriculture or alternative energy development. If one
accepts willingness to pay as a criterion of allocative efficiency,
industrial uses of water almost always are more efficient than agricul-
tural uses in the Rocky Mountain area., Farmers in Colorado are willing
to pay about $20 per acre-foot for water rights; energy developers

have paid $50 per acre-foot when necessary.+ Even if o0il shale devel-
opers paid $60, the increase in operating costs would amount to only
about 1l.7¢ pegﬁg;;ggiiAAfﬁ\addition, on an energy efficiency basis,

oil shale devei;;;gag_gghgﬁfelatively efficient. use of water, as illus-
trated in Fig. 4.1, The most meaningful comparisons in this respect
are between o0il shale and coal-fired electricity generation, coal gas-
ification, and coal liquefaction. A 1000 Mwe coal-fired generation
station, assuming most efficient design and an 80 percent load factor,
consumes about 15,000 acre-feet per year for the plant alone, or about
146 gallons per 106 BTU generated. An oil shale plant by contrast will
consume only about 20 to 30 gallons per 106 BTU output. Ten to twelve
large coal-fired. generation stations would consume as much water as a

one—mlll1on—barrel—per—day 0il shale 1ndustry.

In terms of physical .availability, there is ample unused water in
both the Colorado and Utah portions of the Upper Colorado basin. Never-

theless, water availability could pose serious problems for the creation

of a large oil shale industry using surface. technologies, for several
reasons. The Upper Colorado River is governed by a Byzantine set of

water use regulations involving federal and state laws, interstate

“See, for example, U.S. Department of the Interior, Report om Water
for Energy in the Upper Colorado River Basin, July 19743 U,S. Geologi-
cal Survey, Water Demand for Expanding Energy Development, Circular
703, 1974; J. M. McKee and S. K. Kunchal, "Energy and Water Requirements
for an 0il Shale Plant Based on the Paraho Processes," paper presented
at the Ninth 0il Shale Symposium, Colorado School of Mines, April 1976;
and Felix L. Sparks, "Water Prospects for the Emerging 0il Shale Indus-
try," Quarterly of the Colorado School of Mines, Vol. 69, No. 2, April
1974,

TCalef, op. cit., p. 8.
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compacts, Indian treaty obligations, and international agreements. The

S_Coiqrado has been called "the most regulated river in the United
States."* The Colorado River Compact of 1922, subsequent legislation,
and court decisions have allocated the river's water between the Upper
and Lower Basins and within the states of the Upper Basin.+ The Lower -
Basin states are guaranteed an average of 7.5 million acre-feet per year
measured over a l0-year period. The rest is allocated among the Upper
Basin states of Colorado, Utah, and Wyoming. _

Water availability for oil shale is not expected to be a problem

in Utah because oil shale development is limited by the small high-
grade reserves and because Utah has ample. unused and uncommitted water
from the Upper Colorado River Basin.+ Colorado confronts a different
situation. It contains about four-fifths of the high-grade shale re-
serves, and all of the state's water allocation from the Colorado Basin
is either being consumed or is bound by conditional decrees that commit
it for future use. Table 4.2 summarizes the Colorado allocation.

Colorado has granted more water rights for future use than it has

4 watér;available from the Colorado to grant. The importance of that

overcommitment is not in and of itself a bar to development beyond
apparently available supplies; some of the water rights might be re-
linquished, and some senior rights might be purchased. Claims for
appropriative water rights can bevfiled with the state, stipulating

how much water would be withdrawn and at what periods and for what uses.
If the Water Court finds that the claim is for a "beneficial use," a
conditional water right has been established. That does not mean that
the water is in fact available; actual use of water is determined by

seniority. Water rights now owned by most shale developers are -~

*
Report on Water. for Energy in the Upper Colorado River Basin, p. 2.

In addition to the 1922 Compact, the Mexican Water Treaty of 1944,
the Boulder Canyon Project Act of 1928, the Boulder Canyon Project Ad-
justment Act of 1940, the Upper Basin Compact of 1948, and the Coloradp
River Storage Project Act of 1956 are integral parts of the complex
legal arrangements for control of the river's waters.

+ .
Project Independence Task Force on 0il Shale estimates uncommitted
water in Utah for oil shale at 116 thousand acre-feet per year.
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Table 4.2

ALLOCATION OF COLORADO RIVER WATER IN COLORADO

(In thousand acre-feet/year)

State share from River Compact ...s..v... .2976
1974 uSe tevevennenrissaseacaresennsanass =1855
Storage evaporation ...ecceccececacsccss. =269
Currently unused ...cvvereinnerrasncenas 852
Committed future USE ..eveeveceeeneaces. =916
Overcommitment ...ceecveenscscsscsaasans 64

SOURCE: FEA, Project Independence Task
Force Report on 0t¢l Shale, Washington, D.C.,
November 1974, p. 169.

oL
~

essentially worthless because of their junior status. Private water
rights might be purchased from agricultural holders as utilities cur-
rently do for power plants. The use of private rights may be limited,
however, because the courts must authorize a change in use, and the
change must not lead to the injury of any other water-rights holders
even if their claims are junior to those purchased. The logical and
most promising sources of water for an oil shale industry in Colorado
are federal reclamation projects. Existing projects might supply
enough for a one-million-barrel-per-day industry.

The overcommitment of water rights has taken on more serious impli-
cations in the past few months because the state government has indi-
cated that it may not allow the diversion to energy use of water from
federal projects-——water that was expected to provide the bulk of oil
shale water in Colorado. 1In addition, the Sé&cretary of the Interior
has agreed to give the governor of Colorado considerable say in whether
water from federal projects may be diverted. to oil shale use.

Because the availability of surface water is uncertain, the pos-—
sibility of tapping large underground supplies has received more atten-
tion. The extensive use of aquifers, however, is at best a short-term

. . . I7 B
golution for a shale industry and could encounter insurmountable!envi-=

ronmental obstéelés.' Although as much as 25 million acte-feet may be

*
Sparks, op. cit., p. 97.
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trapped beneath the shale region, the underground replacement rate is
only about 29,000 acre-feet per year. At a modest rate of use, there-
fore, a shale industry would begin to draw down the underground re-
serves. In time, springs and surface streams fed from underground
reserves would be decreased, and fresh-water aquifers might be contam-
inated with saline underground water.*

The water problem in Colorado is exacerbated by the political
sensitivity of allocation policies. Agriculture is by far the largest
consumer of water in the state, and allocation and water development
policies have been established with the farmer in mind. Some farmers
contend (no doubt correctly) that oil shale development would lead to
higher prices for water and possible revisions in water allocation pro-
cedures. Environmentalists perceive oil shale water use as a threat
to the environment and a strong issue on which to gain support. There
is thus considerable political pressure on state government not to al~
low major water diversions to energy development.

Water for oil shale development is predominantly a political-
institutional problem. Enough water can be made available from federal
reclamation projects and from the purchase of senior water rights to
begin an oil shale industry in Colorado. Beyond a production rate of
about one million barrels per day, entailing about 1,600,000 acre—~feet
of consumptive water use per day, obtaining further water for oil shale
would require some potentially difficult political actions, such as
building new reclamation projects or assigning oil shale a higher pri-

{ ority|than agriculture for existing appropriable water.

Environmental Constraints

Any kind of energy development involves some amount of assault on
the physical environment. The effects of surface o0il shale extraction
on the environment are distinguishable in threelways: ; (1) Very large

quantities of solid waste (spent shale) will be produced in addition

to normal industrial air and water emissions, (2) shale development
would take placec in an area that is currently unspoiled by industrial

developments, and (3) the bulk of that development would take place in

e
Tbid.
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Colorado, a state with unusually active citizen environmental organiza-—
tions. Environmental considerations present three kinds of challenges
to any shale industry: meeting current regulations, coping with changes
in regulations during development and deployment, and facing citizen

and government opposition to shale development based on environmental
grounds.

Meeting Current Regulations. O0il shale processing is affected by

federal and state air quality standards, federal water quality stand-
ards, and environmental strictures written into federal shale leases.
Although spent shale disposal has been the subject of considerable de-
bate, air quality isvthe only major uncertainty in the ability of sur-
face shale facilities to meet existing standards. In 1976, the industry
reported that its monitoring program had discovered background levels

of particulates, hydrocarbons, and ozone in excess of standards. Tt

was in part on the basis of these findings that the bonus bid payments

on the four federal leases were suspended pending the resolution of the

f envirbgg;;EEIWissues. State air quality officials in Colorado could

foresee no air quality barrier to oil shale development, noting that
their air monitoring efforts had not recorded as high levels as had the
industry. It is now expected that EPA will be able to remove any regu-
latory roadblock to o0il shale development by administrative action.

The industry also considers it essential that the oil shale region be

designated a Class II area, a standard that would allow some|minimal.

K
3

degradation of air quality. Such a redesignation is expected. Devel-
opers believe that they can ultimately meet all existing environmental

standards, but that a furthen#tighteninéiéf air quality standards

hUtah and Colorado may clash over the classification problem.
Utah has petitioned EPA to designate the immediate area of oil shale
plants as Class III, which would .allow air quality to be degraded to
national ambient air quality standards, and that the region between
the plants and the Colorado border be designated Class IT. Colorado
has protested that because of prevailing winds, this would jeopardize
its ability to maintain a Class II designation for its oil shale area’
because Colorado would receive cumulative emissions from both Utah
and Colorado shale development. This issue will not come to a head
until Colorado requests redesignation, but then could result in pro-
longed litigation. '
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proposed in a recent amendment to the Clean Air Act might prove insur-
mountable. As discussed in Chap. 2, however, meeting environmental
standards is costly,; affecting both capital and operating costs.

Although the principal envirommental effects of shale development

are thought to be known{;some'uncertainty remains in a few areas, par—
ticularly in regard to|toxic: substances that willtulti;;E;I§wbe regu-
lated under the Toxic Substances Control Act of 1976. i

Changes in Regulations. A great deal remains to be learned about

the effects of environmental pollutants on human health, particularly
the health effects and pathways to man of potentially toxic trace ele-
ments. As more is learned, new regulations will be promulgated, some

of which will affect o0il shale., 1In addition, the institutional context

s - ¥c b . - \'- .
‘ in which oll?shale environmental impacts. are regulatedﬂls\now changing.

In Colorado;ﬁlocal governments are expected to increase their role in
environmental regulation, and the. adoption of state standards for water
quality and solid waste disposal is likely. Furthermore, in the West,
and in Colorado in particular, emissions standards. are sometimes used
not simply to control emissions but as mechanisms for controlling land
use and development. This can lead to the adoption of more stringent
emission and effluent regulations than would be warranted on the basis
of air or water quality alone.

Developers are aware that environmental regulations may change and
render oil shale all the more risky an undertaking. Stronger regula-
tions could increase costs both directly by forecing costly design -
changes and indirectly by inhibiting learning, as discussed in Chaps.

2 and 3. Equally important, changes in the institutional context for
promulgating and enforcing envirommental regulations would delay routin- -
ization of these processes. Whenever regulatory functions are shifted
to a new agency, a period of start-up and shakedown is inevitable. The
industry then must deal with a new set of actors with different skills
and points of view. The effect of such changes is to make "safe pas-
sage' of a project through the regulatory process less certain even if

the formal regulations themselves remain unchanged.
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Environmental Opposition to Shale Development. - The politics of

environmental proﬁection are likely to give the industry perennial dif-
ugiculty.\ Formal regulatory requirements are never completely clear,
-;;E_E;;g;ently are less important than informal political processes.
0il shale development is no exception. Starting with the Prototype

0il Shale Leasing Program and contihuing to the present, 0il shale de-

Environmental groups believe that they were improperly, if not ille-
gally, excluded from effective participation in the Leasing Program de-
cisionmaking as required by NEPA,* and that this execlusion has continued
throughbut'the government's commercialization planning for oil shale.
They contend that federal agencies;‘including the Department of the

Interior and DOE, must take primary responsibility for the failure to

negotiate cooperative compromises, . With one interesting exception,

only adversary routes have been taken in trying to resolve environ-

mental disputes: lawsuits, threats of lawsuits, and lobbying against

legislation that would encourage oil shale development. Federally

created bodies such as the 0il Shale[?gbironmentalfAdVisory Panel have
had little discernible effect on théipgigzgggiﬁgggécts of the process.
The ability of DOE (which became the lead agency for oil shale commer-
cialization efforts in 1975) to find acceptable ways to incorporate the
concerns of envirommental groups (or state and local governments) was
seriously hampered by the lack of any effective organization in the
Rocky Mountain area, as well as a legacy of ill will inherited from

previous oil shale efforts.

it would be difficult to find| common ground even if adequate organ—

izational means existed to aid in effecting a compromise between the

£

“See Katherine Fletcher and Malcolm Baldwin (eds.), 4 Scientific
and Policy Review of the Fimal Envivonmental Impact Statement for the
Prototype 0il Shale Leasing Program of the Department of the Interior,
Environmental Impact Assessment Project, Washington, D.C., 1974.

+The difficulty of establishing mechanisms for the amicable reso—
lution of environmental disputes in oil shale development is discussed
more fully in P. Ellickson and E. W. Merrow, Resolving Emvivovmental
__Issues in Energy Development, The Rand Corporation, R-2335-DOE (forth-
_coming), June 1977, |
il M E 2P
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need for environmental protection and energy development. It is an

inescapable fact that oil shale development will significantly indus-

P . . . . .
| trialize\a previously rural, unspoiled. environment in'a sizeable por-

tion ofﬁéolorado. There is a basic conflict of@intereéts and values
that cannot be fully reconciled.

Nonetheless, there may be more room for accommodation between
environmental and development goals than has been exploited in oil
shale. TIn preparation for its development on private lands, Colony
Development Corporation engaged in a continuing dialog with environ-
mental groups .and modified its environmental research and development
plans to allay some of their concerns. As a result, Colony believes
that opposition to its project was considerably reduced. The Colony
experience suggests that, at a minimum, mutual suspicion can be reduced
and some strides toward accommodation may be possible.

Constant wrangling and inflamed rhetoric have persuaded some peo-
ple in the industry that environmental groups will blindly oppose any

- 0il shale or other energy development regardless of what industry may
do to minimize environmental effects. In reality, most environmental-
ists in the Rocky Mountain area do not appear to hold this position.
Many of them, however (and, for that matter, some industrial and govern-
ment supporters of oil shale) believe in the "momentum theory of com-
mercialization'--that once commercialization begins, development will
proceed even if the environmental effects are considerably worse than
expected, This belief has impelled environmental groups to attempt
to stop oil shale and other energy developments in the early phases of
development, when the programs are most vulnerable. If one accepts
the momentum theory (and arguments and evidence can.be produced pro and
con), then the environmentalists' strategy of strong opposition early
in development is entirely reasonable., The net effect on society,
however, may be perverse, if the industry is subjected to extreme de-
mands.

If reasonable protective mechanisms are allowed and employed,

environmental. protectioi es mot necessarily lead to loss of| techno- |

logical innovatiom. or pro ctivity~inmthé'eépnomy. Although an improved

environment is not included as a good or service in calculating the
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gross national product, it is in fact a valuable product, Tf, however,
the politics of environmental protection work to prevent new technol-
ogies from being fully developed because they pose a risk of environ-
mental damage, then technological imnovation and productivity may in-
deed be adversely affected. Wide acceptance of the momentum theory
drives the political process inevitably to that result. This problem
is not confined to oil shale or even to development in the Rocky Moun-
tain area. It was clearly a factor in policy debates over the commer-
cialization program for the fast breeder reactor, and it will probably
continue to be the case that new energy technologies will be subject to
more complete environmental cost internalization than older, more es-—
tablished technologies. One can expect that they will be held strictly
to all regulations, barring a major change in national environmental
policy. While costly to developers and consumers, this generally will
not create an insurmountable barrier to development. But even an in-
formal requirement that new technologies be free of environmental risk
before development proceeds could create an institutional barrier with-
out obvious solution.

0il shale inflicts some environmental damage, the costs of which
cannot be fully internalized into the cost of production with any known
technology. Although the environmental costs can be minimized£t£E¥§§§iajﬂ
be difficult to compensate those who believe themselves injuredrby the
environmental effects of o0il shale production. The benefits of oil
shale production (other than direct profits) would accrue to the nation
as a whole, and some secondary benefits from economic. development would
accrue to residents of the immediate area in Colorado and Utah. Local
residents could also be compensated directly for environmental damage,
but the most intense environmental opposition . .to oil shale development
at this time is based in Denver, far from the oil shale area, among
those who value the oil shale area for its scenic and recreational
amenities. This situation forms the. irreducible political conflict in
o0il shale development, It is, moreover, becoming more common as energy

development proceeds in the Western states.
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THE INVESTMENT CLIMATE

The final institutional constraints that we will consider are those

that may indirectly affect the ability or willingness to invest the
billions of dollars necessary to create an oil shale industry. These
factors are the borrowing and investment habits of the oil industry,
the possible effects of the proposed tax on "old" crude, and the gen-
eral political climate facing the oil industry that is best reflected

in the continued discussion of divestiture legislation.

Borrowing and Investment Patterms '-

The 0il industry is clearly the key component in oil shale develop-

ment. The vertically integrated oil companies have performed much of

i
the R&D on o0il shale, are the principal investors, and have the{;equi—

" gite skills in transportation, refining, and, to an increasing extent,

mining. A deployment of oil shale technology without a significant

if not dominant oil company role would pose serious problems.¢ With
the minor exception of a few A-E and mining firms, all private sector
investment in oil shale has come from the oil industry.T In some cases,

0il industry experience with o0il shale technology dates back over

twenty years, and many firms have been involved for afdetade or more.

.

Over the years, the oil companies with the most substantial inter-
est in oil shale as reflected in R&D investment, the construction of

pilot plants, and the acquisition of reserves, have been crude-short,

"It is of course theoretically possible for. the federal government
to deploy a government-owned and contractor-operated (GOCO) shale in~
dustry or similar arrangement., Even if such a decision were made, the
federal government would face many of the same constraints from local
and state governments, environmentalists, and others, as the oil indus-
try. In addition, the advantages of using private sector interest as
a guide to appropriateness of commercialization would be lost, Surely,
no private sector industries other than oil would be potential major
investors in o0il shale in the near future.

TOil company investment in oil shale was conservatively estimated
at $540 million in 1975. Robert Smith, "0il Shale—-Big Strides Toward
Development Halted by New Economic Uncertainties," Engineering and
Mining Journal, March 1975, p. 181,
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vertically integrated o0il companies such as Union, ARCO, and Sohio.h
Many of the large companies without a crude reserve problem have main-
tained a minimal position in privately held oil shale lands.‘ These
latter companies, however, have not supported oil shale development
before the Congress, nor have they made significant R&D contributions
in most cases. ’

The incentive of crude-short companies. to invest in oil shale R&D

. . . [l .
was greater before the nationalization ofi!most: foreign sources of crude

and the advent of entitlements, which have enabled crude-short refiners
to obtain a subsidy on the use of imported oil. Im addition, oil com~-
pany interest in shale has fluctuated a great deal over the years, de-
pending not only on price changes but on the personal interests of oil

company executives.

Taxation of "0ld" 0il

The Administration has proposed, and the Congress is expected to
pass, legislation that would place a substantial well-head tax on do-
mestic crude oil from wells in production before 1973, The price of
this o0il is controlled at $5.25 per barrel.

At present, the effect of such a new tax is uncertain. The Admin-
istration assumes that most of the tax will be passed on to consumers,
thereby raising the retail prices of refined products -and inducing con~
servation. The preference for a tax rather than decontrol of all oil
prices is to preclude petroleum producers. from obtaining "windfall
profits" from old oil. If the Administration's assumptions are correct,

the effect on oil company rates of return would be minimal,

*

Of course, neither ARCO nor Sohio will be short of crude when the
Alaskan pipeline comes on stream. Their investments in oil shale, how-
ever, predate the North Slope development.

.[_

Although some 0il companies have invested in o0il shale technology
R&D over a number of years, there has never been a major concerted drive
-to develop basically new technology, with .the possible exception of Oc-

cidental's modified in situ work.- Rather, the companies invested in

.various degrees of modifying old processes.  This is not surprising;

for two reasons: (1) Developing a wholly new technology would require
more investment than oil shale would have warranted on economic grounds,
and (2) oil companies generally have not invested heavily in R&D, and the
companies interested in o0il shale have little in-house R&D capability.
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If the assumption of a pass-through of the tax to consumers is
incorrect, however, 0il company profits could fall dramatically. This
case is based on evidence that petroleum refiners are currently pricing
their outputs in accordance with thé marginal (i.e., world oil price)
costs of feedstock, rather than on the average (i.e., old oil price
plus new o0il price plus world oil price) costs of feedstock. The price
control ?rogram effects a transfer of revenues from crude producers to
refiners., The effect of decontrol on product prices if this argument
is correct would be essentially nilﬂ* A tax on old 0il, however, would
substantially reduce profits to the refining sector, with little or no
effect on price in the short run. In‘the long run, prices would in-
crease, but via an exit of capital from the industry. Even a major
decline in o0il industry profits would not in itself halt oil shale com-
mercialization if oil shale production were expected to be profitable.
But the prospect of the crude o0il equalization tax increases the cli-
mate of uncertainty facing oil companies, making financial planning

more difficult and risk-taking actions less likely.

The Threat of Divestiture

Fven if the oil industry were not adverse to higher debt/equity
ratios as a matter of corporate policy, and if the tax on old oil could
be passed on to consumers, -there are other reasons why oil industry
planners may be reluctant to undertake any major new departures.

The o0il industry is under more political pressure today than it
has been since the first decades of the century. Some people view the
industry as one of the main culprits in the energy crisis. Horizontal
divestiture is a live issue in the Congress. Exactly how oil shale or
coal liquefaction would be treated under horizontal divestiture is un-~
clear, although one presumes they would be exempt. Horizontal divesti-

ture could, however, lead to a withdrawal of capital from the oil indus-

try because of|falling stock prices, and‘make_borfowing-more»diffiéult.

Vertical divestiture would disrupt potential investment in all

o
C. E. Phelps and R. T. Smith, Petroleum Regulation: The False
Dilemma of Decontrol, The Rand Corporation, R-1951-RC, 1977.
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capital-intensive refinery feedstock development, for at least a time.
If in response to these pressures the industry decides to maintain a
low profile,koil shale will face a cloudy future., The commencement of
major surface shale development could touch off a political storm in
Colorado that might easily seize national attention.* Although the
oil industry in the past has been willing to suffer criticism for the
sake of profits——as witness the Alaskan pipeline——the climate is clearly
less favorable today. Five major oil companies, for example, have
withdrawn from four large, high~visibility energy projects in the last
year or so.+ 7

Finally, o0il companies are subject to higher uncertainty about
market prices than at any time in the recent past. The creation of
OPEC, combined with an expanded govermment role in energy markets,
makés corporate planning more difficult and presumably more risk-averse.
Although there is no way to predict how long these factors will operate,
they need to be considered in any short-term commercialization planning.
We would expect that their effect would be to shift risk in a commer-
cialization subsidy program from the o0il companies and toward the
government.

The climate for oil company investment could change, of course,
and change rapidly. However, if as . a result of divestiture legislation
or severe financial problems the oil industry were unable or unwilling
to undertake the commercialization of processes for producing petroleum
substitutes, an entirely néw dimension would enter commercialization
planning: finding another catalyst for commercialization in the pri-
vate sector. Two possible candidates would be the chemicalvindustry,
Wﬁich possesses much of the necessary technical,expertise, or, less
~likely or appropriate, the A-E industry. The withdrawal of the oil

industry would under any circumstances necessitate more active

“This would not be unprecedented. Many of the same individuals
and organizations who mobilized enviromnmental opposition to the
‘Kaiparowits power plant complex would lead the fight against shale
development. We are not .arguing that 0il companies could not win such

‘a fight; we question, however, that-they would wish to wage it at this
time. ' ‘ — ' : '

TThe Energy‘DaiZy, August 22,1977, p. 2.
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government involvement in the commercialization of oil shale, if produc-

tion were to be accelerated.

SUMMARY

The number of current and potential institutional constraints on
oil shale commercialization is considerable. Table 4.3 reviews those
constraints and our (necessarily subjective) assessment of their im-—

portance and the likelihood of the constraints actually materializing.

Table 4.3

POSSIBLE IMPORTANCE OF INSTITUTIONAL CONSTRAINTS
ON OIL SHALE COMMERCTALIZATION

Importance .
. of Problem Probability
Potential Problem If!/It\Occurs of Occurrence

Federal Policies

Leasing high moderate
Entitlements low low

State and Local Govervment Policies

State control moderate high
State taxation low high
Local zoning moderate =~ variable

Multiple Responsibility

Water availability and allocation high moderate or higha
Environmental issues:
Meeting current regulations high low
Changes in regulations moderate moderate
Environmental opposition moderate high

Investment Climate

Borrowing*agdfinvestment patterns moderate low
Taxation on "old" oil unknown high
.Vertical and/or horizontal divestiture high low

Moderate for a one-million-barrel-per-day industry, high for a
two-million. : '
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The importance of a constraint was judged to be high if its occurrence
would effectively block commercialization and it would be difficult to
overcome. For example,. an unwillingness on the part of the federal
govermment to make shale lands available would constitute such a bar-
rier. A constraint was judged to be moderate if its occurrence would
slow but not necessarily block commercialization, and low if the effect
on commerciglization would be small.

In judging the importance of these constraints, one must remember
that many of them have not been tested either by government or industry.
Not until shaleboil becomes competitive, either through forces of the
market or government subsidy, can the high uncertainties that accompahy
many of the possible institutional constraints be reduced. Several of

the companies that had been most active and important in oil shale de-

velopment have withdrawn pending an improvement in oil shale economics. Y

}

When the economics, improve, these and other companies will address the

institutional constraints on oil shale commercialization in earnest.

Of the many potential institutional constraints on oil shale com-
mercialization, water availability appears to be the most serious (pos—
sibly because it is a physical input that is easy to quantify). Even
so, we do not regard it as an insurmountable barrier to development
at the one-~ to two-million-barrel-per-day level. If development pro-
ceeds slowly, there could be a gradual accretion of water rights to
a shale industry and the cumbersome markets in senior water rights
would have time to work. In addition, during a slow buildup, sounder
water—~use practices and less water-intensive technologies could be
developed. Any attempt to launch an accelerated deployment program
for surface retorting, however, would encounter a serious barrier at
around one million barrels per day unless the political power and will
existed to reallocate water in the Upper Colorado River Basin.

It is also possible that water might be imported from.outside the
upper Colorado River Basin if the problems of reallocation and reclém—
ation within the Basin proVe insurmountable and government and industry
wish to develop a large oil shale industry. To date no plans for water
importation have been seriously considered, and will probably not be

unless shale oil's competitiveness improves.
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Several other potential institutional constraints exist, any one
of which could amount to a veto of shale development: an unwillingness
of the federal government to lease, a failure to win state or local
government approval, and new envirommental regulations. We believe it
unlikely that any of the agencies that could veto shale development
would risk doing so. A flat veto on development would put any agency

or government in a vulnerable position politically; more?lik;iy,‘oééosi;:\

tion would take the form of foot-dragging.
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Chapter 5

PROSPECTS FOR OIL SHALE

The unfavorable economics of o0il shale from surface retorting have
quieted the policy debates of 1974~1976 over whether the government
should begin a large scale commercialization program to get the indus-
try started. Both the private sector and government have lowered their
expectations for oil shale and other energy process plant technologies,
and even the long-run competitiveness of existing surface oil shale
processes is in doubt. Although a major govermment subsidy program
for o0il shale has not been enacted, and appears unlikely in the fore-

" seeable future, the program has not been without cost. Industry invest-
"ment in development efforts, including about $450 million for the Pro-
totype leases, will be lost at least in part. In addition to the
direct costs to the several federal agencies involved in surface oil
shale process development, there have been losses in terms of credibil-
ity to the Congress, and more especially a considerable loss in the
form of ill will among state governments and citizens groups in the
shale region. These outcomes must be placed in perspective: The com-
mercialization of any new technology by industry alone or with govern-
ment support is an inherently risky undertaking. It is important, how-
ever, to see what lessons can be garnered from the oil shale experience
that might reduce the costs of energy technology commercialization ef-

forts in the future.

- COMMERCIALIZATION VS. DEPLOYMENT

The goal of a government~supported commercialization effort is to
accelerate the introduction of a technology:thaf presumably would be
iﬁtroducedvéomewhat later by the private sector alone. The efforf
‘succeeds when, after a period of government support, the private sector
continues commercialization of the technology and the social benefits
of the accelerated introduction exceed the costs of the effort. Suc—:
‘cess for a govérnment—supported effort requires a special set of cir-

cumstances. First, the technology for the new process must be
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sufficiently developed for large~scale use. Second, the private sector
must have economic or institutional reasons to defer commercialization,
even though commercialization would yield net social benefits. Third,
those economic or institutional constraints must be either temporary
or removable in some fashion. In early 1974, available information
indicated that all three of these conditions appeared to exist for oil
shale., The technology was sufficiently advanced so that.a.jump to full
commercial-sized plants involved minimal. technical risk. And it ap-
peared that the primary hesitation on the part of private investors
was due to uncertainty about the stability of the oil cartel (and there-
fore oil prices), and inétitutional factors such as ;hose discussed
previously. Under those circumstances, supporters of a government-
sponsored effort to initiate a shale industry argued that it could be-
come self-sustaining by the private sector. By the énd_of 1974, however,
further information indicated that those conditions did not in fact
exist; in particular, it confirmed the presence of a cost barrier to
shale commercialization. As explained in Chap. 3, the economic barrier
to surface o0il shale commercialization is likely to persist for some
time to come.

Under these circumstances it is inappropriate to contemplate a

commerceialization|effort for surface oil shale processes. A government

——

commercialization effort, even for an energy technology promising very

large social benefits, presumably will be limited in time and cost.
The longest such effort to date, the Power Reactor Demonstration Pro-
gram (PRDP), lasted only about 10 years and combined commercialization
and development activities.* The point of a commercialization effort—
to aid the development of an essentially private sector industry=-is
vitiated if the goVernment commitment is open-ended.

However, if it is determined that the‘p;oducfion of shale oil is
iﬁ the national interest despite the high cost of shale oil relative

-

n ,

"It is also important to note that the PRDP projects that were
most clearly commercialization oriented involved relatively small,
closed-ended commitments of government funds. Neither price supports
nor continuing operating subsidies were ever employed by the Atomic
Energy Commission for PRDP projects.
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to world oil prices, then a deployment program for surface oil shale
plants might be considered.* A deployment program could involve either
subsidies or a combination of subsidies and actions to reduce insti-
tutional constraints.

A number of subsidy options have been suggested: fixed or com-—
petitively bid price supports, fixed or competitively bid construction
subsidies, nonresource loans guaranteed by the government, and
government-owned and contractor—operated (GOCO) plants. Contingencies—-
for example, a failﬁre to meet mnew envirommental regulations——could
also be incorporated into the subsidy arrangements; so could profit-

sharing arrangements if shale plants turn out to be considerably less

costly than expected, or world oil prlces rise rapidly," og\both ~ Each
type of f1nanc1ng arrangement has advantages and disadvantages, but in
all cases a deployment program implies long-term and extensive govern-
ment efforts.T

For a deployment effort, the government must also address institu-
tional constraints. If the government were successful in taking steps
to stabilize the institutional context for oil shale by, for example,
guaranteeing adequate water-supplies, assuring that any shale plants
in operation or under construction would be "grandfathered" from tighter
environmental regulations, and providing substantial community develop-
ment assistance, then the minimum level of subsidy required by the
private sector would be reduced and the manner in which risks are
shared between the government and the private’sector could be altered
toward greater risk assumptioﬁvby 0il companies.

If a deployment program were td be seriously considered by the

«government, . it 'is appropriate to inquire whether a demonstration

*This report has not examined the issue of whether & deployment
program is justified, but proponents have offered numerous justifica-
tions: assured supplies for national security reasons, reductions in
the balance of payments deficits to OPEC nations, demonstrating U.S.
commitment to solving the world—w1de 0oil supply problem, weakening ‘the
‘cartel, .and providing some insurance against the p0551b111ty that world
o0il produetion will peak sooner than expecteds

TThe relative merits of alternatlve subsidy schemes have been ex-
plored in some detail by other studies of synthetic fuels development.
See, for example, the Synthetic Fuels Task Force Report.




95—

project for surface shale would be useful. A demonstration plant
might range in size from a single retort module (about 5000 barrels -
per day output) to a.full S0,000Lbarrels per day complex. A modular'x

demonstration plant has the advantage of limiting the government's

and industry's exposure.to about $150 million. Such a demonstration
was proposed in the 1976 version of the synfuels legislation, (HR 12112),
and preliminary plans for such plants have been made by industry in an-
ticipation of govermment support.* The value of such a demonstration
would be quite limited. If considerable uncertainty prevailed about
the technical feasibility of scaling-up to commercial-sized retorts,
then a singlefretort demonstration might be wvaluable. But in the opin-
ion of 0il shale plant designers, little uncertainty remains about re-
tort scale-up and a single commercial-scale module demonstration would
hot provide much better information about plant costs than is already
at hand. In addition, the plant would not previde a full test of in-
-stitutional constraints; its water-use and environmental effects would
be much smaller than those of a commercial-scale plant; and most plant
designers and potential plant purchasers do not believe that a small
plant could later be effectively enlarged to a more economic size.

A full-scale pioneer surface oil shale plant, of 50,000 barrels
per day or more, on the other hand, could provide much useful data upon
which to base a deployment program decision. The current range of
capital-cost estimates presumably would be narrowed, especially at the
upper end of the range, and realistic operating cost data could be
devéioped. The environmental effects of surface o0il shale development
and water use could be confidently assessed, and some knowledge gained
of the difficulties that might be involved in the permitting process
and in legal challenges to o0il shale.

» 0il shale commercialization may yet take place within the next
};ggEEQEIusing modified Zn situ_processéé.and without significant federal
support, Both C-a and C-b operators are planning a gradual sequential

approach to shale development that will allow them ample opportunity

hUnionvOil.Company, Paraho, and Gary 0il have developed plans
for a modular plant.
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to withdraw if the economics become unfavorable.#, When viewed in terms
of the framework discussed in Chap. 1, modified in situ technology ap-
pears to have a number of characteristics that make it a more likely
candidate for commercialization, although the levels of uncertainty
surrounding technical, economic, and institutional constraints are
generally higher than for surface retorting processes.

Modified Zm situ appears to be less subject ‘to economies of scale,

Investment can-be made gradually by expanding the number of retorts

being mined and. ignited without significant losses in efficiency. As \

discussed‘above, a,modular'approach to surface retorting is generally
considered extremely inefficient. This means that for modified im situ
development, initial capital exposure can be limited, especially if a
decision to construct upgrading facilities is delayed until the retort—

ing costs are well established. The fact that modified in situ invest=-

_ ment can be made gradually is of special relevance to holders of Proto-

type leases, because the fourth and fifth bonus bid payments can be
credited against investment. Those credits, amounting to a potential
$82 million and. $46 million for C-a and C-b respectively, could cover

a large portion of starting production for modified Zn situ development,
but only a very small fraction of the costs of a surface retorting
facility. ‘

In terms of institutional constraints, modified in situ retorting
appeafs to have advantages over surface retorting in the areas of en-
vironmental impacts (especially a reduced need for spent shale disposal)
and water consumption. Some env1ronmental uncertainties remaln, how-

ever, partlcularly for. ground water pollution and control of retort

gases. Equally ‘important, envirommentalists' percept%on of modlfied

in gitu as less damaglng may reduce legal challenges. ’ .

Desp1te the promise’ of modified <#n situ processes, ‘however, our’

analysis of surface retortlng suggests strongly that the government

——

*This report has been limited to an examination of the constraints
on surface retorting because the data available on modified <n situ
are very fragmentary, and data on the process for which the most opti-
mistic economics have been reported, the Occidental Petroleum process,
have not been publicly available.
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‘ghould await the completion of further technical tests and:anygﬁa;ﬁen-

dent definitive design and cost estimate for in situ before attempting

to launch its commercialization.

RELATTONSHIPS BETWEEN TECHNICAL, ECONOMIC, AND INSTITUTIONAL CONSTRAINTS

Technical, economic, and institutional constraints interact in .

ways that determine whether o0il shale commercialization will be success-
ful. But oil shale also illustrates that there is a rough hierarchy or
sequentiality to considering and resolving the sets of constraints in
the initial period of commercialization. Obviously, the system's tech-
nical characteristics come first, and often are the result of a long
period of development. Until technical development is far along and
definitive‘engineering.designs are completed, it is not possible to
know with confidence whether cost will constrain commercialization. It
is equally obvious that many institutional factors cannot be assessed
until the system's technical characteristics are known. For example,
0il shale's environmental effects and water consumption depend heavily
on technical characteristics.

0il shale also illustrates that until basic plant economics are
competitive, it is difficult to adequately assess the.importance of
many institutional constraints. By basic plant economics we mean the
constituents of required'selling price from plant construction and
operation, Not included. as basic costs would be items that result
from institutional constraints. In unregulated industries, basic plant
costs must result in roughly competitive prices; this is a necessary
condition for all other facets of a commercialization effort. Even in

regulated industries (such as for substitute natural gas) basic plant;

economics are a critical benchmark against which to weigh the advis- |

‘ability of undertaking a subsidized deployment effort. Many studies;
“amounting- to thousands of pages, have examined every conceivable insti-
tutional cdnétraint on surface oil shale commercialization. And yet
any measure of the severity of those constraints will necessarily ¥re-—
main imprecise until the private sector gains the economic incentives

to address the constraints in earnest.
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As discussed in Chap. 4, during the brief period when industry
idid perceive surface shale economics to be favorable, significant
compromises on environmental constraints were achieved. Until the
economics are again perceived as favorable, it will be difficult to
distinguish real from apparent institutional éonstraints. It is there-
fore hard to say which constraints may require legislative action,
which can be settled by administrative action, which can be settled
by the private sector alone, or even whether the constraint should be
removed. at all,

We strongly suspect that, in oil shale development, institutional
problems appear more severe than they wbuld turn out to be if the basic
economics were favorable. The importance of economics merely under-—
scores what is by now a common observation about commercialization
planning: To the maximum extent possible, the private sector rathgr
than the government should pace the programs. Colony's suspension of
all plans for development in September 1974, primarily for cost reasons,
should have delivered a clear signal to government that a reassessment
of oil shale commercialization prospects was in order.

‘Although technical, economic, and institutional constraints must
often be dealt with sequentially in a development and commercialization
effort, it would be a serious error in strategy to fail to consider
all three areas together as fully as possible., Even though economic
and institutional constraints cannot be accurately assessed until the
basic characteristics of the technology are understood, it it possible
to gauge the extent. to which the technology is adaptable to different
economic and institutional conditions. This is germane to the com—
mercialization prospects for modified im situ oil shale retorting

mentioned abovei.

"SUMMARY OF IMPLICATIONS FOR COMMERCIALIZATION PLANNING

This examination of the problems in commefciélizing oil shéle
braises several issues that may be applicable to other energy technolo-
gies. TFirst, and probably most important, the 0il shale expericnce
suggests that cost estimates, whether made by industry or govermment, .-
may be very inaccurate for new technologies and may continue to be so-

even after a long dévelopment period involving a numbér of pilot plantg&i—
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Cost-underestimation sabotages rational energy-supply and commercial-:
ization planning.

In making commercialization plans for a single technology, pro—
moting the execution of'a definitive design and cost estimate as soon
as- technologically appropriate may produce reasonably accurate cost
estimates upon which governmental and industry planners can Base their
strategies. But for commercialization.and supply plénning across a..
range of technologies, government decisionmakers need a method of es-
timating the chances that some. technologies will prove much more expen—
sive than was predicted during the development process. One suggestion
for addressing this problem was presented in Chap. 2.

It is widely agreed. that the prospects. for oil shale commercial-
ization with surface technologies directiy hinges on trends in world
0il prices. Without significant real increases in those prices, large
government subsidies would be necessary to support commercialization.
Our analysis also suggests, however, that trends in capital and oper=
ating costs. for large:process plants.should also bé of considerable
concern to govermment plammers. If fhe past decade's trend of declin-
ing productivify in this sector continues, commercialization prospects
for 0il shale and other ecnergy process plants become dimmer still,
Learning effects may do little to counteract this trend.

.Numerous}institutional constraints could impede commercialization,

but favorable economics for oil shale must reemerge first before plan-

ners can realistically assess their strength and importance.
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Appendix A
DESCRIPTION OF PROCESSES
by

Christopher Worthing

This appendix presents>an overview of the various oil shale re-
torting technologies. It is addressed to a nontechnical audience,

0il shale is the common term used for a sedimentary rock contain-—

' which has

ing a waxy organic material. sometimes known as "kerogen,'
been compacted within deposits of clay, mud, and silt. When the shale
is heated, the kerogen decomposes and oil .can be obtained. (Several
other methods are possible, including the use of thiophillic (sulfur-
seeking) bacteria and the use of solvents, but these methods are un-—
economic and more difficult.) When the shale is heated to temperatures
of 800°F and 1000°F, the kerogen undergoes a chemical change (or py-
rolysis) whereby about 657 .0of the kerogen is converted to liquids,
about 10%Z to a gaseous product, and about 257 to a carbonaceous residue.
After heat=—treating and prerefining, the liquid product can be turned
into a high—quality synthetic crude oil that substitutés for conven-.
tional crude oil.

The method of heating the oil shale to obtain the liquid and gas
products is known as 'retorting." In the discussion to follow, retort

design refers to any combination of techniques and methods for charging

a vessel with oil shale, heating the shale té{pyrolysis temperatures,:

and discharging the pyrolysis products.

Currently, there are three.retorting techniques. The first, -
"surface retorting," is to mine, crush, and then heat the shale in a
retort vessel above ground. A second technique, “in situ retorting,"
is to heat the rock in place in the ground and then force the volatile
products of kerogen conversion through fractures in the rock formations
to be condensed and brought to the surface., A "modified im situ"
technique combines the above two processes, Wheréby part of the shale
is mined and retorted on the surface, while the balance is retorted in

the ground. These approaches will be discussed in turn.
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SURFACE RETORTING

Figure A,1 is a flow diagram of the surface retorting operation.

After mining by conventional methods, the shale is crushed into pieces
that have a large surface~to-mass ratio so that it can be heated ef-
ficiently in the retort. Eight retort designs are currently available
or under development. They fall into three categories, depending on
the heat sources they use. Three processes (Gas Combustion, Paraho
Kiln, and Union Retort "A") use heat generated from internal combustion
of the carbonaceous residue from the spent shale. Four other processes
(Union Retort "B", Paraho Kiln (alternate), Petrosix, and Union SGR)
use direct heat by circulating externally heatéd gases or recycled
gases through the shale. The last two (Lurgi-Ruhrgas and TOSCO II)

use hot circulating. solids with no internal combustion.

- U,S. BUREAU OF MINES GAS COMBUSTION RETORT
Figure A2 depicts the. Gas Combustion_retoft'déveloped by the

U.S. Bureau of Mines during the late 1940's and eaily 1950's. It is
a vertical shaft furnace through which there is a édntinuous dovnward
flow of crushed shale. The furnace is equipped with charging and dis-
charging devices and gas flow distributors, while heat is supplied by
internal combustion of the organlcs. |

As the shale enters the itop of the retort it contacts a rising
volume -of hot gases which heats the shale as it moves down through the
retort, concurrently cooling the product gasés as .they rise. As the
}shale becomes pyrolized,’vaporized liquids and gaseous products are
réleaSed become entrained in the upward—flowing gés stream, and are

"removed from the top of the retort to an electrostatlc precipitator.

The 1liquid products coalesce in. a separator and are collected and

stored. The remaining gases are split, with a portlon belng 1njected
at the bottom of the retort for heat recovery from the spent shale,

another portion. being injected with air intojtheigsﬁgagzigﬁ?zone in

order to sustain combustion of the carbonaceous residue, and the

PR ‘igures are from Fluor Engineers and Constructors, Inc., Fluor
\ Utah,' Inc., Solid Fuels Technology Department, 0721 -Shale Process Tech-
noZogy, Report SFT 102, October 1974,
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balance going to disposal or on-site use. The hot spent shale passes
'frdm‘the combustion zone into the spent shale zone, where it is cooled
by recycled product gas entering from the bottom of the retort. It
then leaves the retort through a discharge grate and is sent to disposal.
0il yields from the Gas Combustion retort are relative;y low, being
about 82% to 87% of Fischer assay (typical of internal combustion re-
_torts).* Retort gas has a low heating wvalue because it is diluted by
nitrogen and carbon dioxide, making on-site consumption necessary. It
also has a high sulfur content, which complicates disposal problems.
Feed shale containing very fine shale, even in limited quantities, can
cause severe operating problems. The "fines'" affect channeling of the
gas flows, which results in uneven heat release, potential plugging,
and reduced o0il recovery. Air injection is a problem that has not been
satisfactorily resolved,. and difficulties have been encountered in oil
mist formation. Process problems are encountered with shale richer

than 33 gallons per ton.

PARAHO KILN

The Paraho Kiln (Fig. A.3) was developed by Development Engineer-
‘ ing, Tnc. (DEI). It is a modified version of the Bureau of Mines Gas
Combustion retort, differing from it in having an improved raw-feed
distribution device, a patented discharge grate, and a multilevel gas
injection distribution system. It is basically designed for internal
combustion, but has been tested as a gas recycle retort. The kiln ‘
was originally intended as a limestone calciner. In mid-1974 testing
began with a semiworks oil shale unit. An extensive testing program
was. completed in 1976,

As in the Gas Combustion retort, the shale is fed. into the top of
‘the retort and passes downward. At the same time, hot gases rise up-
ward, causing oil vapors and gas from the pyrolized shale to enter the
. gas stream flowing to,the:top of the retort, to be recovered through
collecting tube headers.

Ja

Retort yields are normally expressed in terms of the Fischer
assay, which is the generally accepted laboratory retorting procedure
for evaluating oil shale.
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_In the externally heated alternate version, the product gas is
split into two streams after passing through .the collecting headers,
one stream Being passed again into the furnace at various points. One
result of the use of recycled gas for heating is that the gas driven
off during the retorting process does not become diluted with combus~-
tion products and nitrogen from the atmosphere, and the product gas is
a high~-BTU gas suitable for use elsewhere in the operating complex.

The kiln should have low crushing and screening costs, because it
" can handle feed shale in large sizes. Like the Gas Combustion retort,
it is unable to handle large amounts of fine feed shale, but its im=
proved discharge grate makes it more tolerant of fines. O0il yields
have been projected to be around 90% of Fischer assay. Large amounts
of 1low-BTU gas will be produced during commercial operation, which
will have to be consumed on sitej and since only a third of the power
generated will be needed for plant operation, the other two-thirds

would be sold off-site.

UNION "A" RETORT
The Union 0il Company of California designed the Union A" retort

in the late 1940's., Early development included a 2-ton-per-day and a
50-ton-per-day pilot plant in Brea, California, and then a 350-ton-per=—
day-semiworks unit near Grand Valley, Colorado on Parachute Creek.
Before the semiworks unit suspended operations in ‘1958, it had achieved
a flowthrough of 1200 tons;per,daya

A unique feature of the_Union.retort ié its "rock pump" (see Fig.
A.4). It consists of hydraﬁlic pistons and sealing mechanisms that
move the shale upward through the retort at regulated rates. This is
in contrast to the gravity flow designs of Gas Combustion and Paraho
Kiln. Union engineers developed this technique perhaps because they
were aware ofrproblems with the gravity—feed system of the Gas Combus—
tion retort. . |

In the Union "A" retort, air is forced downward along the retort
axis. Combustion of the shale residue tékes place near the top of the
retort, The air is heated as it is forced 'down, reaching a temperature

of about 2,000°F in the combustion zone. As the air passes subsequently
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through the retorting zone, oil and product gas are produced from the
shale, These elements flow downward, heating the incoming shale, and

are recovered near the bottom of the retort.

0il yields from this retort are about 857% of Fischer assay and

the product gas has a very low heating value.

UNTION "B' RETORT

The Union "B" retort is much the same as Union "A", but uses ex—-

ternal heating and iecycling of the gaseous product. The heat carrier '
is fecycled product gas, which is reheated in a separate furnace be-
fore being injected into the retort, The residual carbon does not
combust, and the shale leaving the top of the retort is pyrolyzed but
not decarbonized. O0il yields are higher in the "B", and the product
gas has a higher heating value, but the unit has a lower thermal ef-
ficiency than the "A". The "B" has been tested in California at the

Union research facility in Brea, but has not undergone large-scale

testing.

UNION SGR SYSTEM

In June 1974, Union unveiled a new retorting system called the

Steam Gas Recirculation System (SGR) (see Fig. A.5). It uses the "B"
retort to extract oil and gas from the shale. The heat source is a
combination of hot gases from a coke gasifier and gases from the re-
cycle gas heater. After the shale has been retorted it passes from
the retort to the gasifier, where it is brought into contact with
oxygen and steam. The carbon on the retorted shale reacts with these

fgases, y1e1d1ng a synthes1s gas that is rich in carbon monox1de and

hydrogen; a portlon of this gas is returned to ‘the retort in conJunctlon

with recycle gas, and a portion is drawn off for use elsewhere in the !
plant or for sale. If air is used as the oxidant in making the coke
gas, the product gas from the retort is a low-BTU fuel gas., When
oxygen is used, the effluent gas is a moderately high-BTU stream that
can be upgraded to SNG quality.

Union claims that the SGR process yields 100%Z of Fischer assay
and ‘has a high thermal efficiency (82%).
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Combinations of the Union retorts are possible that may enable

improvements in product &ield and thermal efficiency.

PETROSIX RETORTING PROCESS

The Petrosix plant in Brazil is the largest operating oil shale

- facility in the world, with a nominal capacity of 2500 tons per day.
It was developed from Gas Combustion technology by Cameron Engineers
of Denver, Colorado. It uses hot recycled gas for retorting in a kiln
similar to that of Paraho.(Fig. A.6).

01l shale enters the top of the retort through a special feeder.
As it moves along the vertical axis of the retort, the shale encounters
a stream of rising hot recycled product gas that. heats it to pyrolysis
temperatures. O0il vapors are entrained in the hot rising gases, which
pass out the top of the retort, whereupon the o0il is separated and col-
lected from the gas. Some of the cool product. gas is channeled to the
bottom of the retort, where it is injected to recover heat from the
retorted shale., Some of the gas is directed to the middle of the re-
tort after passing through a heater to help induce pyrolysis. The
gases have a high heating value and can be readily processed for the
-recovery of sulfur, ammonia, and condensable hydrocarbons. Shale at
the bottom of the retort passes through a discharge grate, after which
it is mixed with water and sent in a slurry to a disposal area.

The process is expected to produce good—quality oil and product

:gas with high.heat value. Thus far the process has been applied only

1

to Brazilian shales with a 23-gallon-per—-ton average. /

LURGI~RUHRGAS PROCESS
The Lurgi-Ruhrgas system (Fig. A.7) is a slightly modified version

of a coal carbonization process developed in the 1950's by Lurgi and
Ruhrgas A. G. It uses a recirculating stream of heated finely divided
solids as the heat transfer medium (usually sand or coke).

The retorting takes place in a mechanical screw mixer in which
pulverized oil shale feed is rapidly mixed with fine, hot, burned
shale. The screw or mixer passes the retorted shale feed to a reactor

or hopper, while oil vapors and gas are withdrawn and dedusted in a
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- cyclone separator and thereafter passed to an after—treatment;system.
The mixture of spent and burned shale that has been passed into the
reactor is drawn into the bottom of a pneumatic 1ift pipe where it is
heated by preheated air and carried to the surge bin. Air in the lift
pipe ignites the residual carbon in the shale. If the resulting heat
is insufficient for process heating, an auxiliary fuel in the form of
low=BTU gas or residual oil from the process is injected to achieve
the temperatures required for retorting. Combustion gases and very
fine solids are separated from the larger heat-carrier particles in the
surge bin.

0il yields greater than 100% of. Fischer have been reported for
the process using'34—gallons—pervton.oil shale, and higher yields have
been predicted for large-scale piants. Since no combustion takes place
in the mixer, the product gas has high heat content.

This system can process fine shale or fines, an advantage it shares
. with the TOSCO II process, but it cannot process large shale chunks;
consequently, although it could handle the entire output of a shale

mine, crushing and screening costs would be high.,

TOSCO IT RETORT L
o The TOSCO II process (Fig. A.8) originated in the Aspeco process,

which the 0il Shale Corporation (TOSCO) purchased from Aspergren & Co.
of Stockholm, Sweden in 1952. Tt is unique in that it uses ceramic
balls as the heating medium,

Shale is first preheated by streams of hot gas coming from the
ball heater as they pass through a 1ift pipe.v The shale then passes
into a rotating drum similar to a cement kiln, where it is mixed with
the hot ceramic balls. The shale's temperature then rises to the
pyrolysis range. At that point the shale loses its physical strength
as the kerogen decomposes and is crushed into a fine powder., 0il
vapors and gases pass from the accumulator through cyclones and washers
and then are processed further. Nonéondensable gases are separated

and used to fuel the ball heater. Cooled balls and retorted shale

pass from the drum and enter a perforated rotatlng‘drum (trommel) The

shale powder passes through the perforations and then to disposal,
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while the balls pass over the trommel and are conveyed back to the
ball heater by a ball elevator.
The TOSCO II yields about 105% of Fischer assay.

IN SITU PROCESSES

In situ (in place) processing is currently being considered in

lieu of surface processes,

To retort shale in the ground, a heat carrier must comé in contact
with the shale and heat it to pyrolysis temperatures so that the kero-
gen decomposes and the oil vapors can be drawn off. Some in situ
processes use the natural permeability of selected shale zones for the
passage of a heat carrier fluid, as natural fissures sometimes occur
in the shale beds. A heating fluid is forced down injection wells into
these fissures and is thereby passed into the shale body. The heat
carrier and the volatile products of kerogen conversion are recovered
in adjacent production wells. (See Fig. A.9.)

Instead of using natural fissures, it is possible to create arti-
ficial permeability in the beds through electrical, hydraulic, or ex-
plosive fracturing singly or in combination, after which the process
is the same as described above. Another technique is to mine a portion
of the shale bed (which is retorted in the conventional manner), col-
lépse the adjacent portions of the shale bed with explosiveé, and re-
tort these portions in place. .

The chief problem with im situ retorting is the fact that shale
‘beds are not normally permeable, and artificial permeability must there-
fore be created for deep deposits. This restricts the immediate com—
mercial application of this method. Further research on the in situ
method is being conducted by DOE at the Laramie Energy Research Center
and the Lawrence Livermore Laboratory,

Mine-assisted retorting (modified im situ) is currently being
‘seriously qonsidered by. oil shale developers.r The concept involves
mining a portion of the shale bed (or an interval of adjaéent strata)
sufficient to provide the total void volume specified for the retort.
The void volume is then distributed through the '"retort" volume by col-

-1apsing-the roof of’the mine with controlled blastinga‘ The mine  tunnel

is then sealed, heat carrier supply and exhaust lines are installed,
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* and retorting commences. 0il flows down through broken shale to a
sump. at the bottom of the retort and is pumped to the surface. (See

Fig. A.10.)
Work on this concept dates back to the11940's, when oil shale was‘

retorted in collapsed mines in Germany. Occidental Petroleum, currently

‘a developer of the C-b Tract in Colorado, has been the principalﬂdome$— '

tic devéibper of this concept. Another mine-assisted Zn situ develop-

ment is béing»drganized by the Western 0il Shale Corporation, which has

formed a consortium of ten energy companies-to finance the effort in !
the Uintah Basin shale in Utah, and the process is being considered

by the owners -of the C-a tract as well.

. The; advantages of in situ over surface processing include the re-

duction of shale mining and shale transport, elimination or reduction
of shale disposal problems, and substantial reduction of surface in-
stallations and manpower requirements, O0il recovery is lower, howevef,
because particle size and void distributions cannot be well controlled,

and because the fracturing of shale deposits is not well understood.
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Appendix B
COST ESTIMATES FOR SURFACE RETORTING SINCE 1950

Figure B.l and Tables B.l and B.2 form the data base from which

Figs. 2.1 and 2.2 were constructed. Figuré{B.l gives the point esti-
mates for.thé capital costs (per barrel ofVAaily capacity in 1977 dol-
lars) for a surface oil shale facility. The uncertainty of estimates
before 1974 is illustrated by the considerable variation from one study
to another, even for studies performed in the same time frame. This

figure also illustrates the sharp discontinuity in estimated capital

25,000
: A =Estimates based on C.F. Braun L
N -definitive engmeermg study A
20,000 — A
& B A
8 . F
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: ° ¢ s ° . -
- . . :
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__ [
|- e L] * s : L]
—
0 [ ! ] i ] ] ! ] I ] ! ] ] |
1965 1970 1975

* Fig.. B.1— Estimated surface shale il facility. construction .costs.:
(tepl’ra] cosi's/ barrel/calendar day, consi‘anf $ 1977)
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costs that occurred with the completion of the first definitive engi-
neering design for a surface oil shale plant {(depicted by?EEiéﬁéiégf\»
in the figure). o

Table B.l1 presents the data on 0il shale capital and operating
costs and selling prices as given in various studies of o0il shale over
the years. Table B.2 presents the same data adjusted to constant 1977
dollars.

For the most part, the tables represent the results of a review
of the literature dating back to 1950, and the data are presented in
both historical dollars and in real 1977 dollars. (See '"References,
Appendix B" for publications from which data were obtained.)

To make the data comparable and usable, certain assumptions were
made concerning variables that needed to be held constant. Among these
assumed constants were: 100 percent equity financing; 15 percent de-
pletion allowance; surface retorting complex and underground mine;
exclusion of oil shale reserve costs; exclusion of R&D cost recovery;
48 percent income tax; and 10 percent investment tax credit., This
;dormalization, although it eliminated some data points, ensured the
inclusion of the greatest number of comparable data points from our
4ata collection efforts.

j The sources of the estimates are a diverse array of Congressional
ﬁearings, journal articles, and government publications. We corrobo-
rated the most pertinent later estimates by discussions with A-E firms,
technology developers, and potential plant purchasers. The actual
sources of the estimates were either the U.S. Bureau of Mines, tech-
nology developers such as Cameron & Jones, Inc. and Union 0il Company

of California, or potential plant purchasers such as Colony Development
Operation. The principal independent estimates were identified as those

of (1) Ford, Bacon, & Davis {(Corps of Engineers, 1951); (2) Cameron &

Jones, Inc. (Miller and Cameron, 1958, and! Cameron, 1969) and Steele 1nﬁl

\

conjunction with Cameron & Jones (Steele, -1963 -and 1968); (3) U.S, Bu—rfy'

reau of Mines (4 Cost Analysis of an 0il Shale Installation in Colorado f

(Cirea 1966), Ratell and Wellman, 1971, and Progject Ihdependence, Po-
tential Future Role of 0Oil Shale, 1974); (4) National Petroleum Council
(U.S. Energy Outlook, 1972); (5) Union 0il Company of California (Parker,
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1957, Hartley, 1958, and "0il on the Rocks," 1974); and (6) the 1972,
1974, 1975, and 1976 estimates of Colony Development Operation (Whit-

combe, 1976, and Whitcombe, Vawter, and Nutter, 1976),

As discussed in the text, all the pre-1974 estimates are{prelimifr\,

nary design or "black box" estimates, with quite apparent interdependence

over time among many of the earlier and later figures, The most strik-

ing data points in Fig. B.1l are those indicating the effective doubling

in real terms of the estimated costs of an oil shale complex*cofref.:‘

sponding to the completion of the first definitive detailed design and

capital control estimate by C. F. Braun, engineers for the Colony De-

velopment Operation. The results of the C. F. Braun definitive design:

and estimate have been replicated in the estimates of other potential \

plant purchasers.
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