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PREFACE

The value to the nation of a program to support first-of-a-kind
synthetic fuels projects depends in part on how the experience gained in
constructing and operating such plants reduces the costs of subsequent
plants. With sufficient observations of this kind to draw upon, it
would be paossible to estimate the magnitude of such reductions with
confidence. Unfortunately, because relatively few synthetic fuel
facilities have been built and operated, the empirical data necessary to
make reliable estimates do not exist. An alternative is to review cost
reductions in other industrial processes to determine whether there are
prevailing patterns that could apply to synthetic fuel plants. This
Note summarizes such a review! and utilizes it as the basis for
approximating the magnitude of cost improvement that one might
reasonably expect to result from the construction and operation of
pioneer synthetic fuel plants.

This work was conducted for the United States Synthetic Fuels
Corporation under Contract SFC-83-002-C. In addition, Rand's work in
this area is supported by the Office of the Deputy Assistant Secretary
for 0il, Gas, Shale, and Coal Liquids, Fossil Energy, U. S. Department

of Energy; and by the Gas Research Institute.

! A thorough documentation of the review is provided in N-2273-8SFC,
Review of Cost Improvement Literature with Emphasis on Synthetic Fuel
Facilities and the Petroleum and Chemical Process Industries, R. W.
Hess, March 1985.




SUMMARY

This Note documents an analysis of the extent to which the
"learning" associated with pioneer (first-of-a-kind) synthetic fuel
plants can be applied to possible future production expansions. More
specifically, the analysis develops approximations of the magnitude of
cost improvement! that one might reasonably expect to result from the
construction and operation of pioneer synthetic fuel facilities.
Unfortunately, since few synthetic fuel facilities exist, there is
virtually no empirical data base with which to make confident estimates
of the magnitude of these cost reductions. Consequently, to provide a
firmer basis for making realistic assessments of potential synthetic
fuel process cost reductions, a review of the publicly available cost
improvement literature was undertaken. The documentation of that review
is contained in a companion Note? with only a synopsis presented herein.

The results of the present study show that, subject to a number of
important qualifications, the potential cost improvement attributable
to the construction and operation of a pioneer synthetic fuel plant can
be substantial. TFor example, in the case of a highly innovative
synthetic fuel technology, the construction and operation of a pioneer
plant can lead to a 30 percent reduction in the levelized cost of the

second plant assuming that:

o The size of the pioneer plant is limited to that of a single
commercial-scale module,

o The pioneer plant experiences a prolonged startup (in the
manner of the SASOL I, Suncor, and Syncrude plants),

lo! The design of the second plant does not start until the pioneer

has accumulated 5 to 10 years of operational experience,

1 Cost improvement is defined as the reduction in a technology's
unit product cost that typically occurs as experience with the
technology is gained.

2 See Hess (1985).
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o Designers of the second plant have gocd access to the
accumulated pioneer experience (e.g., the same owner is
involved or else some other appropriate transfer mechanism has
been arranged), and

o The first and second plants have similar site conditions,
particularly with respect to feedstock characteristics and

environmental requirements.

However, the possibility of such large improvements can easily dwindle if
second-plant designers cannot obtain access to the pioneer plant's
experience base. For example, in the extreme case of a hiatus,® the
potential 30 percent reduction is likely to drop below 10 percent.

If instead of an innovative technology, we are dealing with a more
standard technology, the potential reduction in second-plant levelized
cost will be on the order of 10 to 15 percent. This lower potential
reduction is attributable to a more limited scope for improvement: With
a relatively standard technology, the pioneer is likely to be built at
full commercial size (thereby eliminating economies of scale as a source
of improvement) and to have a relatively smooth startup (thereby
avoiding the stiff economic penalties associated with low initial

production rates).

® Gap between termination of pioneer plant operation and the
initiation of second plant design.
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I. INTRODUCTION

The accuracy with which planners assess the anticipated economics
of advanced energy technologies affects the quality of many fundamental
decisions on U.S. energy policy. Misestimation erodes the basis for R&D
allocations, capital expenditure assessments, and comparisons between
competing systems. Unfortunately, the past decade has witnessed
continual upward revisions in the estimated costs of synthetic fuels--
increases far beyond the effects of inflation. It was in respomnse to
one aspect of this problem, the cost growth and performance shortfalls
associated with first-of-a-kind technology, that the recently completed
Pioneer Plants Study' was undertaken. That study, based on a
statistical amalysis of 44 chemical process facilities, developed a
method for providing more realistic estimates of the ultimate capital
cost and initial performance of first-of-a-kind process plants.

The costs for first-of-a-kind plants, however, are not normally
representative of the costs of a mature technology. The potential for
cost improvement as experience is gained with the pioneer unit and other
early units is a phenomenon which has been demonstrated in many
industries, including the petroleum and petrochemical industries. This
latter aspect of the cost estimation process=-a technology's potential

for cost improvement over time--is the focus of this Note.

DEFINITION OF COST IMPROVEMENT

Cost improvement is defined as the reduction in a technology's unit
product cost that occurs as experience with the technology is gained;
that is, it is the decline in real cost per unit of output that occurs
as the cumulative volume of production increases. Using the following
simplified model, we see that improvement in the overall unit product
cost may be obtained by reductions in either the capital charge rate or
the capital, 0&M, or feedstock components, or by an increase in the

plant output:

! Merrow, Phillips, and Myers (1981)
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For our purpose here we are concerned only with improvements that:
(a) represent real reductions in resource utilization; (b) are a direct
result of actions endogenous to a firm or industry;? and (c¢) do not
significantly alter product guality. Additionally, we do not address
possible improvements in the capital charge rate because the
determination of such rates is heavily dependent on state and federal

tax laws and company-specific financial assumptions.

STUDY OBJECTIVE

The objective of this research project was to assess the potential
for synthetic fuel technology cost reduction after initial commercial
introduction. More specifically, the research was to: (a) develop a
conceptual framework for learning in synfuels; and (b) estimate the
magnitude of pioneer plant learning and transfer benefits for synthetic
fuel processes.® Unfortunately, because relatively few synthetic fuel
facilities exist, the empirical data base necessary to make confident
estimates of the magnitude of such cost reductions simply deces not
exist. Conseguently, in order to provide a firmer basis for making
realistic assessments of potential synthetic fuel process cost
reductions, an extensive review of the cost improvement literature was

undertaken. The key questions addressed as a part of the review are:

2 This is not meant to imply that exogenous factors (e.g., a change
in the real price of an input or in the quality of an input) are
irrelevant. Clearly, such changes can affect the overall health of an
industry and be the primary motivation for cost improvement efforts.
However, since we are trying to capture real reductions in resource
utilization (i.e., reductions in physical units of inputs used by the
process), they would be excluded from our unit production cost
calculations.

} Note that the emphasis was placed on the learning associated with
the pioneer plant. This emphasis stems from a generally held belief
within the SFC that if a rapid expansion of the synfuels industry should
be required, only one or two plants of a particular technology will have
been built and operated.



o What are the sources of cost improvement?

o What factors have the most significant effect on the magnitude
of cost improvement realized?

o What has the historical range of cost improvement been?

o What is the cost of cost improvement?

o How are specific design and operational data transferred from
‘one project to anothér? o

o How is the magnitude of cost improvement affected by the

temporal spacing of the plants?

Therefore, this Note first presents a summary of the literature,
then proceeds to utilize the review as the basis for approximating the
magnitude of cost improvement that one might reasonably expect to result

from the construction and operation of pioneer synthetic fuel plants.
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II. SUMMARY OF LITERATURE REVIEW

The learning curve phenomenon was first reported in the literature
in 1936 by T. P. Wright.!' Wright observed that the number of production
manhours expended per aircraft airframe decreased as the cumulative
number of airframes produced increased. Since then, unit cost decreases
attributable to learning have been empirically established for a broad
spectrum of products. This section summarizes a review of publicly
available literature on cost improvement.? |

In terms of content, the review encompassed both theoretical and
applied studies addressing products as diverse as aircraft, electricity,
electronics, musical instruments, and wearing apparel. However, because
the objective of the review was to provide a basis for making
assessments of potential synthetic fuel process cost reductions, the
review documentation itself emphasizes practical observations and
empirical data from the few synthetic fuel facilities actually in
existence, as well as the relatively analogous petroleum refining and
chemical process industries. In general, the cost improvement

literature covers the following topics:

o The sources of cost improvement (but primarily in a qualitative
rather than a gquantitative manner);

o The sources of variation in improvement rates among processes
(again, primarily in a qualitative manner);

o Improvement rates based on price data for an industry as a
whole;

o Improvement rates for particular components of unit product
cost, including facility construction costs and plant output
levels; and

o Economies of scale.

' wright (1936).
2 Documentation of the review is provided in Hess (1985).



On the other hand, the following topics receive very minimal

attention in the literature:

o  Cost improvement for successive individual plants over time
(especially the first and second plants of a given technology);

o Cost improvement at an aggregate industry-wide level;

o The cost of cost improvement; and

o The transfer of specific design and operational data between

successive projects.

In summary, the literature, while not as comprehensive or as
quantitative as we would have liked, still allows the piecing together
of a logical set of assumptions for synthetic fuel technologies.
Conclusions reached regarding several of the more important elements of

cost improvement are provided below.

SOURCES OF COST IMPROVEMENT AND FACTORS AFFECTING IMPROVEMENT
RATE

As stated previously, the cost improvement literature does address,
in a qualitative manner, the sources of cost improvement as well as the
factors that affect the magnitude of cost improvement realized.
Unfortunately, much of this literature is derived not from the process
industry but rather from such industries as airframe manufacturing,
steel-making, and power generation. Consequently, the content requires
adaptation for application to synfuel technologies.

Table 1 provides a framework for assessing the potential for cost
improvement in the initial stages of synthetic fuel technology
commercialization. It lists, by project phase, potential sources of cost
improvement, potential effects of the various sources on plant cost, and
finally, factors which can affect the magnitude of cost improvement
ultimately achieved. It represents a synthesis of: (a) those sources and
factors identified in the literature review;(b)\general articles on process
plant construction and operatlon; and (c) informal discussions witl

individuals in the architect-engineering and process industries.
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The framework emphasizes the potential improvement between the
first and second plants, but with a little common sense can easily be
extended beyond this point (basically, some of the sources of cost
improvement will become less important as a technology matures). Note
that improvements in input quality and product characteristics have been

excluded.

Sources

Most of the sources listed in Table 1 are reasonably intuitive and
do not require extensive elaboration. In the design phase, follow-
on plants can benefit from a reduction in the effort required to perform
engineering-related tasks such as technology familiarization and the
preparation of process flowsheets and equipment specifications. TIn the
construction phase the potential sources of cost improvement in follow-
on plants are increased productivity (in both the field and the shop),
reduced levels of sparing/redundancy (as a result of increased
confidence that the process will perform as expected), and increases in
plant scale. In the startup phase, follow-on plants should require less
in the way of post-mechanical completion modifications as well as less
time to reach design production capacity. Finally, in the operations
phase, improved performance and reduced O&M costs can come about as a
result of process innovation and system optimization as well as

improvements in equipment reliability and maintainability.

Factors
In the design, construction, and startup phases, there are four key

factors influencing the rate of improvement:

1) The amount of technological inncvation embodied in the pioneer
plant. The more innovative the technology, the more there is
to learn about it and the greater the scope for improvement.

2) Similarity of the plants. The greater the similarity of the
pioneer and follow-on plant, the easier it will be for the

follow-on plant to replicate the pioneer experience.



3) Firms and individuals involved. Transfer of the pioneer
experience base to the follow-on plant is normally most easily
accomplished when the same firms and individuals are involved.

4) Timing. Any type of hiatus that results in the dispersal of
individuals with first-hand experience is likely to have a
detrimental effect on cost improvement. Basically,
documentation without knowledgeable individuals to interpret it

is of little value.

In the operations phase, in addition to the degree of technological
innovation and the timing involved, the rate of improvement will also be
dependent on management attitudes--e.g., the degree to which R&D is

supported and the incentives provided to employees to reduce costs.

REPORTED MAGNITUDES OF COST IMPROVEMENT
Overall Unit Product Cost/Price

With respect to overall unit product cost/price, the effective
range of improvement rates® appears to be between 5 percent and 40
percent with a norm between 20 percent and 30 percent. Only one study
(Lieberman (1982)) systematically addresses the variations in
improvement rates, attributing them to differences in R&D expenditures,

capital intensity, and total plant investment cost.

Components of Unit Product Cost

The principal components of a process plant's unit product cost are the
capital cost (or design and construction cost), the capital charge rate, the
feedstock cost, the operations and maintenance cost, and the plant output
rate (or performance). We did not address possible improvements in the
capital charge rate because determination of such rates is heavily dependent
on state and federal tax laws and company-specific financial assumptions
(e.g., debt cost, return on equity). Nor did we address improvements in

feedstock conversion efficiency because such improvements are typically

3 Percent decline in unit product cost (or price) associated with
each doubling of the production quantity.



reflected in higher output levels and therefore "encompassed" by plant
performance. And finally, no studies addressing cost reduction in
overall, non-feedstock operating costs were found.®* Thus, conclusions
regarding the rates of improvement in the components of unit product
cost are limited to design and construction costs and plant performance.
Design and Construction Cost. Design and construction cost
improvement® can vary considerably according to what it includes.
Increased labor productivity (including vendor pass-throughs in the form
of lower prices for purchased equipment) generally leads to improvement
rates of 5 to 10 percent. However, if mechanical and process design

1

improvements and economies of scale are included, the rate of \
improvement can be considerably greater, perhaps as much as 30 percent.
Implicit in the treatment of economies of scale as an integral part
of design and construction cost improvement (as above) is the assumption
that as a technology matures, plant size will increase and do so in a
generally systematic fashion. Such an assumption clearly has
limitations. Furthermore, the vast majority of the literature does not
treat scale economies in this manner. That is, scale economies are
normally addressed as a function of plant size® and not as a function of

the number of plants constructed. Based on our review of the available

documentation, an overall plant capital cost scaling exponent of

“ Non-feedstock 0&M costs typically account for less than 20
percent of a process plant's unit product cost.

® Percent decline in unit capital cost associated with each
doubling of the number of plants constructed.

¢ Briefly, the commonly used cost-capacity rule states that an
increase in cost is proportiocnal to the increase in capacity raised to a
specified scaling exponent:

Scaling Exponent
CAPACITY

COST = COST | =-eeememm-
new old CAPACITY
old

Thus, for each donhling of capacity, a scaling expoment of 0.7 vields &
62% increase in cost while a scaling exponent of 0.9 vields an 87%
increase in cost.



somewhere between .6 and .7 is typical if increases in plant capacity
are achieved primarily by scaling up individual pieces of equipment. On
the other hand, if increases in plant capacity are achieved by adding
additional trains, then an overall plant capital cost scaling exponent
of somewhere around .9 should be expected.

Plant Performance. Every study cited shows that the performance of
individual plants improves with time. In the initial stages of process
introduction, the amount of new technology is an obvious cause of less-
than-expected performance. However, even for mature technologies,
startups may be prolonged due to the variability of feedstock
characteristics.

Just as one would expect that individual plant performance would
improve over time, so, logically, would one expect the performance
profiles of successive plants to improve. We identified examples where
they did and where they did not. In a few cases the reasons for a lack
of improvement were fairly clear--significant design changes and poor
transfer of project-specific information due to different ownership. In
most, however, the reasons were not nearly so clear although changing
feedstock characteristics was frequently mentioned.

The most relevant performance experience for new synthetic fuel
technologies is c¢learly that of the South African indirect liquefaction
facilities (SASOL) and the Canadian tar sands plants. In both cases,
the initial plant took &4 to 5 vears to reach 75 percent of design
capacity. For SASOL I1, which began operation roughly 25 years after
SASOL I, it took about two years to reach 75 percent of design capacity.
And SASOL III took only nine months to reach 90 percent. On the other
hand, the second tar sands plant, which began operation roughly 10 years
after the first one but which incorporated significant design changes
and had different ownership, showed no improvement. It also needed 4 to

5 years to reach 75 percent of design capacity.

COST OF COST IMPROVEMENT
Very little exists in the literature concerning the cost of cost
improvement. What we found suggests that: (a) development costs for

process improvements usually equal or exceed those of the original

process breakthrough; and (b) recurring investment for technical changes
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average about 3 percent of the original investment per vear with a range

of 1 to 10 percent.

TRANSF

TIMING

ER OF PROJECT-SPECIFIC INFORMATION

In terms of cost improvement, pioneer plant design and
operations data will be of little benefit to the designers and
operators of a follow-on plant without knowledgeable people to
interpret the data,

Maintenance of an experienced cadre of personnel usually
requires an operational facility.

The most reliable and comprehensive pioneer project information
normally resides with the owner-operator. Process licensors,
architect-engineers, and equipment vendors frequently have

little knowledge of the plant startup and operation phases.’

Based on SASOL I and the Canadian tar sands plants, it takes &
or 5 vears to iron out basic performance problems in innovative
pioneer plants. This suggesté_ﬁﬂéf; for an innovative
technology, a second plant potentially faces fewer startup
difficulties if its design does not begin until after the
pioneer plant has had at least 3 vears of operational
exXperience.

For a second plant to take full advantage of the minor
technical improvements that typically follow a major process
breakthrough, 10 to 15 years of pioneer plant operation is

frequently reguired,

" Although this conclusion is generally valid for the process
industry, synthetic fuel projects may prove to be an exception. Ior

example,

Texaco (process licensor), Bechtel (architect-engineer), and

General Electric (eguipment vendor) are all equity participants in the
Cool Water Project. Union is both owner-operator and process licensor
at its Parachute Creek Phase I Project. And personnel from SASOL and
Lurgi (process licensors/equipment vendor) are on-site for the startup
of the Great Plains Project.



o The potential for cost improvement in follow-on plants will be
significantly diminished if a hiatus occurs between pioneer

plant operation and the initiation of follow-on plant design.®

! In the context of a process technology, a hiatus could refer to a

break in either the design, construction, or operations activities, or

to a gap between any of these phases. While a break in any of these
activities is likely to have a detrimental effect on cost improvement,
the potentially most damaging hiatus is one that would result from a
termination of pioneer plant operation prior to the initiation of follow-
on plant design. The key to successful follow-on plant cost improvement
is getting startup/operations data from the pioneer plant back to the
planning/design stage for the follow-on plant while an experienced cadre
of personnel exists to interpret the data.



ill. APPROXIMATION OF COST IMPROVEMENT ASSOCIATED WITH
PIONEER PLANTS

The rates of improvement cited in the literature for overall unit
product cost/price (between 20 and 30 percent) are not appropriate for
determining the magnitude of cost improvement associated with the
construction and operation of pioneer synthetic fuel plants. First, the
studies on which the aggregate rates are based do not explicitly address
the stage at which the products are actually first introduced. And even
if they did, they are based on price rather than cost.! Consequently, if
one is specifically interested in the first two or three plants, a more

detailed approach is necessary. This approach is illustrated by the

following examples, which address hypothetical coal and shale facilities

in a Vériety of situations.

The examples use the Oak Ridge Nafional Laboratory discounted cash
flow program® to calculate the levelized unit production cost® for a
facility. In practice, production cost will undoubtedly vary over the
lifetime of a facility. However, to keep things simple we are using
levelized cost as the figure of merit by which the costs of successive
facilities are compared. Assumptions common to all examples are listed

in Table 2.

COAL-BASED SYNTHETIC FUEL TECHNOLOGY
All unit product cost calculations for coal-based synthetic fuel

processes assume a coal cost of $34.00 per ton ($1.50 per MMBtu).

! Typically, at some point in the initial stage of a product's life
cycle, price declines faster than cost because price reductions
incorporate the effects of both reduced cost and reduced profit.
However, synthetic fuel plants will, for the most part, be providing
standardized products to established markets. Thus, in the case of
synfuels, that portion of price improvement attributable to reduced
profit does not appear to be applicable.

? Salmon (1977).

? Levelized unit product cost: a constant unit production cost
such that the total present worth of production costs to be incurred
during the analysis period using the constant waluce is the same as that
obtained using the projected time-phased values.
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Table 2

GENERAL ASSUMPTIONS FOR CALCULATION OF UNIT PRCDUCT COST

TAXES
Sum-of-the-vears~-digits depreciation
46 percent federal income tax rate
3 percent state income tax rate |
2 percent property tax rate
Negative federal income taxes permitted (assumption
is that the parent corporation has other tax liabilities)
10 year depreciable life for all equipment

FINANCING
100 percent equity financing
10 percent return on equity

COSTS
Working capital determined as 5 percent of capital cost taken as
one-time expenditure in last year of construction
No salvage value
Capital costs assumed to follow an S-shaped expenditure curve
Length of operating period: 25 vears
Ne escalation

Baseline Coal Case (Case 1)

Our baseline case develops estimates of the relative unit preoduct
cost for the first three plants of an innovative ccal-based synthetic
fuel technology. Assumptions unique to each facility are listed below
followed by the results.

Assumptions.

Pioneer Plant

Design capacity: 20,000 bpde (120 billion Btu/day)
Capital cost through completion of startup: $2.0 billion \
Length of design, construction, and startup period: 5 years
Performance profile (% of design): Year 1: 15

Year 2: 30

Year 3: 45



Year 4: 60
Year 5: 75
Years 6-25: 91
Incremental investment after startup: Years 1-6: 5% of initial
capital cost
Years 7-25: none
Coal consumption: 2 milliion tpy at 100% of design capacity
0&M“ cost: 6 percent of initial capital cost per year
We have assumed a capital cost of $100,000 per daily barrel of
capacity and an initial performance profile that is consistent with
those of other innovative synthetic fuel facilities (SASOL I, Suncor,
and Syncrude). We have also assumed that incremental investment (for
post-mechanical completion modifications) will be required in each of

the first six years of operation to assist in the correction of the

initial performance difficulties.

Second Plant

Design capacity: 60,000 bpde (360 billion Btu/day)
Capital cost through completion of startup: 85.5 billion |
Length of design, construction, and startup period: 5 years
Performance profile (% of design): Year 1: 75

Years 2-25: 91
Incremental investment after startup: none
Coal consumption: 9 million tpy at 100% of design capacity
0&M cost: 6 percent of initial capital cost per year

We have assumed that the second plant will have access to the
accumulated experience of 5 to 10 years of pioneer plant operation; that
is, either the same owner-operator is involved or else a suitable
transfer mechanism has been arranged such as the one American Natural
Resources has with SASOL and Lurgi (i.e., licensing agreement, feedstock
testing., and presence of experienced SASOL and Lurgi personnel during
Great Plains startup). We have also assumed similar site
characteristics, particularly with respect to feedstock characteristics
and environmental requirements. The capacity of the second plant has
been increased by a factor of 3. Capital costs for the second plant
have been scaled from picneer unit costs on the basis of a .925

exponent® (we have assumed that the increased plant size would be

* D&M costs do not include feedstock.
® Fach time scale is doubled, total costs increase by about 90%.



achieved by increasing the number of trains rather than the size of

individual equipment items). Thus,

$2 billion x| --~---~ = §5.5 billion

Because of the ten- to fifteen-year hiatus in design and construction,
no capital cost "learning' is assumed. Nor, on the other hand, have we
assumed any increase in capital cost for the second plant that could

result from modifications to the pioneer.

Third Plant

Design capacity: 60,000 bpde

Capital cost through completion of startup: $4.95 billion
Length of design, construction, and startup peried: &4 years
Performance profile (% of design): Years 1-25: 91
Incremental investment after startup: none

Cecal consumption: 9 million tpy at 100% of design capacity
0&M cost: 6 percent of initial capital cost per year

We have again assumed similar site conditions with respect to
feedstock characteristics and environmental requirements. Additionally,
we have assumed favorable conditions with respect to information
transfer and the scheduling of second and third plant construction such
that the length of third plant construction is shortened by a year and
third plant capital costs are reduced by 10 percent.

Results. The relative unit product costs for the plants defined
above are plotted in Fig. 1. As shown, the improvement curve is
segmented with the initial segment exhibiting a steeper slope (70
percent) than the second segment (80 percent). Thus, a second plant
coming along 10 to 15 years after the pioneer plant offers a potential
cost reduction of 30 percent. And a third plant closely following the
design and construction of the second plant could lower costs by another

12 perceut.
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Variation on Coal Baseline: Continued Pioneer Plant Improvement
(Case 1A)

The baseline case emphasized the correction of initial performance
difficulties and ignored the possibility of longer-run cost improvement.
The purpose of this example is to assess the potential effect of
continued pioneer plant cost improvement on relative unit product coSt.
Unfortunately, detailed data on long-run cost improvement is very
sketchy. Consequently, the assumptions made for this variation should
be viewed as considerably more subjective than those made for the
baseline. Basically, we assume that subsequent to the ironing-out of
basic performance difficulties, additional investment is made in the
pioneer unit that results in reduced 0&M costs and continued performance
growth. This improvement is then assumed to be transferable to the
second and third plants.

Assumptions.

Pioneer Plant

Performance profile (% of design): Year 1: 15
Year 2: 30
Year 3: 45
Year 4: 60
Year 5: 75
Year 6: 91
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Years 7-15: increases by 2.13
percent per year®
Years 16-25: year 15 value (110)

Incremental investment after startup:
Years 1-6: 5% of initial capital cost
Years 7-15: 2% of initial capital cost
Years 16-25: none
O&M costs: Years 1-6: 6% of initial capital cost
Years 7-15: initial 0&M costs decline by 1 percent per year’
Years 16-25; Year 15 value (5.4 percent of initial
capital cost)

Second Plant

Performance profile (% of design): Year 1: 75
Year 2: 91
Years 3-25: 110
08M costs: 5.4% of initial capital cost (91% of original value
of 6 percent)

Third Plant

Performance profile (% of design): Year 1: 91
Years 2-25: 110

O&M costs: 5.4% of initial capital cost

Results. The relative unit product costs for the plants defined
above are plotted in Fig. 2 along with the baseline. Compared to the
curves developed for the baseline, the initial segment is steeper (64
percent vs. 70 percent) and the follow-on segment essentially
equivalent (79 percent vs. 80 percent). Note that because of the time
value of money, system improvement occurring 7 to 15 years after startup
does not have much effect on the pioneer unit's levelized product cost.
The effect of these improvements shows up most dramatically in the

second plant.

¢ Plant performance in years 7 through 15 equals .91 x (1.0213)Y¢ar minus 6

7 As a function of initial capital cost, annual 0&M cost in years 7
through 15 equals .06 x (.99)year minus 6-
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Fig. 2 — Variation on coal baseline: continued
pioneer plant improvement

Variation on Coal Baseline: Failure to Transfer Operational
Experience (Case 1B)

The baseline assumed that the second plant of a given technology
type would have the benefit of access to the accumulated experience of 5
to 10 years of pioneer plant operation. For a number of reasons, this
may not always be the case. For example, there may be very limited

transfer of operational experience in the following situations:

i) A hiatus occurs between the termination of pioneer plant
operation and the initiation of follow-on plant design;

ii) The pioneer plant and follow-on plant have different owner-
operators (follow-on plant owner either cannot or does not wish
to enter into an appropriate information transfer agreement
with the owner-operator of the pioneer); and

iii) Follow-on plant design begins before pioneer plant performance |

/

difficulties are ironed out. I

Thus, this variation looks at the effect of inadequate transfer of

operational experience.
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Assumptions.

Pioneer Plant

The pioneer plant assumptions for this example are exactly the
same as in the baseline case.

Second Plant
Capital cost through completion of startup: $4.95 billion/$5.5 billion

Length of design, construction, and startup period: &4 years/5 years
Performance profile (% of design): Year 1: 15

Year 2 30
Year 3: 45
Year 4: 60
Year 5: 75
Year 6-25:91

Incremental investment after
startup: Years 1-6: 57 of initial capital cost
Years 7-25: none -

In this variation, we have assumed that all operational experience
is lost (that is, the performance profile for the follow-on plant is
identical to that of the pioneer). This is undoubtedly an extreme
assumption but certainly not one that is unthinkable. And since we are
trying to bound the magnitude of cost improvement, we feel its use is
justified.

In the case of capital costs and construction schedules, second
plant values will vary with the specific circumstances. In the case of
plants that are constructed in close temporal proximity (iii above),
design construction learning should result in a shorter construction
period (4 years) and lower capital costs ($4.95 billion) than would
occur if there was a hiatus between the design/construction efforts of
the first two plants (i above).

Results. The results of this variation are summarized in Table 3.
As indicated, there is a significant loss of improvement in both cases.
In the worst case, there is only a 7 percent reduction in cost, all
attributable to economies of scale. In the other case, an 18 percent
reduction is ohtained through haoth econoamies of scale and the transfer

of design/construction-phase learning.
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Table 3

VARTIATION ON COAL BASELINE: FAILURE TO TRANSFER
OPERATIONAL EXPERIENCE

Cost Improvement
Case Slope

Baseline: second plant has access to accumulated
experience of 5 to 10 years of pioneer
plant operation .......... .. ... . oL, 70%

Variation: no transfer of operational experience
but pioneer and second plant are
constructed in close temporal proximity.. 82%

Variation: no transfer of operational experience
and hiatus between construction of
pioneer and second plants ............... 93%

Variation on Coal Baseline: No lnitial Performance Problems
(Case 1C)

The baseline example assumed that a highly innovative technology
was being introduced and that it would experience a prolonged startup.
This variation assumes that the technology performs exactly as
anticipated--that is, the plant achieves a performance cf 91 percent of
design capacity within one year of startup. The differences in the
assumptions we make for this variation are related exclusively to the
performance profile and the investment for post-mechanical completion
modifications.

Assumptions.

Pioneer Plant

Performance profile (% of design): Year 1: 75
Years 2-25: 91
Incremental investment after startup: none

Second Plant

Performance profile (% of design): Years 1-25: 91
Third Plant

No change.
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Results. The relative unit product costs for the plants defined
above are plotted in Fig. 3 along with the baseline. As indicated, the
slope of the first segment in the revised case is substantially
shallower than in the baseline, a situation attributable to improved

pioneer plant economics.
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Fig. 3 — Variation on coal baseline: no initial
performance problems

Variation on Coal Baseline: Standard Technology (Case 1D)

The baseline example assumed that a highly innovative technology
was being introduced. This variation assumes that a relatively
"standard" technology is being introduced. The differences in the
assumptions we make for the two cases are related primarily to the
pioneer plant's size and performance profile.

Assumptions.

Pioneer Plant

Design capacity: 60,000 bpde :
Canpital cost throngh completion of startup: 85.5 blllions !

Length of design, construction, and startup period: 5 years

¥ Note that we have not adjusted the underlying capital cost for
this example ($100,000 per daily barrel of capacity for the first unit
at a scale of 20,000 bpde). In actuality, it is highly doubtful that
the underlying capital costs for an innovative technology and a standard
technology would be the same.
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Performance profile (% of design): Year 1l: 75
Years 2-25: 91
Incremental investment after startup: Year 1: 5% of initial capital cost
Years 2-25: none
Coal consumption: 9 million tpy at 100% of design capacity
O&M cost: & percent of initial capital cost per year

We have assumed that for a relatively standard technclogy, a full-
scale commercial plant would be built right from the start and that it

would encounter minimal startup problems.

Second Plant

Design capacity: 60,000 bpde

Capital cost through completion of startup: §$4.95 billion
Length of design, construction, and startup period: 4 years
Performance profile (% of design): Years 1-25: 91
Incremental investment after startup: none

Coal consumption: 9 million tpy at 100% of design capacity
O&M cost: 6 percent of initial capital cost per year

We have assumed that site conditions (feedstock characteristics and
environmental regulations) for the second plant are similar to those of
the pioneer unit. Furthermore, because we are dealing with a relatively
standard technology, we have assumed favorable information transfer
between the pioneer and second plant even if there should be a fairly
lengthy hiatus between the construction efforts. Thus, relative to the
piconeer, capital costs are reduced by 10 percent and the construction

peried shortened by one year.

Third Plant

Design capacity: 60,000 bpde

Capital cost through completion of startup: $4.65 billion
Length of design, construction, and startup period: & years
Performance profile (% of design): Years 1-25: 91
Incremental investment after startup: none

Coal consumption: 9 million tpy at 100% of design capacity
0&M cost: 6 percent of initial capital cost per vear



For the third plant we again assume similar site characteristics
and favorable conditions with respect to information transfer. However,
relative toc the second plant, the only potential improvement is a 10
percent reduction in the capital cost.

Results. The relative unit product costs for the "standard"
technology plants defined above are plotted in Fig. 4. Two observations
stand out. First, there is little difference in the slopes of the two
segments (88 percent vs. 92 percent). Second, the slopes are much

shallower than in the baseline case that assumed an inncvative

technology:
"Innovative" "Standard"
Technology Technclogy
Slope of initial segment 70% 88%
Slope of second segment 80% 92%

Note that the baseline example was not plotted on Fig. 4 because any
comparison of relative unit costs would be meaningless given the fact
that we did not vary the underlying capital cost for the standard

technology case.

SURFACE RETORTING OF OIL SHALE

Conceptually, feedstock acquisition for shale plants and coal

conversion plants is quite different: In a shale facility, mine

operations are considered an integral part of the plant's scope, whereas -
in a coal conversion facility, the feedstock is generally treated as a
process input that is delivered to the plant gate. Consequently, if the
rate of cost improvement differs for mines and process facilities, one
might reasonably expect the overall rates of improvement associated with
pioneer shale facilities and pioneer coal cenversion facilities to

differ. Unfortunately, we were unable to identify any gquantitative

analyses of learning and scale economies in mine operations.® Thus, we

® Our search in this area was admittedly cursory since our focus
was on process facilities.
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have little idea of the overall magnitude of cost improvement that might
be expected in mine operations or how the rate of improvement might vary
with the type of mine--strip, open pit, or underground room and
pillar.'® However, we suspect that improvement in mine development costs
will be very limited because of variation in feedstock characteristics
and geological conditions frow site to site. On the other hand,
conventional wisdom suggests that mining operations are subject to
strong economies of scale.® Thus, our approach is to initially assume
that all shale investment (mine, shale processing, upgrading, and
utilities and general facilities) is subject to the same scaling factor,

and subsequently to vary that assumption.

% In general, surface mining of shale (strip and open pit) is not
considered economic because of the small size of federal tracts and
regularions preventing the cff-site disposal of overburden and spent
shale. Strip mining is further hampered by questicns of the adequacy of
drag-line technology at depths of 3000 feet. Thus, all currently
proposed surface shale projects assume underground room and pillar
mining.

11 See OTA (1980)., p. 123.
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Baseline Shale Case (Case 2)

Our "baseline" shale case develops estimates of the relative unit
product costs for the first three plants of an innovative shale
technology. Assumptions unique to each facility are listed below
followed by the results.

Assumptions.

Pioneer Plant

Design capacity: 10,000 bpde (60 MMMBtu/day)
Capital cost through completion of startup: $600 million
Length of design, construction, and startup period: 4 years

Performance profile (% of design): Year 1: 15
Year 2: 30
Year 3: 45
Year 4: 60
Year 5: 75

Years 6-25: 91

Incremental investment after startup: Years 1-6: % of initial
capital cost

Years 7-25: none

O&M cost: 11 percent of initial capital cost per year

We have assumed a capital cost of $60,000 per daily barrel of
capacity and an initial performance profile that is consistent with
those of other innovative synthetic fuel facilities. We have also
assumed that incremental investment (for post-mechanical completion
modifications) will be required in each of the first five years of
operation to assist in the correction of the initial performance

difficulties.

Second Plant

Design capacity: 50,000 bpde (300 billion Btu/day)
Capital cost through completion of startup: $2660 million
Length of design, construction, and startup period: 5 years

Performance profile (% of design): Year 1: 75
Years 2-25: 91

Incremental investment after startup: none
O&M cost: 11 percent of initial capital cost per year
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We have assumed that the second plant will have access to the
accumulated experience of 5 to 10 years of pioneer plant operation; that
is, either the same owner-operator is involved or else & suitable
transfer mechanism has been arranged. We have also assumed similar site
conditions, particularly with respect to feedstock characteristics and
environmental requirements. The capacity of the second plant has been
increased by a factor of 5. Capital costs for the second plant have
been scaled from pioneer unit costs on the basis of a .925 exponent (on
the assumption that the increased plant size would be achieved by
increasing the number of trains rather than the size of individual

equipment items). Thus,

$600 million x| ------ = $2660 million

Because of the 10- to 15-year hiatus in design and construction, no
capital cost "learning" is assumed. Nor, on the other hand, have we
assumed any increase in capital cost for the second plant that could

result from modifications to the pioneer.

Third Plant

Design capacity: 50,000 bpde
Capital cost through completion of startup: $2390 million
Length of design, construction, and startup period: 4 years

Performance profile: Years 1-25: 91
Incremental investment after startup: none
O&M cost: 11 percent of initial capital cost per year

We have again assumed similar site conditions with respect to
feedstock characteristics and environmental requirements. Additicnally,
we have assumed favorable conditions with respect te information
transfer and the scheduling of second and third plant construction such

that the length of third plant construction Is shorctened by a year and

third plant capital costs are reduced by 10 percent.



Results, The relative unit product costs for the shale plants

defined above are plotted in Fig. 5. As shown, the improvement curve is

isegmented, with the initial segment exhibitingra steeper slope (67
percerit) than the second segment (77 percent). Thus, a second shale
plant coming along 10 to 15 years after the pioneer plant offers a
potential cost reduction of 33 percent. And a third shale plant closely
following the design and construction of the second plant could lower
costs by another 14 percent.

Note that the baseline shale example shows slightly steeper slopes
than the baseline coal example (67 percent vs. 70 percent for the
initial segment and 77 percent vs. 80 percent for the second segment).
This small difference is attributable to the following: (a) the
assumption that in going from the first to the second pléﬁts,rshale
facilities would increase five-fold while coal facilities would only
increase three-fold (i.e., the shale facilities were subject to greater
economies of scale); and (b) the assumption that feedstock costs per unit /
of output are fixed for the coal facility, whereas for theggﬁgiéif

facility, feedstock costs per unit of output decline roughly in

proportion to the initial plant investment cost.
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Fig. 5 — Baseline shale case



Variation on Shale Baseline: Economies of Scale in
Mine Facilities (Case 2A)}

The baseline assumed that all shale investment (mine, processing,

upgrading, and utilities and general facilities) were subject to the

same scale economies. However, as we previously noted, mine scale
econcmies are highly uncertain. Consequently, in this example we

examine the effect of alternative mine scaling factor assumptions.
A cursory review of cost estimates for proposed surface shale

12 indicates that mine

projects using underground room and pillar mines
operations account for 10 to 20 percent of initial investment costs and
35 to 45 percent of direct operating costs. Because we are interested
in the maximum effect of mine economy of scale differences, we use the
upper boundaries of 20 percent for investment costs and 45 percent for
operating costs in determining the portion of picneer plant costs
attributable to mine operations. Two scaling exponents are
investigated: .765 (which implies that for each doubling of capacity,
total cost increases by 70 percent) and .584 (which implies that for
each doubling of capacity, total cost increases by 50 percent). We
assume that these exponents apply to both mine investment costs and mine
operating costs.

The results of this variation are summnarized in Table 4. As
indicated, if the mine séaiing'exponent is .765 dinstead of .925, then
relative levelized unit product cost for the second plant drops 7.5
percent from .67 to .62. And if the mine scaling exponent is closer to
.584, then the relative levelized unit product cost of the second plant

drops abeout 13.5 percent from .67 te .58.

12 In order to support a nominal 50,000 bpde surface shale

facility, 70,000 tons per day of 30 gallon per ton cii shale would have
to be mined. The largest underground mine in the U.S5. is the San Manuel
copper mine in Arizona which vields 30,000 tons per dav of ore (OTA
{1980), p. 1233. Thus, the underground shale mine being discussed here
is roughly 40 percent larger than the largest underground mine now in
existence in the U.S.



- 31 -

1S0D 3I0Npodd I1uUn juej|d J@suol4

24 29 L9 40 obeiusodad B SEB 1500 10Npodd 11un veld puodas
8¢ hos €62 99 |e3jo|
(saejjop o
. . - xs suoijpyiu)
W=R0

(1e1031 40 %6G)

L9t 191 L9t 9¢ S2i31 11384 SSII0Jd

(telol 4o %gh)

Ll £olL 2el 0¢ QUKW

(YA 6862 0992 009 leiojl

- S (sJejjop 4o
o SUol || 1w)
IUSWISIAUL

{1e101 Jo %09)

geLe g2lLe g2lLe 08h §013111084 SSBIO0Ud

(1e101 50 %02)

L0¢E Lt ctq acl SuU W

GZ6° = S8131110B4 GZ6° = S8l1l|(De] 626° = $9111] |08}
$S9004d 404 $$800J4d JO4 8$$9004d JO4 {epdg 000‘01) eaJdy Aa0601e)
jusuodx3 6ul | esg jusauodxy 6Gul | eog jusuodx3y bBul |eog et d Jjue|d 31509
‘hgg' = 1uauodxy Y69} " = jusuodx3 {G26° = jusuocdxjy Jasuotd

But1eos suIK)
d aA13eUUl Y

Buiieog aup)
Vv 8Al3dBUdBY Y

Burieog auip)
[utljaseg

(epdg Q00‘04) 3ueld puodas

SIILLITIOVY INIW NI 3V0S 10 SITWONOD3
t 8lqel

$INIT3SYE IIVHS NO NO{1VIdUVA



Variation on Shale Baseline: No Initial Performance
Probiems (Case 2B)

The baseline shale example assumed that a highly innovative
technology was being introduced and that it would experience a prclonged
startup. This variation assumes that the innovative technology performs
exactly as anticipated--that is, the plant achieves a performance of 91
percent of design capacity within one year of startup. The differences
in the assumptions we make for this variation are related exclusively to
the performance profile and the investment for post-mechanical
completion modifications.

Assumptions.

Pioneer Plant

Performance profile (% of design): Year 1: 75
Years 2-25: 61
Incremental investment after startup: none

Second Plant

Performance profile (% of design): Years 1-25: 51

Third Plant

No change.

Results. The relative unit product costs for the plants defined
above are plotted in Fig. 6 along with the baseline. As was the case
with the analogous coal example, the slope of the first segment in this
variation is substantially shallower than in the baseline, a situation

attributable to improved pioneer plant economics.



—~ 33 -

1.0
67% slope
5‘09 °
Q \\\\\
-'08
3 \
3 0 fF—
& 0
2106 88% slope A=~ ~ 77% slope
:‘ .
3 * I
E 80% slope/?
§ 0 Baseline
2
2 === No initial
§ 04 performance
& problems
o _‘?r
0
1 5 3

Plant number

Fig. 6 — Variation on shale baseline: no initial
performance problems

SUMMARY

In the preceding portion of this section we have approximated the
magnitude of cost imprevement that one might reasonably expect to result
from the construction and operation of pioneer synthetic fuel plants.
Our objective was not to pinpoint precise values for all possible
circumstances, but simply to get some idea of the potential range of
cost improvement in a variety of situations that the
literature review indicated were particularly important. Consequently,
hypothetical ceal and shale examples were developed which we regard as
representative of current practice. A summary of these examples is
provided Table 5.

1f we are dealing with an inncvative synthetic fuel technology for

which:

a) The:'size of the pioneer plant is limited to that of a single
commercial-scale module

b) The' pioneer plant experiences a prolonged startup,

c) The'design of the second plant does not start until the pioneer
has accumulated 5 to 10 years of operational experience, and

d) AEEEjgﬂptfan the second plant have gnod access to the

accumulated pioneer plant experience,



- 34 -

‘%0t Allenioe st BUT|8seq 843 Ul J4asuord a8yl jo 8soyl ol aAile|ad s$3Isao
pazi|aAa| 1uejd puODasS Ul UOIIONPaL |eiIusl0od 8yl ‘8ouelsul syl Ul sAocddwl os|e SOlwouoss jue|d z2ssuold aiuig (e}

JesaA puodas AqQ ubisap Jo @16 Je seonpoad st eyl

vl ‘poled)ojlue se swdogjaad AbBojouyoal iswajgosd aouewaogdad jer3lul ON “€E

(%06 40 peaasul %0/ A|Uuo AQ 8583J4DUI S350 aUlW jelol
‘oieos 40 Buplgnop Yyoea JO4) 9/ 03 DUI|BSEG JOJ POUNSSE §26°
et Wod g sdoup 1uBUDdxa Bul|BOS QU)W $B111|108) BUIW Ul S8]EDS JO SIIWOU0DTY “¥2 JIVHS

gousldadxs [euotiledado jo sJdeshk
OL 03 ¢ pdreinundde sey J4aauold |13un pateldtul jou st ubisap quejd puodas
‘A3 10oedeo ubtlssp 40 %G/ yoead 031 saeak aAaly soadlntbsd pue ajeos
%ee | 21048WW0OD G/ 3B palondisuod Jaasuoctd fAGo|ouyosl oAldeAQUUL suljaseg g

paJdsjunosus swa|qosd ssuewdojaad [eIFIUI OU
%2 pue 8{EBOS |BIOJBWLWOD | (N T8 pslondisuod Jasuoid :AHojoulyaral paepueas ‘di

JesAk puooss Ag ubisap 4o %16 1e ssonpoad ‘s ey’
%6 ‘pejedio) 1jue se swuojuaad AbBojouyssl swajgodd souerwdojlad terriul oN "OL

ubisap aueyd U0-MC} |04
40 uoI1eII Ul BYld pue uoiledado jueid JesuU0id 4O uolleUIWJASY

%l 3yl ueeamlag S4N000 SNIEIY :90Ua1d8dXs |BUCIleJad0 48 SURIY 01 adn|ted ‘gl V0D

yIMo4b souewdogdad panuliuod PpUR SISO03 RO P8ONpad Ul $3{NSad
JeY3 Josuo)d Ul opell S| 3UDWISIAUI [BUCITIPPE ‘Swa|goad BOUBWIOCIJBd
{el%o¢ 0iseq 40 Ino butucd! 03 Juanbasgns :luswaaoJddui jue|d Jsauoid panuliucdy "yl

aousidadxs |euo)jedado Jjo sdaesld O] 01 6
pajleinundoe sey J4asuoid |3un palelrdiul jou st ubisep juepd puooas
tA3yoedeo ubisap 4o %G, yoead ©1 sdaeak aAly sadinbod pue 94808
%0¢ [B1DJBUWOD £/ 3B palonsisuod Jaauold fABo|ouysol aAlIBAOUU| tguljaseg ‘L

JUB[d puU0DSS asen 8dX] @oJdnosay
40 150D pazZ]|sAal
Ul UO130Npay |el3uslod

SNOT LYW XO¥ddV INIWIAOYIWI 1S0D 40 AMVHWNS
G alqel



- 35 -

it is entirely possible that the potential reduction in levelized costs
for the second plant (relative to the pioneer) will be 30 to 35 percent
(Cases 1 and 2). However, these significant improvements can easily be
eroded by a failure of second plant designers to obtain access to the
pioneer plant's experience base. For example, in the extreme case of a
hiatus, the potential reduction in second plant levelized cost is likely
to be less than 10 percent (Case 1B).

The examples also indicate that a very substantial portion of the
potential second plant cost improvement is based on the assumption that
innovative technologies will have difficult and prolonged startups. As
illustrated in Cases 1C and 2B, if this should not be the case, then the
potential reduction in second plant levelized cost is likely to be only
on the order of 10 to 15 percent. Similarly, the potential reduction
associated with a relatively standard technology (Case 1D} would also
only be on the order of 10 to 15 percent. In both situations, the
smooth startups result in lower pioneer unit costs, thereby reducing the
"scope' for improvement.

In terms of factor intensity, capital-related expenses account for
roughly two-thirds of unit product cost and feedstock and 0&M about one-
third for both coal and shale.!?® Thus, it seems quite probable that
improvements that lead to reductions in capital cost or to increases in

output will be emphasized by owners of synthetic fuel plants.

13 For coal, feedstock accounts for about one-sixth the total and
0&M about one-sixth.
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IV. CONCLUDING REMARKS

MAGNITUDE OF SAVINGS

By far the most important implication of our analysis is that the
somewhat abstract rates of improvement that we have projected translate
into large monetary amounts. As indicated in Table 6, if the
construction and operation of an innovative pioneer plant results in a
30 percent reduction in the levelized unit cost of the second plant,

annual levelized cost savings per plant could be on the order of $250 to

$450 million. Even a more modest 10 percent reduction could still
result in annual levelized cost savings per plant of $80 to §$150
million.

Taking this approach one step further, we can use the simple
construct presented in Fig. 7 to approximate the potential annual
savings that would accrue in the event of a surge deployment. Under
gradual expansion, one would expect levelized unit production cost to
decrease as experience gained with existing plants is applied to
subsequent plants. During a surge deployment, however, many plants
would be constructed concurrently. Since each plant would be based on
the same experience base, the opportunity for cost improvement would be
much more limited. Construction and operation of a pioneer plant,
however, would promote progress down the curve. Consequently, a surge
deployment occurring after pioneer experience is gained should
theoretically cost less than a surge deployment without pioneer
experience, the savings being represented by the shaded area.

Estimates of the dollar savings that could potentially accrue in
the event of a surge deployment are shown in Fig. 8 as a functiom of:
(a) the”ﬁioneer plant levelized cost;”ib) thgiexpégzga amouﬁ£ of
improvement; and (c¢) the expected industry size. Tor example, a
2,000,000 barrel per day (capacity) industry would require forty 50,000
bpde plants. Consequently, if the surge deployment did not begin until
after the pioneer plant (or plants) had accumulated five to ten years of
operational experience, and ignoring the effect a surge deployment

might have on construction costs, then the total annual levelized cost
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Table 6

APPROXIMATIONS OF SECOND PLANT COST SAVINGS

Levelized Cost Levelized Cost Savings
($/bbl Equivalent) for Second Plant
Reduction in
Second Plant Pioneer Second Annual Lifetime (b)
Levelized Cost Plant Plant (6 million)®) (§ billion)
90 63 450 11
30 percent 70 49 350 9
50 35 250 6
90 81 150 4
10 percent 70 63 120 3
50 45 80 2

(a) Annual production of 16.6 million barrels oil equivalent
(50,000 bpde design capacity x 365 days/year x .91 availability).
(b) Based on 25-year operational life; savings undiscounted.
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Fig. 7 — Theoretical basis for improved economics
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savings could be between $3 billion and $6 billion on the lower end {10
percent reduction) and $10 billion and $18 billion on the upper end (30

percent reduction).!

COST IMPROVEMENT MUST BE PURSUED

Cost improvement is not in any sense automatic. This fact is
perhaps best illustrated by the example of the two Canadian oil sands
plants, Suncor (originally Great Canadian) and Syncrude. On the
surface, the potential for significant cost improvement seemed

excellent:

o There was ample time for information transfer (Suncor started
operation in 1967 while Syncrude began design in 1974 with
initial operation in 1978);

o The plants are located in close geographical proximity (they
are on adjacent leases); and

o] The capacity of the second plant is almost three times that of

the picneer.

However, despite all this, the capital costs per barrel of capacity for
the second, larger plant actually exceeded those of the first by almost
50 percent (in constant dollar terms). Furthermore, as shown in Fig. 9,

there is no discernible difference in the performance buildups of the
two plants.

! The simple analysis presented above is obviously quite limited in
scope, touching only upon the potential learning-related benefits of
constructing and operating pioneer synthetic fuel! plants. An assessment
of the overall costs and benefits of such a program would clearly
require the consideraticn of many additional factors including explicit
recognition of the time value of money. Nevertheless, a very crude
perspective may be obtained by balancing the potential annual levelized
savings against the annual levelized costs of acquiring the experience.
The annual levelized savings for each of the individual technologies in
the proposed program can be determined from Fig. 8 while the cost of
acquiring the experience can be approximated by estimating the required
price subsidy. TFor example, a 20,000 bpde pioneer plant producing oil
at a levelized cost of $90 per barrel would currently require a price
subsidv of about $6C per barrel or about $400C million per vear.
Similarly, a 2C,000 bpde pioneer producing oil at a levelized cost of
$50 per barrel would currently require & price subsidy of around $20 per
barrel or about $130 million per vear. The costs and savings associated
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Fig. 9 — Performance buildups for
Suncor and Syncrude

Our examination of the oil sands experience suggests that there
was a clear and explicit failure to learn. Many of the difficulties
experienced by the first plant were repeated in the second. According
to those involved, the owners of the second plant attributed the first
plant's poor performance to shoddy engineering. Consequently, they (the
second plant owners) felt they could avoid the first plant's
difficulties simply by ensuring that a good job of engineering was
done. In fact, however, the major difficulties with the first plant
were not related to the quality of engineering but rather were
unanticipated problems associated with new technology, feedstock
uncertainty, and the severity of the climate. Thus, the owners of the
second plant, by discounting the experience of the first plant, insured
that they would repeat many of the same errors. Of the three principal
0il sand facility parts --mining, bitumen extraction and upgrading--

_ technical information from the first plant was sought and obtained only
for the extraction unit.? Additionally, even though the same engineering
firm was employed for both projects, a largely different group of

individuals was involved.?

«with each of the individual technologies can then be summed to give
program totals. ]
2 Information in this paragraph was obtained by E. W. Merrow of

Rand in discussions with Suncor and Syncrude personnel. _
3 Bechtel Canada Ltd. served as engineer-constructor fror both

projects. However, virtually all of the expertise Bechtel developed in
the Suncor plant had been dissipated by the time the Syncrude project

was authorized.



Unfortunately, given the singularity of the oil sands experience in
our analysis, it is impossible to specify which factors were responsible
for the failure to reduce costs from the first to second plant.

However, turning to the other side of the coin, our review of the

literature suggests that significant cost improvement occurs with:

o Appropriate management attitudes
- Support of R&D
- Employee incentives
o Long-run operational experience (on the order of 10 to 15 years
for an innovative technology)
o Similarity of site characteristics for successive plants
o Access to prior plant's experience base (documentation and
people)

o Increases in plant scale

Additionally, we note that the most frequently cited reason for startup
difficulties in plants using proven technology was differences in
feedstock characteristics. Thus, the idea of running the specific
feedstock to be used in the second plant through the first plant (in the
manner in which the coal to be used in the Great Plains plant was run
through the Lurgi gasifiers at SASOL) would seem to have considerable

merit.

EFFECT OF HIATUS

Continued operation of a pioneer plant is essential to realization
of substantial cost improvement. A hiatus between the termination of
picneer plant operation and the initiation of second plant design would

seriously curtail potential second plant cost improvement.

SFC SUPPORT OF FOLLOW-ON PLANTS

The construction and continued operation of an innovative pioneer
plant can provide the basis for significantly reduced second plant
levelized preduction costs. In turn, the construction and operation of

a second plant can provide the basis for lower third plant levelized
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production costs. Overall, our analysis suggests that the construction
and operation of both a pioneer and a second plant could result in a
levelized production cost for the third plant that is 40 percent less
than that of the pioneer (see Figs. 1 and 5). However, since reductions
in design and construction costs are projected to be the primary source
of cost improvement between the second plant and the third plant, the
amount of cost improvement actually achieved between these two plants
will depend heavily on how closely coupled their design and construction
efforts are. If they are not closely coupled (e.g., there is a temporal
gap or a different set of firms is involved), then the overall
improvement in levelized costs associated with constructing and
operating both a pioneer and second plant will be reduced from 40
percent to 30 percent--the amount associated with a pioneer facility by
itself. Furthermore, if our assumptions concerning the costs and
benefits of long-run cost improvement (improvement achieved in 10-to 15~
year period after steady-state operation is attained) are anywhere near
correct, then the same result (a potential overall reduction in
levelized production costs of 40 percent) could be achieved without
constructing a second plant (see Fig. 2). Thus, the construction and
vigorous long-run support of a pioneer plant would appear to be a
particularly appropriate way to pursue the development of cost

improvement possibilities.
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