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4.1 CONVERSION COSTS AND PRODUCT ECONOMICS

The following evaluation of a wide range of alternate fuels
produced from coal attempts to build upon prior work in the field
that has, successively, estimated the plant construction and operat-
ing costs for each process, standardized the bases of estimation
(time of construction, size of plant, location, financing methods,
etc.) and evaluated the quality of product produced.

Such work has been sponsored by the Department of Energy since
the early 1970’s. The most recent work was performed by the Engineer-
ing Societies Commission on Energy, Inc. (ESCOE).L That work col-
lected prior analyses performed for DOE and others, made adjust-
ments in each to account for differing assumptions regarding input
prices, plant scale, financing methods and costs, and thus reevalu-
ated them on a more common basis. The differences in product qual-
ity were factored for value based on current price relationship
among natural petroleum products.

Our approach will differ in several regards:

First of all we shall use the baseline ESCOE plant models,
capital costs and operating cost relationships, updated to
a uniform 1980 dollar basis.

Second we shall scale all plants to a common output plant
sizez in order to retain comparability at other, down-
stream stages of processing and use.

Third we shall deal with differences in product quality
directly, and on a cost of product basis, by considering
the additional costs required to upgrade lower quality
products and make them comparable with the higher grade
synfuels.

Fourth we shall then examine the methods and costs of fur-
ther processing and transporting the generic synfu el pro-
ducts to make them available to end use markets. 3

The ESCOE capital estimates were all adjusted to a 1980
dollar basis by the use of the Wholesale Price Index - Indus-
trial Commodities Index. Others have frequently used the Chemical
Engineering Plant Index, however we feel that no significant his-
torical difference exists and the WPI Index basis is a more suit-
able bench mark for further forecasting since it is a component

1Coal Conversion Comparison, ESCOE Report FE-2468-51, July, 1979.
2ESCOE scaled all plants to a common input size in order to simplify
the costs - auxiliaries and off-sites are normalized.

3We did not examine differences in end use efficiency that exist
or are possible. This should be subsequently examined.
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of Us. macro-economic forecasting models and the Chemical Con-
struction Index is not.

Exhibit 4-1 displays the original capital cost estimates of
ESCOE. Exhibit 4-2 updates these estimates to a uniform 1980 cost
basis.

Operating costs are more complex. The major cost categories
are:

●

●

●

●

●

●

Coal

Utilities
Water
Power

Catalysts and Chemicals

Labor

Overhead

Maintenance

Coal prices are uniform to all processes - as are assumed costs of
water, power and labor. The costs of overhead are a uniform frac-
tion of operating and maintenance labor - they include administra-
tive personnel costs as well as G&A expenses. The maintenance rule
is made uniform among systems-although differences should exist on
the basis of system approach.

The original ESCOE operating cost variables are shown on
Exhibit 4-3. These unit prices provide the bases for updating the
ESCOE costs to the values shown on Exhibit 4-4.4

●

The cost of producing hydrogen for product upgrading is par-
tially imbedded in other estimates. The uniform condition is that
hydrogen is demanded at a greater level then could be supplied from
excess char, residue, or filtrate from the process plant. There-
fore a hydrogen plant must be built at the upgrading plant site.
This plant is designed to reform synthesis gas. 5 The cost of hydro-
gen can then be based on the hydrogen plant’s costs - including
syngas feed at the estimated syngas product costs of our companion
syngas plant. Alternately we could capitalize a coal gasification
plant in this area, however that seems to be an even more unrealis-
tic mode of system optimization.

In the long run, as product slate demand for synthetic coal
liquids becomes clarified, the optimization of an integrated coal-
to-product plant can be designed in a much more sophisticated
manner.

4The input costs were in certain instances drawn from original
sources cited by ESCOE.

5Or reform synthetic fuel product - the cost is comparable $6.25 -
6.75/MM BTU.
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4.2 SCALE OF PRODUCTION

Chemical process plant economics are highly
scale. Typical scaling factors or rules, are of

sensitive
the order

to
of

60% - 70%. This means that as plant size doubles the cost only
increases by 60% - 70%. In the case of decreased scale - the -

factor works in the opposite direction, a decrease in scale to
l\2 plant scale leads to only about l\3 decrease in cost, which
in turn leads to almost 30% more capital being required per unit
of output. In very capital intensive processes, the importance
of this to product cost is great. Coal conversion processes
typically have 1/2 of their costs derived from capital charges,
therefore a doubling of scale could reduce total unit costs by
as much as 15% - 20%.

For this reason the question of plant scale must be very
carefully examined. ESCOE, in ordering the various estimates to
the values shown in Exhibit .4-1 applied “typical chemical engineer-
ing scaling factors”. It is beyond the scope of the present effort
to audit that undertaking. However, it is incumbent upon us to
avoid the distortion of fairly presented uniform cost data by
another exponential adjustment of capital costs. We must rescale
the liquids’ plants since they have been standardized on an ‘input’
basis, whereas we must examine costs on a plant ‘output' basis,
since we are also examining downstream processes and costs, which
in turn require uniform scale assumptions.

Several difficulties are present:

1 .

2.

3.

The optimal size of plant and vessels for various
systems is not known, due to the fact that most
processes are now being explored at 5 - 10% pilot
plant scale.

In a shift from uniform input scale to a uniform
output scale, the most efficient processes will
suffer the greatest penalty for their relative
downsizing. This is not realistic.

We are not aware of the relative changes that took
place in the initial (ESCOE) standardization, hence
are blind to the compound effect of a second scal-
ing adjustment. .

For these reasons, with the emphasis upon the above factors, in
order of their ranking, we have chosen to restate costs on an
output basis through a linear method of cost adjustment.

The principal justification for this apparently unsound pro-
cedure is found in the first factor above - there is no evidence
of commercial scale economy available in the case of any pro-
cesses, with the exception of gasification plants (or gasifier
reactors) . In that case, multiple train plants appear at sub-
commercial plant scale. In general, the bulk of the solid feed
stock is so great, that initial reactor vessel sizes become

.
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limited by available fabricating (rolling, bending, heat-treating)
facilities, as well as transportation constraints. Subsequent
plant stage economics do not determine. The gasifier-reactor
vessel size limitations are such that returns to scale may be
limited at a relatively low level of output.

For this predominant reason, we have used a unitary cost
scaling factor to shift from uniform input sized plants (25,000
tons of coal per day) to a uniform output basis - 50,000 bbl.
per day. A normal procedure would otherwise unfairly penalize
the most efficient processes. In the final analysis, efficiency
will determine economic advantage.

4.3 PRODUCT QUALITY (Reference No. 38)

The issue of product quality was resolved in a somewhat in-
direct manner by ESCOE. Their ‘rating scale’ value system (a mea-
sure of ordinal utility or value) which was based on present pro-
duct price relationships is not a suitable method for long range
economic analyses. During the long-run,. values change, end use
patterns and conversion technology developments can create a sur-
plus of a once premier product, or contrariwise, create a shortage
of a previously unwanted by-product. Distillates and gasoline have
traded places once and are perhaps posed to trade places again in
their relative values.

The setting of widespread synthetic fuels production and use
creates an entirely new framework for evaluating the ‘normal~ re-
finery slate of petroleum derived products. We have created a
slate of products that to some degree reflects the range of com-
pounds present in crude oil and in some degree reflects the tech-
nology (now) available to separately produce these compounds. In
some instances the products were specifically sought, in other
cases markets were sought for by-products that were available.

When coal is introduced in lieu of crude oil to a substantial
degree, the available range of products and by-products may be
the same, but the proportions of availability will be quite dif-
ferent, as will be the cost of producing different fractions. “

The proportion of each fraction that can be derived from
crude oils is highly variable depending upon the nature of the
feedstock and the nature of the refining processes used. In gen-
eral, increasing the lighter fraction (-350°F) involves more severe
reforming, and higher cost. The use of a heavy, sour feedstock
crude oil worsens this condition. The use of coal as the feedstock
significantly exaggerates this condition in certain synthetic pro-
cesses - such as direct liquefaction. Indirect liquefaction pro-
cesses are specific for alcohols, gasolines and the light ends.

It is reasonable to visualize a population of crude oil and
coal “refineries” with individually more specialized or limited

4 - 8 ejb&a

—



.

product slates than are found in the universe of conventional re-
fineries.

Broad slate
widely deployed.

1. Product
side of

coal synthetic liquids plants are unlikely to be
This can be expected for several reasons:

upgrading is difficult and expensive once out-
the basic process.

2 . A fair range of limited slate coal-conversion processes
are becoming available, that more selectively produce
various fractions.

The costs of achieving a given level of product quality increases
in a slightly non-linear fashion as the percent hydrogen is in-
creased or the boiling range is lowered. Exhibit 4-5 shows this
relationship graphically. Benchmark products and costs are shown
for several direct and indirect liquefaction processes. The in-
direct processes - which catalytically synthesize liquids from
synthesis gas are specific for gasolines, alcohols and LPG. The
direct catalytic hydrogenation processes tend to produce naphthenes
and crude oil equivalent range compounds. The hydrogen solvent
systems tend to produce a more limited range of product with a
substantial (20 - 35%) naphtha fraction, the majority product in
the distillate

Increased
by:

cost

boiling range (350oF - 750oF).

yield

of the

of the higher quality

9 Increased coking of

products

bottoms

be achieved

● Adding more hydrogen

● To process stream

● By hydrotreatment of products

SRC II

(18%) 13,000
( 8%) 6,400
(73%) 52,900

72,300

bbl
bbl
bbl

former is seen in the difference betweenThe
II and EDS on Exhibit
the bottoms (or heavy distillates) to yield more naphtha
as follows:

SRC
4-4. The Exxon donor solvent system cokes

EDS

Naphtha (36%) 27,500
#2 Fuel Oil (15%) 10,000
Distillate (49%) 37,200

75,400

Similarly changing the H Coal process from a fuel oil to
mode increases cost as it lowers the average boiling range.

and LPG

Naphtha
LPG
bbl Distillate

a synthoil

The distribution of product quality that is typical of each
process is shown on the following page. (Exhibit 4-5).
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The range of quality is not entirely a function of the API gra-
vity, the boiling range or hydrogen content, however, these related
indices are sufficient for our purposes. We can relate the cost of
producing a synthetic fuel to this scale. Exhibit 4-6 shows a graph
of the production cost of the whole liquid product from various syn-
thetic processes versus the average (50% distillation) boiling range
of the synthetic product.

This chart shows the increase in average cost per million btu’s
as the average distillation range of the liquid is lowered. Thus
gasoline costs more to produce via indirect processes such as Mobil
‘M’ or Fischer Tropsch, than naphthas, distillates and fuel-oils.

This scale6 illustrates the relative costs of the ESCOE liquid
fuel processes. It also contrasts the (1978) earlier ESCOE cost
estimates with later estimates of shale oil costs developed by the
Office of Technology Assessment (1980). The oil shale liquids,
which reside in a higher boiling range than the coal liquids, appear
significantly more expensive on this scale. In order to reconcile
this discontinuity it is necessary to digress briefly. .

4.4 ESTIMATING METHODS

The accuracy of complex systems cost estimating has been the
subject of several studies. These studies have been primarily be-
havioral rather than conceptual. As larger, more complex systems
projects have been conceived, -the amount of unknown and untried
system components have necessarily increased due to the great cost
of large system prototypes. Pilot or process demonstration units
and models are developed at extremely small scale for the same eco-
nomic reasons; the subsequent scale-up is of a high order. Esti-
mates drawn from bench or small scale pilot plants are subject to
much greater estimating error.

Two

1.

2 .

overriding conclusions have been reached in this matter:

Cost estimates tend to decrease in variation from actual
costs as the elapsed time between estimate and construc-
tion is shortened.

The accuracy of the estimate is related to the degree of
detail of the design engineering.

Chemical process plants, 8 9 10public works, and weapons systems
development and estimating histories have been analyzed, with

6 Syngas (fuels) are not suitable related to boiling point measurement.

‘“~ Assessment of Oil Shale Technologies”, OTA - June 1980.
8 A Review of Cost Estimates in New Technologies: Implications for
Energy process Plants, Rand Corp. for the Dept. of Energy JUIY 1979.

9 “Systematic Errors in Cost Estimates for Public Investment Projects “,
Hufschmidt & Gerin, in The Analysis of Public Output, Columbia Univ.
Press 1970.

10The Weapons Acquisition Process: An Economic Analyses, Peck & Scherer,
Harvard Un~v. 1962.
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essentially the same range of variances found between early esti-
mates and actual results - growth in costs have occurred of the
order of 2-3 times the oriqinal estimate. The average of actual
to estimated costs(~) , were found to be as follows:

System Type

Weapons System

Public Works

Major Construction

Energy Process Plants

The weapons system cost overruns
in the 1960’s (1.40) most likely,

Actual Cost/
Estimated Cost (Ratio)

1 . 4 0  -  1 . 8 9

1 . 2 6  -  2 . 1 4

were higher in
because of the

2 . 1 8

2 . 5 3

the 1950’s  (1 .89)
greater degree of

than

pioneering efforts and the greater lack of experience with large wea-
pons systems at that time.

—

Exhibit 4-7 below shows the cost growth experience in pioneer-
ing energy systems as a function of the type of estimate employed
(or available at that time). It can be seen that the preliminary
estimates were nearly double that of the initial estimates - (84%
above the first estimate) and the definitive estimates increased
almost as much again from the preliminary estim ates (134% above the
first, or 50% above the preliminary estimate) .

The ESCOE data were largely taken from preliminary estimates,
based on Process Demonstration Unit (PDU) development experience,
in one or two cases from pilot plant experience (at less than 1%
scale) or from foreign commercial experience under different site
and environmental conditions. The OTA shale oil values were de-
rived from a very highly definitized engineering analysis. The
degree of evolution which that estimate had undergone can be seen
on Exhibit 4-E.

If the other ESCOE liquid synfuel plants were to increase by
as much as have typically occurred between preliminary and defini-
tive estimates, the costs would increase by about another 50%. 1 2

That would result in a shift of the cost line on Exhibit 4-6 as
shown on Exhibit 4-9.

Such an interprelation of the quality of the ESCOE estimates
would resolve the discrepancy between the ESCOE estimates and the
OTA estimates (for oil, shale liquids) and produce a more continuous
scale of synfuel cost relationships.

An alternative method of calibrating the various estimates for
consistency with respect to the status of process estimates as well
as the methods employed in the estimating process? would be to select

11Average increase from preliminary to definitive cost estimates
for energy process plants.

1 2P 3 - Reference 3.
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EXHIBIT 4-8

iz

HISTORY OF SHALE OIL CAPITAL COST ESTIMATES

25,000

20,000

15,m

Io,ooo

5,000

0

.

.
A = Estimates based on C.F. Braun

definitive engineering study

1955 1970 1975

Estimated surface shale oil facility contruction costs

(capital costs/barrel/ca!endur day; constant $ 1977)
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a sub-set of processes that were developed on the basis of the same
level of engineering definition or maturity - preferably the most
advanced projects in this sense.

There have been more recent, updated design and
efforts undertaken in the case of:

estimating

1) Indirect Liquefaction - Mobil MTG. 13

2) Methanol
13

3) High BTU Gasification
14

4) Direct Liquefaction - H-Coal 15

These estimating efforts are essentially comparable with the
(OTA) Oil Shale estimates in terms of the relative engineering and
development maturity of the process plants involved.

Exhibit 4-9 also reflects the liquid fuel costs of ‘generic”
synfuel processes based on the selected “best estimates” noted above.
These are not meant to be truly generalized processes (or generic
processes) , they are nonetheless representative, advanced members
of each synthetic liquid product class.

The costs of these processes are shown in detail on Exhibit
4-1o.

The effect of using the latest, or best estimates is approxi-
mately the same as was achieved by the use of the Rand Corp. (and
others) cost estimating error factors. The original ESCOE values
are increased by about 50% on average.

The satisfactory conjunction of factored cost estimates arrived
at by the use of statistical variances derived from past estimating
histories with the “generic” estimates taken from the most advanced
projects, gives us an improved measure of confidence in the adjust-
ment of ESCOE synfuel production costs to the higher levels dis-
played on Exhibits 4-9 and 4-10. The revised functional form of the
liquid fuels is displaced to the right on Exhibit 4-9 by about $3.00-
$4.00 per million BTU’s. The relative costs are not appreciably
affected considering the probable differences in residual (estimat-
ing) error contained in these estimates. It seems most reasonable,
however, to presume that the majority of the estimating errors have
been accounted for, and the values we are employing are normalized
to the greatest practical degree possible at
barring further engineering or demonstration
struction experience.

13Liquefaction Technology Assessment - Phase

the present time: i.e.,
plant design and con-

1 ORNL-5664 Feb. 1981.
14Unpublished Analyses
15Rand Corporation - Unpublished Analyses.
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The H-coal process (in the synfuel mode) has been used as a
surrogate for direct coal liquids. Updated estimates of an un-
published nature were used that draw from the cumulative pilot plant
histories and the most recent demonstration plant estimates. The
Mobil Methanol-to-Gas (MTG) and methanol estimates were drawn from
a recently published study by Fluor Corporation for Oak Ridge Na-
tional Laboratory of indirect liquefaction processes. The study
provided a (nearly) 100% gasoline option which virtually eliminates
the by-product costing problems. The methanol estimates were
Menthanol/SNG joint production process schemes. The systems could
have been adjusted in keeping with the 100% gasoline MTG process
scheme by eliminating the direct costs of methanol to gasoline stages.
Alternately the by-product value of SNG could be directly priced by
using the high BTU gas plant costs from the SNG estimate below.
Both synthesis gas processes are Lurgi systems.

The SNG process estimate was taken from unpublished estimates
drawn from advanced commercial design and estimating efforts. An
advanced Lurgi gasifier - the British Gas Corporation slagging bed
version - is used.

The costs of direct and indirect liquids - increase by about 50%
- to remain in approximately the same relative cost relationship that
the ESCOE based data displayed. The hi-BTU gas estimates only in-
creased about 25% above the earlier ESCOE values. This appears to
be reasonable considering the relatively more mature status of (Lur-
gi) gasification technology. - The OTA oil shale liquids estimate of
$48.20\bbl reflects the precommercial stage of development. The
level that we are attempting to standardize at, versus the develop-
ment stage of the foregoing direct and indirect liquid systems.

Continuing Cost Escalation

The earlier analyses of Rand Corp. and others suggested that
the potential cost increase from even a definitive estimate to the
actual project costs of pioneer plants and major developmental
systems is typically another twenty percent increase in cost. We
can add that increment to arrive at an upper value for all systems.

There have been and continue to be other relevant post-commer-
cial trends of commercial series production plants that were not
considered by the authors of the cost escalation - studies cited
above.

Historical data regarding the chemical process industry and
petroleum refining industry demonstrates a strong pattern of capi-
tal productivity improvement or technology advance, during post-
development years. This can be demonstrated for the entire sector
as well as in the micro-industrial setting of a single chemical
industry segment.

A capital productivity rate of less then 2%/year can return
the 20% (actual cost to definitive cost estimate potential increase

4-19 ejb&a



during the first 10 years of
least a 35% redu16 ction in thecan be expected.

commercial deployment. In 20 years at
capital outlay per barrel of product

These two viewpoints provide us with minimum and maximum esti-
mates of the most probable range of expected production costs for
synthetic fuels. Exhibit 4-11 illustrates the range of expected
values for synfuel liquids based on these estimating limits.

This scale of values will be used to provide individual pro-
duct (or by-product) costs. The presence of a significant amount
of petroleum in the total supply equation, for as far as we can
see, creates many cost and pricing complexities. We do not wish to
complicate synthetic fuel supply economics with World Oil Price dis-
ruptions, or any free-market or administered market conditions. We
will close our eyes to all of these dimensions and construct our
cost schedule on the basis of coal based liquid, gas and solid fuel
options or opportunity costs.

16This rate (1.4%) has been experienced by the entire chemical in-
dustry throughout the entire post war period (1949 to date).
Specific industry sectors have experienced much greater rates
of productivity improvement; viz, synthetic methanol experienced
more than a 4% / year productivity gain for over 20 years.
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4.5 PRODUCT UPGRADING (References 39,

The typical (direct liquefaction)
characteristics that require upgrading

●

●

●

Provide product

40)

coal liquids
in order to:

stability

possess

Permit mixture with conventional
petroleum liquids . . . or

Permit common use of pipelines
and other infrastructure

The principal differences result from:

Lower levels of hydrogen - 9 - 10% versus 11
leum and 11 - 12% for shale oils.

Higher levels of heteroatoms in both liquids
(nitrogen and oxygen compounds) than are found in

14% for

and shale
petroleum

several

petro-

oil
feed-

stocks.

The lower hydrogen and higher heteroatom conditions are resolved
together by hydrotreatment. Raising the hydrogen levels up above
10% results in the removal of most of the nitrogen and oxygen hetero-
atoms, and also decreases the aromaticity of the coal liquids and
shale oils.

The high aromatic content of coal liquids makes the naphthas
excellent high octane blending stock - however the high nitrogen
and oxygen percent (2 - 3%) in the heavy naphtha range requires the
use of fairly severe hydrotreatment to remove the diolefins and
heteratoms - which are present in the form of phenols and cresols
(oxygen).

In the synfuel distillates the nitrogen level is higher and
results in unstable compounds with rapid gum formation, making
this a very unsatisfactory fuel unless upgraded.

There have been a succession of studies of synthetic liquids
upgrading processes sponsored by DOE. They have been conducted
on both shale oil and direct coal liquids.

The principal measures examined include:

● Hydrotreating (Exhibit 4-12)

● Hydrocracking

● Fluid Catalytic Cracking

Catalytic reforming as well as hydrocracking are subsequently used
to upgrade (naphthas) to finished transportation fuels. (See Ex-
hibit 4-12 below) .
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Consideration has also been given to variation in the hydrogen
source for hydrotreaters - the partial oxidation of raw coal liquids,
reforming of refinery products and overheads, or outside gasses.

An additional issue is the location of upgrading facilities;
at the coal liquids (or shale oil - retort) plant, or at a con-
ventional refinery, or both.

The factors which favor the synthetic oil plant location are:

● available residue for hydrogen manufacturing

● local upgrading permits common carrier transportation

● upgraded synthetic product can be blended with petro-
leum feedstock (in pipelines and at refineries)

The factors that favor a refinery location for upgrading

of 1

● Superior prospects for system optimization

● Availability of hydrogen from naphtha reformers

● Uses available refinery capacity idled by
petroleum feedstock.

lack of

are:

An alternative approach could be to perform
upgrading at the synfuels plant to facilitate

storage, with product finishing and blending performed at a larger

a minimum amount
transportation and

refinery site. The coal liquids in general do not require further
cracking because they lie in the atmospheric gas-oil and naphtha
range. The shale oils require cracking to produce more usable
product from the higher distillate range such as jet fuel and die-* a

sel oils. The heavy distillates from coal
drotreated (to 11% H by wt) can be used as
catalytic cracker (FCC) where the product
graded.

Exhibit 4-13 illustrates the cost of
liquid process cuts.

liquids; if heavily hy-
a feedstock for a fluid
can be significantly up-

upgrading various direct

The raw liquids versus the upgraded liquids are compared below
in hydrogen content.

Raw Liquid Upgraded

SRC Naphtha 11.33% 11.6%

SRC Distill. 7.71 11.0

H Coal Distillate 10.1 1 1 . 4

H Coal Fuel Oil 7.37

These cases cover the general conditions experienced by the
range of most direct coal liquids - the samples being drawn from
experimental laboratory investigations performed by Mobil Research
and Development Corporation upon SRC light and heavy fractions and
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H-coal distillate and fuel oil fractions. This pretty well covers
the range of liquids produced by SRC and H-Coal (synfuel and fuel
oil mode) and can be extrapolated to the EDS case.

Additional work performed by U.O.P., Chevron and Suntech con-
firm the general upgrading needs and the best approach - hydro-
treatment.

The plant investment required varies from $140 million dollars
for the mild hydrotreatment required of the naphtha cuts (C5 -
400°F) to as much as $465 million for a hydrotreatment plant for
the heavy distillate or residual SRC fraction and nearly that for
the fuel oil fraction of H Coal fuel oil process plants.

The average upgrading cost is about $2.00 per million BTU’s -
varying from $4.00-to nearly $20.00 per barrel. The latter figure
represents an economic limit which suggests either a lower grade

,

utilization of the heavier products or a different refining app-
roach.

The direct liquids upgrading cost analysis can be compressed
to a single representative-or “generic”

The general costs of upgrading are

Naphtha’s

L. Distillates

Heavy Distillates ‘-
Fuel Oil

upgraded coal liquid.

shown on Exhibit 4-14:

$ 4.06

11.58

1 9 . 2 1  ( 1 9 . 1 1 - 1 9 . 3 2 )

Individual processes such as EDS SRC-II and H-Coal (fuel oil
mode) will differ in raw liquid base costs, but since the quality
of product tends to vary in a reasonable relationship to their
costs17, the costs of upgrading, which are increasly related to
quality, lend to cause a clustering of upgraded direct llquid

*

costs.

If we utilize the costs of H Coal production of raw liquids
developed above as a base, the ‘generic’ costs for upgraded pro-
ducts would be as follows on Exhibit 4-14. The estimated costs
of nearly $75.00 per barrel or over $12.00 per million btu's is
for a product that is equivalent to a high grade refining crude
oil feed.

The upgrading of shale oil to a suitable refinery syncrude has
been estimated by Chevron to cost $10.00 per barrel (in 1980
dollars) or $1.72 per million btu. If this is added to the cost
of raw shale-oil liquids at the retort, the total cost of shale
oil “syncrude” is:

17
See Exhibit 4-6 above.

4-26 ejb&a



n
o
w

z

o
u
m

o’
m
c1

II

4-27 ejb&a



OIL SHALE LIQUIDS COST

($1980)

Per Barrel Per Million BTU

Retorted Shale Oil

Upgrading

$48.20

10.00

$58.20

These compare favorably with upgraded direct
in the ‘syncrude’ class as shown below:

SYNCRUDE PRODUCTION COSTS

($1980)

Per Barrel

Shale Oil $58.20

Direct Coal Liquids 21.12

Shale Oil Advantage 12%

The shale oil has about a 21%-cost advantage

$ 8.31

1.72

$10.03

liquefaction production

Per Million BTU

$10.02

18.5%

9%

as a refinery feed-
Stock. This is reduced to less then a 20% cost advantage on a

, heating value basis. However heating values are not the princi-
pal criterion to be applied to refinery feedstocks - quite the
opposite - the lighter crude demands a premium. In certain in-
stances the coal liquid with higher aromatic content will be pre-
ferred, at other refineries the shale oil, with a higher hydrogen
content, and a greater yield of distillate product will be sought.

Exhibit 4-15 illustrates how the process of upgrading shifts
the cost of oil shale and coal based
$1.75 - 2.50 per barrel.

4.6 REFINING SYNTHETIC LIQUIDS

The direct liquefaction and oil

synthetic crudes upward by

shale synfuels have to be
further upgraded to end-use product quality in order to be com-
parable with indirect liquid products such as methanol from coal
or gasoline from methanol (from coal). In a wider sense, this
is also desirable in order to achieve comparability with synthetic
natural gas (SNG) which can be used for a wide range of end use
applications in its ‘raw’ manufactured state.

The indirect processes produce refinery output (or inter-
mediate) grade products, without the need for the “refining” of
crude liquids. In order to compare direct liquids and shale
liquids with indirect process liquids, we must bring the former
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into a state that is comparable. This requires the refining of
the synthetic liquids to finished fuels.

Refining of shale oils and coal liquids will vary in cost
depending upon the size, location and degree of integration of
the refinery complex. We will assume that this is not done in an
existing refinery (perhaps modified to better handle these feed-
stocks) , but is performed at a new refinery integrated at the re-
tort or conversion plant site. Such a refinery is
(50,000 bbl/day) and remote from chemical complexes
better use of by-products and hence provide higher
credits or other similar economic benefits.

The costs of upgrading the raw coal and shale
grade (transportation) fuels is shown below:

under-scale
that might make
(by-product)

liquids to high

REFINERY COSTS FOR SYNTHETIC (RAW) LIQUIDS

($1980)

Cost Per Barrel Cost Per Million BTU

Shale Oil
(Hydrotreat & Hydrocrack) $18.50 $3 .19

Coal Liquids
(Hydrotreat) $18.29 $4.02

 The costs of refining synthetic liquids cannot truly be determined
without specifying the product slate produced. The costs of re-
fining a particular feedstock can vary depending upon the product
cuts sought. The basis used above is not strictly comparable be-
tween the processes. It tends to slant the refinery approach to
the type of slate that is favored by the feedstock - Light distil-
lates in the case of shale oil, and gasolines and distillates in
the case of coal liquids.

Exhibit 4-16 illustrates the potential variation.

These costs can be seen to vary dramatically if different
product slates are sought. If the highest grade transportation
fuels are maximized, to provide the highest degree of comparability
with indirect liquids. The costs are as follows:

REFINERY SYNTHETIC UNITS TO 100% TRANSPORTATION FUEL

($ 1980)

Shale Coal

Raw Liquid

Upgrading

Average
BBL

Total

Heat Content\

$/BBL

$48.20

18.50

$66.70

$/MM BTU $/BBL

$ 8.31 $66.47

N.A. 18.28

- $11.50 $84.75

$/MM BTU

$ 9.79

N.A.

- $14.61

5.8 Million BTU 5.8 Million BTU 
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By comparison, indirect liquid (methanol to gasoline) costs are
about $78.00 per barrel; approximately in the middle of this range.
The cost per million BTU’s is lower for shale and coal liquids,
refined to a transportation slate consisting of gasoline and dis-
tillate fuels (jet fuel and diesel oil). If direct liquids are
refined to a 100% gasoline slate the costs would increase to $87.17
per barrel or above $19.00 per million BTU’s.

Exhibit 4-17 graphically displays the finished fuels in a
framework which relates the product quality to the finished fuel
cost.

Exhibit 4-18 calculates the total cost of refining coal liquids.
A 50,000 barrel per day refinery for coal liquids would cost between
$420 million and $690 million. The lower case represents a moderate
hydrotreatment plant producing #2 fuel oil and gasoline, the upper
case represents a hydrotreatment and hydrocracking plant that pro-
duces 100% gasoline.

Instead of using other indirect measures of product value, 18
we can use a cost based scale. The lighter fractions cost more to
produce from both coal and shale, whether by direct or indirect
means. By-product credits do not have to be assigned to determine
the cost of a single cut liquid. Upgrading plant has been assigned
to individual fractions so that the full cost of the beneficiated
product cut is known. The costs of fully refining the product are
developed incrementally by determining the cost of creating a 100%
gasoline yield, and two subsequently lower grade mixtures.

The alternate product slate refinery costs of Exhibit 4-18
can be used to develop a measurement of the direct costs of pro-
ducts in a multi-product refinery run. The principal cost dif-
ferences result from the increased capital (per unit of product
yielded) and the increased consumption of hydrogen associated with
higher grade product slates.

If we take the per barrel cost of producing a 100% gasoline
slate. and assign it to the gasoline fraction of a mixed slate as
the appropriate cost of that portion of the output, the remain-
der of the total cost divided by the number of barrels of the other
product (jet fuel or #2 fuel oil) will give us the unit cost of
the “secondary product”.

Exhibit 4-19 shows this costing procedure for the slates pre-
sented for direct liquids refining in Exhibit 4-17.

By using this method, we are not artificially lowering the
cost of gasoline production by assuming a market equilibrium price

18 Product value ratios are commonly used. They are of absolutely
no meaning in a long-term and discontinuous supply context. The
use of such ratios is a major violation of the most elementary
laws or principles of economics as a measure of utility.
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for a lower grade (by) product. The method used is entirely an
assignment of marginal cost to products. It would be more desir-
able to operate in a reverse manner, i.e., from the lowest product,
assigning incremental costs to the higher product on a marginal
basis. We, unfortunately, do not have a process estimate for a
single slate of the lowest value product. The distillation range
of all products is too broad to produce such an artificiality.
Therefore we have begun with the marginal gasoline cost and assigned
it as a by-product price to the lower value (mixed) slates, per-
mitting us to infer the marginal cost of the lower grade products.

The results of this cost analysis are related to the costs of
indirect liquefaction end products and shale products on Exhibit
4-20. The cost series increase as average distillation point is
lowered. The average distillation point of most useful transporta-
tion fuels lies between 180° - 400 F, with the majority of the com-
pounds contained lying within this range.

There is a persistence of the earlier noted relationship be-
tween product quality (as measured by average boiling point) and
production costs of finished products. The relationship shows
less than unitary cost increases per barrel, all greater then uni-
tary cost increases per million BTU. The latter case is due to
the generally lower heating value of the premier fuels that have
increased hydrogen content. The increases in cost are about 7 1/2cents
per barrel of liquids for every degree farenheit that the boiling
range is lowered.

Exhibit 4-21 is a flow sheet of a process (examined by Chevron
Research) for hydrotreating and hydrocracking of direct coal liquid
(SRC-II) whole oil to produce 100% motor gasoline product. This
is the first case on Exhibit 4-16. Exhibits 4-22 and 4-23 illus-
trate the refining process used to upgrade the whole liquid to ‘
gasoline and jet fuel by severe hydrotreating alone, and to a
lower quality slate of gasoline and heating oil created by less
severe hydrotreating of direct (SRC-II) liquids.

The latter case is more comparable to an upgrading process.

4.7 TRANSPORTATION AND OTHER INFRASTRUCTURE COSTS (Reference 41)

Although we have differentiated between coal liquid’s plant
site upgrading facilities and finished product refineries, we have
really not selected the site for refining. The upgrading must in
most cases be done at the site of the coal liquids plant. The
degree of upgrading we have embraced (Exhibit 4-15) is sufficient
to permit the fuels to be used in as high a use as a combustion
turbine, or transported without creating contamination or incom-
patible sediments.

Transportation costs are directly related to the distance in-
volved, and indirectly related to the quantity moved or flow rate.
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EXHIBIT 4-21: SCHEMATIC  FLOW DIAGRAM
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We cannot visualize any other form of transportation for these
upgraded liquids, or for further refined products except by pipe-
line. The daily volume required to support a 6“ or 8“ pipeline
is approximately the size of one or two 50,000 bbl/day plants.
Considering the geographical concentration of coal and shale de-
posits it is not difficult to visualize a mining-conversion center
adequate to support either:

● An upgraded liquids pipeline to a refining center

or

● A product pipeline to major pipeline junctions or
product distribution terminals

that
The general location of all coal and shale resources is such
deep draft water transportation does not figure prominently

in synfuels distribution patterns.
●

Without siting specific plants and conducting the refinery
trade-offs - which would have to be done in context with both the
balance of foreign and domestic petroleum supplies and the slate
of (regional) demand for all liquids - we cannot develop very
meaningful insights into either the operating (product) costs of
transportation and distribution, or the capital requirements.

We will have to make some nominal assumptions and then estab-
lish unitary relationships. The future energy transportation pat-
terns and infrastructure requirements are impossible to determine
without a specific scenario. We shall briefly examine a *cases:

● Pipelining from Souther Illinois to Houston of syncrudes.
● Pipelining from Wyoming to St. Louis

● Pipelining from Western Colorado to L.A. of shale oil.

Southern Illinois to Houston

Raw Liquids
(upgraded) 33c/MM

Western Colorado to L.A.

Shale Liquids 4 0 $ / M M

Wyomina to St. Louis

Raw Liquids
m ’ * ’ 30 $/MN!

Methanol 68c/MM

MTG - Gasoline 37$/MM

BTU

BTU

BTU

BTU

BTU

The additional capital investment required for synthetic fuel
transportation is highly speculative to a greater degree. There
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is a great deal of existing product and crude liquid pipeline as
well as gas pipeline in place, that can equally serve the synthe-
tic fuels industry. In all cases the pipelines are connected to
either markets or distribution terminals at the delivery end.
In most cases, the input end is originally either at a major re-
finery (and production) location or at a port location. The re-
finery connection argues for upgrading of liquids (coal and shale)
at mine mouth conversion plant locations, and transportation to
the existing refinery districts for product finishing. Such a
general pattern would involve the construction of a minimum num-
ber of new “crude” synfuel pipelines from coal fields to refining
districts.

We assume that the ultimate conditions would lead to the con-
struction of several large diameter pipelines in such a pattern.

Methanol, which does not require refining, obviously will move
in different patterns from coal field to the major terminals and
markets.

Pipelines of that size (10-12”) would cost an average of
$100,000 per mile, considering material, labor, and right of way
and other expenses. Terrain would influence the cost, generally
increasing construction costs but reducing right of way costs in
some cases by an equivalent amount. 20” or greater diameter pipe-
lines would cost $250,000/mile.

A total construction budget of 50,000 miles of new pipeline
of 12” diameter to 20” diameter would cost between $5 billion and
$12 billion.
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4.8 ADDENDUM TO CHAPTER 4: BASIS FOR COST ASSUMPTIONS

1 ) Basic Conversion Plant (ESCOE)

● Capital Costs

Year: Mid (June-July) 1979 dollars
Scale: 25,000 tons of coal input
Base Plant to installed battery limits: 1.63
Contingency: 10%
Scaling exponential rule: C2 =  G

A = .65 for vessel size
A = .9 with trains

Outlay of Capital: instantaneous plant

● Revisions to Capital Assumptions in This Report

Year: Mid 1980 (June-July)
Scale: 50,000 bbl/day liquids output
Plant to Battery Limits: 1.73
Contingency: 20%
Scaling: Linear -

Outlay of Capital: Instantaneous plant

● Operating costs

Coal Feedstock: $30/ton (delivered)
Coal: Illinois #6
Catalysts and Chemicals and Operating Supplies:
at cost for amounts proscribed by process
designer’s material balance.

● Labor Cost # Rate/Hr

Plant Operators
Operating Supervisors
Maintenance Labor
Maintenance Labor Supervisors
Administration

Total

Fringes @ 35% --changed to 40%
of $16.50/hr

1 2 0
2 5

1 5 0
3 0
3 0

3 5 5 @

= total

$ 10.00
1 5 . 0 0
1 2 . 0 0
1 6 . 0 0
1 1 . 0 0

$ 11.79/hr

labor rate

avg.
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Maintenance Cost (Materials & Contracts)

3% of total plant capital cost

G & A

Local taxes and insurance, 5% capital cost
changed to total G&A - 5% capital cost

Capital Charge Rate

ESCOE basis not used.
recovery rate (as per

30% of capital
guidance of OTA

On-Stream Rate

90%--328.5 days/year

2. Assumptions for Product Upgrading

●

●

●

●

Capital

Basis --Instantaneous
On-stream factor 90%

Hydrotreater

used as
staff) .

Plant,
328.5

mid-1980 dollars
stream days.

capitalized for each separate product stream.

Hydrogen Feedstock Plant Capital

Not included, only cost feedstock “across the
fence” from the plant complex.

Hydrogen Reformer or manufacturing
included

Battery Limits

plant capital

Includes hydrotreaters, waste water treatment,
sulphur plants (commercial grade)

Contingency

General -- 25%
Battery Limits--l5%
Engineer ---4% of investment capitalized
Working Capital--45 days receivables; 30
chemicals catalysts; 30 day feedstocks

day
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● Operating costs

●

Hydrogen Feedstock: Syngas @ $6.74/mmbtu
raw gas liquids @ $6=50/mmbtu
includes recovery of production
plant capital.

Hydroqen Pressure:

Plant Size:—

500 PSIG for SRC light (naptha)
product --2000 PSIG all other
cases.

20,000 bbl/day upgraded to
50,000 bbl/day for each product
cut

Royalties

500 PSIG Hydrotreating
1500 PSIG Hydrotreating Fixed Bed
Sulphur plant

Waste Water
Initial project
First 5,000 units
Next 5000-25,000 units
Next 25,000 +

Sales Tax

5% of equipment

Maintenance

units

cost

4% of depreciated capital/year

Operating Labor

$11.00/hr

Labor Burden

45%

Administrative and Support Labor

30% of operations and maintenance

G & A

60% of operations and maintenance

-o-
$30/bst feed

-o-

$75,000
$14.70\unit
$7.35/unit
$5.25/unit

labor

labor
property-tax of 2-1/2% of plant investment

4-45
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● Utilities

Fuel $4/mmbut
Steam $3.50/1000 lbs
Electricity 4c/kwh
Water (make-up) 40c/1000 gal

Hydrogen Bleed was assumed

50 SCP/bbl @ 500 PSIG
100 SCP/bbl @ 2000 PSIG

By-product Credits

to be:

Ammonia (anhydrous) $100/ton
Hydrogen and Hydrocarbon off
$4/mmbtu ($1. 30/MSCF)

gasses (C1-C4)
4.

3. Refining Cost Assumptions (Chevron Basis).

1980 costs: Instantaneous plant (first
adjusted to June/July)

Mid-Continent Location

quarter

Cost correlations based on actual experience of
Standard Oil of California, 1960-1970s adjusted for:

Lower field productivity
Increased safety
Improved efficiency and reliability
Additional energy conservation
Stricter environmental regulations

10% Contingency

Utilities

Water 30c/1000 gal
Boiler fuel, coal or
power 3$/kwh

Maintenance

2-1/2%/yr of both
investment

G&A
Property taxes
off-plant/yr

Labor

refinery fuel

on-plant

@ 21/2% of

and

both

off-plant

on-plant

facility

and

Operating-- $11O,OOO per shift position/hr
($18.30/hr including fringes)

Support Labor (Administrative, security,
technician) 65% of Direct Labor
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