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Preface

This volume contains papers written for OTA to assist in preparation of the report
Increased Automobile Fuel Efficiency and Synthetic Fuels: Alternatives for Reducing
Oil Imports. OTA does not endorse these papers. In several instances, the OTA report
reaches somewhat different conclusions because of additional information which was
obtained later. These papers, however, may prove valuable for readers needing more
detailed or specific information than could be accommodated in the final assessment
report, and are being made available for such purposes.
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NOTICE

This report was prepared as an account of work sponsored
by the Congress of the United States, Office of Technology
Assessment. Neither the Congress of the United States nor
the Office of Technology Assessment, United States Congress,
nor any of its employees, nor any of their contractors, sub-
contractors, or their employees, makes any warranty, expressed
or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any infor-
mation, apparatus, product or process disclosed, or repre-
sents that its use could not infringe privately owned rights.
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EXECUTIVE SUMMARY

Study Scope and Content

This study is a comparative technical and economic
assessment of selected synfuel technologies. It is a
component part of a much larger study being conducted by
the OTA on energy options. A key purpose of this study
is to provide technical and economic comparisons among
selected synfuel technologies which, to the extent
possible, provides a background and basis which may assist
the OTA in its policy deliberations. The synfuel tech-
nologies have been selected in consultation with and
guidance from the OTA. They generically represent: oil
shale production; direct and indirect coal liquefaction
(including Mobil-M gasoline synthesis); and coal gasifi-
cation (low, medium and high Btu) . The OTA Synfuels
Advisory Board has been particularly helpful in providing
for and reviewing information on these selected tech-
nologies, although by no means are they held accountable
to or responsible for the study products.

The study effort built upon earlier work which attempted
to the extent possible to standardize the engineering,
planning, and estimating base of many processes. These
efforts, as described in Chapters 2 through 4, were modi-
fied and extended to include additional concerns such as
upgrading concerns and plant cost escalation concerns.

These standard or generic process units have been
utilized, in conjunction with the assessment of site-specific
planned/proposed synthetic fuel projects, to develop a set of
alternate supply deployment scenarios. Two scenarios--a
“business-as-usual” scenario, and an accelerated “pushing-
the-limit” --have been developed in consultation with and
direction from OTA staff.

Constraints and concerns affecting the scenario assess-
ments have been discussed, as well as a discussion of the
consequent labor needs. Supply site selection concerns,
as well as end-use utilization concerns have also been
identified.

As specified in the Introduction (Chapter 1), the
study scope was confined to an assessment of the technical
and economic comparisons of the selected synfuel tech-
nologies. On-line guidance and direction was provided by
the OTA in making “mid-stream” technical and economic
choices in the study effort. No assessment or interpreta-
tion of the policy implications was conducted as that was
strictly considered outside of study scope, design, and
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performance. Such policy concerns
OTA, with its well-established and
procedures.

Study Findings

were reserved for
defined review

the

The study analysis investigated numerous technical and
economic aspects of the selected synfuel technologies.
Because of the very complex nature of this topic--as well
as the need for cautious and critical qualification of the
findings--each chapter attempts to summarize its findings
in its own setting.

In brief, a snapshot of the study findings are as
follows:

1.

2 .

There is a fairly consistent relationship between
the cost of the synthetic fuel product and the
“quality specifications” of the product, as it
is used in current end uses. Criteria used to
measure product quality specifications include
hydrogen content; octane number, aromaticity,
lubricity, and a host of physical and chemical
parameters (discussed in Chapters 4 and 5) that
affect specific end use technology performance.

Although perhaps an oversimplification, there
appears to be a high correlation, in a cost
dimension, with the product “quality specificity”
and the amount of hydrogen content and/or the
average range of distillation of the product.
Both coal and oil shale contain a lower fraction
of hydrogen than petroleum. Natural gas and
crude oil having the highest percent; oil shale
next; and coal with the lowest fraction. Crude
oil is a broad range material, with a broad range
of quality, in this sense, as well. If we are to
upgrade coal and oil shale to a series of products,
of varying quality and specifications, comparable
to the average yield of petroleum products, we can
expect that, in addition to the greater extrac-
tion cost of coal and shale, there will be a
greater reforming, processing or upgrading cost.
This cost reflects the necessary changes to be
made in physical, chemical, and material properties
of the primary synfuels products to make them
equivalent in use to existing refined products.
Going beyond that, the cost is proportional to
the specific product yield quality or quality mix
that is pursued. For example, it is much cheaper
to produce a Low-Meal Btu gas from coal than a
High Btu gas. Similarly, it is more costly to
produce a low boiling, high hydrogen containing
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3 .

fuels such as motor gasoline than to produce a
higher boiling, lower hydrogen containing fuel
such as home heating type fuel oil products.

Specific process differences disappear to a large
degree under our analysis, and the cost of syn-
thetic product is more dependent upon its compo-
sition than upon the particular process used.
On the other hand, certain processes (or process
approaches) may be more selective for certain
type products or product-slates and hence more
efficient and economical routes to those specific
products.

Our review and analysis of approaches to the
process of upgrading raw (direct) liquid fuels
to stable combustion fuels and subsequently
refining them to transportation quality fuels
shows us the following:

(a)

(b)

At present, indirect liquefaction technologies
such as Fischer-Tropsch are known technologies.
As such, there is limited technical risk. At
present, however, these processes are relatively
expensive because of the chemical nature of
breaking down hydrocarbons and later
resynthesizing them. Most of the initial
coal liquids projects will be indirect
liquefaction processes.

Certain resources favor certain product slates.
Coal ravors the production of highly aromatic
products, like high octane gasoline pool
maphthas. Shale oil favors middle distillate
products. Sour Crude contains many times the
(high boiling) residual content as these
resources and favors the production of boiler
fuels, although it is certainly less expensive,
at present, to produce gasoline and middle
distillates from heavy and sour crudes than
from coal or shale.

4. Cost Comparisons (in 1980 $)

(a) Fully (risk) discounted cost estimates of
representative or generic coal-conversion
processes vary from $10.00 to $16.00 per
MMBTU of product.

(b) Future expectations of technology gains in
the form of capital productivity may reduce
these costs by over 30% (i.e., to about the
$12.00 per MMBTU0.
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(c)

(d)

Upgraded costs add as much as $2.00-$2.50
per MMBTU (or $10.00-$15.00 per barrel)
of product to the cost of oil shale liquids
and-direct coal liquids.

*

Refined transportation fuels are expected to
have the following cost ranges: -

(i) oil shale liquids - $60-70/barrel
(ii) indirect coal liquids - $70-80/barrel

(iii) direct coal liquids - $80-90/barrel

5. Transportation Concerns

(a) Transportation of synthetic liquids and gases
are most likely to be transported by pipeline,
with supplementary use of water borne carriers
(where available), and unit tank train railcars.

(b) Patterns of synfuel plant and refinery siting
are expected to be influenced by both resouce
location as well as existing infrastructure
(existing pipeline capacity; existing refinery
capacity) .

6. Synfuel Deployment

(a)

(b)

The development of reasonable scenarios of
synfuel plant commercial deployment is extremely
sensitive to the product role assigned to natural
petroleum feedstocks, both domestic and imported.

From the assessment of currently planned/
proposed commercial projects (described in
Chapter 5), which provide the grassroot basis
for our development of scenarios, we note that
most commercial projects are directed toward
the production of high grade fuels. Furthermore,
due to the ever expanding cost of upgrading to
meet increasingly stringent product user
specifications, processes are being chosen to
minimize these costs, and maximize high grade
product yields. Oil shale, methanol, and
Mobil-M gasoline are three examples of such
product choices. A perceived outlook for
natural crude supplies see higher volumes of
lower grade crude oils available (sour crudes
from Alaska and Saudi Arabia; heavy crudes with
high viscosity from Venezuela and Bakersfield) .
These crudes will require major refinery
upgrading and consequent refinery investment,
although this investment is considerably less
than for synthetic fuels. Hence, redundant
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(c)

investment in the synthetics area may occur
if an integrated view is not taken. We believe
that an integrated view will most likely be
taken by companies engaged in regions considered,
although these views may represent a regional
and company specific optimization.

Synfuel development will require the resolution
of numerous technical, economic, and socio-
economic concerns. Key among these concerns
are a provision of materials, as well as
engineering and skilled labor requirements.
Drag lines, air compressors, and large diameter
reactor vessels are examples of material needs.
Chemical engineers availability is an example
of the latter needs. It is felt, however, that
these needs can be met, even in the high scenario,
with the early development of programmatic plans.
Similarly, early planning can relieve or avoid
potential socioeconomic and community disruption.
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CHAPTER 1: INTRODUCTION

1.1 Role of Synthetic Fuels

Energy consumption in the U.S. has become increasingly
dependent upon foreign sources, especially in the liquid
fuels area. Transportation energy usage is a dominant
user of foreign petroleum. Motor gasoline alone accounts
for over 35% of all petroleum products consumed in the
Us. (Reference No. 1 ) ; petroleum itself accounting
for over 43% of all the energy consumed in the U.S.
(Reference No. 2 ).

Unfortunately, over the past 35 years, the ratio of
U.S. oil reserves to total U.S. oil consumption has de-
clined, even with Alaskan North Slope oil discoveries.
On the other hand, oil imports have been increasingly
filling the gap in petroleum supply-demand imbalances.
From 1950 to 1977, domestic petroleum production fell
from an average 85% of total domestic petroleum consump-
tion to 47% in 1977 (Reference No. 3 )* This trend
has been somewhat slowed down recently by increased
energy conservation measures --especially in the trans-
portation sector--but it has not stopped. The impacts
of this increasing dependence on foreign crude oil and
refined products have been staggering. In addition to
the increased and continual exposure to supply inter-
ruptions, and subsequent national security vulnerability,
the direct costs of these imports have increased enor-
mously (Reference No. 4 ).- From a modest plateu of
1-2 billion/year in the 1958-68 time period, the direct
costs have mushroomed to 25 billion in the embargo period
(1973-74) , and are heading for 90-100 billion in 1980
(Reference No. 5 ). The impacts of this capital drain
in domestic investments, subsequent jobs, and consumer
inflation has been notable. In the third quarter of 1979
alone, domestic prices for energy, housing; food, and
medical care rose at an annual 17.6% rate--with energy
prices escalating at a 50.1% annual rate. Adverse im-
pacts have not been confined to the U.S. domestic economy.
Oil bills, being raised by OPEC faster than inflation--not
only account for 25-50% of total inflation rates around
the world, but also pose a global inflationary problem,
apparently wi
fuel supplies
and at compet

thout
are

itive

end--unles
found\devel
prices to

s alternate or substitute
oped in sufficient quantities
put the lid on world crude

price escalation in a timely fashion.
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Alternate Synthetic Fuels

Many recent studies (Reference No. 6) have
the domestic energy and petroleum supply-demand
Most have credited conservation with decreasing
demand from its historical rates of growth, and

estimated
imbalances
petroleum
most have

.

nonetheless projected a need for alternate domestic liquid
fuels to fill the increasing domestic petroleum supply-
demand imbalances.

Although most studies have agreed on the need for/and
future role-of alternate domestic-fuels, they have differed
in projecting their rate of growth in the marketplace, date
of introduction, prospective cost, ease of usage, and "raw"
resource availability--as well as their potential environ-
mental, health, and safety impacts. The U.S. Department of
Energy has recently targeted synthetic production goals to
reach 5 million barrels/day of crude oil equivalent from
all synthetic sources by the year 2000 (Figure 1.1), and
the recently passed Energy Security Act (6/30/80) has
targeted goals of . 5 MMBD by 1987 and 2.0 MMBD by 2000.
Although current forecasts vary, synthetics have generally
been forecast to provide between 12-13% of total domestic
energy by the year 2000, and even up to 30% of primary
liquid fuel supplies. Although composition of those
synthetic fuel targets and projections are varied (shale,
unconventional gas, biomass, solar,. ..) , coal--as both a
feedstock for synthetic fuels and as a direct combustion
boiler fuel--generally has been projected to play a large
and growing role. In many ways, this is a natural reflec-
tion of the abundant and regionally diverse U.S. coal
resources and reserves. This is similarly true for shale
as described in Chapter 2.

1.2 Scope of Study

The study design of this effort is, in a broad fashion,
to provide for a technical and economic comparison of various
selected synfuel technologies. As outlined in the contract -

study Scope of Work, the study team was directed to use
existing published (and referenced) information and data.
OTA staff and the Synfuels Advisory Group assisted in the
acquisition of published data, as well as providing
guidance and review. The study team was further directed
to look solely at technical and economic aspects of selected
synfuel technologies and specifically not at policy
implications, interpretations, and concerns. These very

1-2 ejb&a
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real policy considerations are the stated prerogative of
the OTA itself and its existing well-defined review
procedures.

In consultation with the OTA staff, generic technology
choices have been made (Chapters 3 and 4), and supply
deployment scenarios developed (Chapter 5). Each chapter,
and sub-section, specifically identifies the respective
referenced sources and assumptions used. Where available
in the literature, comparative estimates have been
provided. Scope, timing, and budget greatly limited the
degree of first-hand data verification. The recent ESCOE
coal conversion study, as referenced in Chapter 4, was the
scope directed starting point for the comparative economic
analysis, with specific cost basis and assumptions provided
in the addendum to Chapter 4.

The outline of the report is as follows:

Introduction to Role of
Study Effort:

Synthetic
chapter 1

Fuels and

Background on synthetic Fuel
Chapter 2

Processes

Discussion of Selected Synthetic Fuel
Technologies: Chapter 3

I

I
Discussion and Comparison of Selected

Synthetic Fuel Technologies Cost
and Product Economics: Chapter 4

Supply Deployment Scenarios
Synthetic Fuels: Chapter

I
Appendices

I

for
5

Glossary,

I
Bibliography
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Potential Next Steps

Potential next steps to the broad-based study effort
could include site-specific, technology-specific detailed
technical, economic, and socioeconomic evaluations. Site-
specific supply transportation and product distribution
needs and costs; assessments of facility-specific
integration of synfuel facilities with existing refinery
capacity; and site and region-specific socioeconomic and
labor/skill mix needs. Case study assessment are sub-
examples.

On the policy side, the OTA using this study, as well
as other component study efforts, will be developing policy
interpretations.
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Chapter 2: BACKGROUND

(I) Description of the coal Conversion and Oil Shale Retorting
Fuel Cycles

2.1 Overview of the Coal and Oil Shale Fuel Cycles

In order to estimate investments from mine to end user (excluding
automobiles) , or to assess the rates of potential development of the
synthetic fuels industry, it is necessary to consider all phases of the
fuel cycles involved in the development. They include exploration for the
resources, their mining, local transportation, beneficiation, transportation
to conversion plants, conversion of the energy resources to fuels, and
finally, their distribution to end users. Figures 2.1 and 2.2 (modified
from Reference No. 7) describe in a schematic manner the
involved in the case of coal conversion and of oil shale

energy systems
retorting.

2.2 Coal and Oil Shale Resources

Coal and oil shale resources are defined as those deposits “that
can be extracted and processed to yield products that can be marketed
at a profit” (Reference No. 8) . Estimates of resources are not limited
by whether or not the deposits have been demonstrated, or whether they are
extractable by existing technologies at competitive economic costs. If
the resource has been demonstrated (i.e. its location, quality, and
quantity have been determined by evidence supported by measuements) and
its extraction is economically feasible, then it is classified as a
reserve. Resources may become reserves as a result of changes in technical
or economic development. The major coal and oil shale resources of the
coterminous United States are shown in Figure 2.3 (Reference No. 9) and
2.4 (Reference No. 8) . The United States reserves and resources of coal
are estimated as 178 and 1,285 billion metric tons (Reference No. 10) .
Other estimates vary widely, depending on economic and technical assump-
tions. For example a recent estimate of recover
(Reference No.

able reserves of coal
11) places them at 38,000 quads2 or equivalent to 150

billion metric tons of coal.

IArecomrabili~ factor of 50 percent is assumed for resources.

2 -d is a fit of eneqy -Vakt to 10~ (~drilli~) ‘W*
It is approximately  equinlent to 180 million barrels of oil or to 40
million mtric tons of bitious coal. On the -age, one quad is
-h ~ =QPIY ~ the w esent energy requir~ts of about 3 milfion
Amricans for one year.
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Estimates of recoverable reserves and resources of oil shale
vary even more broadly than those of coal because of the poor existing
state of knowledge. An estimate by the Committee on Nuclear and
Alternative Energy Systems of the National Academy of Sciences places them
at 3660 quads of recoverable oil at $21.50 -$27.50 in 1978 dollars
(Reference No. 9) which is equivalent to about 1.50 billion metric tons
of real. Schurr's estimates of shale oil reserves are only 1100 quads
which is equivalent to 44 billion metric tons of coal (Reference No. 11) .
Oil shale resources have been estimated by OTA (1980) as equivalent to
between 2,000 and 140,000 billion barrels of oil equivalent, or 440
to 3,090 billion tons of Coal.

The distribution of the coal and oil shale resources are given in Tables
2.1 (Reference No. 12) and 2.2 (Reference No. 8) . There are large
variations among the characteristics of coal and oil shale resources, as
we11 as the characteristics of sites at which they are found. These
characteristics affect the processes, economic rests and resource requirements
of the development of a synthetic fuels industry. The important variables
are the quantity and quality of the coal and oil shale in each site or
province f

ownership, relationships to markets and processing facilities,
bed depth, seam thickness, availability of water resources, and competition
for surface area usage. These are discussed at greater length in
Appendices A and B (Reference No. 7) .

2.3 Exploration and Mining

Knowledge about coal and oil shale resources is usually obtained in
stages. The steps begin with the assessment of geological and geophysical
data and are followed by surface and areal photographic surveys and
magnetic measurements. Finally, mapping and appraisal of regional
deposits are done, based on seismic surveys and drilling. The steps
are exp1ained in greater detail in references below.

There are two basic methods of coal and oil shale mining, namely
surface mining and underground mining. The choice between them depends
mainly on the depth of burial and thickness of the seam. In the case
of coal seams that are relatively close to the surface (i.e. less than
180 feet) surface mining is employed (Reference No. 13) . In the case
of oil shale, where the deposit is within a few hundred feet (200 to
300 feet) from the surface, it can be surface mined (Reference No. 14) .
However, higher quality oil shale is commonly located at depths of
over 600 feet, so that it may be more efficient to apply underground
processes of retorting rather than mine the shale (Reference No. 8) .

A qualitative description of the mining methods and their impact
are given references 7 and 8. Appendix A to Chapter 2 summarizes
the the major components, resource requirements, costs and pollutants

2-6

e jb&a



TABLE 2.1

State

Alabama
Alaska
Arizona
Arkansas
Colorado
Georgia
Illinois
Indiana
Iowa
Kansas
East Kentucky
West Kentucky
Louisiana
Maryland
Michigan
Missouri
Montana
New Mexico
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
South Dakota
Tennessee
Texas
Utah
Virginia
Washington
West Virginia
Wyoming
Other States
(Calif., Idaho,
Nebr., Nevada)

U.S. BY STATES
RESOURCES-RESERVE BASE-PRODUCTION

BITUMINOUS-SUBBITUMINOUS-LIGNITE COAL

(Millions of Tons)

USGS Remaining
Identified Resources

January 1, 1974

15,262
130,079
21,234
4,938

148,850
1+

146,001
32,868
6,505

18,668
22,226
36,120
1,000
1,152

205
31,184

291,639
61,387

110
350,602
41,116
7,117

334
63,940
2,185
2,530

139,000
23,359
9,216
6,194

100,150
136,891

688

Yearly
Production

1977

21
<1
11
<1
12
<1
54
28
<l
<1
92
51
0
3
0
7

29
11
0

12
46
5
0

83
0

10
17
9

38
5

95
44
0

Estimated
Remaining

Reserve Base
January 1, 1978

1,823
11,642

308
668

14,815
1+

65,286
10,495

2,882
1,385

12,360
35,788

800
1,027

118
9,457

108,282
4,344

32
15,954
20,736
1,276

57
23,335

428
932

3,210
3,982

29,225
1,932

38,822
53,182

447

Table From: Solid Fuek for U.S. Industry, Cameron Engineers, 1979
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TABLE 2.2

POTENTIAL SHALE OIL IN PLACE IN THE OIL SHALE
DEPOSITS OF THE UNITED STATES (billions of barrels)

Range of shale oil yields,
gallons per ton

Location 5 - 10a 10 - 25= 25 - 1OOa

Colorado, Utah, and Wyoming
(the Green River formation) . . . . . . . . . .

Central and Eastern States
(includes Antrim, Chattanooga,
Devonian, and other shales). . . . . . . . . .

Alaska .**..*. ..*....* . . . . . . . . . . . . . . . . . . .

Other deposits ● *.*.*** ● ******** ● *******9

4,000 2,800 1,200

2,000 1,000 (?)

Large 200 250

134,000 22,500 (?)

Total ● *e*9.. ● ***O**** ● ******** ● **9*** 140,000+ 26,000 2,000(?)

a
Order of magnitude estimate includes known deposits, extrapolation and inter-

polation of known deposits, and anticipated deposits.

Data from: D.C.

States and World

Duncan and V.E. Swanson, Organic-Rich Shales of the United

Land Areas, U.S. Geological Survey Circular 523, 1965.
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associated with generic surface and underground coal and oil shale mining
in East and West.

The
namely:

1.

2.

3.

4.

5.

6.

7.

following conclusions can be drawn about coal and oil shale,

The Northern Great Plains and Rocky Mountain Provinces contain
approximately 70 percent of the coal resources in the United
States and most of the nations low-sulfur coal (References
No. 7 and 14a) .

Much of the coal likely
be surface mined. This
of continued shift from
(References No. l& a n d

to be developed in the near future can
estimate is based on existing trends
underground to surface mined coal
14c) , and on the abundant quantities

of coal that can be mined by existing surface mining techno-
logies (References 7 and 14a) .

Competition for surface area usage is relatively low in those
areas of coal mining (Reference No. 7) .

The federal government controls the majority of the coal
and oil shale lands (References No. 7, 8, and 14a) .

Water resources can become a constraint on coal development
in the Rocky Mountain and Northern Great Plains Provinces
(References No. 7, 9, and 14d) .

The development of oil from oil shale resources involves
tremendous quantities of materials that need to be mined and
disposed. The production of 1 million bbl oil per day from
oil shale would require the mining and disposal of about 1.3
million metric tons of shale per day (Refer-e No. 15) .

Most oil shale extraction is expected to be by underground
mining, with only about 1.5 to 20 percent being extractable
by surface methods (Reference No. 16) . This proportion
may change with technological developments.

2.4 Beneficiation

Coal and oil shale feedstocks require some preparation, called
beneficiation,prior to their feeding into the conversion process.

2-9
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The nature of the preparation depends on the characteristics of the
feedstocks, and on the type of conversion process adopted. In some
cases, mechanical upgrading is sufficient, and consists of any or all
of the following processes:

1. Crushing and screening

2. Cleaning

3. Drying

In some cases of coal feedstocks, further processing is required.
A portion of the ash and sulfur can be removed from the coal by simple
cedures such as water washing, or magnetic separation of iron pyrites.
Further upgrading of the coal can involve chemical processes, such as
reacting the coal with various chemicals, or converting it to more
desirable products. A further discussion of coal beneficiation is
included in Reference No. 7 and Reference No. 13.—

Appendix“ Table 8 (Reference No. 17) , summarizes the major components
and resource requirements of coal beneficiation. Appendix A to Chapter 2
compares the costs of various chemical coal cleaning processes.

Oil shale beneficiation consists mainly of crushing and sizing. The
process is further discussed in Reference No. 8.

2.5 Transportation

Local transportation is mainly
or Shale between different parts of
conveyor, or rail transport are the

limited to the transfer of the coal
the mining area. Truck, belt
most used means.

Coal also needs to be transported beneficiation plants, and
in large quantities and over large distances to coal conversion plants.
There are a number of alternatives for transporting the coal, namely,
railroads (both unit and conventional trains) , slurry pipelines, and
to a lesser extent, barges and trucks. The transportation of coal is
further “discussed in Reference 7. Appendix to Chapter 2, References
7 and 18 , summarize the major components and resource requirements of
transportation.

In the case of oil shale, siting of the conversion plan is near
the mining area is envisaged. This is because of the tremendous
quantities of shale involved.

2.6 Conver~ s i o n

The Conversion of coal and oil shale to other energy products is
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covered in detail in Chapter 3 of this report.

2.7 Upgrading and Refining

Raw synfuels may be used directly in the market for
without further upgrading; or they may require modifications

applications
before

they can become substitutes for existing products. The need for different
variations of upgrading will be detemined by the characteristics of
the synfuels, and their uses. Liquid synfuels can be utilized in many end
uses, the most important of which are the transportation, space heating,
raising of steam in boilers and as chemical feedstocks. Substitution
of coal or oil shale derived liquids for petroleum based fuels particu-
larly in transportation, will create problems because of the differences
between them. They differ mainly in the types and quantities of
hydrocarbon species involved in the overall ratio of hydrogen to
carbon atoms in the mixture, and to a lesser extent,

3
an increased

presence of ash, trace metals, and nitrogen compounds. While the
ratio of hydrogen to carbon is approximately 2 for petroleum, it drops
in general to 1.9 for shale oil and in general 0.75 for coal derived
liquids (Reference No. 19) , although this depends on the specific product
slate and operating conditions. The addition of substantial amounts
of coal or shale derived fuels will mainly decease the hydrogen to
carbon ratio, and increase the aromatic, nitrogen, and trace metal
content of the refinery products.

The concerns and costs associated with selective upgrading are
discussed in Chapter 4. The key concern is to match anticipated product
demand slate specifications and tolerances with variable feedstock inputs
(from West Texas crude to  shale oil) at least cost. The factors that
affect the cost are the kind of strategies that have to be developed
to meet the challenge, and the decision whether to upgrade the synfuel
at the conversion plant or at the refinery.

There are several strategies that can be used to  adopt synfuels
to product demand. One is to modify the engines using at present
petroleum derived fuels to match the characteristics of synthetic fuels;
another is to modify the synthetic fuels; a third is to develop an optimum
combination of changes in both the supply and end use sections. Still,
it should be pointed out, that many variations of upgrading can be
conceived, not necessarily requiring conversion of the total raw synfuel
streams to refined products Rather, some Synergistic effects can be
used to incorporate synfuels upgrading into a variety of refining
schemes, with significant improvement in

3 
Raw coal distillates contains 100

tional petroleum (Reference No. 19) .

economics .

times the nitrogen of
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Early analysis (Reference No. 19) suggested that in the short run,
selective synthetic fuel upgrading can alleviate fuel distribution
concerns. More recent analyses (Reference No. 20) suggest that
transition solutions will probably entail synthetic fuel finished
products — such as methanol in modified automotive fleet engines.
These matching concerns reflect the sensitivity of combustion engines to
the hydrocarbon makeup of the fuel. Experience has * that the
combustion of fuels low in hydrogen content and rich in aromatics results
in an increased formation of soot, in addition to various other in-field
maintenance problems.

Existing and anticipated petroleum refining technology can upgrade
synthetic oils to meet current engine and turbine specification. This
is primarily done by the hydrogeneration of crudes. For most existing
refineries, the development of such upgrading capabilities would require
costly changes in the reactor vessels to withstand high pressures, and
a further supply of hydrogen. Therefore, an economic evaluation needs
to be carried out for each specific situation. It would determine
whether product upgrading is more cost effective when conducted together
with the primary coal hydroliquefaction step, thus forcing the conversion
process to produce finished, more premium hydrocarbon liquids; or
whether upgrading should be combined with refining.

Oil from shale with hydrogen to carbon ratio of 1.9 (vs 2 for
petroleum) can be substituted for present fuels with some relative
ease. Oil from coal conversion with hydrogen to carbon ratio of 0.75
requires more upgrading.

Preliminary studies indicate that the upgrading of the H/C ratio
and reducing the aromatic and organic nitrogen contents of synthetic
crudes is feasible but expensive in terms of costs and energy losses.
chapter 4 discusses these cost comparisons 4. Various estimates have
been prepared for upgrading. Among them are references for coal
conversion and shale . Estimates have been prepared by Chevron, U.S.A.

4 - uncertain still. surrounds the costs of alternate fuels for
heat engines since absolute costs will not be established until fuel
production plants are built and operated. However, for the purpose
of initial screening of alternate fuels, relative rests can be
established from published studies ● Comparing these studies on a
consistent basis in terms of total delivered costs and engine effi-
ciencies is more important than the assesment of absolute product
costs shown by su& studies.

5 o~er au~rs (Reference NOS. 21, 22, 23, 24 and 25) hdica~ W
descrike processes for upgradi~ shale oil but no caprable cost and
energy estimates are given.
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putting the cost of upgrading crude shale oil for a 100,000 bbl/d
facility at $6.50, in first quarter 1978 dollars, equivalent to about
$7.80 in 1980 dollars (Reference No. 8) . Total cost of upgrading and
refining crude synthetic fuels vary according to the capacity and
location of the refinery, the nature of the crudes involved and the
available facilities and options at the refinery. Estimates of the
refining costs for crude shale oil ranged from $8.00 to $12. 00/bbl
(Reference No. 8) . In the case of refineries modified for crude shale
oil, estimates as low as $0.25 to $2. 00/bbl are reported (Reference
No. 8) . Upgrading of these crudes may also result in energy losses
as large as 25 to 50 percent of the original energy in the coal
(Reference No. 19) .

There are several studies underway to define capabilities of
state-of-the-art petroleum refineries for syncrude upgrading and
development of new refining methods specifically tailored towards
syncrudes (Reference Nos. 22, 23, 26, 24 and 21) . The preliminary
conclusions that can be drawn are:

1. Syncrudes can be refined by conventional methods.

2. Products are interchangeable with petroleum derived products.

3. There are serious economic and energy penalties in upgrading
(Reference No. l9) , but research leading to improved refining
processes to @@- the syncrudes and enqine development to
use then are expected to reduce the penalties.

4. Direct coal liquids may require more severe upgrading than
shale oil (Reference No. 19) .

The processing details of upgrading of various coal conversion
and oil shale derived crudes as well as their properti“es relative to
petroleum males are given in references 22, 23, 26a and 26b.

Crude synthetic fuels can be upgraded either at the synfuel plant
or at a refinery6. The upgrading process is similar in many respects
to the refining of crude petroleun. Therefore, there may be economic

technical incentives to combine the two operations in one plant.
Utilization of existing facilities, and the available options of
existing refineries to mix syncrudes and petroleum crudes to ease the
upgrading process are other advantages. Furthermore, upgrading .
requires water, so that the location of many potential synfuel conversion
plants in dry areas may dictate the separation of the two. However,

6 Most existing refineries will need to be modified before they
can handle syncrudes.
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a decision on whether to upgrade synfuels at the conversion plant or
in the refinery should be based on a detailed analysis with consider-
ation given to location and marketing factors.

2.8 Distribution to End Users

There is similarity between syncrudes and petroleum crude oil.
It is therefore most likely that the mode of distribution will. be
through the presently existing crude oil pipelines
(Reference No. 27) .

shown in Figure 2.5
Some new pipeline additions or extensions will

undoubtedly be built, depending on the location of the syncrude plants
However, it is likely that the location of crude oil pipelines, as well
as the availability of coal, water, etc. , will be taken into account
in siting the plants. Once the syncrude has entered the pipeline
distribution system, it will probably be treated as another source of
crude, as is presently done with syncrude from Canadian tar sands, and
districted to refineries as a supplement to natural crude supplies
(Reference No. 27) .

( I I )  Synfuel Technologies Parameters

2.9 Common Elements

There are about one
or oil shale to gaseous,
similarities among then.
their complexity costs,

hundred different processes for converting coal
liquid or solid fuels. Still there are important
They relate to the physical size of the plants,

conversion efficiencies, and the requirements
for resources such as manpower, feedstocks, land, water, and equipment.
These factors are important for the understanding of the various conversion
processes; the situation of constraints and time tables of implementation;
and for understanding the uncertainties involved in projections.

2.10 Physical. Size

Larger sizes of synfuel plants do not cost propotionately more
than smaller sizes. As a result there is an incentive to minimize costs
by designing large capacity plants of the order of 50,000 to 100,000
barrels per day oil equivalent producti“on. Such large plants can provide
the equivalent energy requirements of a city of about a quarter to half
a million people. The investment required for a 50,000 barrels per
day synfuel plant is estimated between $2 and $4 billion (Reference No. 28) .
The constucti“on of the plant will be a major engineering endeavor and —

require about five to eight years. The size of the plant is measured
in square miles7. The amounts of material that have to be handled by

7 Two squares miles of land are required for a 125 million CFD gasi-
fication plant producing the equivalent of 22,000 barrels of oil per day
(Reference No. 28) .
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the      conversion plants are also very large. In the case of a 50,000
barrel per day SRC II coal liquefaction plant, coal feed is estimated
at 32,000 tons per day and solid wastes at 36,000 tons per day on a
dry basis (Reference No. 25) . This is equivalent to one railroad
car every three minutes ● In the case of a similar capacity oil shale
retorting plant, the quantities are double those for the coal
liquefaction plant (Reference No. 28) .

2.11 Complexity

All of the synfuel processes reviewed in this paper have varying
degrees of overall complexity8 (Reference NOS. 28, 29, and 30) .
This is because many individual steps are required. However, although
some complexity is unavoidable, redundant complexity is costly in terms
of such factors as investment and operation costs, efficiency, lag
time between initiation and finalization of projects, and reliability
of operation. Rogers (1979) divided complexity into the following
categories, which can apply to all coal and oil shale conversion
processes, and comments on their implications:

. “Reaction complexity. A process which requires several
consecutive reactions is less desirable than a process
involving fewer  reactions ● The sensitivity of any one
reacti“on to changes in any of the important variables,
such as temperature, concentration, etc., may have strong
effect on quality control and reliability. Coal is a
heterogenous material and imposition from a given mine often
varies with time. This further aggravates the reaction
blem.

● Operational complexity. A process with many steps which
entails multiple handling“  of solids and fluid streams will
be prone to more equipment failures and consequently greater
downtime ● As detailed in the section on reactor complexity,
the methods used for gas/solid contacting and catalytic
conversion can also greatly increase process complexity. As

al rule, solids cause more problems than fluids, anda gener
liquids are more troublesome than gases.

● Operating regime. The chemistry of coal conversion processes
normally involves high operating temperatures and pressures.
Very high pressures or temperatures involve more difficulties.
Special materials and equipment such as high pressure solids
feeders and non-standard items must be built and maintained

8 Shale oil retorting and upgrading systems may not be as complex
as some coal. conversion systems.
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with much higher standards than required for simpler conditions.

● Auxiliary facilities. The number of required support facilities
such as catalyst reclaiming, by-product recovery plants and
special utility services will make the process complex. 
Each auxiliary service brinqs with it its own complexity
factor with an influence on cost and reliability.”

Comprehensive tables comparing the process complexity of various
coal conversion processes have been published (Reference No. 29) . It
should be noted that many of the coal conversion and oil shale retorting
processes share many common unit operations. These include such steps
as grinding, drying, preheating, reaction, ash separation, flashing,
hydrotreating, distillation, storage, and many auxiliary operations
such as hydrogen generation, removal of sulfur and nitrogen compounds,
waste processing, electric power production and plant maintenance.
Many of these unit operations are familiar and can be designed with
confidence. There are, however, a few steps which are either difficult
or impossible to accomplish with known technology. They are the ones
that add Uncertainty to synfuel technology with respect to costs and
time tables.

2.12 costs

Synfuel plants are capital intensive. As discussed in Chapter 4,
capital cost ranged significantly as a function of product cost over
the technologies. This makes the plant cost estimate very important in
any economic study. However, existing cost estimates of synfuel processes
have many uncertainties. They are primarily due to uncertainties
associated with unproven technologies, changing inflation rates, and
wide fluctuations of primary energy prices. There are therefore wide
fluctuations among economists, particularly with respect to feedstock
rests, price of products, the capital investment needed to build the
facilities, and the rates of return on investment.

one can expect that capital investment in first-of-a-kind (pioneer)
plants is going to be higher, in equivalent dollars, than later plants
designed and built with the benefit of operating experience for the
process involved. 9

9
Learning experience cost reductions can be very significant. An -le
applyirq to a rapidly emrging industry is the ckmical and allied
products -try, where real non-en-gy rests declined by nearly 3%
yearly for nmre than tkm decades.
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Larger size plants cost less per unit of product than smaller ,
plants . The relationships between capital cost and plant size is
given (Reference

Capital Cost

No. 28) by the equation:

=ks
x 10

where: k is a constant

plant production rate

enerally9 somewhere between 0.4 and 0.9, although
and 0.8. The exponential rule” only applies for

process plants which are similar in all respects except size. It is
generally not applicable for situations where sizes differ by more than
a factor of ten.

There are no quantitative estimates of anticipated cost
due to experience in building synfuel conversion plants. On

reductions
the one

hand, the immature and undemonstrated nature of many of the synfuel
recesses suggests cost reductions when the industry will reachP

maturity. On the other hand, experience has shown that cost overruns
in major projects utilizing uncertain technologies are frequent — and
perhaps unavoidable occurrence. Exhibit 4-16 depicts cost growth in
pioneer energy process plants.

2.13 Conversion Efficiency

High conversion efficieny is an important factor to be desired.
It affects not only the product costs and the conservation of resources,
but also reduces undesirable health, environmental and socio-economic “
impacts which are related to the quantities of needed feedstocks that
need extraction, transportation, and processing and to the size of the
plant . Efficiency is often defined as the ratio of the useful energy
leaving the plant in the form of products and by-products to  the energy
in the input streams, including feedstocks and ancillary energy. In
designing conversion plants, optimum efficiency is selected to give
the least costly synfuel producti“on. The calculations are relatively
simple when applied to balancing of investments with consideration of
savings expected on more efficient processes or equipment versus the
costs of the investments. However, the calculations become very
complicated when they take into account the energy balance of the plant
and assume credits for the sensible heats contained in the feedstocks
or the products. Since the price of coal, oil shale and many by-
products is relatively low on the basis of energy content (relative

Au

This ~nentid tie does mt apply ti mdtiple train systens.
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to other economic factors) , there are economic constraints to increase
absolute efficiency. Also in tires of crash programs, the pursuit
of the most efficient design and equipment may need to be compromized
to reduce delivery times of equipment and services.

Table 2.3 (Reference No. 29) , summarized process efficiencies for
various coal conversion processes. They range between 65 and 70 percent
for the coal gasification and direct coal liquefaction processes. They
are estimated to be between about 50 to 60 percent for indirect coal
liquefaction. When gasification and electric power production are
combined, the efficiency drops to about 40 percent.

2.14 Other Requirements and Concerns

In addition to the above mentioned factors that characterize
synfuel technologies (size, complexity, costs, conversion efficiencies. ..) ,
there are additional requirements and concerns that the development of
a synthetic fuels industry have. Among them are:

. Labor Require ments. Large labor requirements, both during
construction and for operation of the synfuel plants are typical.
They are also closely associated with potential socio-economic
impacts due to the relatively sudden increases in demand for services
and resources* These impacts are mainly influenced by the size
of the demand for labor relative to the size of the communities
involved. For oil shale facility development in the West, these
potential impacts can be large (Reference NoS. 31, 32 and 33) .— —

. Feedstock Requir“ ements. As stated earlier, the amount of feedstocks
that are required for a generic conversion plant producing 50,000
barrels of oil per day equivalent are very large. About 30,000 -
40,000 tons of coal per day are needed by a typical coal conversion
plant and double that
plant. The demand on
by the EPA (Reference
.5% of projected U.S.

. Land Requi“rements. As
Reference No. 31. the

amount of shale by an oil shale retorting
coal feedstocks alone has been projected
Nos. 31, 32, 33) to increase from about
coal output in 1985, to over 25% in 2000.

discussed earlier and specifically in
land requirements for synthetic fuel

development includes not only the on-site land requirements of
the physical plant, but also the land associated with extraction
(mining) and with disposal.

. Water Requipments. As discussed earlier, and specifically in
t synthetic fuel plants
In the coal conversion

require significant
industry, water is
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mainly used for hydrogen production, coding, waste dis-
posal, and revegetation (Reference Nos. 31, 32, 33). In
the case of the oil shale retortirg industry,the main uses
are for oil shale rein@, retorting, fuel upgrading, revege-
tation, and spent shale disposal (Reference Nos 8, 31, 33) .

9 Equipment Requirements. There are many
that will be required by the synthetic
these items are:

kinds of equipment
fuel industry. Among

For coal conversion: fabricated vessels, heat exchangers,
rotating machinery, materials handling equipment, packaged
plants, turbine generator sets, pollution control devices,
piping, valves, and instruments and controls. The largest
items are fabricated vessels, instruments and controls. They
alone have been considered (Reference No. 34) to amount for
over 50% equipment needs.

For shale conversion: steel castings valves, air coolers,
shell and tube exchanqers, fired heaters, and boilers, preps,
compressors, and pressure vessels, and tanks.

In the following chapters, we will look at these factors in more
detail. Chapter 3 will discuss the individual process technologies;
chap* 4 will discuss the important assesment of costs; and Chapter
5 will discuss the projected deployment schedules of synfuel production.
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CHAPTER 3 : OVERVIEW OF SELECTED SYNTHETIC FUEL CONVERSION
PROCESSES
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Chapter 3: OVERVIEW OF SELECTED SYNTHETIC FUEL
CONVERSION PROCESSES

3.1 General Synfuel Processes

The General term “ synfuel processes” applies to the following:

1 . Upgrading of coal. to gaseous, liquid or solid products
with improved characteristics.

2. creversion of the kerogen in oil shale to gaseous or
liquid fuels or products.

3. Recovery of petroleum crudes from non-conventional oil
resources such as heavy oils and tar sands.

Upgrading of coal by subjecting it to a reaction with steam at
high temperatures and pressures in the presence of air or oxygen, or
to hydrogen, with or without a catalyst, is called conversion. The
coal can be converted to gaseous (gasification) or liquid (lique-
faction) hydrocarbons. The products have a much lower content of sulfur
than the original coal. Oil shale can be retorted by subjecting it to
high temperature and pressure, also producing gaseous or liquid
hydrocarbons . Catalysts are used in synfuel processes when there
is need to accelerate the reaction rates and affect the product state.

In this report, the following processes are included:

1. Coal gasification

- to medium Btu gas: generic
- to high Btu gas: generic

2. Coal Liquefaction

- by pyrolysis (none included)
-by solvent extraction: liquid solvent refined coal (SRC II)

Exxon donor solvent (EDS)
- by catalytic liquefaction: H-coal
- by indirect liquefaction: Fischer-Tropsch (FT) Methanol

3. Oil shale retorting using:

- true in situ retorting (none included)
- modified in situ: generic
- surface retorting: generic

3.2 Coal Gasification

The process by which coal is gasified involves reactions of
devolatization of coal with steam at elevated pressures and tempera-
tures to produce CO and H2O. Gasification of coal involves basically
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the following reaction between steam and carbon:

C + Air or Oxygen + H20 CO + H2 + Heat

There are many processes by which coal can be
low-, medium- or high-Btu gas. The definitions of

gasified
the heat

of each of then are-not rigorous. Low-Btu  gas is a mixture
monoxide, hydrogen and nitrogen: It has a heating value of

producing
content
of carbon
less than

300 Btu per standard cubic foot1 (Reference No. 25)=. This gas is of
interest to industry either as a combustible fuel or as a raw material
from which ammonia, methanol, and other compounds may be synthesized.
Due to the low heating value, it cannot command high enough prices to
justify long distance transport. Medium-Btu gas is a mixture of
methane carbon monoxider hydrogen, and other gases. It has a heating
value between 300 and 700 Btu per standard cubic foot (Reference No. 25) .
It is suitable as a fuel for industrial consumers, but because of its low
heating value, is not economic to transport over great distances. High-
Btu gas consists essentially of methane. It has a heating value of

p- approximately 1000 Btu per standard*P cubic foot, and is compatible with
natural gas in that it can be substituted for natural gas in existing
pipeline systems.

Coal gasification processes can be divided into three major process
types_ according mainly to the way in which the feedstock coal, steam,
and the

1.

2.

3.

Figure

product gases are contacted. They are:

Fixed bed gasification in which the crushed, sized coal
is fed from the top  of the reactor vessel. Steam, air
or Oxygen are blown upwardly.

Fluidized bed gasification in which the finely sized coal
particles are “fluidized” by the steam, air or oxygen, which
are piped through them.

Entrained bed gasification: in which the even finer coal
particles are blown into the reacting gas stream prior to
entry into the reactor. The coal particles are suspended
in the gas phase, and are filtered and recycled until a
product gas with a suitable heating value is produced.

3.1 (Reference No. 31) describes the main features of these
three processes.

1

Usually, l.ow-Btu gas has a heating val~ below 200 Btu ~ SCf;
@ mdiun-Btu gas raxqes in heating value between 300 - 350 Btu per
Scf .
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Figure 3.1: Basic Coal Gasification Processes
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Figure 3.2 (Reference No. 31) is a schematic diagram of coal
gasification. It represents the whole coal gasification fuel cycle,
including the production of low-, medium- or high-Btu gas. All of
these gasification processes share a number of process steps. If
high-Btu, pipeline-quality gas is desired, essentially all of the
following process steps are required. In some cases, some of them
may be omitted, depending on the type of coal being processed and
the type of gas product desired.
(Reference No. 25) .

The process steps are as follows

1.

2.

3.

4.

5.

6.

— ’

Pretreatment of coa12 (if sizing or caking are problems) .

Primary gasification of coal.

Secondary gasification of carbonaceous residue from
primary gasifier.

Removal of CO2, H2S, and other acid gases.

shift conversion for adjustment of the carbon monoxide/
hydrogen mole ratio to the desired 1:3.

Catalytic methanation of the carbon monoxide/hydroqen
mixture to form methane.

Pretreatment

The coal received at the plant must be further cleaned and crushed
or ground before it can enter the gasifier. Extaneous materials such
as shale, rocks, metal, etc. are removed by conventional cleaning
methods ● For fluidized or entrained gasification processes, the coal
needs to be finely ground. Crushing and sizing may also be required
for other processes. In the case of certain bituminous coals called
caking coals, agglomeration of the material is observed when they are
heated. Treatment is needed if they are to be gasified by fluidized or
Moving bed processes, or even in fixed bed reaction. The caking
characteristics are destroyed when the coal is heated to low
temperatures in the presence of air or oxygen.

2 pretr~~t of coal ~ partial oxidation with air or 0~~ is not
in general a cost-effective approach @ destroying the caking characte-
ristics of certain coals, such as Eastern bi “tmunous coals, because of the
loss of Btu values of the c~ in producing ~2 & H$. The caking
probla is a serious problem in the processing of such coals ti limits
the applicabili~  of current ~rcial gasifiers such as the dq-bottm
Lurgi to Western Subbituminous coals and lignite.
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Figure 3.2: Schematic Diagram of Coal Gasification
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Primary Gasification

This is the heart of the process, and is basically a
pyrolysis process of the raw coal. The coal feed is con-
tacted with synthesis gas (carbon monoxide and hydrogen) .
The coal is devolatized according to the following general
reaction (Reference No. 25 ).

COAL + HEAT (Pyrolysis) + Methane, water, tars, phenols,
hydrogen sulfide, hydrogen,
carbon dioxide, char, etc.

The pressures used for gasification range from atmos-
pheric pressure to 1000 psi. The heat required to maintain
the endothermic gasification reaction is supplied from
burning coal. Air or oxygen are also needed to support the
combustion reaction. If air is used, the product is low
Btu gas ranging from essentially a carbon monoxide/hydrogen
mixture (Koppers-Totzek process) to mixtures containing
various proportions of carbon monoxide, carbon dioxide,
hydrogen, water, methane, hydrogen sulfide, nitrogen, and
typical products of pyrolysis such as tar, oils, phenols,
etc. If oxygen is used, medium Btu gas results.

The bulk of the original coal is transformed into a
solid char. Certain coals are more “reactive” to gasifi-
cation than others. Thus the type of coal being processed
determines to a large “extent the amount of char produced,
and the analysis of the gaseous products. The char is
usually gasified by additional processing steps, or is
marketed.

Secondary Gasification

Secondary gasification involves the gasification of
char from the primary gasifier. This is usually done by
reacting the hot char with water vapor to produce carbon
monoxide and hydrogen.

If the desired final product is either low- or medium-
Btu gas, secondary gasification is usually followed by
scrubbing and cleaning. Carbon dioxide and sulfur com-
pounds are partially removed, and the resulting gas is
used directly. If high-Btu gas is desired, shift conversion
and methanation are further required.

Shift Conversion

In most gasification processes, a shift reaction is
employed prior to methanation. Its-purpose is to react

)
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a portion
hydrogen.

co +

of the

H.O +

carbon monoxide

CO. + H.
L L

with steam to form more

By this exothermic reaction the ratio of carbon monoxide
to hydrogen may be increased to 1:3 mole ratio needed to
produce methane. Otherwise, deactivation of the catalyst
used in the methanation takes place.

The catalytic shift conversion reaction is a well-
known process, but it has not been applied on the large
scale required for commercial coal gasification. For
coal gas shifting, conventional iron-chromium catalysts
may be used; however, the coal gas stream must be purified
prior to shifting (Reference No. 25 ).

Methanation

If carbon monoxide and hydrogen are present in the
mole ratio of 1:3, the coal gas can be reacted in the
presence of a catalyst to produce methane. Group VII
transition elements such as iron, cobalt, nickel, ruthen-
ium, rhodium, palladium, osmium, iridium, and platinum
have been found to be effective catalysts. The following
exothermic reactions occur simultaneously within the
methanation unit (Reference No. 25 ).

CO + 3H 2
+ CH4

C02
+4H 2 + CH4

CO+HqO
L

2C0

Special
catalyst

+ co.L

+ C02

+

+

+

+

H20

2H20

‘2

c

care must be taken to
by temperatures above

Poisoned by carbon deposition. These can be circumvented

prevent
750oF.

deactivation of
It can also be

by ensuring that the mixture of carbon monoxide and hydro-
gen shall be fed to the methanator in the ratio of 1:3.
Scrubbing of sulfur from the synthesis gas feed is employed
to alleviate sulfur poisoning of the catalyst.

The final step to prepare high Btu gas for marketing
is to remove water to specified levels. The product gas
usually undergoes compression prior to storage or market-
ing.
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3.3 Coal Liquefaction

303.1 General

Coal liquefaction processes are conversion processes
in which liquids are the primary products. Some gases and
solid char may also be produced.

There are two basic routes to coal liquefaction, namely
direct and indirect liquefaction. In direct processes,
slurried crushed coal is reacted directly with hydrogen
at high temperature and pressure conditions to produce
liquid hydrocarbons. In indirect liquefaction,
first gasified to produce a hydrogen-and carbon
mixture. Further recombination with the aid of
produces liquid products.

Direct liquefaction is further broken down

coal is
monoxide
a catalyst

into three
generic processes, namely: pyrolysis, solvent extraction,
and catalytic liquefaction. The yields and physical prop-
erties of the produced liquid products depend directly on
the reactor conditions and degree of hydrogenation.

Pyrolysis

In pyrolysis processes, coal is heated to temperatures
above 750°F. It is converted into gases, liquids, and char.
The latter accounts for more than 50 percent of the weight
of the feed coal and requires hydrogenation. Some amount
of solids remain in the raw gas and liquid products. They
consist of unreacted coal and ash, and can be relatively
easily removed from the gas stream. But the liquid requires
filtration, distillation, or some other treatment to remove
the solids.

Solvent Extraction

This process makes use of coal derived liquids known
as “donor” solvents to increase the fraction of the coal
that goes into solution. The “donor” solvents act as a

source of hydrogen to the coal products, and are reacted
together at temperatures up to 95O°F. Hydrogen may be
supplied under pressure in the extraction step, or it may
be used to hydrogenate the solvent prior to recycle. In
some processes the unreacted coal is used to generate the
necessary hydrogen. In other processes, the hydrogen is
generated from by-product gases or from additional raw
coal.

3-8
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Catalytic Liquefaction

In this process, pulverized coal is mixed with 1-1.5 parts of
recycle solvent. A suitable catalyst is used to add hydrogen. Most
Precesses of this type operate in the liquid phase with catalyst dis-
persed throughout or in a fixed bed. Some prccesses now in the development
stage involve the injection of catalyst-impregnated coal into a stream
of hot hydrogen at about 950° F for a very short time (Reference No. 25) .

Indirect Liquefaction

Two stage conversion of coal typifies indirect liquefaction processes.
Coal is first reacted with steam and oxygen to produce a gas composed
primarily of carbon monoxide and hydrogen. This gas stream is subsequently
purified to remove sulfur, nitrogen, and ash. The product gas is then
catalytically reacted to yield liquid hydrocarbon products.

Figure 3.3 (Reference No. 31) presents a schematic diagram of the
basic liquefaction processes. Each of them produces several types of
products and sane gas, which may be used within the plant.

Removal of solids from coal liquids is a critical step in most of
these liquefaction processes. Although there is currently a trend
toward elimination of the solid-liquid separation step by the recovery
of a solids-laden vacuum bottoms stream for gasification, most existing
plant designs call for some type of physical/chemical solids removal
systen. 3 The three processes receiving the most current interest are
critical solvent deashing, antisolvent deashing, and pressure filtration
(Reference No. 25) .

Separation of ash and unreacted coal particulate from coal
liquids is difficult because of the small size and large quantity of
the solid particles, the snail density difference between solids and
the liquid, and the high viscosity and melting point of the liquids.
The Kerr McGee Corporation has been developing a separation technique
which utilizes solvents such as benzene, toluene, xylene, pyridene,
and cresols near their critical temperature and pressure, hence the
term solvent deashing (Reference No-. 25) .

—

3
Solid\liquid separation is a critical step only in direct liquefaction

process. Most modern coal hydroliquefaction processes in the pilot
plant stage of development, such as SRCII , EDS , H-Coal (syncrude rode)
do not require a solid/liquid separation stage.
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3.3.2 Liquid Solvent Refined Coal (SRCII)

The SRCI process was developed to convert high-sulfur, high-ash
coals to low-sulfur and ash solid fuels. The SRCII is the same kind
of process, except the product is a liquid rather than a solid.
is achieved by adding more hydrogen through the followinq steps:

1. Recycling of a portion of the product slurry as solvent
the feed coal.

This

for

2. Higher

3. Higher

4. Use, of
rather

residence time in dissolver.

pressure.

vacuum distillation to separate
than the troublesome filtration

solids from liquid,
step employed in SRCI .

Figure 3.4 is a schematic diagram of the SRCII process (Reference
No. 35) . Table 3.1 summarizes the components, resource requirements,
and potential impacts of this process (Reference No. 17) . The feed
coal is first pulverized to less than 1/8” size, dried and mixed with
process derived solvent in a slurry mix tank (Reference No. 35) . Feed
coal is limited to those containing certain trace mineral elements
which may be required to act as catalysts for the breaking of solids to
liquids in the liquefaction reaction4 (Reference No. 291. However,
in cases where the problem is concentration rather than the presence of
specific trace elements, a recycle of residue may broaden the allowable
coal feeds (Reference No. 29) . The coal slurry is then mixed with
hydrogen generated by gasification of the vacuum bottoms from the
liquefaction step and reacting with steam and oxygen in a gasifier-converter.
The slurry is pumped through a preheater (700 to 750oF) and passed
through a dissolver (2000 psi, 820 to 870oF) to dissolve about 90
percent of the coal (Reference No. 35) . The following additional
reactions take Place in the dissolver— (Reference No. 35) .

1.

2.

3.

The coal is depolymerized and hydrogenated.

The solvent is hydrocracked to form lower molecular
hydrocarbons, ranging from light oil to methane.

Much of the organic sulfur is removed in the form of
hydrogen sulfide.

weight

The
recycled
fractionated to recover the primary

sultry stream from the dissolver is split into two. One
to provide solvent for coal slurry mixing. The other is

is

The- primary “catalyst” in the SRCII process may well be the pyritic
mineral matter contained in the coal and not “trace mineral elements. ”
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products which consist of naphtha, low sulfur fuel oil,
and a vacuum residue which is separated from the solution
in a filtration unit. The residue consists of heavy oil,
ash and undissolved organic material from the coal
(Reference No. 25 ).

The gases from the dissolver are treated to remove
hydrogen sulfide and carbon dioxide. Liquid petroleum
gases and pipeline gas are separated in a cryogenic sepa-
ration unit. Unreacted hydrogen is recovered and recycled.

Recent developments have resulted in increased
efficiency of the SRCII process. A combination of solid
and liquid products are produced. A wide range of pro-
ducts can be obtained depending on the severity of re-
cycling. Table 3.2 (Reference No. 25 ) shows the
properties of a typical mix of products.

3.3.3. Exxon Donor Solvent (EDS)

The process is similar to SRCII, except that the major
portion of the hydrogen supplied as part of the solvent is
chemically combined rather than in the form of a free dis-
solved gas (Reference No. 29 ). A schematic diagram of
the process is illustrated in Figure 35 (Reference No.

35 ). Crushed coal is liquefied in a reactor at 800-
88O°F and 1500 - 2000 psig (Reference No. 25 ). The
reaction is non-catalytic, in the presence of molecular
hydrogen and the hydrogen-donor solvent, which transfers
hydrogen to the coal. The product from the liquefaction
reactor is separated into two portions. One part is sent
to the solvent hydrogenation unit to produce donor solvent.
It is a catalytically hydrogenated recycle stream which is
fractionated from the middle boiling range of the liquid
product, and has a boiling range of 400 - 850°F (Reference
No. 25 ). After hydrogenation, the solvent is mixed with
fresh coal feed, heated in a furnace, and pumped into the
liquefaction reactor.

The other portion from the product liquefaction re-
.

actor is a slurry. It is separated by distillation into
gas, naphtha, middle distillate, and a bottom product that
contains heavy liquid, untreated coal and mineral matter.
The vacuum bottoms slurry is cooked to produce additional
liquids.

The major advantages of the EDS process are:

1. High yields of low sulfur liquids are obtained
from bituminous and sub-bituminous coals or
lignites (Reference No. 25 ). A yield
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TABLE 3.2

TYPICAL PROPERTIES OF SRC FUELS
USING RECYCLE SRC II PROCESS

Solid Fuel Distillate Fuel

Gravity: ‘API

Approximate Boiling Range: ‘F

Fusion Point: ‘F

Flash Point: ‘F

Viscosity: SUS at 100°F

Sulfur*: Percent

Nitrogen*: Percent

Heating Value: Btu/lb.

-18.3 5.0

800+ 400-800

350

168

50

0.8 0.3

2.0 0.9

16,000 17,300

* Assuming Western Kentucky coal feed with 4% Sulfur and 2% Nitrogen.

SOURCE: Reference 15
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2.

3.

The

of 2.6 barrels of liquids per ton of dry coal is
typical for an Illinois bituminous coal (Reference
No. 25 ).

The only by-products of significance are ammonia
and elemental sulfur (Reference No. 25 ).

There is wide flexibility in product distribution
by varying liquefaction conditions or adjusting
solvent properties (Reference No. 25 ).

typical properties of the products from the EDS
process are shown
An estimated heat
No. 35 ).

, , (Reference No. 25 ].in Table 3.3
balance is qiven in Table 3.4 (Reference

●

3.3.4 H-Coal

The H-coal process converts coal to hydrocarbon liquids
by hydrogenation with a cobalt-molybdenum catalyst. An-

ebullated bed reactor is employed. The liquid products
may range from a heavy boiler fuel to a synthetic crude
product (Reference No. 25 ).

Figure 3.6 (Reference No. 35 ) is a schematic dia-
gram of the H-coal process. Coal is first crushed to minus
60 mesh, dried, and then slurried with recycled oils at
pressures of approximately 200 atmospheres (Reference No.
2 5 )  “ Mixing of the slurry with compressed hydrogen
follows, and the mixture is preheated. The material is
pumped to the bottom of the ebullated bed reactor, with
the-upward flow of slurry through the reactor maintaining
the catalyst in a fluidized state (i.e. random motion) .
The catalyst needs periodic additions of fresh catalyst
and withdrawals of spent portions. Typical temperatures
of the slurry entering the reactor are 650 - 7OO°F
(Reference No. 25 ). The finely divided coal and ash
particles flowing through the ebullating bed are removed
with liquid and vapor products.

The reactor effluent is separated into recycle and
net product streams. Conventional processing equipment
is used. The liquid stream is distilled to produce a
mixture of light distillate and a heavy distillate pro-
duct. Gaseous products composed of hydrocarbon gas,
hydrogen sulfide and ammonia are separated. A portion
of the heavy distillate is recycled as the slurrying medium.

The operating conditions of the H-Coal process can be
altered to produce various types of primary products. For
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Nominal Boiling Range, ‘c

Distillation, 15/5°C

10 wt. %
50 wt. %
90 wt. %

3Density (g/cm )

Elemental Analysis, Wt. %

c
H
o
N
s

Higher Heating Value MJ/kg

IExcludes C6/700C naphtha cut

SOURCE: Reference 25

TABLE 3.3

DONOR SOLVENT PRODUCT

1

ANALYSES

Heavy Naphtha~
Raw Hydrotreated

Liquid Liquid

70/200 70/200

106 92
180 157
199 182

0.87 0.80

85.60 86.80
10.90 12.90
2.82 0.23
0.21 0.06
0.47 0.005

42.6 44.9

2OO°C+ Fuel Oil
Raw ‘- - .

Liquid
Hydrotreated

Liquid

200/540

247
368
433

1.08

89.40
7.70
1.83
0.66
0.41

39.8

200/540

239
347
412

1.01

90.80
8.60
0.32
0.24
0.04

42.1
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Tab I e 3.4

Estimated Heat Balance for a Commercial Scale EDS Plant

Btu /day Percen t  o f  To ta l
( 1 0  B t u ’ s ) Energy Input

System Products

L iqu ids
Sulfur, ammonia

System Losses

Ash, combustibles
hea t

Stack losses
Energy losses v ia

and sensible

water and air
Liquefaction and solvent

hydrogenat ion (9.80%)
Flexicoking (6.44%)
Hydrogenat ion and recovery

(6.72%)
“ By-product  recovery,

and miscelIaneous
Other miscel laneous

Energy Inpu t

Coal (c leaned)*
E l e c t r i c a l  p o w e r * *

o f f s i t e s ,
(3.18%)

323,071
8,309

26,082
20,039
136,853

8,309

61.72
1.59

5.13
3.83

26.14

1.59

488,761 93.37
34,702 6.63

*

u+

bal - II Iinois No. 6; 10,574 Btu/lb as received

Power based on 8,500 Btu/kwh to generate

SOURCE: Reference 35

p r i o r c lean ing
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example, relatively high temperatures and high hydrogen partial.
pressures are used to produce a synthetic crude products. Vacuum
distillation is used to
gas and oil are desired,

separate the solids from- the liquid phase. If
lower temperatures and pressures are used

(Reference No. 25) . Convers ion  and  y ie ld  s t ruc tu re  a re  de te rm i“ ned by
reactor conditions, catalyst replacement rate, and recycle
composition (Reference No. 29) .

Table 3.5 (Reference No. 25) summarizes
fuel oil syncrude products from H-coal.

slurry oil

of both the

Table 3.6 (Reference No. 17) summarizes the components ,
and potential impacts from H-coal— process. It requires between 14,000
and 20,000 standard cubic feet of hydrogen for each ton of coal produced.
Hydrogen consumption depends on the type of product produced, with
less hydrogen required during the production of residual oil (Reference
No. 25) .

3.3.5 Fischer-Tropsch Process

A commercial plant using a modification of this process is currently
operaing in South Africa (Reference No. 36) . This is the only
commercial sized plant producing synfuels. Table 3.7 (Reference No. 35)
is an overview of this plant.

In the Fischer-Tropsch process the coal is initially gasified
(for description of gasification see section 3.2 of this report) . The
synthesis gas is then converted to largely aliphatic hydrocarbons using
an iron or cobalt catalyst.

Figure 3.7 (Reference No. 35) is a schematic diagram of the SASOL
I plant, which utilizes the Fischer-Tropsch process. Thirteen high
pressure gasifiers convert coal in the presence of steam and oxygen to
medium Btu gas containing mainly carbon monoxide, tars and oils. The
product gas is then cleaned of carbon dioxide, hydrogen sulfide, organic
s u l f u r , ammonia, and phenols. The cleaned gas is then subjected to
the catalytic Fischer-Tropsch reaction which produces a mixture of gases,
liquid hydrocarbons, and an aqueous chemical mixture that must be
further processed to set the desired plant output . .

The cleaned gas from the Lurgi gasifiers is partitioned into two
streams . One stream is reacted in a fixed bed catalytic reactor to
produce straight chain and medium boiling oils, diesel oil, LPG, and
some alcohols. Operating conditions are 450o F and 360 psig (Reference
No. 35) . The other stream is combined with reformed product gas to
increase the hydrogen to carbon ratio. It is reacted in a fluidized bed reactor
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TABLE 3.5

PROPERTIES OF H-COAL DISTILLATES
FROM ILLINOIS NO. 6 COAL LIQUIDS

Property

Specific gravity,
60o /60oF

Gravity, ‘API

Pour point, ASTM D-97,oF

Color, ASTM D-1500 or
(BuMines description)

Kinematic viscosity
@ 1OO°F, ASTM D-455,
Cs

Saybolt viscosity, SUS,
1OO°F

Sulfur (Bomb)
ASTM D-129, wt-pet

Nitrogen, Kjeldahl,
Wt-pet

Carbon residue
(Conradson) ASTM-524,
Wt-pet

Fuel Oil Syncrude
<203oC >203°C <197°c >1970C

distillate

0.864

32.3

<5

NPA6

1.08

0.13

0.420

0

distillate

0.979

13.0

<5

Brownish
black

3.87

39

0.29

0.446

2.33

distillate

0.838

37.4

<5

NPA4-1/2

0.96

0.06

0.212

0

distillate

1.025

6.6

<5

Brownish
black

14.90

77

0.35

0.871

5.44

SOURCE: Reference 25
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LOCAT

DESCR

S I ZE :

TABLE 3.7

ews on SASOL I and SASOL II, based on reference 8, follow:

ON:

PTION:

STATUS:

YEARS OPERATION:

COAL TYPE:

MAJOR PRODUCTS:

LOCATION:

DESCRIPTION:

SIZE:

STATUS:

COAL TYPE:

M A J O R  P R O D U C T S:

SASOL 1

Sasolburg, South Africa

Gasification in Lurgi gasifiers

Two Fischer-Tropsch synthesis units;

1)

2)

10,000

ARGE fixed-bed unit, temp. 230oC;
press. 23 atm.; catalyst, pelIeted
p r e c i p i t a t e d  i r o n .

Kellogg SYNTHOL process, hlgh-
v e l o c i t y  e n t r a i n e d - f l o w  r e a c t i o n
using a doubly promoted iron
catalyst.

bpd

in commercial production since 1956

24

Subbituminous

Liquid fuels, chemicals, and fuel gas.

SASOL II

Secunda, South Afr ica

G a s i f i c a t i o n  i n  L u r g i  g a s i f i e r s ,

F ischer -T ropsch  syn thes is  un i t  us ing  the
KelIogg SYNTHOL process

Nominal 40,000 bpd

Anticipate ready for commissioning in 1980

Subbituminous

L iqu id  fue ls  (gaso l ine  i s  the  ma jo r  p roduc t ) .

SOURCE: Reference 35
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at 620%’ and 330 psig, (Reference No. 35). The main products are gasoline,
fuel oil fractions, and various chemical products. The gasoline has a
lower octane rating than the one derived from petroleum crude. The
products produced do not fit well into existing markets. However, Mobil
Oil Corporation has developed catalysts that improve the quantity and
quality of gasoline (Reference No. 29) .

3.3.6 Methanol Process

The production of methanol from synthesis gas is a specialized app-
lication of the Fischer-Tropsch reaction. Whereas the F-T process produces
liquid fuels and chemical products, the Mobil methanol process produces
gasolines ● The schematic outline of this process is given in Figures
3.8 and 3.9 (Reference No. 35) . Table 3.8 ‘(Reference No. 35) presents
a comparison of the thermal efficiencies of the Fischer-Tropsch and the
Mobil methanol-to-gasoline process.

In the Mobil methanol liquefaction process, synthesis gas is produced
from coal by any of the mediun-Btu coal-gasification processes. The
synthesis gas is converted to methanol by a number of catalytic processes ●

The reaction is exothermic. The yield of methanol is optimized by using
high pressures and low temperatures, optim  um type and shape of catalysts,
and of recycling of the unreacted gases.

The conversion of methanol to gasoline is a separate catalytic
conversion process. The Mobil conversion process dehydrates methanol,
then rearranges the carbon and hydrogen atoms. The zeolite catalysts
employed in the process (called ZSM-5 class catalysts) have a unique

The pore openings are of the right size to limit the 
size of the product molecules that can pass through then.
the conversion proceeds to conventional high quality gasoline Reference No. 25 ) .

Table 3.9 (Reference NO. 25) summarizes the overall material and
energy balances of the methanol-to-gasoline conversion process.

Table 3.9 (Reference No. 25) shows typical product yields produced
from methanol by this conversion process.

5 ~ tigh m ~rcial denmnstration plants of the “indirect” coal-
metil-gasoline process has been built as of this date, this route is
mnsidered by many autlmrities ti be a vexy pranisi.rq way to get gasoline
flxml coal. There are several proposed studies and plants under instruction
in the U.S. usirq this process (see Appedix chart) . Also, NEW Z-1and
Liquid Fuels Trust Board (Report No. IF 5502, 10/31/79) has a large Mcbil-
M gasoline plant under construction (expected b beccme operational by
1983-5) .
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Table 3.8

Thermal Efficiencies

Methanol-to-Gasoline 7 Fischer-Tropsch7

Btu/hour Percent of Btu/hour Percent of
(1C6 Btu) Input (106 Btu) Input

coal
Coal Fines (excess)
Methanol

Total Input

output

SNG
C3 LPG
C4LPG
10 RVP Gasoline
Diesel Fuel
Heavy Fuel Oil

subtotal

Alcohols
sulfur
Ammonia
Power

Total Output

19,383
(872)
.

18,511

6,067
247
385

4,689

11,388

19
83
18

11,508

32.8
1.3
2.1

25.3

0.1
0.5
0.1

62.2

19,708
—

3
19,711

7,243
176
26

2,842
514
147

10 ,948

290
19
83
11

11,351

36.8
0.9
0.1

14.4
2.6
0.7

55.5

1.5
0.1
0.4
0.1

57.6

6 T~ efficiencies are highly dependent on product mix.

7 The ~e liquefaction processes sbwn here may be Considered as
gasifi=tion processes for SNG, with the major coproduct being gal.osine,
e.g. , for the “Fischer-Trop-  process” shown, the yield of SNG is 1.45
B3E\ton of coal, with a gasoline yield of 0.58 BOE/ton of coal. It is
thus not representative of the SASOL-11 process which a@asizes the
production of liquid fuels.

8 Direct  thf=fd e@Went value (therm1 efficiencies are highly
deperdent on product mix (see Section 7. S) .
SOUR2E : Reference 35
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TABLE 3.9

Material Balance

Energy Balance:

METHANOL-TO-GASOLINE BALANCES

Methanol + Hydrocarbons + Water

100 tons 44 tons 45 tons

100 Btu 95 Btu O Btu

Average Bed Temperature,°F

Pressure, psig

Space Velocity (WHSV)

Yields, wt % of charge

Methanol + Ether
Hydrocarbons
Water
co, C02

Coke, Other

Hydrocarbon products, wt %
Light gas
Propane
Propylene
i-Butane
n-Butane
Butenes
C5 + Gasoline

YIELDS FROM METHANOL

Gasoline (including alkylates),
wt, % (96 RON, 9 RVP)

LP Gas, wt %

Fuel Gas, wt %

775°F

2 5

1.0

0.2
43.5
56.0
0.1
0.2

100.0

5.6
5.9
5.0

14.5
1.7
7.3

60.0
100.0

88.0

6.4

5.6
100.0

SOURCE: Reference 25
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3.4 Oil Shale Retorting

3.4.1. General

Oil shale resources vary widely in their oil y i e l d s . High grade—
shale is normally defined as a deposit that averages 30 or more gallons
of oil per ton of shale.

8
Low grade shale averages 10 to 30 gallons per

ton (Reference No. 7) . Several factors determine whether or not an oil
shale deposit is recoverable. These include oil yield (usuallY equal
or above 20 gallons per ton) , zone thickness, overburden thickness, the
presence of other materials in the shale, availability of needed
resources such

There are
gaseous

1.

2.

In
ability

fuels.

as water and services, and location relative

two major routes for converting oil shale to
They are:

Conventional mining followed

to m a r k e t s .

liquid or

by surface retorting (heating) ,

In situ (in place) retorting

addition, there is modified in situ. In this process, the perme
(i.e., void volume) of oil shale deposits is increased in order

to  enhance  the  in  s i tu  re to r t ing  by
methods of rein@ or increasing the
are explained in reference 8.—

removing some of the shale. The
permeability of the oil shale deposits

3.4.2. Surface Retorting

In surface retorting of oil shale, the heating takes place above
ground. The shale is crushed to the right size, and fed into a retorting
vessel. Heating the shale to between 800oF and 1000o’F remove s abut 75
percent of the kerogen from the shale (Reference No. 8) . Different
retorting precesses apply heat to the shale in different ways. Gas or non
combustible solids such as sand or ceramic balls can be used as heat
carriers. The vapor produced during the heat@ is condensed to form
crude shale oil. It can be further upgraded and refined to produce
more marketable products.

As a generic surface retorting process, TOSCO II is described.
Its schematic diagram is given

9
Shale deposits yielding less

in Figure 3.10 (Reference No. 8) .—

@

than 10 gallons of oil per ton are
normally omitted from USGS resource estimates.
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Raw oil shale is crushed to 1/2 inch and preheated to 500° F.
It is mixed with hot ceramic balls 3/4 inch in diameter and at 1200oF
in a retorting Pyrolysis drum (Reference No. 25) . About two tons
of balls mix with every ton of shale. The oil shale is heated to
900oF, releasing hydrocarbon vapors from the kerogen. The spent

ccumulator vessel, in whichshale and the balls pass to the sealed a
the balls are separated from the shale by a heavy duty rotating cylinder
with numerous holes. The balls are lifted by a bucket elevator to
the gas fired ball heater, which heats the balls to 1270oF by
direct contact heat exchanger. The spent shale goes through

3-31a

ejb&a



FIGURE 3.10

The TOSCO II Oil Shale Retorting System
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a special heat exchanger which cools the shale for disposal
and produces steam for plant use. Then the spent shale is
quenched with water and moisturized to 14 percent, a level
proper for disposal.

Hot flue gas from the ball heater is used to lift
raw shale to a point at which it can subsequently flow
by gravity into the pyrolysis drum. The flue gas also
heats the raw shale to approximately 500°F.

Table 3.10 (Reference No. 25 ) summarizes the
basic material balance for a TOSCO II retort module.

TABLE 3.10

BASIC MATERIAL BALANCE FOR
A TOSCO II RETORT MODULE

Oil Shale

Feed rate, TPSD

Fischer Assay, GPT

Pipelineable Shale Oil Product

production rate, BPSD

10,700

20

4,500

Properties

Gravity, *API 28.6

Viscosity (SSU @ 30°F) 800

Pour Point, ‘F 30

Table 3.11 (Reference No. 35 ) summarizes the
energy balance for a plant producing 47,000 barrels per
day. Table 3.12 (Reference No. 17 ) summarizes the
components, resource requirements and potential impacts
of surface oil shale retorting.
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Tab I e 3.11

Estimated Energy Balance For a TOSCO II
producing 47,000 BPSD* Upgraded Shale

From 35 Gallons Per Ton Oil Shale

P l a n t
O i l

B t u / h o u r Percen t  o f  To ta l
( l o  B t u ’ s ) Energy I n p u t

Produc t  O u t p u t

Produc t  o i l
LPG
Diese l  fue l

System Losses

Spent shale
Residual  carbon
Ammonia
S u l f u r
Coo l ing  wa te r
Water evaporat
Losses  ( i nc lud

heat )

Energy Inpu t

Raw shale
Steam

mois tu re
(coke)

on
ing

E l e c t r i c a l  e n e r g y

10.30
0.70
0.11

1.78
0.93
0.11
0.06
1.07
0.25
2.45

58.00
3.94

0.62

on shale
f lue  gas

17.76 100.0

17.00 95.72
0.53 2.98
0.23 1.30

10.02
5.24
0.62
0.34
6.02
1.41

13.79

* BPSD = b a r r e l s  p e r

SOURCE: Reference

stream

35
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3.4.3 Modified In Situ Retorting

Occidental modified in situ oil shale retorting
cess is selected as representative. It involves the
out of about 10 to 25 percent of the shale deposit.
mined portion would presumably be retorted by one of

pro-
mining
This
the

surface retorting processes, or if its oil content is too
low, will be treated as waste (Reference No. 37 ).

Figure 3.11 (Reference No. 8 ) represents in
schematic form a generic modified in situ oil shale re-
torting process. ‘Figure 3.12 (Reference No. 37 )
is a more detailed description of the Occidental modified
in situ retorting process. As observed in Figure 3.12 ,
in steps A or the pre-detonation phase, drifts (chambers)
are excavated at the top and bottom of the shale deposit,
which is about 300 feet-thick. An interconnecting shaft
is dug to connect the drifts. Rooms with a volume of
about-15 to 20 percent of the eventual volume of the
planned chamber are then mined. Shot holes are drilled
to allow blasting of the shale oil to produce the desired
fragmentation.

In the burn phase, the explosives in the shot holes
are detonated. A rubble-filled chamber is created which
can function as a batch retort. The percentage of void
space and the particle size distribution of the rubble
are a function of the explosive loading. Connections are
made to air/gas recycle and air supply compressors. An
outside heat source (e.g., off gas or oil from other re-
torts) is used for heating the rubble at the top of the
retort. Oil shale and hydrocarbon gases are produced
which move downward. Residual carbon is left on the spent
shale.

The retorting reaction is terminated after a predeter-
mined amount of the rubble has been retorted by halting
the external heating supply. The residual carbon is
utilized to continue the combusion process, which now does
not need external heating. The flame front moves downwards,
preceded by the liquid and gaseous products retorted from
the shale by the hot, oxygen-deficient combusion gases. The
liquid hydrocarbons collect in a sump, from which they are
pumped to the surface. The gaseous by-products are used
partially, with steam, as a recycle stream to control the
oxygen content of the inlet gas. The four distinct zones
that develop during the retorting are shown in Figure 3.11 .

Table 3 . 1 3 (Reference No. 17 ) summarizes the— . —
components, resource requirements, and potential impacts
of modified in situ retorting.

3 - 3 6

ejb&a



Figure 3.11: Modified in Situ Retorting
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3.5 comparison of the Various Synfue l Systems With Respect to
Resource Requirements 10

In order to estimate the resource
oil shale fuel cycles we need first to
efficiencies. These are summarized in

 The resource requirements of coal

requirements of the coal and
assess their energy utilization
Table 3.14.

and oil shale energy systems per
106 Btu of product delivered to end user are given in Tables 3.15 and
3.16. Tables 3.17 and 3.18 convert these requirements to energy
systems producing 50,000 barrels of oil equivalent per day.

Manpower requirements for operating and maintenance labor of
conversion plants are given-

They are:

Plant operators
Operating supervisors
Maintenance labor

in Reference 29.

These manpower requirements are for a basic (ESCOE) coal conversion
plant that consumes 25,000 tons of coal per day with 22.4 million
Btu/ton and produces 50,000 bbl/day liquids output.

Very considerable variations exist in the literature in respect
to manpower requirements for the other phases of the fuel cycle. They
depend on such variables as methods of mining, location of mine, kind
of transportation system and extent of beneficiation. A table indicating
the ranges of variables is given in the footnote in respect to the
conversion plants.

~0 Lfi~ti~ of Dati Sources: =~tions carried out in this re~rt are
often sub ject to great un~“ nties because:

(1) Tk information available is only of preliminary nature. There are no
full scale opera- synfuel plants in the U.S. (subject ~ U.S. siting
mnsiderations) , so that data needs to be -apolated frcm pilot
plants with many uncertainties of scale W dissimilarities associa~
with the ~apolation,  as well as specific si~ and f eedstock
characteristics discussed kelcw.
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10 (cent’d)

(2) There are variations  among sources which are often due to different
assumptions or local influences. Changes in design account for
some differences as the technology changes and the environmental
regulations change. Many of the assumptions are not stated - or
even referenced. Budget and time limitations, however, nessitate
the need to use
new data.

Even estimating

exist& data bases, rather than the development of

the range of uncertainties is often a value judgement
process , unless moreextensive on-site interviewing with site and
process specific sources of information are developed.

3-40a

ejb&a



aJ

2
mm
d
v+
0

m*

m
h“‘8

m
m’
0?●

m
●

m
a“
m●

m
a“
m

.
“q

&
m

3-41



Notes for Table 3.14

a.

b.

c.

d.

e.

f.

9“

h.

i.

j=

Estimates of losses of coal and oil shale from beneficiation (in
terms of Btu’s) vary broadly among authors, depending on the assumed
degree of upgrading and the kind of coal or oil shale used. Estimates
vary from O% (Reference 37a) ; 2.7-3.6% (Reference 7) ; and 12.5%
for intensive beneficiation (Reference No. 17) .

Average value of losses are 1.5% (time from Reference No. 7) . In the
case of oil shale, where distances are shorter, O .5% is assumed.

The @et efficiencies (rather than the process efficiencies) were
used. The efficiencies for coal conversion processes are derived from
Roger and Hill. (Reference 29) . In the case of H-Coal, the syncrude
efficiency was used. In the case of oil shale retorting processes,
the efficiencyes are derived from DOE (Reference No. 17) .

Data on efficiencies of upgrading and refining syncrudes is very
limited and unreliable (see Section 1.7) .

N.A. means not applicable.

Overall yields for SRC II of finished fuels range between 83 and 98
liquid volume percent of SRC II syncrude, depending on the product
slate and how refinery fuel and hydrogen plant feed are supplied. An
average of the net product yields ranging between 88 and 91 was
assumed (Reference No. 22) . However, these values apparently do not
include coal use for the_producti“on of hydrogen needs for the upgrading
process. If coal-derived hydrogen is to be used (as against hydrogen
from nuclear fission or from biosynthesis) , then the upgrading and
refining efficiencies for coal conversion products become 75 percent.

However, in some cases it may be expected that all of the hydrogen and
energy required for the Upgrading/refining process would be obtained
from residuals, higher boiler fractions, and methane produced in the
process or plant refinery(which may include the use of Petroleum
derived vacuum ● In the case of indirect liquefaction
Processes, all the needed hydrogen is accounted for in the gasifier,
and higher upgrading“  efficiencies can be achieved, depending on product
slate .

Derived from Reference
that higher efficiency

Derived from Reference

Derived from Reference

Derived from Reference

26a. However, MIS oil is easier to upgrade, so
may be in order.

17.

7.

7 and 10.
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Notes to Table 3.15

a

b

c

This table summnarizes the consumption of
in the feedstocks or products during the
various synfuel cycles.

fossil carbon contained
various phases of the

The numbers in the table are based on the following assumptions:

(i) The resource utilization efficiencies are those developed in
Table 3.14.

(ii) The carbon content of bitumimous coal averages 87.8%, lignites -
72. 5% and sub-bituminous~ reals - 73. 5%. The carbon content
of the kerogen (i. e., crude shale oil) averages 80. 5%. (Ref. 26b) . For
convenience, an average figure of 80%
of coals and kerogen is used.

(iii)The loss in fossil carbon is directly
in coal or kerogen.

for the carbon content—

proportional to the loss

(iv) The Btu content of a ton of coal is 24x106 Btu and of ton crude
shale oil is 36x106 Btu.

A sample calculation for medium Btu coal gasification is as follows:

A ton of feedstock bituminous coal has 24x.106 Btu, of which
18. 34x106 to 19. Olx106 Btu is delivered to the end users (74.4 to
79. 2% overall energy efficiency - see Table 3.14) . Since a ton
of feedstock coal. has 80% fossil carbon content, and 20.8% to 23.6%
of it is consumed during the medium Btu coal gasification fuel cycle,
(see Table 3.14) , the total fossil carbon consump Z

tion o the cycle
is between 0.1664-0.1888 tons per 18.34x10 to 19. Olx10 Btu delivered
to end users ● This
per 106 Btu.

translated to 0.009 to 0.010 tons of fossil carbon
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Notes to Table 3.16

a

b

c

d

e

The water required for mining and preparation of
and for the disposal of ash or spent shale is a
mainly through the amount of material that must
and the degree of attested surface reclamation.

the coal or shale
function of location,
be mined or disposed;
Assuminq 2/3 of coal

d mined, water consumptionis surface-mined and 1/3 is underground
for surface mining ranges between 0.55 and 0.98 gallons per 1Ob Btu
of product, and for underground mining - 0.75 gallons per 106 Btu
of Product (Reference No. 17) .

Assume 2/3 of oil shale is
Water consumption or both

61.1 gallons per 10 Btu of

Consumption of 1.2 gallons

surface mined and 1/3 is underqround mined.
kinds of operations range between 0.7 and

of water 106  Btu Of product is assuned
for beneficiation of coal (Reference- No. 17) and none for shale oil.

Consumption of water for the conversion of feedstock to fuels depends
principally on the overall plant conversion efficiency, degree of
water recycling, and the water content of the coal or shale. Consump-
tion figures range from 13-24 gallons per 106 Btu of product for coal
gasification; 7-26 for direct coal liquefaction; 13-26 for indirect
coal liquefaction; 9-32 for surface shale retorting; and 9-13 for
modified in situ shale retorting (Derived from References 17, 37b,c) .

Water consumption for upgrading and refining is not available in the
literature. The estimates presented for shale oil upgrading are based
on private conversation with Mr. Bobby Hall and Ray Young of the
American Petroleum Institute 3/81. For shale oil - 100 gallons per
barrel are needed to make the raw shale oil suitable for pumping,
and 40 more gallons per barrel to convert it to transportation fuels.
Polling of a large number of oil companies and API experts did not result
in water consumption estimates for upgrading
Robert Howell, Bonner and Moore, Fred Wilson
Hall and Young of API - 3/81) .

of coal liquids
Texaco, Patton,

(name1y:
Nanny,
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1.

2.

3.

4.

5.

6.

7.

Same assumptions

Notes to Table 3.17

and references as those in Table 3.14.

Oil has energy content of 5.8 x 106 Btu/barrel.

Coal has energy content of 24 x 106 Btu/ton.

Oil shale has energy content of 3.45 x 106 Btu/ton (based on 25
gallons

Tons of

Barrels

N.A. is

of oil per ton) .

coal or shale.

of oil equivalent.

not applicable.

.

-.
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Table  3.18* Annual Water Consumption of Generic Synthetic ml Energy
Systems Producirq 50,000 hbl Oil Equivalent per Day to End User

(In million qallons per v-)

Coal Gasification

Mediun-Btu High-Btu

Mining 64-95

Benef iciation 130

Transportation to
Conversion Plant o

Conversion to Fuel 1400-
2500

U~adirq and
refining o

Distribution @
End User o

* Sam assumptions and references

SOUKE: E. J. Batz &Associates

64-95

130

0

1400-
2500

0

0

Coal Liquefaction Oil Shale Retortim

Direct Indirect

64-95 64-95

130 “ 1 3 0

0 0

7#o- 1400-
! 2800 2 8 0 0

as in Table  3.16.

0 0

Surface Nbdified in Situ

7 4 - 1 2 0 7 4 - 1 2 0

0 0

0 0

950- 950-
3400 1 4 0 0

2500 2500

‘ 0 0
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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
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.

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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EXHIBIT 4- 10 

BEST AVAILABLE ESTIMATES - TYPICAL SYNFUEL PROCESSES 

Revised Revised Other* 
capi tal Capital Capital Fee:istock ~r. 

Est. Est. Reoovery Cost Costs 
$ 197% $ 1980 @ 30% (Fran 4-4) (Fran 4-4) 

Direct Liquids 

H Coal (Synfuel) $2,200 $2,200 $ 660 $219.2 $212.6 

Irrlirect Liquids 

f.bbi1 Mro (Lurgi) 2,685 3,054 916.2 205.3 ~59.8 

SNG~thaml (ICI-
Lurgi) 1,849 21,035 631.1 256.9 160 1048 

High m:u Gas 

Lurgi (13(£) 1,600 1,820 546. 226.7 113.7 

*Adjusted f r capital cost changes. 

SOURCE: E. J. Bentz & Associates 

Cost Cost 
Total Per Per m Cost 

Revised Barrel B'IU 1 Gal. 
Estimate $ 1980 $ 1980 $ 1980 

$1,091.8 $66.47 $ 9.79 $ 1.58 

1,281.3 78.01 16.18 1.86 

688. 11.88 15.53 1.00 
SNG 360. 

886.4 8.30 



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
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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



nowz

oumo’mc1

II

4
-
2
7

e
j
b
&
a

EXHIBIT 4-14 

DIRECT LIQUIDS UPGRADED COSTS/BARREL 

($ 1980) 

Naphtha 

Distillate 

Raw Liquid Cost 
(per barrel) 

Total Upgraded Fuel 
Cost Per Barrel 

Total Upgraded Fuel 
Cost Per MM/BTU 

Barrels/Day 

28,380 

21,620 

50,000 

SOURCE: E. J. Bentz & Associates 

Cost/BBL 

$ 4.06 

11.58 

Total Daily Cost 

$115,223 

25 36 

$365,583 $7.31 Avg. 

66.47 

$73.78 

$12.30 



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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Feedstock 

Coal Liquids* 

Product 

Slate 

Cost 

Shale Liquids 

Product Slate 

Cost/BBL 

*SRC-II 

EXHIBIT 4-16 

PROCESS AND SLATE 

(1980 $) 

Hydrotreat & Hydrocrack 

Motor Gasoline 

(100%') 

$20.70 

Hydrotreat & Hydr crack 

3/4 - 1/4 

Motor Gasoline 
Plus Jet Fuel 

$18.50 

SOURCE: E. J. Bentz & Associates 

Severe Hydrotreat 
Moderate 

Hvdrotreat 

Motor Gasoline Plus Motor Gasoline Plus 

Jet Fuel 

(1/3 - 2/3) 

$18.29 

Hydrotreat-FCC 

Jet Fuel Plus Motor 
Gasoline 

$17.00 

#2 Fuel Oil 

(1/3 - 2/3) 

$12.55 

Cokinq Hvdrotreat 

(4/5 -- 1/5) 

Jet Fuel 

$16.00 



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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$/BBL 

Operating Labor 
Maintenance 
G&A 

Fuel 
utilities 
Cat.. & Chern. 
Hydrogen 

Capital Recovery 
@ 30%/Yr. 

EXHIBIT 4-18 

DIRECT LIQUIDS (SRC-II) REFINING 

(50,000 BBL/Day) 1980 $ per BBL. 

Motor Gasoline 
(Hydrotreat 

Plus Hvdrocrack) 

.244 

.791 

.852 

183 
.183 
.304 

5.540 

1.887 

6.210 

12.603 

$20.70 

Motor Gasoline 
Plus Jet Fuel 

\:>evere 
Hydrotreatinq) 

.183 
, .669 

.670 

.304 

.122 

.365 
5.750 

1.522 

6.541 

10.228 

$18.291 

S URCE E. J. Bentz & Associates 

Motor Gasoline 
Plus '2 oii 

(Moderate 
Hydrotrea t) 

.183 

.487 

.487 

.122 

.122 

.244 
3.230 

1.157 

3.718 

7.67 

$12.545 
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CASE Motor Gasoline 

Motor Gasoline 
CASE 

Jet Fuel 

Total 

Motor Gasoline 
CASE III 

*2 Oil 

Total 

Product Costs 

*Cost from 4-17 plus 4-9. 

EXHIBIT 4-19 

SRC II REFINED TO PRODUCT COSTS 

Barrels/Dav 

50,000 @ 

15,395 @ 

34,605 @ 

50,000 @ 

16,995 @ 

33,005 @ 

50,000 @ 

Motor Gasoline 

Jet Fuel 

#2 Oil 

Cost/BBL* Total Daily Cost 

$87.17 $4,358,500 

87.17 1,341,982 

(83.69: ** (2,896,018)** 

$84.76 $4,238,000 

$87.17 $1,481,454 

(74.74)** (2,466,796)** 

$78.965 $3,948,250 

= $87.17/bbl (4.95) $17.61/~ BTU 

: $83.69/bbl (5.67) $14.36/MM BTU 

$74.74/bbl(5.825) $12.83/MM BTU 

**Values in parenthesis inferred from weighted 
average value of motor gasoline and total product. 

SOURCE: E. J. Bentz & Associates 



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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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
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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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CHAPTER 5 : SUPPLY DEPLOYMENT SCENARIOS FOR SYNTHETIC FUELS

5.1 Factors and Constraints Affecting Synfuel Development

In order for synthetic fuels to play a role in in-
creasing domestic energy supplies, they must become avail-
able in sufficient quantities, at competitive prices, in
a reasonable time frame. This is particularly true for
transportation’s needs for liquid fuels. With a relative
lack of fuel switching capability, transportation more
than other sectors (e.g., utility fuel switching to coal)
must depend on increased conservation, expanded domestic
crude production, and alternate liquid fuels.

The central driving forces that characterize the
development of a synthetic fuel industry are (Reference
N o .  4 2 ):

The

(a)

(b)
(c)

(d)

(e)

(f)

(g)

Depletion and cost escalation of conventional
domestic energy supplies;

Shortages of environmentally acceptable fuels;

Constraints imposed on alternate energy systems;

The presence of existing, easily modified fuel
distribution systems;

A seemingly chronic negative imbalance in
foreign trade and payments accounts;

National security; and

Governmental incentives (such as those proposed
under P.L. 96-126
Security Act) .

central concerns are:

(a) Technological and

and the National Energy

economic factors

. product costs/markets (interfuel competition)
Status of technology and technological risk
Financial risk
Capital availability

(b) Environmental and social factors

- Air quality
- Water quality
- Land reclamation
- Social dislocation

5-1
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(c) Availability of resources

- Energy resources
- Water resources
- Land/site availability
- Skilled work force

(d) National, State, and local policies, especially
regulatory, taxation, and subsidy policies.

Key among the requirements that characterize these concerns
are:

(a) Technological needs
(b) Significant lead times
(c) Relative costs

In Chapter 3, we have looked at the technological
needs; and in Chapter 4 we have looked at the relative
costs. In this chapter we will focus on the “staging”
over time of these technologies, so that we can appre-
ciate the necessary lead times. In doing so we will
attempt to develop realistic “bottoms-up” assessments
for each generic fuel class.a These"scenario# will be a
‘business-as-usual” assessment, and a high "pushing-

b In developing these scenariosthe-limit” assessment.
we have felt it crucial to build upon concrete actual
data and engineering plans for each project class,
rather than “top-down” estimates of aggregate growth.c

We also felt it necessary, as explained in the intro-
duction, to limit our supply deployment scenarios to
the year 2000, which reflects the upper limit of sound
engineering judgment and actual/proposed plans. Post
2000 considerations are more dictated by an assessment
of economic forces and prospective product markets rather
than supply constraints.d The supply constraining forces
of the “transition” period (1980-2000) reflect industrial
‘build-up” times and constraints, rather than product
demand shifts.e Post 2000 considerations must consider
demand shifts, end-use technology changes, and he in-
troduction of other technologies (e.g., solar) .F This
necessitates a macro-economic long-term forecast approach
rather than a supply deployment scenario approach.g

Because of the significance of “transition” periodh

constraints in realizing deployment schedules, it is use-
ful to discuss these constraints prior to our development
of the scenarios. In the following section we will dis-
cuss the key constraints. Following this discussion, we
will present the actual assessments developed and compare
them with other assessments referenced in the literature.

5-2
ejb&a



— .

5.2 Constraining Factors in the Transition Period:
1980-2000

The construction of one 50,000 barrel per day synthetic
fuel facility is a massive effort requiring huge dollar,
manpower, and material inputs plus the management skills
to integrate all these inputs into a workable system. Con-
structing a major synfuels industry multiplies the problems,
introduces added complexity, and increases the probability
that constraints of varying degrees will impact the schedule,
cost or feasibility of success.

Any Us. proposed synfuels construction program will
have to compete for manpower and other resources with re-
lated construction demands from the oil and chemical fields.
U.S. refineries are undertaking a major upgrading program
to enable existinq refineries to handle lower grade high
sulfur crude and to increase efficiency in producing full
product slates with less energy waste. Fluor Corporation
is predicting that U.S. refineries will initiate $20
billion in construction programs in 1980, contrasted with
a yearly average of only $2 billion in the late 1970s.
(Reference No. 43 ) Proceeding with the Alaskan Natural
Gas Pipeline could require $20 to $25 billion in new con-
struction costs. Similarly, the chemical industry is
modifying its petrochemical plants in recognition of
dramatically higher feedstock costs. The situation is
further compounded by gigantic increases in construction
programs abroad. For example, Saudi Arabia appears intent
on pursuing a five year $335 billion program of new re-
finery and petrochemical construction. These construction
programs will use the same international construction
companies, technical skills and equipment as will be re-
quired for U.S. liquid synfuels construction. (Reference
No. 43 ).

The purpose of this section is to discuss the range
of potential constraints to the development of a viable
liquid (and gas) synthetic fuels industry in the U.S.

This discussion of constraints is organized into the
following categories:

Equipment availability-- supply constraints
performance constraints

Critical Materials

Manpower technical laborforce
construction laborforce

Coal Supply

Water Supply

5-3
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● Environment, Health and Safety
standards and requirements
permits and licenses

Siting physical location
infrastructure problems

Transportation

Technology Uncertainties

Financial/Capital Availability

Economics operating costs
product costs

Chapter 3 has already covered the technologies, and
Chapter 4, the economics. Capital availability has not
been discussed here in this report. Additional assumptions
on monetary policy and macro-economic policy over the next
20 years will be needed to consider this topic.j

5.2.1 Equipment Problems

Seven different types of equipment
supply constraints have been identified

which might
as follows:

Availability - supply Constraints

1 . Pumps: Demand for pumps in synfuels plants will be
very large. However, for small pumps, less
than 1000 hp, there should be an adequate
supply since producers could expand to three
shift operations and European and Japanese
manufacturing is available (Reference No.
44 )= Large reciprocating pumps would

be in very short supply assuming that exist-
ing baseline demand persists. The synfuels
industry could require between 50% and 100%
of current world production capacity (Reference
No. 44 ).

2. Heat Exchangers: Demand is expected to exceed 25%
of total domestic and foreign production
capacity (Reference No.45 ). However,
the industries’ ability to increase capacity
is reasonably good. The limiting factors
would be availability of welders and of
heat-treated metal plate from primary
suppliers (Reference No. 44 ). Without
firm orders, the heat exchanger manufacturers
are reluctant to expand productive capacity.
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3.

4.

5.

6.

7.

Compressors and Turbines: Like heat exchangers, demand
for compressors and turbines by synfuels plants
could exceed 25% of existing production capa-
city (Reference No. 45 ). Traditionally,
there is a two year lead time for these equip-
ments. Manufacturers have expressed confidence
that they can meet peak demand in 1984. (Refer-
ence No. 44 ) However, failure to order well
in advance of need could cause delays and
escalate costs.

Pressure Vessels and Reactors: Although synfuels demand

Alloy

will exceed 25% of productive capacity, suppliers
are confident that they can meet demand (Reference
No. 45 ). There is slack in the system due
to slow economic growth and the absence of demand
for nuclear reactor vessels (Reference No.43 ).

and Stainless Steel Valves: Demand for special-
ized valves will exceed 25% of current pro-
ductive capacity (Reference No. 45 ).
Manufacturers’ ability to expand productive
capacity hinges on: -

- adequate lead planning time

availability of chromium, molybdenum
and cobalt

availability of quality castings and
forgings

availability of qualified machinists
(Reference No. 44 )

Draglines: Draglines, which are essential for
surface mining operations, have a lead
of 2-2-1/2 years. However, no production
straints are likely if firm orders are
in advance of need.

coal
time
con-
placed

Air Separation (Oxygen) Equipment: Reference No. 46
identified air separation plant fabrication
capacity as the “most severe single con-
straint. " The critical components identified
were aluminum distillation towers which are
currently shop fabricated and brazed aluminum
heat exchangers used in these towers. Tech-
niques for field fabrication (to maintain
quality control) have not been perfected.
Development of acceptable field fabrication
could reduce this potential constraint. Added
reliance on production in Western Europe and
Japan could also help, assuming that trans-
portation facilities were available.
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8. Distillation Towers: A specially constructed facility.

The accompanying Exhibits 5.1 and 5.2 (Reference Nos.
44 ) summarize the equipment supply constraints

for a 1 MMBD and a 3 MMBD scenario (2000);k

Performance Constraints --the possible failure
to specifications at operating conditions.

to perform

Concerns with ability to
standards have been expressed
equipment as follows:

1. Gasifiers

2. Extractors

3. Hydrotreaters

4. Oxygen compressors

5. Coal slurry heaters

meet specific performance
for five categories of

The available operational data for these five cate-
gories of equipment are from useages in process environ-
ments which are significantly different from the coal
conversions regimes in liquid synfuels facilities. Sub-
stantial development will be required to modify and/or
scale up equipment currently in commercial use (Reference
No. 47 ). Therefore, these five categories of equipment
impose potential constraints to the synfuels industry
which would result from equipment failure or substandard
performance.

5.2.2 Critical Materials

Materials critical to the synfuels
nickel, molybdenum and chromium. After

program are cobalt,
two independent

analyses, only chromium was identified as a potential con-
straint (Reference NO.44,46) . U.S. currently imports over
90 percent of its chromium use and will remain highly de-
pendent on foreign supply. Demand for chromium by synfuels
programs could reach 7% of total U.S. demand. Exhibits 5.1
and 5.2 depict this concern.

5.2.3 Manpower

Technical Laborforce

Engineering design manhour requirements for construction
of synfuels facilities are 1.5 to 3 times greater than those
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EXHIBIT 5.1 (Reference 44 )

POTENTIALLY CRITICAL MATERIALS AND EQUIPMENT
REQUIREMENTS FOR COAL LIQUIDS PLANTS

AND ASSOCIATED MINES

(3MMBPD Scenario)

Us. Requirements
Peak Annual Production Percent

Category Units Requirements Capacity of Production

Chromium 10,400 400,0001 3tons
.

Valves,
alloy and
stainless
steel tons

yd

5,900

2,200

70,000

2,500

8

88Draglines

Pumps and
drivers (less
than 1000 hp) 830,000 20,000,000hp 4

Centrifugal
Compressors
(less than
10,000 hp) hp 1,990,000

36,800,000

11,000,000 18

74
Heat Ex-
changers ft2

50,000,000 2

Pressure
Vessels
(1.5-4”
Walls) tons 671,000 1282,529

Pressure
Vessels
(greater
than 4"
wall) tons 30,785 240,000 13

1Current consumption

2Total for surface condensers, shell and tube, and fin-type.
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Stainlen Steel (tons) 
Aluminum (tom) 
Chromium (10m) 
Nickel (tons) 
Cast Iron hom' 
Iron Ind Steel forging15 (tons) 
Steel Platla > 1.6" (tor", 
Pipe, Alloy and Stlinlttll 

Stuel hans) 
Valves, Ailloy & Stainilitsa 

Steel (torli) 
Reinforcing Oar (toru' 
Draglines (yd:3) 

Pumps & Driven 
< 1,OOOhp (1,000 hp' 

Centrifug.,al CompreS$oifl 
& Drivo" > 1 0,000 hp (1,000 hp) 

Centrifug,al Compre5Soifl 
& Drivllui < 10,000 hp (1,000 hp) 

Heat Exchangers U,OOO tt2) 
Non-Nuc Prenure 

Vei5ehi 1.6-4" wall (tom) 
Non-Nuc Pre55ure 

VesselSi> 4" wall (tom' 
Boilers (MM Ib/hr' 

N/A • No. iavailalllo 

1) Current c;oolumption 
2) US depondtlnl upon foreign lupplie, 
3) Include. olher Allan c;ounarl •• 

EXH Bi T 5.2 (Reference 44, 

Table 1-8 
SELECTED MA E IAL AND EQUIPMENT ITEMS REQUIRED 

T MEET PROJECTED COAL LIQUIDS PLANTS 
(AND ASSOCIATED MINE) NEEDS 

* P .. k Annuli Requir 1lmln1 and 'V I., Production C.~dtJII 

1 MMBPID 3MMBPD 
Seien.,i(t Scenlilio US Japan Eur~1N 

81,133 ( 1986) 62,299 (1986) 1,964,000 1,988,000 NIJ~ 

2,106 (1986) 6,443 (1986) 4,800,000 N/A N/A 
4,364 ( 1986) 10,409 ( 1986' 400,000(1,2) N/A NIJ~ 

166 (1986) 1,806 (1986) 114,000 12,000(31) 36,,000 
23,196 ( 1986) 66,610 (1986) 16,200,000 919,000 10,6481,000 

6,166 ( 1986) 14,323 (1986) 1,416,000U) 861,~ 2,681,000 
26,647 (1986) 63,767 (1986) 1,000,000 1·4,000,000 1,6401,000 

9,818 ( 1999) 24,646 (1999) 1,862,OOO( 1) :3,000,000 2,176,,000 
I 

2,481 (1986, 6,892 (1984) 70,000 68,000 97,000 
23,603 (1986) 64,886 "986) 

I 

8,181,000(1) 1 '. ,436,000 10,161,000 
810 ( 1981, 2,196 (1981t 2,600 N/A NO~ 

343 , 1986) 830 (1984) 20,000 N/A N"'~ 

194 ( 1986) 481 (1984) 16,000 N/A N/A 

833 ( 1985' 1,989 ( 1984) 11,000 N/A N/A 
1!6,260 , 1986) 36,180 ( 1986) 60,000 82,000 N/A 

3:3,677 ( 1986' 82,629 (1984) 671,000 223,000 132,000 

12,314 ( 1996' 30,786 (1999' 240,000 264,000 99,000 
8 ( 1986' 19 , 1986) 2:10 N/A N/"~ 

* Peak refers t rna imum a nua requirements 

SOURCE: E. J. Bent & Associates 

'Total 

3,I}.42,OOO+ 

8,~'36,000 

IN/A 

:l21,OOO 

21,1~21,OOO 

4,t~,OOO 

11,4140,000 

1,028,000 

:l36,OOO 
3O,~184,OOO 

IN/A 

IN/A 

N/A 

IN/A 
1:12,OOOt 

1,026,000 

fi04,OOO 

IN/A 



needed for refinery construction. Indirect synfuel pro-
cesses are the most engineering intensive since they are,
in effect, two separate systems, ‘e.g., gasification and
synthesis. However, even the direct liquefaction process
requires significant amounts of engineering design manpower
(Reference No. 45). The need for chemical engineers would
be the area of greatest concern. Under a scenario projecting
3 million B/D by the year 2000, demand for chemical engineers
increases significantly between now and 1985 (Reference No.
440. An additional 1300 chemical engineers representing a 35%
increase in this specialty, i.e. , a 35% increase in the process
engineering work force, as found in previous design and project
work at present (in 1979: 3600 chemical engineers) in less
than six years would be required for the synfuels program=
Engineering schools can generate new inexperienced chemical
engineers to meet this demand and qualified chemical engineers
will remain a scarce and expensive commodity. Demand for
other engineering skills will also increase but at a more
manageable rate. It should also be realized that potential
growth in other sectors-- such as defense needs for engineering
and construction skills--may also place an added demand On
skill availability.

Construction Laborforce

Skilled craftsmen such as welders, boilermakers, pipe-
fitters and electricians are already in short supply. These
shortages have been exacerbated over the last decade by in-
creasing reluctance on the part of craftsmen to follow
construction work and relocate. Since many of the synfuels
development projects would be located in areas with exist-
ing overall manpower shortages and virtually no existing
pool of skilled manpower, labor could become a significant
constraint. Using the 3 million B/D scenario, this in-
dustry would require 73,000 construction employees in
1986, the peak year. This is approximately 2% of the
entire construction employment force (Reference No. 44 ).
More training programs and use of “nonjourneymen” or
“helpers” to supplement the workforce could reduce
potential shortages. Recruitment of women and minorities
would help also. However, some of these steps might be
opposed by labor unions. Labor unions are particularly
concerned that open-shop (non-union) construction companies
will gain a foothold in this program. The accompanying
Exhibits 5.3, 5.4 and 5.5 (Reference No. 44 ) , summarize
the construction manpower requirements under the 1 MMBD
and 3 MMBD scenarios.

5.2.4 Coal Supply

Chapter 2 has discussed U.S. coal supplies. In brief,
the U.S. coal industry currently has approximately 100
million tons of productive capacity which is not being
used. In addition, the coal industry traditionally has

5 - 9
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EXHIBIT 5.3 (Reference 44 )

TOTAL ENGINEERING MANPOWER REQUIREMENTS
FOR COAL LIQUIDS PLANTS AND

ASSOCIATED MINES

3 MMBPD SCENARIO
(Persons)

Scenario 1 9 8 4 1 9 9 0 2 0 0 0

All Engineering Disciplines

Design and Construction

Operation and Maintenance

8,500 5,200

2,200

6,300

4,800

Total

Chemical Enqineerinq

Design and Construction

8,500

1,300

7,400

740

11,100

9 2 0

Operation and Maintenance 1,050 2,250

Total 1,300 1,790 3,170

.
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EXHIBIT 5.4 (Reference No. 44 )

PROJECTED PEAK CONSTRUCTION LABOR REQUIREMENTS

(Persons)

1 MMBPD 3 MMBPD
Scenario Scenario

Craft (1987) (1986)

Pipefitters 7,170

Pipefitters-Welders 2,400

Electricians 3,020

Boilermakers 660

Boilermaker-welders 130

Iron Workers 1,760

Carpenters 2,700

Other 12,830

1 6 , 9 2 0

5 , 6 0 0

7 , 1 9 0

1 , 5 7 0

3 1 0

4 , 2 5 0

6 , 4 0 0

3 0 , 6 6 0

Total 30,670 72,900

5-11
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EXHIBIT 5.5 (Reference No. 44 )

REGIONAL MANUAL LABOR FOR CONSTRUCTION AND
MAINTENANCE FOR COAL LIQUIDS PUNTS

AND ASSOCIATED MINES

Current Union Coal Liquids Program
Craft Craftsmen Peak Requirements2

3 MMBPD 1 MMBPD
Scenario Scenario

Pipefitters
(including welders)

East North Central and
East South Central Regions

West North Central and
Northern Mountain Regions

Boilermakers
(including welders)

East North Central and
East South Central Regions

West North Central and
Northern Mountain Regions

Electricians

East North Central and
East South Central Regions

37,672

14,498

5 , 2 6 0

2,075

3 6 , 8 6 0

10,300

11,800

900

1,100

3,300

6,300

6 , 9 0 0

500

6 0 0

2,000

West North Central and
Northern Mountain Regions 12,662 3,700 2,200

1Source: Construction Labor Research Council

2Source: Obtained by computer run of Bechtel Corporation Energy
Supply Planning Model, as described in reference 44.

5 - 1 2
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surge capacity which is brought on line whenever the spot
price of coal increases sharply. The lead time for open-
ing up new mine capacity, both surface and deep, ranges
between three and five years. Since the construction
of major synfuels plants takes the same length of time,
adequate new coal supply can be brought on line in a
timely fashion. Finally, the U.S. coal resource is so
large that it is very unlikely that there would be supply
shortages over the next century. For all these reasons,
coal supply poses no constraint to synfuels development.

5.2.5 Water Supplym

Chapter 2 has discussed water supply concerns. Also
reference 31 discussed these in detail. In brief, while
the U.S. has abundant water supplies in aggregate, there
are certain specific geographic locations where water
supply could become a constraint to development of a
large synfuels program. This is particularly true in
the semi-arid portions of the West where significant
coal reserves are located.

1? . . sufficient water physically exists to
support a significant-sized synfuel in-
dustry in the Upper Missouri and Upper
Colorado River Basins, the primary western
fuel resource areas.” (Reference No. 33 )

The problems with water supply in these areas are institu-
tional and highly political and often emotion-laded. Thus
far energy developers have been able to purchase water
rights from farmers or Federal and State water impound-
ments. As long as a relatively full market exists for
the transfer of water rights, energy developers can afford
to bid away the required water supply. In addition, cor-
porate planners will need to consider water supplies for
the construction/operating laborforce, their families,
and the communities which-will support them.

5.2.6 Environmental Health and Safety

Standards and Requirements

The liquid synfuels technologies “appear to have no
absolute environmental protection constraint that would
universally limit or prohibit deployment.” (Reference
No. 33 ) However, the direct liquefaction processes
have some potential to expose workers or the public to
toxic and carcinogenic materials. Such risks could be
judged politically and socially unacceptable and could

5-13
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become a development constraint. The Prevention of Signi-
ficant Deterioration program under the Clean Air Act
could pose absolute limits to the number of plants able
to locate in a specific geographic area since the allow-
able increments of ambient air quality could be fully
utilized. In the case of oil shale where the resource
base is concentrated in a specific area in and adjacent
to Northwest Colorado, PSD limits are very likely to con-
strain the number of facilities permitted. These limits,
still to be developed, have not yet been set. Ranges of
capacity vary, however, on what is possible.n In addition,

“Some yet-to-be-defined regulations, if promul-
gated in their stringent forms, appear capable
of severely limiting a number of synfuel tech-
nologies. These regulations include air quality
emission control measures for visibility, changes
in the original prevention of significant deter-
ioration (PSD) regulations, extension of PSD
limiting increments to other pollutants, short-
term nitrogen oxide ambient standards, develop-
ment of hazardous waste tests and regulations
and special waste regulations, toxic product
regulations, and occupational safety standards. ”
(Reference No. 33 )

A detailed assessment of the environmental, health, and
socio-economic impacts is found in reference no. 31 .

Permits and Licenses

The permitting and licensing process is complicated
and time consuming. However, it poses no direct constraint
on the synthetic fuels deployment program. The process
generates procedural delays and provides multiple access
to various public interest groups opposed to specific
projects, specific technologies, or specific sites.
More importantly, the process can be used by local
political jurisdictions to either force project relocation
or extract concessions from the project developers. Permit
considerations are specifically discussed in the project
discussions to follow.

5.2.7 Sitinq

Siting constraints are discussed in detail by the
author in reference 31 . In brief, Physical availability
of sites
industry
with the
synfuels

is not a constraint. However,- optimal siting by *
using their objective function often conflicts
goals of other interest groups. Since much of the
development will occur in areas with low population

5-14
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density, “conflicts will arise between the rural social
order which currently exists in the region and the new
urbanized society which will accompany growth. Early
planning is required to handle these impacts.”
(Reference No. 45 )

To overcome the “locate your plant anywhere but not
here” syndrome, corporate planners will have to work
closely with state and local officials as well as with
numerous civic associations. This requires full con-
sideration of the secondary effects of development on
the infrastructure of the immediate and surrounding
areas. These by their very nature are site specific
analyses. What new roads, schools, services, homes and
institutions will be required? How will these require-
ments be funded? Can the community be protected against
the worst features of the “boom” scenario and from the
downside risk of bust? What does happen if the project
fails and is abandoned? These are reasonable questions
which often do not have reasonable answers. References
31 and 32 have discussed these key problemso

5.2.8 Transportation

Transportation constraints can be a key concern. They
must be considered on a regional/site specific basis.
Reference 18 has treated these concerns.

As discussed earlier in Chapter 4, transport costs
can be a key part of delivered cost. As discussed later
in this chapter, the availability of inexpensive bulk
transportation is crucial to project development.

5.2.9 Tradeoffs

Hence, energy supply deployment will be affected by
many competing constraining factors. Any specific project
consideration must provide for a best optimum solution.
This is clearly seen in Exhibit 5.6 in the variation to
which oil shale targets would be achieved subject to
different goals (Reference No. 8 ).

We will now look at our development of alternate
supply scenarios.
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EXHIBIT 5-6

ALTERNATE SHALE OIL PRODUCTION TARGETS (reference 8)*

-The Relative Degree to Which the Production Targets Would
Attain the Objectives for Development

f

1990 Production taroet.  bblkf

To position the industfy for rapid
development. . . . . . . . . . . . . . . . . . . . . . .

1 “

To maximize energy supplies . . . . . . . . . . . 1’ I
To minimize Federal promotion . . . . . . . . .

II

To maximize environmental information ~
andprotectiorl  . . . . . . . . . . . . . . . . . . . . .

To maximize the integrity of the social
environment . . . . . . . . . . . . . . . . . . . . . . . ‘

To achieve an efficient and cost-effective
energy supply system . . . . . . . . . . . . . . .

Lowest degree of attainment -“
Highest  degree of attainment

SOURCE Otfico of Tecnnobgy Assessment.

*
Shale oil product ion targets are affected by many technical,
environment al, and socioeconomic factors. As described in
reference 8, the OTA has assessed the variation of 1990
production targets with regard to many of these key factors.
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5.3 Development of Supply Deployment Scenarios and Comparisons
With Other Estimates

(A) Shale Oil

The oil shale industry*is in an advanced stage of
development compared to other synfuel processes such as
direct coal liquids. Design and construction (not in-
cluding permiting) for an oil shale facility is typically
in the 3-5 year time frame. Permiting requirements vary
with two years being a typical time period. Most pro-
posed/being developed projects are located in the West
in the Green River Formation in Colorado, Utah, and
Wyoming (Piceance, Uinta, Green River, Fossil, Great
Divide, Washakie, and Sand Wash Basins) . Eastern shale
development using promising new technical advances, dis-
cussed in Chapter 3, are likely to come on later. As
discussed in the opening section, constraints center about
resolution of land lease issues (the federal government
owns over 80% of oil shale lands) , environmental and water
availability issues, and availability of skilled labor,
especially hard rock miners.

EIS

Table 5-1 lists the potential commercial scale pro-
jects, identifying their proposed location, process,
estimated start up, and project scale (production). In
addition, the Department of Energy is conducting above-
-ground and advanced retorting projects.** At present,
permiting has been obtained for: Colony (final EIS, and
a conditional PSD for 50,-000, BPD complex), Union (final
for a 10,000 BPD commercial demonstration module unit) ,
Occidental (conditional PSD), Superior (final EIS) , and
Paraho (draft EIS) . Based on the above projects planned,
as well as individual surveys, scenario build-up rates are
shown in Table 5-2 . Comparisons of these rates with
other estimates are shown in Table 5-3. This information is
current as of 12/80.p

Initial production of shale, expected in the West,
is expected to be treated (upgraded/refined) in the Rocky
M o u n t a i n  r e g i o n , and will utilize existing spare refinery
capacity. The next anticipated sequential market area
is the Midwestern refinery region utilizing current in-
place pipeline capacity (to the extent that anticipated
new crude finds in the Overthrust Belt will not absorb
pipeline capacity) . The key markets envisioned for shale
oil is as refinery feedstocks producing a large middle
distillate slate for anticipated growing middle distillate
needs (such as diesel oil). Shale oil residuals have also
been proposed for use in turbines (current tests being
sponsored by EPRI at Long Island Lighting) . Using a typical
refinery product slate, estimated shale-derived products
are depicted in Table 5-4.

.

*I.e., the industrial interests (oil, chemical, as identified
in table 5-1) that are comprising the newly created shale
industry.

* *
Private communication, DOE 12/80. ejb&a
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TABLE 5-1: POTENTIAL COMMERCIAL SCALE PROJECTS - SHALE OIL

PROJECT EST APPROX.
SIZE START COST

PROJECT SITE PROCESS (1 OOOB/D) UP (B$)

COLONY DEVELOPMENT co Surf ace 47 1985
(Exxon, Tosco)

1.7
Retort (1980$)

STATUS : $75 million spent
to-date; planning, detailed
engineering design and cost-
ing completed; construction
suspended; Exxon recently
bought 60% share with con-
tingencies tied to 1985
start-up; Tosco may seek
Federal loan guarantee to
raise its share of capital

UNION OIL

STATUS: All permits received
to construct and operate
9000B\D experimental retort
which will be done with pri-
vate financing (and $3 tax
credit) ; 50,000B/D project
depends on results of experi-
mental retort.

co Surface 198350
Retort (9000B/D)

TOSCO SAND WASH

STATUS: $2 million spent by
end of 1978; planning ex-
ploration, and environmental
analysis; TOSCO could use
technology developed for
Colony project, but would
have to raise capital for
both projects.

UT Surface
Retort

47 1988

RIO BLANCO (GULF, STANDARD co Mod In 76 1988
OF INDIANA) Situ &

Surface
STATUS: $245 million spent
to-date; shaft sinking &
surface construction activit-
ies; further action pending
Federal incentive programs.

5-18
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TABLE 5-1 (Continued)

PROJECT EST APPROX.
SIZE START COST

PROJECT SITE PROCESS (1000B/D) UP (B$)

OCCIDENTAL-TENNECO co OXY 50 1986

STATUS : Site preparation
Modified

& shaft sinking; detailed
In-Situ

development plan.

WHITE RIVER SHALE PROJECT UT Surface 50
(Phillips, Sun, Sohio) Retort to

STATUS:
100Detailed development

plan completed. Environmental
monitoring continuing. $86
million spent to-date. Title
status cleared by Supreme
Court decision.

SUPERIOR OIL co Surface 13 +

STATUS: Pilot studies com- Retort minerals

pleted; environmental analysis .
underway at BLM; feasibility
studies underway; pending land
exchange appears to be con-
trary to current DOI policy.

PARAHO DEVELOPMENT

STATUS: Beginning feasi-
bility study (DOE funded) .

UT Surface
Retort

30 1984

GEOKINETICS UT

STATUS: Beginning DOE funded
feasibility study.

Surface
Retort

2 to
8

1985

TRANSCO ENERGY KY IGT

STATUS: Beginning DOE funded Hytort

feasibility study.

50 1984

CHEVRON

STATUS: Recently announced
initiation of feasibility
study.

co Surface
Retort

50

SOURCE: E. J. Bentz & Associates
5-19
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TABLE 5-2: SHALE OIL BUILD-UP SCENARIOS*
(in units of 50,000 MMBP)
OF CRUDE OIL EQUIVALENT

Scenario 1 9 8 0 1985 1990 1 9 9 5 2000

A Capacity
added in
period

●

Total
Capacity

B Capacity
added in
period

. 5

. 5

.5

7 . 5

8

9.5

Total
Capacity .5 10

. 5

9

8.5

1 8 . 5

0

9

.5

19

NOTE: Most shale plants are estimated to be sited in the
Green River Formation (Colorado, Utah, Wyoming) .

* Shale oil build-up scenarios were constructed
using interviews and referenced literature as
cited in table 5-1, text, and footnote p.

SOURCE: E. J. Bentz & Associates
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TABLE 5-3: OIL SHALE DEPLOYMENT SCENARIOS : 1980-2000
(thousands of barrels per day of crude oil
equivalent)

Source 1980 1985 1987 1990 1992 1995 2000

U.S. DOE1 - - 80 225 400 450 450 450
(2/80)

Scenario A 25

185

4 0 0

7 0 0

450 450

925 950

- -

DR12
350- -

(10/79)

National
Energy Plan
II
(5/79)

U.S. DOE5

(11/80)
25 160 400-500 550-800- -

Scenario 25 925 950B

150

- -

OTA4

(6/80)
400

 Shelld

Most proposed shale projects are in the West, in the Green River
Formation in Colorado, Utah, and Wyoming.

*NOTE:

Interpreted from:
1
U.S. DOE “Oil Shale Industrialization

2Denver Research Institute, 10/79.
3U.S. DOE Synfuel Corporation Planning
communication, 11/80 and 12/80.

Action Plan,” Feb. 1980.

Task Force, private

4
OTA--An Assessment of Oil Shale Technologies, 6/80.

5 U.S. National Energy Outlook 1980-1990, Shell Oil Co.,
Shell--U.S. National Energy Outlook, Feb. 1980.

E. J. Bentz & Associates

2/80.

SOURCE:
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TABLE 5-4: ESTIMATED TYPICAL SHALE OIL PRODUCT SLATE: * 1980-2000

(thousands of barrels per day of crude oil equivalent)

Scenario Products 1980 1985 1990 1995 2000

Gasoline 4.25 68 77 77
A

Jet Fuel 5.0 80 90 90

Diesel Fuel - 13.5 216 243 243

Residues 2.25 36 41 41

Gasoline 4.25 85 157 162

B Jet Fuel 5.0 100 185 190

Diesel Fuel - 13.5 270 500 513

Residues 2.25 45 83 86

*
Table values derived using Table 5.2 values, and typical yield slates
(Chevron Research, 1978 reference: “Refining and Upgrading of Synfuel
From Coal and Oil Shale by Advanced Catalytic Processes”) discussed
in Chapter 4, Section 6.

Because of relatively higher hydrogen content and lower aromatic
concentration (than in general to coal liquids) , a “natural” product
slate from shale oil is a mixture of gasoline, diesel, and jet fuel.

SOURCE: E. J. Bentz & Associates
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(B) Coal Gases

As shown in the accompanying project tables, there is
a significant level of varied activity in the coal gases
area. Key generic processes are low/medium Btu gas and
pipeline quality H-Btu gas.q

Low/Medium Btu Gas

As discussed in Chapter 3 and in the Appendix, leading
technologies include the regular and slagging Lurgi gasifier
(especially in earlier years) , Texaco, Westinghouse, Koppers,
and Winkler gasifiers.

Since low/medium Btu gas offers industrial and utility
users a relatively curtailment-free source of high quality
fuel and chemical feedstock, it is expected that they will
penetrate into the utility and chemical market. The Energy
Security Act specifically exempts medium Btu gas from
allocation and pricing regulations.

Low-Btu gas finds key market use as industrial fuels
in such applications as kilns, small boilers, and chemical
furnaces. At present it has been estimated that there are
about 15-20 domestic facilities (Reference No. 48 )
that are beginning to use low Btu gas for these appli-
cations. These include chemical firms such as Dow
Chemical as well as automotive giants such as General
Motors.

The Glen Gery Corp. has itself four facilities gasi-
fying coal to produce a fuel gas to fuel their brick kilns,
while Caterpillar Tractor plant in York, Pennsylvania
produces fuel gas for heat treating furnaces. NCA (8/80)
estimates there are nine commercial plants (in operation,
under construction, or in proposal/planning stage). It
has been estimated (Reference No. 50 ) that low Btu
gasifiers are feasible at approximately 3500 industrial
plant sites. These plants are expected to be geographi-
cally located at coal/adjacent to available coal suppliers.

Medium Btu gas serves several markets. Among them
are utilities and chemical feedstock markets. Medium-
Btu gas could be used as a synthesis gas for producing
chemical products (ammonia, fertilizers, plastics) , as
well as utility power. Similarly, steel industry uses
fuel for blast furnaces and annealing operations.

A potential co-product, methanol, could also be used
as a utility peak showing fuel in turbines, or as an
automotive fuel (Reference No. 51 ). Medium-Btu
gas can also be used in utility use in a combined cycle
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power generation mode. NCA (Reference No. 48 ) esti-
mates there are five commercial scale plants in the
proposed/planning stage. Key demonstration plants at
TVA, Memphis Industrial Fuel Use Plant, and Cool Water,
California (Southern California Edison) , are in advanced
stages. It has been estimated (Reference No. 50 )
that there are approximately 350 potential sites for
single user or limited distribution medium Btu gasifiers.
In addition, there are combined-cycle markets (Reference
No. 51 ). As shown on the accompanying tables (and
NCA survey) , likely locations for medium Btu facilities
include Louisiana, Texas, Arkansas, Pennsylvania, New
Mexico, California, Tennessee, Montana, Virginia, and
Illinois. Table 5.5 lists the key proposed projects under way.

Table 5-7 gives the scenario deployments of medium
Btu/L Btu gas. The rate build-up was estimated by review
of the cited data tables, on-line surveys, and judgmental
interpretation with alternate comparative estimates.

H-Btu Gas

As shown in the accompany table (Table 5-6) , of
proposed commercial scale projects most early H-Btu gas
development will occur in the West, especially in the
states of North Dakota, Wyoming, Utah, New Mexico, and
Montana (Northern Great ‘Plains Regions and Rocky Mountain
Region) . Construction is at present underway in North
Dakota on the Great Plains Gasification project. AS shown
in the table, this plant could be producing by 1984, with
a production of 138 mmscf/day, at which time a second plant
would begin (an additional 138 mmscf/day) . Later plants
are expected to be deployed in the Southwest (Texas,
Louisiana, Arkansas, Oklahoma) , and in the East (Pennsyl-
vania) , and capture the use of existing transportation
lines.

The predominant end use for H-Btu gas is space heat-
ing (industrial/commercial) . Industrial use of the gas
will be in the chemical, utility, and steel, iron and
glass products industries (i.e., large current users of
natural gas) . Market penetration will be affected by
the pricing treatment of gas (e.g., rolled-in pricing)
over the estimation period (period of natural gas de-
regulation) . Table 5-7 gives the scenario deployments
of H-Btu gas over the estimation period. It is based on
judgmental interpretation of the plant-specific build-up
data cited, and on-line survey results. Table 5-8 gives
the comparison of the scenario estimates with those of
other sources.
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TABLE 5-5 : POTENTIAL COMMERCIAL SCALE PROJECTS - LOW/MED BTU GAS

I. THE FOLLOWING PROJECTS ARE CURRENTLY UNDER DEVELOPMENT

( 12/80)

PROJECT APPROX .
SIZE COST

PROJECT SITE PROCESS (1OOOBOE[D) (B$)

REYNOLDS ALUMINUM CO. VA

APPLICATION: Power Generation for
Aluminum Reduction

can-/do*

APPLICATION: Industrial Gas

PA

MUNICIPAL UTILITIES BOARD AL

APPLICATION: Industrial Gas

PANHANDLE EASTERN TX 8

APPLICATION: Industrial Gas

MEMPHAS GAS* TN 0.3

APPLICATION: Utility\Feedstock
(construction begins in 1982)

SAN DIEGO P & L CA

APPLICATION: Utility/Feedstock

ILLINOIS POWER COMPANY IL 2 0.1

APPLICATION: Utility--Combined
Cycle (1982 target)

SOUTHERN CALIFORNIA EDISON CA 3 0.3

APPLICATION: Utility --Combined
cycle

HOUSTON NATURAL GAS LA

APPLICATION: Utility/Feedstock

COOLWATER CA 100MW

APPLICATION:

0.2

Utility-Combined
Cycle (1984 target)

*These projects are  currently funded as part of the Fossil Energy Technology
Demonstration Program. (12/80)
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TABLE 5-5: (I Continued)

PROJECT

PROJECT APPROX.
SIZE COST

SITE PROCESS   (10  00BOE/D) (B$)

MID-WEST ENERGY COAL
ALTERNATIVE, INC.

APPLICATION : Industrial Fuel/
Feedstock

IL

CARTER OIL TX

APPLICATION : Industrial Gas
and Feedstock

ENERGY CONCEPTS OH

APPLICATION: Electric
Generation and/or    Feedstock

SOURCE: E. J. Bentz & Associates

.

ejb&a
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TABLE 5-5 (Continued)

II. THE FOLLOWING PROJECTS RECENTLY RECEIVED DOE FEASIBILITY GRANTS (PL-96-126)

PROJECT EST
SIZE START

PROJECT SITE PROCESS (1000B/D) UP

UNION CARBIDE TX Texaco 21.550 1988

APPLICATION : MBG+H2 for fuel
and feedstock

GENERAL REFRACTORIES

APPLICATION: LBG fuel to kiln
for Pearlite Mfg.

KY Wellman- 1.034
Galusha

1983

CENTRAL MAINE ME Texaco 14.100 1987

APPLICATION: Combined cycle
power- (new)

FLORIDA POWER FL BGC- 7.458 1985
LurgiAPPLICATION: Combined cycle

repower

TRANSCO

APPLICATION: MBG to existing
power plants

TX Lurgi 21.550 1985

PHILADELPHIA GASWORKS PA TBD 3.448 1985

APPLICATION: MBG-fuel gas

EG&G MA Texaco 28.500 1986

APPLICATION: Combined cycle
power & methanol

NOTE: Over 40 proposals were received in response to 3/79 Notice of Program
Interest. About 50 propsals were received in response to Feasibility
and Cooperative Agreement Solicitations under P.L. 96-126. PL 96-304
programs are not listed due-to the funding uncertainty associated
with the current recission order.
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TABLE 5-6 : POTENTIAL COMMERCIAL SCALE PROJECTS--HIGH BTU GAS

PROJECT EST APPROX.
SIZE START COST

PROJECT SITE PROCESS (1000BOE\D) UP (B$)

GREAT PLAINS GASIFICATION ND Lurgi 25 1984

STATUS : $40 million spent (138mmscf/d) earliest

for project design and en-
vironmental work. All per-
mits obtained but final FERC
tariff to market the gas.
DOE cooperative agreement &
loan guarantee under P.L. 96-
126. Plant could be producing
by 1984. A second plant with
additional 138 mmscf/day is
contingent on the results of
Phase 1.

1.5

WYCOAL GAS INC. wy Lurgi & 25

STATUS: Recently received Texaco (150mmcf/d)

DOE cooperative agreement to
develop definitive design,
estimate costs, secure per-
mits and approvals, obtain
financing and identify long-
lead delivery items; market
is company owned pipeline
to mid-West. Second phase
would add a second 150 mmscf/d.

EL PASO NATIONAL GAS

STATUS: Initial 1972 appli-
cation to FPC placed in
abeyance. Coal commitment
obtained; water lease ex-
pected; FERC tariff required
before construction.

NM Lurgi 13
(72mmscf\d)

earliest
1986

.6

TEXAS EASTERN/TEXACO
STATUS: Water and coal from
Texaco’s Lake Desmet Reservoir

WY Lurgi 50 could be
(275mmscf/d) operative

by 1990

property. Recently announced
privately financed feasibility
study.
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TABLE 5-6 (continued)

PROJECT EST APPROX .
SIZE START COST

PROJECT SITE PROCESS ( 1000 BOE/D) UP (B$)

PANHANDLE EASTERN PIPELINE WY Lurgi 25 2.
COMPANY

STATUS : Coal and water commit-
ments have been obtained. No
filing yet before FERC. Second
135 mmscf/day stage if justi-
fied by first stage results.

MOUNTAIN FUEL COMPANY UT Lurgi 50

STATUS: Feasibility study (275mmscf/d)

under way. No filing before
FERC to date.

1990

NATURAL GAS PIPELINE CO. ND Lurgi 50 late
OF AMERICA (275mmscf/d) 1980s

STATUS: Preliminary engineer-
ing design completed. No
filing before FERC.

TEXAS EASTERN SYNFUELS NM Lurgi

STATUS: Beginning DOE funded
feasibility study.

43
(sng+MEOH)

late
1980s

CROWE TRIBE OF INDIANS MT Lurgi

STATUS: Beginning DOE funded
feasibility study.

22 1987

*
Refers only to PL 96-126 feasibility and cooperative agreements. PL 96-304
project programs are not listed due to funding uncertainty associated with
the current budget recission order.

SOURCE: E. J. Bentz & Associates
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TABLE 5-8 : SYNTHETIC COAL GASES COMPARISONS

Source 1980 1985 1990 1992 1995 2000

National Energy Plan1

(May 1979)

Frost & Sullivan2
.8

Exxon 3
.5

U.S. DOE 4
.05 .36

Shell 5 .19 .49

Scenario A .085 .355

Scenario B .65

.8-1.0

2.2

.7-1.5

. 6 3

.680 .9

.085

1U.S. National Energy Plan II.

2As reported in Synfuels,2/80~

3Exxon Energy Outlook, 12/79.

4Private communication, DOE.
c
‘Shell National

SOURCE: E. J.

Energy

Bentz &

Outlook, 2/80.

Associates

1.15 1.5
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(c) Coal Liquids

As discussed in earlier chapters, coal liquids con-
sist of indirect liquefaction of coal (Fischer-Tropsch
liquids, methanol, methanol-gasoline) , and direct liquid
processes (H-coal, EDS, SRCII) . As shown in the accom-
panying Table 5-9, all early (to 1990) commercial scale
projects receiving current government support are in the
indirect category, although several direct liquefaction
proposals have been received. AS such, indirect lique-
faction liquids are expected to dominate coal liquids
product in the later decades of the century. At present,
the only commercially demonstrated coal liquefaction pro-
cess is the Fischer-Tropsch process used in the SASOL
plants in South Africa (described in Chapter 3) . This
process technology, an indirect liquefaction technology,
is being adopted and improved for use in the U.S. The
other key indirect liquefaction processes are methanol
production-- a well known commercial process technology,
and Mobil-M methanol-to-gasoline process, which should
be commercially demonstrated within several years. In
addition to several U.S. funded domestic studies for M-
gasoline (see Table 5-9 ) , there is a pilot plant demon-
stration project in Germany (Reference-No. 48 ) , and
a natural gas-methanol-M-gasoline commercial project
scheduled for operation -in New Zealand by mid-80's
(Reference No. 49 ). At present, there are no “commer-
cially available direct liquefaction processes. The
government has jointly (with industry) funded an SRC 1l
demonstration plant and an
EDS, and H-coal pilot plants for operation in mid-80’s.
Including the government sponsored study projects, there
have been a total of 13 commercial plants, 4 demonstration
plants, and 4 pilot plants are proposed/or in operation
in the U.S. (Reference No. 18 ).

The anticipated deployment, based on judgmental
interpretation of individual planned projects, current
survey work, and individual project reviews, is depicted
in the accompanying Table 5-9. As expected, indirect
liquefaction processes dominate throughout, with direct
liquefaction processes coming on stream late in the
century. Early deployment is expected in the Northern
Great Plains and Southwest region to capture existing
product pipeline capacity (and water transport) and to
fill energy product demands. Direct liquefaction develop-
ments are projected to come on in the 90’s, and focus
their activities in the Appalachian and Interior coal
regions.
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Direct liquid conversions naturally produce a high
fraction of heavy oils. Since the traditional market for
heavy oils (utility and industrial boilers) will probably
convert to direct combustion of coal and medium Btu gas,
upgrading of product slates into other market fuels is
probable. Gulf’s “Phase Zero Study” to DOE (also see
Market Applications for SRC-11 products, Proceedings of
the Sixth Annual International Conference on Coal Gasifi-
cation, Liquefaction and Conversion of Electricity, Univ.
of Pittsburgh, July 31-August 2, 1979) identified a sub-
stantial market where coal-derived liquid boiler fuels
would have a distinct economic advantage over coal
combustion with flue gas desulfurization primarily in
congested areas of the Northeast where retrofitting to
include flue gas desulfurization is expensive. As an
example, projected EDS product slate usage could consist
of stationary turbine fuels, special marine diesel fuels,
and potentially home heating oils.

In general, direct coal liquefaction yields a high
fraction of heavy fuel oil products. Current R&D work
(at the laboratory stage) aims at upgrading this yield to
the middle distillate, and naptha portion, thus minimizing
the residual portion. However, this requires considerable
upgrading by hydrogeneration or hydrotreating, as discussed
in Chapter 4. In general, the products will be much more
aromatic than equivalent petroleun-based products (private
communication, Exxon Company, USA, 10/80) .

Indirect liquids such as Mobil-M gasoline and
methanol have projected use in transportation, and
transportation/utility peak usage respectively. These
and other product slates (Fischer-Tropsch) have been
identified and discussed in Chapters 3 and 4.

Tables 5-10 and 5-11 depict the scenarios con-
structed from this data. Table 5-12 compares the
scenario with other data.

5-33 ejb&a



TABLE 5-9 : POTENTIAL COMMERCIAL SCALE PROJECTS--COAL LIQUIDS (12/80)
(SOURCE : E. J. Bentz & Associates; note feasibility study
refers only to PL 96-126 programs)

PROJECT EST APPRQX.
SIZE START COST

PROJECT SITE PROCESS (1000BOE/D) UP (B$)

W.R. GRACE

STATUS: DOE cost shared demo;
conceptual design near com-
pletion; construction schedul-
ed for 1984.

TN Texaco
Methanol
M-Gas

6 0.5

TEXAS EASTERN SYNFUELS KY Fischer
Tropsch

STATUS: Feasibility study
completed; entered into
cooperative agreement with
DOE.

56

HAMPSHIRE ENERGY

STATUS: Beginning DOE funded
feasibility study.

WY Methanol
M-Gas

18 1985

NAKOTA CO. ND Methanol 40 1987

STATUS: Beginning DOE funded
feasibility study.

W.R. GRACE co Methanol 14 1986

STATUS: Beginning DOE funded
feasibility study.

AMAX MN Methanol 1985

STATUS: Beginning DOE funded
feasibility study.

HOUSTON NATURAL GAS/TEXACO LA Methanol 11 1987

STATUS: Beginning DOE funded
feasibility study.

COOK INLET REGION AK Methanol

STATUS: Beginning DOE funded
feasibility study.

23 1987

CELANESE TX Methanol 10 1986

STATUS: Beginning DOE funded
feasibility study.

CLARK OIL & REFINING IL Methanol 12 1987

STATUS: Beginning DOE funded M-Gas

feasibility study.
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TABLE 5-lo: COAL LIQUIDS BUILD-UP RATE SCENARIOS : INDIRECT AND DIRECT*

(12/80 ) (In Plant Units of 50,000 BPD)

of Crude Oil Equivalent

SCENARIO 1980 1985 1987 1990 1995 2 0 0 0

A Capacity added 3 3 3 5
in period

Total Capacity 3 6 9 14

B Capacity added 3 5 10 12
in period

Total Capacity 3 8 18 30

A Capacity added 2 2 2
in period

Total Capacity 2 4 6

B Capacity added
in period 2 8 10

Total Capacity 2 1 0 20

*Coal liquids build-up scenarios were constructed using interviews
and referenced information as cited in
footnotes p and r.

Table 5-9, text, and

SOURCE: E. J. Bentz & Associates
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TABLE 5-11: COAL LIQUIDS BUILD-UP RATE SCENARIOS* (12/80)

(In plant Units of 50,000BPD)
of Crude Oil Equivalent

Scenario 1980 1985 1987 1990 1995 2000

A Capacity added 3 5 5 7
in period

Total Capacity 3 8 13 20

B Capacity added 3 7 18 22
in period

Total Capacity 3 10 28 5 0

*
Values

SOURCE:

derived from Table 5-10.

E. J. Bentz & Associates

.
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TABLE 5-12: COAL LIQUIDS COMPARISONS

(MMBD) of Crude Oil Equivalent

Source 1980 1985 1987 1990 1992 1995 2000

National Energy Planl .7-1.8

Frost & Sullivan* 9.5

U.S. DOE3

She114
.03

.14

.12

1.0-1.5

.5 .8

.37 .57

.25

Scenario A ● 15 .4 .65 1.0

Scenario B .15 .5 1.4 2.5

1National Energy Plan II, 5/79.

2 Synfuel

3Private

Week reported 2/8/80.

communication, DOE, 11/80.

4Shell National Energy Outlook, Preliminary Versionf Feb. 1980.

SOURCE: E. J. Bentz & Associates

5 - 3 7

ejb&a



(D) Summary Tables and Comparisons

Table 5-13 depicts the summed synthetic fuel deploy-
ment schedules. Table 5-14 compares our “grass root”
scenario build-up with other estimates developed by
different approaches. As seen in Figure 5-1, the scenario
brackets most estimates.s

Next we will look at the labor requirements associated
with the scenarios, as well as identify other impacts and
concerns associated with their synfuel deployment.
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TABLE 5-13 : SUMMED SYNTHETIC FUEL DEPLOYMENT SCHEDULES*

(in plant units of 50,000 BPD)
of Crude Oil Equivalent

1980 1985 1990 1995 2000

Shale Oil .- . 5 8 9 9

Coal Liquids -- -- 8 13 20

A Coal Gases -- 1.7 7.11 13.6 18

Total -- 2.2 23.11 35.6 47

(MMBD) -- ( .11) (1.16) (1.78) (2.35)

Shale Oil -- . 5 1 0 1 8 . 5 1 9 . 0

Coal Liquids -- -- 10 28 50

B Coal Gases -- 1.7 13.0 23 30

Total -- 2.2 33.0 69.5 99

(MMBD) -- (.11) (1.65) (3.48) (4.95)

*
Derived from adding Tables 5-2, S-7, and S-11.

SOURCE: E. J. Bentz & Associates
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TABLE 5-14 COMPARISON
ESTIMATES

OF TOTAL SYNTHETIC FUEL
(TARGET GOALS)

(MMBD)
of crude Oil Equivalent

PRODUCTION

Source 1985 1987 1990 1992 1 9 9 5 2000

Energy Security
Act1

Exxon Outlook2

Bankers Trust 3

Mellon Institute 4

Natl. Energy 5

Plan (II)

NTPSC 6

(Low-Meal)

Shell 7

2/80

Scenario A .11

Scenario B .11

. 5

0-.02

.22

1 . 2 - 1 . 5

2.0

4 . 0 - 6 . 1

. 5

2.1

2.4-4.1

0 3 - . l 8

. 8 9

. 2 8 - 1 . 2 7  1 . 3 4 - 5 . 3 4

IEnergy Security Act, PL 96-294 6/30/80, Sec. IOO(a) (2) .

2Exxon Energy Outlook, Dec. 1979.

3Bankers Trust Forecast--as reported in

4Mellon Institute Forecast--as reported

5National Energy Plan II, May 1979.

Synfuels, 8/15/80.

in Synfuels, 8/22/80.

6National Transportation Policy Study Commission Report, July

7Shell National Energy Outlook, preliminary version, Feb. 19,

1979.

1980.

SOURCE: E. J. Bentz & Associates
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5 . 4

labor
3 and

Labor Requirements Associated With The Scenarios

There are two categories of labor needs: construction
and operations labor. As discussed in Chapters 2,
4, construction labor represents a peak employment

situation whereas operations represents a steady-state
labor requirement associated with the useful life of the
facility. In addition, as discussed earlier, there are
additional labor requirements in the geographical (and
sectoral) area associated with provision of goods and
services for the facility or for its labor force. The
peak labor force is confined to a limited number of years
(4-6) and often is several times the size of the resident
population. This is especially so in the West. The im-
pacts of this surge in peak labor can cause numerous com-
munity and environmental concerns in addition to severe
strain on local infrastructure and even erosion of this
infrastructure. Reference No. 52 discusses in detail
some of these site impacts and their consequences. In
addition, several studies, such as the Sec. 153a Studies
of the 1976 Highway Bill, have looked at “Coal Roads”
Issues, and the recently passed Energy Security Act
mandates further studies to assess and hopefully suggest
mitigation to energy impacted communities. The National
Transportation Policy Study Commission in its final report
(July 1979) specifically addressed the large and growing
impacts of coal movement either in unbeneficiated or
product form (pp. 141-149: The Commission forecast a
large growth in the movement of coal. Associated with
these movements will be: physical capacity concerns of a
carrier nature; adequacy of service issues associated with
carrier capabilities; and potential disruptions associated
with these large scale movements) .

5.4.1 Operations Labor Needs

Based on Chapter 4 results, a typical labor compo-
sition for operation of a 50,000 barrel/dav svnthetic
fuel facility is as follows:

Operations 120
Operator supervisors 25
Maintenance labor 150
Maintenance supervisors 30
Administrative 30

Total 3 5 5

* & —

people
people
people
people
people

people

Hence, upon applying this typical labor force participation
to the scenario deployment estimates we arrive at the
following aggregate estimate of needs: (See Table 5-15).
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TABLE 5-15 AGGREGATE OPERATIONS LABOR NEEDS (WORKERS) *

Workers 1985 1990 1995 2000
A B A B A B A B

Operators 264

Operator Supervisors 55

Maintenance Labor 330

Maintenance Supervisors 66

Administrative 66

Totals 781

264 2773

55 578

330 3465

66 693

66 693

781 8202

3960 4272

825 890

4950 5340

990 1068

990 1068

11,715 12,638

8340 5640

1738 1175

10,425 7050

2085 1410

2085 1410

24,673 16,685

11,880

2,475

14,850

2,970

2,970

35,145

*
Table 5-15 entries derived upon applying Chapter 4 typical labor force estimate
to values developed in Table 5-13. Operations labor needs skill mix utilized,
Chapter 4, based on ESCOE process estimates.

SOURCE: E. J. Bentz & Associates
9
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5.4.2 Construction Labor Needs

For a typical 50,000 BOED synthetic fuel plant, the
following construction labor skill mix needs are repre-
sentative for the generic process as described in
Chapters 3 and 4 (manpower requirements provided by
Chapter 4 reference information and Reference No. 53 ).
These estimates, as described in the reference citation,
are associated with the conversion process above. In
addition to these estimates will have to be added labor
needs associated with mining, transportation, potential
upgrading, distribution, and retailing. These requirements,
however, will depend upon the specific product produced, the
particular resource (fuel or coal) selected, the nature of
the site, and other specific features. The Appendix to
Chapter 2 gives a representative sample for different
specific conditions. Manpower rates used are those based
upon the previously referenced ESCOE work, which was part
of the original study design.

A. Direct Coal Liquids and Shale:

Engineers 958 man years
Draftsmen/Designers 625 man years
Manual, blue collar 9160 man years
(including pipefitters,
welders, skilled labor)

-
B. Indirect Coal Liquids:

Engineers
Draftsmen/Designers
Manual, blue collar
(including pipefitters,
welders, skilled labor)

c. Coal Gases

Engineers
Draftsmen/Designers
Manual, blue collar
(including pipefitters,
welders, skilled labor)

1985 man years
1330 man years

16,185 man years

1000 man years
700 man years

9000 man years
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The typical construction period is spread such that the
spread used for construction personnel labor demand is
as follows: (This does not include permitting require-
ments or delays)

Year
% Deployment 1 2 3 4 5

Engineers 30 40 15 10 5
Draftsmen/Designers 30 40 15 10 5
Manual/Blue Collar o% 10% 30% 40% 20%

Using the above estimates, and the previously derived supply
deployment scenarios, we estimate the following incremental
labor construction requirements (for each indicated time
period) for each generic process and scenario (Tables 5-16
to 5-19 ).
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TABLE 5-16 DIRECT COAL LIQUIDS· 

Incremental Construction Labor Requirements for Plants Coming On-line in Period Ending 

(Man-years 

1987 1990 1995 2000 

'Scenario: A B A B A B A B 

Engineers 1,916 1,916 1,916 7,664 1,916 9,580 

Draftsmen/ 
Designers 1,25(J 1,250 1,250 5,000 1,250 6,250 

Manual, 
Blue Collar 18,320 18,320 18,320 73,280 18,320 91,600 

• 
Table 5-16 values based on process construction labor needs identified in 
Section 5.4.2 applied to values in Table 5-10. 

SOURCE: E. J. Bentz & Associates 



— —

0
ml
m

m’
N

a
ml
ml
*’
m
A

m
o
0
0
ml

In
m
m

o’
co

4
m

“-l
-1

I

~
*

U!
In
m
m
f-l

F+
(0

In
m
In

m
in

o
m
m

m’
4 G

m’

m 0 l-n
N m m
m u m

-“
m’ w 0’

w

m
0
m
m
f-l

H
n
z
H h

Cn r-1
m 0 m
In m u-l
m m In

4● ☛

t=
l-i

I
m

m 0 In
I n u-l
m 2 In

m’ m’ m’*

m 0 m
m al m
m m In

m’ m’ m’-
4

a)
E
al
L1
CJ
c uH

5-46

ejb&a



o“1+c“1+

l-l

l-l

9

m!-l
(n

Imr-l
mm’

mm-5
-4

7
e
j
b
&
a

TABLE 5-18: * SHALE OIL 

Incremental Construction Labor Requirements for Plants Coming On-line in Peri d Ending 

Man-Years 

1985 1990 1995 2000 

Scenario: A B A B A B A B 

Engineers 480 480 7,185 9,100 95ij 8,143 480 

Draftsmen/ 
Designers 313 313 4,688 5,938 625 5,313 313 

Manual, 
Blue Collar 4,580 4,580 68,700 87,020 9,160 77,860 4,580 

* Table 5-18 values based on process construction labor needs identified in 
Section 5.4.2 applied to values in Table 5-2. 

SOURCE: E. J. Bentz & Associates 



TABLE 5-19 : COAL GASES *

Incremental Construction Labor Requirements for Plants CominOn-line in Period Ending

(Man-Years)

1985 1990 1995 2000

Scenario: A B A B A B A B

Engineer 1,700 1,700 5,410 11,330 6,480 10,000 4 , 4 0 0 7 , 0 0 0

Draftsmen/
Designers 1,190 1,190 3,78+7777 7,910 4,543 7,000 3,080 4,900

U
I
h Manual,m BlueCollar 15,300 15,300 48,690 101,700 58,410 90,000 39,600 63,000

*
Table 5-19 values based on process construction labor needs identified in
Section 5.4.2 applied to values in Table 5-7.

SOURCE: E. J. Bentz & Associates

m



5.4.3 Regional Deployment of Synthetic Fuel Plants Work
Force

Not all construction labor needs will be uniformly
distributed. As discussed earlier, different generic
processes will favor siting in different regions:

(i)

(ii)

Oil Shale: Almost all shale plants will be sited
in the West until the close of the century. Hence
all labor needs --both construction labor and opera-
tion labor--will be centered at the sites specified
earlier (Piceance, Uinta Basin) ●

Coal Liquids: Coal liquids, like coal gases, will
be more widely dispersed due to the abundant and
regionally varied U.S. coal supplies. As discussed
earlier, most of the earlier plants will be of the
indirect variety. Later direct plants will be de-
ployed in the Interior and Appalachian regions.
Using our previous build-up estimates, and those
of other references, (34) , we estimate the follow-
ing regional work force for coal liquids:

Table 5-20: Regional Share of Incremental Construction
Work Force for Plants Coming On-Line in
Period Endina:

(% Share of Totals in Man Years)t

1990 1995 2000
Scenario: A B A B A B

South Atlantic o 11% 29% 15% O 6%
East North Central 37% 30% 29% 35% 50% 41%
East South Central 13% 13% 14% 13% 17% 12%
West North Central 25% 21% 14% 15% o 18%
West South Central o 0 0 5% 1 7 %  1 2 %
North Mountain 25% 25% 14% 5% 1 7 %  1 1 %

(iii) Coal Gases: As discussed earlier, coal gases’,characteristic size units are smaller, more
numerous and more regionally dispersed. It is
expected that they will share the same regional
share deployment as do coal liquids reflecting
sitings at coal resources, and reflected in the
table above.
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5.5 Additional Concerns and Impacts: Product
Acceptability Concerns

We have already identified key impact concerns and
constraints: associated with synfuel development along
the entire fuel cycle (Chapter 2); associated with
individual technological processes (Chapter 3); with up-
grading (Chapter 4); and with actual proposed synfuel
plants (Chapter 50. We also have identified and dis-
cussed the supply-oriented needs and constraints asso-
ciated with synfuel development. Many of these concerns
are characteristic of the site-process selection (see
Footnote to Chapter 5) , and others are characteristic
of the entire industry build-up to meet synfuel ob-
jectives.

In addition to these concerns, there are other con-
cerns associated with synfuel product acceptability in
the user marketplace. Traditional end use technology--
such as internal combustion engines--have been optimized
to meet performance specifications based on power fuel
specifications, i.e., fuel product specificity must match
engine tolerances on a physical and material basis. In
addition to these performance specifications, additional
institutional requirements have been placed on the
utilization of end use technologies. Choosing the
automobile again, automotive emission standards for
criteria pollutants have been established with scheduled
decreases in emissions over time. In addition, automotive
fleets are subject to meeting the CAFE standards for fuel
economy. Hence the optimization process of matching auto-
motive performance with fuel specifications is a con-
strained one.

The potential changes in automotive standards
(emission standards for diesel exhaust), as well as the
potential introduction of new regulations and procedures
which impact on fuel production (such as regulations
pursuant to TSCA, RCRA, and Hazardous Waste Act) , will
further constrain the choices available and the time
available to find them. Also in the achievement of these
choices, tradeoffs between preservation of performance
goals and removal of potential contaminants may have to
be made. Several examples of the types and nature of
these product acceptability concerns follow:

● Severe hydrotreating of syncrudes may alter or
destroy certain fuel characteristics such as
lubricity. In recent tests (Reference No. 54
of hydrotreated Alaskan crude, the Navy found
that the hydrotreating affected the lubricity
of the resulting fuel, which in turn affected
the operation of their fuel pumps in aircraft
engines.
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● The handling and burning of heavy fuel oils,

.

especially from coal, may raise potential concerns
due to their high aromaticity and potential toxicity.
Potential carcinogenic concerns have also been
raised (Reference No. 55). These concerns require
further testing.

● Nitrogen removal: Several concerns have been
raised about the relatively higher concentration
of nitrogen in synfuels. Among them:

● Higher nitrogen content in synfuels has
been found by Navy to be a factor in
“gumming” (reference above) .

● Meeting present NOX automotive emission
standards (1.2 grams/mile) has been
difficult for the industry. With the
higher fuel-bound nitrogen content of
oil shale liquids, this difficulty is
expected to increase. Although severe
hydrotreating of the oil shale would
certainly improve this situation, it would
involve, as discussed in Chapter 4,
additional upgrading costs. (In general,
shale oil would be hydrotreated to reduce
nitrogen content prior to pipelining to
refinery. Also arsenic contaminants would
be removed as-they would poison refinery
catalysts, a key question in the degree of
upgrading to meet anticipated specs, and at
what cost?)

● Most SRC liquids have been found to be too
high in sulfur and nitrogen content. Recent
tests sponsored by EPRI at Con-Ed in New
York with SRC-II liquids have required
combustion modifications.

● The storage of incomplete refined or upgrated
products may pose disposal problems (and costs)
especially in more fragile ecosystems (see
reference 56 for discussion of aggregate waste
requirements) .
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‹ Next Step(s)

Next Step(s) will require that additional research
and testing be performed both at the fuel supplier and
end-user levels so that optimum changes can be made
between fuel upgrading requirements and end-use combustion
changes. AS shown in Chapter 4, synfuels can, in principle,
be processed to resemble current fuel production “specs”
(e.g., gasoline produced from the Sun Oil refinery at
Toledo from tar sands feedstocks) . Similarly, redesign
of end-use technologies to meet less expensively
produced synfuel yields are potential research options.

The potential use of the higher aromatic content of
coal liquids for efficiency improvements in higher-
compression engines is one example. The use of neat
methanol is another. The essential series of sub-
optimization “match-ups” --constrained by health,
environmental, safety and other concerns such as
liability for technology warantees--will also reflect
the utilization of current infrastructure (e.g., refinery
capacity) , and the projected composition of natural
crude supplies (Alaskan and Saudi sour crudes, Venezuelan
and Bakersfield heavy crudes; Overthrust production), to
which synthetic fuels contribute. This, however, is
beyond the scope of this study.u
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5.6 FOOTNOTES TO CHAPTER 5

a. (i) The general methodology used in developing the
“bottoms-up” assessments has used the following sources
of information:

(1) referenced literature and data cited in
and footnotes

(2) numerous interviews with industrial and
mental sources, including members of the
Synfuel Advisory Group

text

govern-
OTA

(3) proprietary information heretofore developed
by EJB&A, as cited

*Much of the interview information built upon
existing and on-going studies being performed by
EJB&A. AS such, the data base used was much
larger than the study scope allowed in itself.
Among the key sources of interview information
were:

(1) Governmental interviews were conducted with
numerous federal- and state offices including:
the U.S. Department of Energy [Policy Office,
Fossil Fuel” Office, Resource Applications,
Conservation Office, National Laboratories
(Oak Ridge)], the U.S. Environmental Protection
Agency (Toxics Substance Office, R&D Office),
Kentucky Department of Energy; California
Energy Commission; and the Massachusetts
Energy Office.

(2) Industrial interviews were conducted with
numerous staff of the major oil companies;
chemical companies; automotive companies;
and utility companies.

The OTA Synfuels Advisory Group, as well as the
OTA staff, were particularly helpful in their sound
advice, judgment, and insights in developing
information.

(ii) The overall guiding general assumptions used in the
methodological approach were:

(1) There will be no major international conflict
which would preclude supply of foreign raw
materials and manufactured equipment.
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(2) There will be no dramatic increase in the
consumption of energy related materials or
equipment by other segments of industry
which will impact on the synfuels fuels
program.

(iii) The overall approach methodology is given in
footnote p.

(iv) Specific assumptions associated with the development
of each of the scenario assessments have been given in the
text, and in footnotes: p (general and for shale oil);
q (for coal gases); and r (for coal liquids. Furthermore,
regionalization techniques are cited in footnote t.

(v) Scenario scope was chosen in consultation with OTA
staff at initial and interim briefings, and as reflected
in contract study scope.

b. As discussed later in the individual scenario sections,
“high” refers to a maximum deployment schedule, which
pushes the limits of material and skill mix availability.
However, it does not represent an emergency, supply
interruption contingency scenario. Development in the high
scenario is conducted by the private sector with fiscal
and R&D incentives being provided by the government so as
to minimize commercial risk, and to accelerate the pace
of development. The “business-as-usual” deployment
schedule represents a more historical growth characteristic
of capital-intensive new growth industries, as discussed
in Chapter 4. High capital demands, technical uncertain-
ties, and other factors discussed in Sections 5.2 and 5.3
dictate a more cautious approach that minimizes financial
exposure. The governmental role is mainly an R&D role,
especially in high-risk, yet potentially high payoff
beneficial technologies. Government fiscal incentives
are very minimal as compared to the high scenario. High
and low scenario choices were chosen in conjunction with
guidance from the OTA staff in initial, and subsequent
interim briefings.

c. I.e., in the mid-term (1980-2000), we have attempted using
existing information on scheduled supply projects to match
supply concerns with demand needs. An aggregate approach
reveals little as to the “make-up” of the fuel composition,
although macro aggregate techniques can be valuable in
long-term analysis, and in investigating macro-economic
effects such as capital formation and monetary effects.

d. Post 2000 fuel demand slate requirements are dictated
more by an assessment of long-term economic market forces,
and post 1980 mid-stream supply corrections that by 1980
“current” supply deployment constraints. This is especially
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e.

f.

h.

i.

k.

so since there is ample time (for the 2000+ period)
to remedy longer-term constraints and because of the
inherent uncertainties associated with projecting long-
term supply projections. This will be more fully dis-
cussed later in footnote p, subsection (v).

“Transition period” here simply refers to the time period
1980-2000 in which we are introducing new fuel supply
sources to complement our existing sources. Post 2000
fuel supplies may consist of considerable numerous, non-
renewable, and renewable fuel sources contributions. As
such, the 1980-2000 period reflects a period of decision-
making and change to achieve alternate fuel goals.

Examples of these are: fuel cell use in automobiles;
electric vehicles; and extensive use of active device
solar heating and cooling. For a more detailed descrip-
tion of potential automotive end use technology changes
see Report of the National Transportation Policy Study
Commission, June 1979, p. 93.

As an example of an alternate integrated approach see
Forecasts of Freiqht System Demand and Related Research
Needs, National Academy of Sciences, June 1978;
“Transportation Modeling and Freight Demand Trends, "
P“ 33, E. J. Bentz & Associates

Already defined in (e) above.

These alternative assessments, as referenced, reflect the
use of a variety of different techniques. The specific
techniques used differ greatly. Whereas some forecasts
rely heavily on the use of macroeconomic models (e.g., DRI,
Wharton, Chase) , others use more industry-specific survey
approaches. In the cited references for each alternative
forecast, the specific methodology employed is identified.
It should be clearly recognized that there are no “best
and only” approaches, since different technique highlight
different effects, e.g. , an industry survey may give good
insight on industry-specific technology changes, but give
little insight on the impacts of how potential external
changes in national interest rates may affect the industry.

Capital formation concerns including availability and rate
concerns are a key ingredient to synfuel project develop-
ment. However, scope, budget, and time precluded a
discussion of an analysis of these concerns. A general
discussion of these concerns can be found in “Synthetic
Fuels,” Report by the Subcommittee on Synthetic Fuels
of the Committee on the Budget, U.S. Senate, September 27,
1979, Chapter IV, p. 23, and Appendix I, p. 55.

Exhibits 5.1 and 5.2 identify respectively the potentially
critical material and equipment requirements for coal
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liquid plants (and associated mines), and overall
selected material and equipment items required.

They both represent a series of computer runs using the
ESPM model described in reference 44. The key implica-
tions of these tables and reference 44 are:

. for most equipment items, projected requirements
represent a relatively small percentage of
overall manufacturing capacity

. in general, domestic manufacturers can expand
production as demand develops

. in addition to domestic capacity, there is
foreign manufacturing capacity that can supple-
ment U.S. domestic capacity

. there are key items, as discussed above in the
text (such as draglines), where there may be a
potential constraint of a capacity or leadtime
nature

Furthermore, as illustrated in Table 5.2, reference 44
assessed for two different deployment schedules, peak
needs for equipment as a function of current production
capacity. In this regard” “peak” was used to represent
the maximum annual equipment requirements associated with
the deployment schedules.- Once again, we see that
“draglines” and “heat exchangers” are items of concern
in that peak requirements are a significant fraction of
existing domestic capacity. These peak concerns are
further constrained in that some items such as draglines,
air separation plants, and large pumps and reactor vessels
require substantial supply leadtimes. Although foreign
purchases may alleviate potential shortfalls, early
programmatic planning can facilitate domestic manufac-
turing expansions. These plans would include not only
equipment planning but planning concerning: transporta-
tion needs, capital formation, siting concerns, water
needs, and technical personnel needs. These will be
discussed later in text.

l. Overall employment statistics are of limited value in
assessing potential labor constraints. The shortages
which may occur will be for a particular technical or
craft skill. For this reason, exhibits 5.3-5.4 are
broken down by skill mix. Similarly, since project
construction-- as described in later section--is location
specific, an overall regional assessment is illustrated
in exhibit 5.5. As reference 44 discusses, the key
labor constraint concerns are:
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● the availability of chemical engineers may be
a key limiting factor in the availability of
engineering manpower

● the most serious challenge in meeting engineering
requirements will probably be in the early peak
years, as Exhibit 5.3 shows for design and
construction. This simply reflects the early
intensive use of these skills in normal project
deployment

● that the supply of civil, electrical, industrial,
and mechanical engineers will probably not present
as severe a concern as meeting chemical engineering
requirements (Exhibit 5.3)

● of skilled construction labor needs, the critical
needs are those of pipefitters, welders, boiler-
makers, and electricians (Exhibit 5.4). For some
sparsely settled regions of the nation where
there is a limited skilled labor force, this will
mean bringing in considerable new labor (such as
in the Alaskan pipeline) . Exhibit 5.5 illustrates
this regional pattern of potential skilled labor
needs.

m. Water supply and availability is of key concern to the
siting of synfuel plants. As mentioned in the text
(p. 5-13) and in Chapter 2, this is particularly true for
arid regions of the West- Under the prevailing system of
purchased water rights, most of the available surface
water supply in these Western regions has already been
allocated. AS such, these rights will have to be
acquired for prospective projects. It has been estimated
in The Nation’s Water Resources, the Second National Water
Assessment, U.S. Water Resources Council, ‘Washington, D.C.,
vol. A-2, April 1978, that the characteristic maximum
water consumption in the most water-scarce areas likely to
contain synfuel plants would be about 5% of current
consumption. State Water Law in the West: Implications
for Energy Development, Los Alamos Scientific Laboratory,
January 1979, gives a comprehensive discussion of current
water rights, and transfer in the West, especially as they
affect potential energy site development.

n. Ranges of shale oil capacity vary greatly depending on key
assumptions. As an example, the OTA’s "An Assessment of
Oil Shale Technology, ” June 1980, lists a 1990 production
target of 400,000 barrels/day as being “consistent with
achieving an efficient and cost-effective energy supply
system” (p. 10) and an alternate 1990 production target
of 200,000 barrels/day as a target “to maximize ultimate
environmental
Exxon, in its
a target of 8

.

information and production” (p. 11). Similarly,
1980 Report to the Business Roundtable, lists
million barrels/day by the year 2010 in the

5-57 ejb&a



o.

Piceance and Uinta Basin. These ranges which depict
the uncertainty of many key technical and socioeconomic
variables are illustrated in Tables 5-3 and 5-4.

As discussed earlier, the determination of site
choice for different processes is affected by many
factors. There are several critical factors that are
common to the siting of any synthetic fuel facility.
They have been discussed at length in the literature of
both coal and oil shale facilities (Reference Nos. 31,
32 and 33 ). One such review (Reference No. 32 )

includes a detailed evaluation of seven representative
facilities for various critical factors, which include
both physical and institutional aspects. The situations
assessed are representative of potential siting situations
for coal and oil shale conversion facilities. The critical
factors considered are:

Capital availability

Industrial marketing decisions
transportation availability

Resource depletion

Air pollution control

Water availability

Surface mine reclamation

Socioeconomic disruption

such

ownership of land and the management of
federally owned lands

The main objective is to determine on a regional
basis the potential for development of a synthetic fuels
industry with minimal conflicts. Assessment of the
ability to mitigate some of the environmental con-
straining impacts have been studied (above references) .

Among the characteristics that have been identified
and assessed are:

(1) Air Quality Characteristics: Special attention
has been paid to constraints due to Prevention of Signi-
ficant Deterioration and non-attainment areas.

(2) Water Availability: Institutional factors
(e.g., competing uses, allocation policies, water rights)
as well as physical factors (e.g., stream flows, quality
of the water) have been identified.
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(3) Socioeconomic Capacity. The capability of
communities to adjust successfully to the potential
social disturbances associated with the construction
and operation of large synthetic fuel facilities have
been identified as the key factor in affecting public
acceptance. This factor is particularly important for
synthetic fuel facilities to be located in western states
where the communities are small relative to the size of
the facilities. Socioeconomic capacity is evaluated with
respect to population size of the affected communities,
their infrastructure level of services, and growth
history.

(4) Ecological Sensitivity. This factor is evaluated
with respect to susceptibility of natural ecosystems to
disturbances associated with large scale industrial activity.
Waste disposal operations and reclamation of mined lands
and disposal sites of spent shales are considered impor-
tant considerations.

(5) Human Health. There is an undetermined potential
risk to both the health of occupational workers employed
in the synfuel plants, and to the population surrounding
the plants. As discussed in reference 31 , the
risk factors are still largely undefined because knowledge
is lacking about the kinds and quantities of toxic materials
to be released from actual synfuel plants. (See

(6) Land ownership. This factor, and particularly
the management of federally owned lands, is particularly
important in the West. There, the federal government is
a major land holder, and some critical lands are owned
by Indians. Policies established under the Federal Land
Policy and Management Act of 1976, as well as existing
management practices are in conflict with extensive ex-
ploration and development of coal and oil shale resources

- and with the siting of synfuel facilities.

P* Table 5-2 shale oil build-up scenarios were constructed
using the following iterative process. This same approach
was used in the build-up scenarios of coal liquids and
gases:

(1) Utilize General Methodological Assumptions stated in
footnote (a) (i.e., not supply interruption concerns) .

(2) Specific Approach:

(i) From Table 5-1 develop initial project schedules
baseline reflecting “business-as-usual conditions.
In developing baseline schedules utilize specific
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(ii )

(iii)

(iv)

(v)

project information; interviews with industry
and government officials and comparisons with
other individual and aggregate companions
(referenced in Table 5-3)

After developing initial baseline, iterate by
reviewing against above referenced comparisons
and additional interviews. Using a modified
Delphi-type approval, develop a final baseline
schedule.

using final baseline schedule, repeat steps
(i) and (ii) above, under new "upper limit"
conditions. These conditions reflect a maximum
possible rate-of-growth schedule consistent with
pushing material, manpower, and siting concerns
discussed in Sections 5.1 and 5.2. They mostly
closely reflect an environment of significant
governmental fiscal incentives to minimize market
commercial risk and accelerate development, as
reflected in the economic climate of the fall of
1980. They do, however, reflect utilization of
private market forces, and not large-scale direct
governmental intervention. For a more detailed
discussion of governmental assistance see
“Synthetic Fuels, Report of the Senate Budget
Committee, September 1979, Chapters IV and V.
As such, this “high” scenario does not reflect
an emergency planning, oil supply disruption
scenario. Such-a scenario, although very useful
in its own right, was not in the directed scope
of work, and would require significantly different
methodological assumptions and techniques.

After developing a final “high” and "low"
scenario, specific scenario characteristics,
such as differences in rate of growth, peaking
of scheduled outputs, and leveling “off”
phenomena were compared to above referenced
interviews and literature. A comparison of
several of these alternate “scenarios,” albeit
using different, and mostly proprietary techniques,
is given in Table 5-3.

post 2000 deployment schedules are mostly "second-
round” decisions which would be based on both
results of first round (1980-2000) successes and
failures, as well as an assessment of the market
needs for synthetic fuels in light of the supply,
availability, and price of conventional fuels,
as well as end-uses. For these reasons, extreme
values (at 2000) reflect first round decisions on
deployment, and not second round decisions. As
such, they are subject to more uncertainty. A
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(vi )

long-term overall energy supply, demand, and
price forecast was outside of the scope of this
effort. Also, for the numerous uncertainties
in Sections 5.1 and 5.2, as well as the technical
and methodological uncertainties inherent in long-
range forecasting. A discussion of the methodo-
logical and data needs associated with long-range
energy forecasting is given in Forecasts of Freight
System Demand and Related Research Needs, National.
Academy of Sciences, 1978, p. 33; “Transportation
Modeling and Freight Demand Trends,” E. J. Bentz
& Associates. A discussion of the supply and
availability of energy for future transportation
needs is given in Alternate Energy Sources,
Part B, Academic Press, 1981, p. 733, Transporta-
tion and Energy, Outlook to 2000, E. J. Bentz &
Associates.

There are additional product quality and accept-
ability concerns associated with the use of the
synfuel products. These concerns, already
introduced in Chapter 4, are discussed in
Section 5.4 and accompanying footnote. They
add an additional element of uncertainty into
the deployment schedule, but at this early research
stage are at best difficult to bracket.

.

q * From Tables 5-5 and 5-6 and referenced literature and
interviews, the low/reed Btu and high Btu coal gas build-up
scenarios were constructed from Table 5-7, using the
iterative methodology described in foot note p, and the
general assumptions outlined in footnote a. As discussed
in the text (Section B), particular reference 50 was
made to the National Coal Association Coal Synfuel Survey
reference as well as detailed proprietary information
developed by E. J. Bentz & Associates, and numerous private
communications with industry and governmental officials
(federal and state). As stated on p. 5-24, the eventual
regulatory treatment of high Btu gas (pricing, advances to
‘pipelines) will greatly affect the scenario schedules.
Although the scenarios assured that high Btu gas will be
treated as natural gas, this realization will be affected
not only by the treatment of high Btu gas, but also on the
pricing schedule of natural gas itself (i.e., natural gas
deregulation) . Table 5-8 summarizes comparisons with
current alternative forecasts. Note, as discussed in
footnote p, these alternative forecasts employed a
variety of different proprietary methodological techniques.
As such “bottoms-up” comparisons are not appropriate.

r. From Table 5-9, and identified literature and interviews,
using the iterative methodology described in footnote p,
and the general assumptions outlined in footnote a, Table 5-10
was constructed. Of specific assistance were references 50
and 51, as well as proprietary information developed by
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s.

t .

E. J. Bentz & Associates, in the deployment schedules.
In brief, indirect liquefaction technology is a known,
commercially proven technology. Although on-going R&D
will improve this technology (such as alternate gasifier
designs), it is building upon a known baseline. Also
much of the equipment needed is commercially available.
AS such, early development in the coal liquids area will
utilize indirect liquefaction techniques (including the
Mobil-M gasoline process) . Direct liquefaction offers
great promise, but requires more R&D to achieve a
similar commercial-type status. Also, as discussed in
Chapter 4, many of the direct products will have to be
upgraded, at additional costs, for use in existing end-
use technology. Hence, “direct liquids” will be intro-
duced later in our deployment schedules. Because of the
variety and complexity of coal liquid sources, as well
as the shale oil liquid contribution to our liquid supply
(discussed earlier), additional iterations had to be
undertaken sequencing individual supply sources (e.g.,
shale and indirect liquids earlier) and then reiterating
the sums against independent numbered comparisons and
previous interview results. As such, the “coal liquids”
scenarios-- high and low--represented the greatest number
of iterations. The comparisons of the developed build-up
rates with alternate estimates (derived using different
proprietary methodologies) is given in Table 5-12.

As discussed in footes a, ‘p, q, and 5, Table 5-14
depicts alternative macro-estimates developed by the
referenced sources using alternate (and often proprietary)
techniques.

Table 5-20 developed by distributing on regional basis each
of the incremental construction work forces for each of
the processes, described in Tables 5-16, 5-17, 5-18, 5-19
and then adding regional sums. In tiers, these regional
factors were first obtained using following independent
sources:

. reference 34 regional factors developed for
coal liquids

● Tables 5-1, 5-5, 5-6, and 5-9

. reference 20 for coal liquids (indirect) and
reference 6 for all synthetics

. proprietary information developed by E. J. Bentz
& Associates

NOTE: It should be noted that Figure 2-3 on p. 2-4
represents the geological coal resource region. Because
such a breakdown does not include all supply resources
(e.g., shale) as well as the fact that site location is
dependent upon a variety of factors (see footnote o), the
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Aroma-
tics
(Wt %)

Benzene

Toluene

Alkyl-
benzene

regions chosen for regionalization were the well-known
and used (in all the above references) census regions.

An example of the diversity of aromatic chemical
properties associated with coal-derived gasoline is
given in the following table.

Gasoline Gasoline from
from SRC-II Naphtha
Petroleum Hydrotreated

.12 18.0

21.8 19.0

27.97.0

Gasoline from Gasoline from
EDS Naphtha H-Coal Gas-Oil
Hydrocracked Heavy Hydrocracking

.08 5.1

12.6 6.5

43.6 1 4 . 6
C8 - C1 3

SOURCE: U.S. Environmental Protection Agency, Research
Triangle Park, 1980
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APPENDIX TO CHAPTER 2

Typical Mining Characteristics: Tables 3-8

From Reference: “Technology Characterizations”

U.S. DOE, June 1980
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TABLE7 - UndergroundOilShale Mining
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TABLE 8 - Coal Beeneficiation
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APPENDIX TO CHAPTER 5, A: STATUS OF PROCESS DEVELOPMENT

The status of development of coal conversion and
oil shale retorting both in this country and abroad are
reviewed at length in the literature (Rogers and Hill,
1979; National Coal Association, 1980; Fluor Engineers
and Constructors, Inc., 1979a,b,c) .

The status of synfuel commercialization is
summarized in

- “Table

- Table

- Table

the following tables:

A: Coal Gasification
and Constructors,

B: Coal Liquefaction
and Constructors,

(Fluor Engineers
Inc., 1979a) .

(Fluor Engineers
Inc., 1979b) .

c: Shale Oil Retorting (Fluor Engineers
and Constructors, Inc., 1979c) .

These tables also review the major characteristics
of these technologies. More details about the processes
are given in Bentz, E.J., 1980.
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TABLE A-2’ (continued)
COAL LMMJEFACTION – NVDROGENATION  PROCESSES
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TABLE A-3
SUMMARY OF RETORTING PROCESSES
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Appendix B-1: EXISTING U.S. AND FOREIGN LOW- AND MEDIUM-BTU GASIFICATION SYSTEMS

(Courtesy: ‘tLow and Medium Btu Gasification Systems:
Technology Overviewt’,U.S. EPA, 1978; EPA-600/7/78-061)

Gasifier

Lurgi

Wellman-Galusha

Moodall-Duckman/
Gas Intagrale

Koppers-Totxok

Winklor

Chapman (Uilputta)

Riley Norgan

Uellman  Incadenmcent

BGC/Lurgi  S l a g g i n g

Bi-Gas

Foster bJheeler/Stoic

Pressurized Uellman-
Galuaha {NERC)

GFERC Slagging

Te8aco
B C R  bw-Btu

combustion FmgAne.clng

Hyga.

Synthane

C02 Acceptor

Foster Wheeler

Babcock 6 wi~COX

U-Gas

Uestlrlghouae

Coiilex

●

under construction.

N-r of gasifioro currently operating (No. .ot gaslflers built)
Licenaor/develOper Low-Btu gaa #kdiua-Btti  gas Syntheaie  gas Iacation

Lurgi Mineralbltechnik  CabIl

JtcDowell Wellrsan Iingineering Co.

Woodall-Duckham  (USA) Ltd.

Koppera Company, Inc.

Davy Powergas

Uilputte  Corp.

Riley Stoker Corp.

Applied Technology Corp.

British Gae Corp. ● nd Lurgi
Hineraloltechnik  GebH

%ituminoue  Coal Reeearch, Inc. f

Foster ”Wheeler/Stoic Corp

ERDA

ERDA

Texaco Developtaent  Corp.

Bitumlnoua Coal Research, Inc.

Combustion Engineering Corp.

Instituto  of Gae Technology

ERDA

ERDA

Foster kJheeler Energy Corp.

The Babcock L Wilcox Co,

Institute of Gas Technology,
Phillips Petroleum Corp.

Westinghouse  ElectrLc  C o r p .

Inex R e s o u r c e s ,  I n c .

5 (39) (22) Foreign

0{150) US/Foroign

(72)@@ (O)** Foreign

(39)** Foreign

(23)** 6(14) Porelgn

Demonstration scale indicates 2000 to IJ),000 lb/hr coal feed.
Pilot scale indicates 400 to 1S00 lb/hr coal feed.

9*

us
us
US/?oreign

Poroign

us
us

us

us
us
us
us
us

us

us

us
us

us

us
us

Scale

Commercial

Commercial

Commercial

Commercial

commercial

Commercial

commercial

Commercial/
Demonstration

Demonstration

Demonstration

Demonstration

Demonstration

Demonstration

Demonstration

Demonstration

Demonstration

Dewnstratlon
(High-atu)

Demonstration
IJligh-Btu)

Demonstration
(High-Btu)

Pilot

P i l o t

Pilot (400
lb/hr coal)

Pilot
P i l o t

‘Undoternined number overseas currently in operation.



Appendix B-2: Continued

POPULATION OF LOW/MEDIUM-BTU GASIFIERS

Gasifier type

Gasifier name Licensor/Developer Stacus

Fixed-Sod, Dry Ash

Lurgi

Wellman-Galusha

Chapman (Willputte)

Woodall-Duckhan/Gas Incqrde

Riley  Morgan

Prtimxlxod  Uell.maB-CA.Lu8h~
OQRC)

?oscar  Uhadar/Stoic

kuosg  ?* B a d

CoMol ?* M

IB’B Tuo st&

krpsly Produar

MrlmhkA

PincuhRillebraad

U.G.I.  Blua Vatar  Gas

POu8r  Cu

U8uma Inundac9nt

DCUKalsar

mx@ d - B e d .  Slag ring  Ash

BCC/Lurgi S&g@aB Casifier

CPERCS&ggiag Gasiftir

Thy88al Galoesy

ArluoLurglCorp.  (USA)

lMou911 Udlmau ~sr. Co. (USA)

Wupuctc CO-.  (USA)

tii~--Cti,  Ltd. (USA)

BileyStokarCorp. (UBA)

krgustoun Emrsy Ruurch
Camtor/ERDA  (USA)

~o~ccr Uh-lcr &argy C o r p .  ( U S A )

Allis  Chalmrs  Cerp. (UBA)

m u. Kallou Go. (USA)

Ca9ral Eletcric  Ibsurcb  and
MTd3pnEc (USA)

amwlidacioa-?ial  co.
(USA)

xac@rMtlOMl YUraac8 Quipmnc
Co. , Ltd.

Burua of Miae8/zBDA (USA)

Unkawo (a~y)

U.C. I ● Corp. /mPoat

-r * Co. (USA)
.

(USA)

Applied T8cbaolou  (uDA)

u~

British Gas Council (CB)
Lurgi Mlnara161technik (W. Garmany)

Grand ?orkg Sxwrgy Resaarch
Career/ERM (USA)

un&oun

Pre9at m9weld operation

tru~c co98rcbl  o~ration

Prssenc c-mid  o p e r a t i o n

Pres8at c~rcld op~racion

?reaeac drnnscraclon unit testing;
~rcldly  awalhblc

P r~e dovalo~c unit casctig

Dmmscratlon  uaic pbaoad

Pm-t d@v910puat  Uait  tcscins  ;
c~rchuy  ● vallabla

Pr~ I 1 8 v ’ d o m e  Uait tasting

Pr~t devdop9mc unit tasting

Pr8sent  d8v9hpuat de tucq

?alsc ~rcid op8r8cioa

Pa8c ~rclal operation; amhracica
or coka ouly

rut ~rtlal  oparation

rut c~rcial  operatiou;  cotta o n l y

?-t ~rcial oporacion
,

Pr,kt ~rcial oparacifm

Past klopmac tit Cut*

Pr88ant  davalopmnc unit cescins

Presmt  dwelopmmt unit tasting;
llgnicm  only

Put c~rcial  operacion; coka only

Put c~rcial op@racfon;  coka only

B-2
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Appendix B-2 : Continued

POPULATION OF LOW/MEDIUM-BTU GASIFIERS

Gasifier type

Gasifier name Licenser/Developer Status

Fluidized-Bed, Dry Ash

Winkler

Hygas

Synthane

Hydrane

Cogas

Exxon

BCR Low-Btu

CO2 Acceptor

Electrofluidic Gasification

LR Fluid Bed

~ Fluidized Bed

BAs?-nasch-ouag

CZCB Marchuood

Edlar

?luidlzed-Bed,  Axglomracing  Ash

Bactmlle/Carbide

Westinghouse

City Collage  of MY  Mark 1

Ttm-atag8  ?luidized

ICI -ti~ Burden

Entraiaed-Bed,  Dry Ash

Carmct Flash Pyrolysis

Bianchi

Uavp  Pouorgaa  Co. (USA)

Institute of &s T8chnolocY  (Ufi)

Pittsburgh Energy
Centsr/ER.DA (USA)

Pittsburgh Energy

Concm/ERDA  (USA)

Cogaa Dsvelopmelac

-n Corp. (USA)

!bmareh

Research

Co. (USA)

Bitwinous  Coal Ressarch (USA)

Consolidation coal  co. (USA)

Iowa Scat@ Univ./ERDA (USA)

unkaoun(Cmsany)

Hydrocarbon Besaarch  Inc. (Uw)

Badisclm Aail.irI  und Soda ?abrik
(Uestceraany)

Unkaouu
Ullkaouu(timany)

Iastituca of Gas Technology

Bsctalla  hrial Instituta

Westingbousa  Electric Corp.

Rydrocarboa Research Inc./
A.M. Squires (USA)

(USA)
(USA)

(USA)

British Gas Council (England)

Isperial Chemical Induscrias,  Ltd.
(England)

Prasent

Present

Prssent

Present

Pre8ent

Present

Prssenc

Presmnc

Present

Ps8t

Past

Past

Past

Put

comercial operacion

devologment unit testing

devalopmonc unit tuctng

developaanc  unit tescing

development unit cesting

developmsnc unit  tsscing

development unit  cescing

devslopmenc unic cescing

develo~nt unit cescing

comercid oporacion

development unit tescing

developnnt unit testing

d@v@W=nc unit tasttig

davelopwnt  unit tescing

Prmoanc  davalopmenc  unit r e s t i n g

Presanc  devalopmnt  uni t  testing

Presanc  development unit tescing

Present davelopmenc  unit csseing

Present devalopwnc unit testing

Pasc dcvelopwnt  unit  t e s t i n g

Garrect  Research and Development Present development unit tsscing
co. (USA)
UnhOun (France) Past development unit  testing;

llgnlce only

B-3



Appendix B-2 : Continued

POPULATION OF LOIJ/MEDIUM-BTU  GASIFIERS

..—
~s~fl~r tYD~

tisifiar nam Licenser/Developer status

?aoindeo

UBSM Anau&r  titort

UBBM  Electrically Eucti

Cacrained-lhd, SlmtSinU Ash

Eeppers=Totx@k

Bi-Cu

T~o

@alu

?AIEO/Po8c8r  Uh-lcr

~~~ ~w

BtimYotmguttlTer8ity

Bakockcnduilcox

hhr~Vortex

~Cy~er

In&ndsta*l

m?krwcoum

Crest  Borthrn  Sdhmy

PM cyc100a

lbltm ltcdia,  Slamiax Ash

Kahm Mlteo Sdt

Atga8/Pacw

Bsckgas

-L Sit@e  Shaft

S- Guifiacion

Otto-*l  Doubla Shaft

Oaknoun (France)

Btuaauotnin8*/BRDA(usA)

Buro8u  of MlnedSRDA (USA)

Koppsra co.,  (USA)

Bittminouc Coal Rasearch,  Ioc.
(USA)
Texaco  OCvdopmllt  amp.  ( U S A )

Pittsburgh ● od RI*8Y Coal Co. /

?st=  Wlmalsr (USA)

Brl@m  Youq  !hdwrmityl
Bimmiwu8  M lbaarcb  (USA)

Y&9 Babcock 4 Wucox co. (USA)

Iasticuta of Cu Toch8010gy (USA)
~ stad co. (USA)

lbr~touo  bs~ Bssurch
hc8r/mnA  (USA)
Crau Borthara  Bailway  Co. (USA)

Umbom (Eagland)

n. w. tillou co. (USA)

Applld Tachoolom Corp. (USA)

At-es Iatarmthul  (USA)

Union BJmlaischo Braun Kohlen
ti@ftStOff A. G. (west h-y)

Suo &8urch and Osvalopmsnc Co.
(USA)

Dr. C. Otto  cad  Co.

Past dmmlepment  unit tcscing;
limito only

Pasc dovelopwnt  uait  tascing;
Llmice only

Puc dovelop9cnc unit Ccscing

Prao8ac  cmrcial operation

Prrnut devalopmcnt uni t  cascing

Presmc dmmlopwnt unit e a t i n g

Pruant dmmlopunc  unit  cescing;
~rcially  ● milabla

Prao-t davalopunt unit cestin~

Pramc  demlopmait unit cest:n~

?~ drnlo~ unit eating

Past c~rcti operation

?a8t c~rcial  oparacioa

Pastdevelopment unit testing

Past dcvdopment Uait Cmcillg

Put d@w910p9mt de tasclng

Paat  dav,lopunt  tit tuciq

Put dovd~t unit teacing

Pmsmt development unit testing

Pruont daveio~t  unit tasting

Prasaat development unit cescing

Pa8t comcrcial operation

PUC davolopment  uni t  cescing

Past development unit tesclrq
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APPENDIX TO CHAPTER 5, C

COOPERATIVE AGREEMENTS AND FEASIBILITY
STUDY GRANTS FOR SYNFUELS

(Source: U.S. DOE 7/80)
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Wycoal Gas $13,155,000 Wycoal plans to construct a facility using Lurgi and
Texaco gasification units to process 16,000 tons of
sub-bituminous coal daily to produce high Btu gas.
All liquid by-products will also be gasified. The
facility is to be located in Douglas, Wyoming. The
Statement of work proposed will involve developing a
definitive basis for plant design estimating costs,
securing permits and approvals, obtaining financing
and identifying long-lead delivery items. There is
a market for the SNG via a pipeline system to the#
midwest owned by the participants. The project would
produce the equivalent of 51,000 barrels of oil per

. day.

m FEASIBILITY STUDY GRANTS

TECHNOLOGY..——.-.——-—
!

REQUESTED FROM DOE “. - — — . — — — DESCRIPTI0N/SITE— — — . —
—  — — .—— —

.

Coal Liquids

Cook Inlet Region $3,900,000 Feasibility study of producing 54,000 barrels per day
Anchorage, Alaska 99509 of methanol from low sulfur coal using Winkler gasi-

fier and ICI methanol synthesis.
Site: West side of Cook Inlet, Alaska

W . R. Grace $786,477 ‘Stage 111 of a feasibility study of a coal sourced
Denver, Colorado 80223 methanol plant using a Koppers/Totzek Gasifier.

Site: Moffat County, NW Colorado

Clark Oil & Refining $4,000,000 Feasibility study of producing synthesis gas from
Milwaukee, Wisconsin 53227 coal, steam, oxygen & methanol from synthesis gas

using a KT Gasifier, ICI & the Mobil M Process.
Site: S. Illinois
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Republic of Texas Coal
Co. and Mitchell Energy
Corp.
Houston, Texas 77002

Mountain Fuel Supply Co. $1,810,762
Salt Lake City, Utah 84139

Peat. — —

Minnesota Gas Co.
Minneapolis, Minnesota
55402

$3,996,554

Feasibility study of gasification, in-situ deep
Texas lignite and conversion of remaining medium
Btu synthesis gas to methanol and high octane gasoline.
Site: Calvert, Robertson County, Texas

Two-year feasibility study of unconventional natural
gas in the Pinedale field. Product is natural gas
and condensate.
Site: Sublette County, Wyoming

Nineteen month feasibility study for the production of
high Btu substitute natural gas from peat.
Site: Minnesota

n
I Shale Liquid Upgrading< .——..——

,
Union Oil Energy Mining $4,000,000 Feasibility study for operation of a 10,000 BPD up-
Los Angeles, CA 90017 grading plant producing premium quality syncrude.

Site: Grand Valley, Colorado
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GLOSSARY (Courtesy: Coal Liquefaction

absorptio an imprecise term suggesting the taking up of one
substance by another by either a physical process or a chemical
combination.

acceptor — calcined carbonate that absorbs carbon dioxide evolved
during gasification. liberating heat.

acid gas removal — the process of selectively removing hydrogen
sulfide and carbon dioxide from a gas stream.

activated carbon — carbon obtained by carbonization in the absence
of air, preferably) in a vacuum; has the property of absorbing
large quantities of gases. solvent vapors; used also for clarifying
liquids.

● diabatic — any process where heat is neither given off nor
absorbed.

● dsorption — the process by which the surface of a solid or liquid
attracts and holds any atom. molecule. or ion from a solution
or gas with which it is in contact.

● gglomerate — assemblage of ash particles rigidly joined together.
as by partial fusion (sintering).

● nttmcits coal — hard coal containing 86 to 98 percent fixed car- “
bon and small percentages of volatile material and ash.

API — American Petroleum institute.
API gravity— a scale adopted by the API for measuring the density -

of oils; 0 API = 141 .5 - 131.5

Specific gravity. 60° F 60° F
● romatic hydrocarbon — a cyclic hydrocarbon containing one or 

more six-carbon (benzene) rings.
● sh — solid residue remaining after the combustion of coal.
ASTM — American Society for Testing Materials.
a u t o c l a v e  — a vessel, constructed of thick-walled steel for carrying

out chemical reactions under high pressures and temperatures.

bench-scale. unit — a small-scale laboratory unit for testing process
concepts and operating parameters as a first step in the evalua-
tion of a process.

. binder — carbon products. tars. etc.. used to impart cohesion to
the body to be formed: a coai-extract binder may be used to
prepare formed-coke pellets from non-coking coals.

bituminous coal — a broad class of coals containing 46 to 86 percent
fixed carbon and 20 to 40 percent volatile matter.

blow down— periodic or continuous removal of water from a
boiler to prevent accumulation of solids.

bottoming cycle~ — the lower temperature thermodynamic power
cycle of a combined-cycle system.

Btu — British thermal unit. the quantity of energy required to
raise the temperature of one pound of water one degree
Fahrenheit.

BTX— benzene. toluene. xylene; aromaticc hydrocarbons.

caking — the softening and agglomerartion of coal as a result of
the application of heat.

calcination — the process of heating a solid to a high temperature
to cause the decomposition of hydrates and carbonates.

caIorific value— the quantity of heat obtaincd by the complete
combustion of a unit mass of a fuel under prescribed conditions.

Quarterly Report, U.S. DoE,
May 1979)

carbon fiber – fine filaments of carbon about eight microns in
diameter which are used in composite materials. being bound
with resins.

carbonization — destructive heating of carbonaceous substances
wit h the production of a solid. porous residue or coke. and the
evolution of a number of volatile products. For coal. There are
two principal classes of carbonization. high-temperature coking
(about 900” C) and low-temperature carbonation (about
700° c).

catalyst — a substance that accelerates the rate of a chemical
reaction without itself undergoing a permanent chemical change.

centrifuge — an apparatus rotating at high speed which utilizes
the centrifugal force generated to separate materials of different
densities. e.g.. undissolved residue from coal solution in the
SRC process.

char — the solid residue remaining alter the removal of moisture
and volatile matter from coal.

Claus process— industrial method of obtaining elemental sulfur
through the partial oxidation of gaseous hydrogen sulfide in
air followed by catalytic conversion to molten sulfur.

coal — a readily combustible rock containing more than 50 weight
percent and more than 70 volume percent of carbonaceous
material including inherent moisture. formed from compaction
and induration of variously altered plant remains similar to
those in peat.

coalification — metamorphosis of vegetable debris into coal.
coke — strong porous residue cons] sting of carbon and mineral

ash formed when bituminous coal IS heated in a limited air
supply or in the absence of air. Coke may, also be formed by
thermal decomposition of petroleum residues.

coke breeze — the fine screenings from crushed co kc usually pass-
ing a 1 2 inch or 3 4 inch screen opening.

combined cycle — two sequentai thermodynamic power conver-
sion systems operating at different temperatures.

combustion gas — gas formed by the combustion of coal. e.g..
burning.

combustor — a vessel in which combustion taken place
coupon — a polished metal strip used to measure the rate 01 cor-

rosion of the metal in a specific gaseous or liquid environment.
cracking — the partial decomposition of h l~h-m~)lecuiar-weight

organic compounds into Iower-molecular-weight compounds.
generally as a result of high temperatures

crude gas — impure gas produced in a gasifier
culm — the waste or slack from anthracite mines or preparation

plans consisting of fine coal, coal dust. and dirt.
cyclone separator – essentially a settling chamber to separate solid

panicles from a gas. in which gravitational acceleration is
replaced by centrifugal acceleration.

degasification — a process for removing nat urally occurring meth-
ane from coal seams.

delayed cokinq — a process wherein coal Is subjected to a long
period of carbonization at moderate temperatures to form coke.

demineralization –- removal of mineral matter (ash) from coal by
solvent extraction. usually under hydrogen atmosphere.
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depolymerization — the change of a large molecule into simpler
molecules usually accompanied by the substitution of hydrogen
for oxygen in the molecular structure.

destructive distillation — the distillation of coal accompanied by Its
thermal decomposition.

desulfurization — the removal of sulfur from hydrocarbonaceous
substances by chemical reactions.

devolatization — the removal of a portortion of the volatile matter
from medium- and high-voiatile coals.

diatomaceous earth — a yellow. white. or light-gray, siliceous por-
ous deposit made up of opaline shells of diatoms: used as a
filter aid. paint filler, adsorbent. abrasive. and thermal insula-
tor. Also known as kieselguhr.

diatomite — See Diatomaceous Earth.
dissolution — the taking up of a substance by a liquid with the

formation of a homogeneous solution.
distillation — a process of vaporizing a liquid and condensing the

vapor by cooling: used for separating Iiquids into various frac-
tions according to their boiling points or boiling ranges.

dotomite~ — a carbonate of calcium and magnesium having the
chemical formula CaMg(CO3)2

Dowtherm — trademark for a series of eutectic mixtures of diphenyl
oxide and dlphenyl used as high-temperature heat-transfer
fluids.

● bullated bed — gas containing a relatively small proportion of
suspended solids. bubbles through a higher density fluidized
phase with the result that the system takes on the appearance
of a boiling liquid.

economizer — beat exchanging mechanism for recovering heat
from flue gases.

effluent gas — gas given off from a process vessel.
etutriation — the preferential removal of the small constituents of

a mixture of solid particles by a stream of high-velocity gas.
● ndoth_mic reactton — a process in which heat is absorbed.
● rtthdpy change — the increase or decrease in heat content of a

substance or system which accompanies its change from one
state to another under constant pressure.

● ntrmncd bed (flow) — a bed in which solid particles are suspended
in a moving fluid and are continuously carried over in the
effluent stream.

eutectic —that combination of two or more components which
produces the lowest melting temperature.

● xotttermte reaction — a process in which heat is liberated.
extraction — a method of separation in which a solid or solution

iS contacted with a liquid solvent (the two being essentially
mutually Insoluble) to transfer components into the solvent.

● xtractlve coking — similar to delayed coking process. with the
emphasis on high tar yieids to produce liquids.

filter sw — finely divided solids used to increase efficiency of
filtering.

filter cake -- the moist residue remaining from the filtration of a
slurry to produce a clean filtrate.

filtrate — a liquid free of solid matter after having passed through
a filter.

filtration — the separation of solids from liquids by passing the
mixture through a suitable medium. e.g.. cloth, paper. dia-
tonaccous earth.

Fischer assay — method for determining the tar and light oil yields
from coal or oil shale: conducted in a retort under an inert
atmosphere with a presribed increase in temperature to 500o C.

Fischer-Tropsch catatyst — catalysts developed for the catalytic syn-

thesis of liquid fuels from coal-derived svnthesis gas; catalysts
contain principay iron. cobalt. nickel. or ruthenium.

Fischer-Tropsch process — method of hydrogenating mlxtures of

carbon monoxide and hydrogen produced from coal. lignite.
or natural gas by means of steam. at 1-10 atmospheres and
360-410 o F to yield Iiquid and gaseous fuels. and a wide spectrum
of industrial chemicals.

fixed-bed –- stationary solid particles in intimate contact with fluid
passing through them.

fixed carbon — the solid residue. other than ash. obtained by
destructive distillation; determined by definite prescribed
methods.

flash carbonization — a carbonization process characterized by short
residence times of coal in the reactor to optimize tar yields.

ftue gas— gaseous combustion products.
fluidization (dense phase) — the turbulent motion of solid particles

in a fluid stream; the particles arc close enough as to interact
and give the appearance of a boiling liquid.

fluidization (entrained) — gas-solid contacting process in which a
bed of finely divided solid particles is lifted and agitated by a
rising stream of gas.

fluidized-bed — assemblage of small solid panicles maintained in
balanced suspension against gravity by the upward motion of
a gas.

fly ash— a fine ash from the pulverized urned in power
station boilers. or entrained ash carried over from a gasifier.

fractionation — distillation process for the separation of the various
components of liquid mixtures.

freeboard — the space in a fluidized-bed reactor between the top
of the bed and the top of the reactor.

free swelling index — a standard test that indicates the caking char-
acteristics of coal when burned as a fuel.

Friedel-Crafts reaction — a substitution reaction. catalyzed by alum-
inum chloride in which an alkyl  R-) or acyl ( RCO-) group
replaces a hydrogen atom of an aromatic nucleus to produce
a hydrocarbon or a ketone.

fuel cell — a galvanic cell in which the chemical energy of a con-
ventional fuel is utilized to produce electricity.

fuel gas — low heating value ( 150-350 BTU, scf) product generally
utilized on sitc for power generation or industrial use.

gasification of coal — the conversion of solid coal into a gaseous
form by various chemical reactions with steam.

gasifier — a vessel in which gasification occurs. usually utilizing
fluidized-bed. fixed-bed. or entrained-bed units.

he@ capacity— quantity of heat required to raise the temperature
of one pound of a substance one degree Fahrenheit.

high-Btu gas— a gas having a heating value of 900 to 1,000 Btu
per standard cubic foot. which approaches the value for natural
gas.

higher-heating value (HHV) — t}. heat liberated during a combus-
tion process in which the product water vapor is condensed
to a Iiquid and the heat of condensation is recovered.

hydroclone — a small cyclone extractor for removal of suspended
solids from a flowing liquid by means of the centrifugal form
set up when the liquid IS made to flow through a tight conical
vortex.

hydrocoking — coking of tars. SRC. etc.. under hydrogenating
conditions to form Iiquid products.

hydrocracking — the combination of cracking and hydrogenation
of organic compounds.

hydrogasification — gasification that involves the direct reaction of
fuels with hydrogen 10 optimize formation of methane.

hydrogenation — chemical reactions involving the addition of
gaseous hydrogen to a substance in the presence of a catalyst
under high temperatures and pressures.

hydrogen donor solvent — solvent. such as anthracene oil tetralin
(tetrahydronaphthalene), decalin. etc.. which transfers hydro-
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gen to coal constituents causing depolymerization and conse-
quent conversion to Iiquid products of lower boiling range
which are then dissolved by the solvent.

hydrotreating — a process to catalytically stabilize petroleum or
other liquid hydrocarbon products and or remove objection-
able elements from products or feedstocks by reacting them
with hydrogen.

Ideal gas— any gas whose equation of state IS expressed by the
ideal gas law, namely PV = nRT where P IS the pressure. V is
the volume. R is the gas constant. T is the absolute temperature,
and n = number of moles.

Ignition temperature— the minimum temperature necessary to initi-
ate self-sustained combustion of a substance.

Industrial gas — see fuel gas.
Inerts— constituents of a coal which decrease its efficiency in USC.

e.g.. mineral matter (ash) and moisture in fuel for combustion.
In situ— in its original place. e.g.,underground gasification of a

coal scam.
intermediate-Btu —synthesis gas product with a higher heating

value between 350 and 500 Btu per standard cubic foot.

Ilgnite— brownish-black coal containing 65-72 percent carbon
on a mineral-matter-free basis. with a rank between peat and
subbituminous coal.

limestone— sedimentary rock containing 50 percent carbonate
(CO3) of lime or magnesia. Chemical formula (for calcite lime-
stone) is CaCO3

Iiquefaction— conversion of a solid to a liquid: with coal. this
appears to involve the thermal fracture of carbon-carbon and
carbon-oxygen bonds, forming free radicals. These radicals
abstract hydrogen atoms yielding low molecular weight gaseous
and condensed aromatic liquids.

Iiquefied patroleum gas (LPG)— those hydrocarbons that have a
vapor pressure (at 70o F) slightly above atmospheric (such as
propane and butane): kept in Iiquid form under a pressure
higher than 1 atm.

lock hopper — a mechanical device that permits the introduction
of a solid into an environment of different pressure.

Iow-Btu gas — a gas having a heating value up to 350 Btu per
standard cubic foot.

Iower heating value — the heat liberated by a combustion process
assuming that none of the water vapor resulting from the process
is condensed, so that its latent heat is not available.

MAF— moisure and ash-free; a term that relates to the organic
fraction in coal.

mesh — measure of fineness of a screen. e.g.. a MO-mesh sieve
has 400 openings per linear inch.

methanation — the production of methane (CH4) from carbon
monoxide or dioxide and hydrogen.

methane a CH4, a colorless. odorless. and tasteless gas. lighter
than air; the chief component of natural gas.

methane — methanol alcohol. CH3OH.
micron — a unit of length equal to one millionth of a meter: 10-6

meter.
moving bed — particlized solids in a process vessel that are circu-

lated (moved) either mechanically or by gravity flow.

natural gas — naturally occurring gas extracted from sedimental
structures consisting mainly of methane and having a higher
heating value of approximately 1,050 Btu per standard cubic
foot.

noncoking coal — a coal that does not form coke under normal
coking conditions.

olefinic hydrocarbon — a class of unsaturated hydrocarbons con-
taining one or more double bonds and having the general chem-
ical formula CnH2n

open cycle — a thermodynamic power cycee in which the working
fluid passes through the system only once and is then exhausted
to the atmosphere.

peat— an unconsolidated. hydrophilic. yellowish-brown to brown-
ish-black. carbonaceous sediment. formed by accumulation of
partially fragmented and decomposed plant remains in swamps
and marshes which retains more than 75 percent inherent mois-
ture and less than 12 percent mineral matter in saturated natural
deposits.

petrochemicals— those derived from crude oil or natural gas. or
their coal-derived substitutes: they include light hydrocarbons
such as butylene. ethylene and propylene. the raw materials for
the production of plastics by polymerization.

phenols— a group of aromatic compounds having the hydroxyl
(OH) group directly attached to the benzene ring.

pilot plant —  chemical process plant containing all the processes
of a commercial unit, but on a smaller scale. for the purpose
of studying the technical and economic feasibility of the process.

pipeline gas— a methane-rich gas that conforms to certain stan-
dards and has a higher heating value between 950 and 1.050
Btu per standard cubic foot.

plenum chamber — an enclosed space through which air is forced
for slow distribution through ducts.

present — layer of suitable filtering medium. e.g.. diatomaceous
earth. laid down on a rotary filter cloth prior to operation.

prilling tower— a tower that produces small solid agglomerates by
spraying a liquid solution in the top and blowing air up from
the bottom.

process development unit - a system used to study the effects of
process variables on performance: sized between a bench-scale
unit and a pilot plant.

proximate analysis— analysis of coal based on the percentages 01
moisture, volatile matter. fixed carbon (by difference). and asn.
using prescribed methods. Reported on different bases. such as
as-received (or as-fired), dry, mlncral-matter-free (mmf), and
dry mineral- matter-free (dmmf).

purification — removal of a wide range of impurities present in
gases from coal gasification.

pyrolysis — thermal decomposition of organic compounds in the
absence of oxygen.

quenching — cooling by immersion in oil. water bath. or water
spray.

Raney nickel catalyst — specially prepared nickel catalyst used in
the hydrogenation of organic materals and the methanation
of synthesis gas to methane.

raw gas— see crude gas.
reactivity — susceptibility to chemical change: for example, in coal

liquefaction. the reactivity of the coal for conversion to Iiquid
products is a function of the coal rank. among other things.

reactor — vessel in which coal-conversion reactions take place.
Rectisol process— a process for the purification of coal-gasifica-

tion gas based on the capability of cold methanol to absorb
all gas impurities in a single step: gas naphtha. unsaturated
hydrocarbons. sulfur compounds. hydrogen cyanide. and car-
bon dioxide are removed from the gas stream by the methanol
at temperatures belOW O°C.

reducing gas — a gas which, at high temperatures, lowers the state
of oxidation of other chemicals.
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reforming processes — a group of proprietary processes in which
low-grade or Iow molecular weight hydrocarbons are catalyt-
ically converted to higher grade or higher molecular weight
materials: also applies to the endothemic reforming of methane.
for the production of hydrogen, by the reaction of methane
and steam in the presence of nickel catalysts.

refractory — a material capable of withstanding extremely high
temperatures and having a relatively low thermal conductivity}’.

residence time — time spent by a typical particle in a particular
z o n e .

saturated hydrocarbon — a carbon-hydrogen compound with all
carbon bonds filled; that is. there are no double or triple bonds
as in olefins and acetylenes.

scrubber — apparatus in which a gas stream is freed of tar.
ammonia. and hydrogen sulfide.

seam coal — coal which is intermediate in rank between bituminous
coal and anthracite: contains 8 to 22 percent volatile matter
and from 9 I to 93 percent carbon.

semi- water gas — a mixture of carbon monoxide. carbon dioxide.
hydrogen. and nitrogen. obtained by passing an air-stream mix-
ture through a hot bed of coke. having a higher heating value
of about 120 Btu per standard cubic foot.

sensible heat— that heat which results in only the elevation of the
temperature of a substance with no phase changes.

shift conversin — process for the production of gas with a desired
carbon monoxide content from crude gases derived from coal

gasification; carbon monoxide-rich gas is saturated with steam
and passed through a Catalytic reactor where the carbon
monoxide reacts with steam to produce hydrogen and carbon
dioxide. the latter being subsequently removed in a scrubber
employing a suitable sorbent.

sintering — the agglomeration of solids at temperatures below
their melting point, usually as a consequence of heat and
pressure.

slag — molten coal ash composed primarily of silica, alumina
iron oxides. and calcium and magnesium oxides.

slurry — a suspension of pulverized solid in a liquid.
solvation — the assocation or combination of molecules of solvent

with solute ions or molecules.
solvent — that component of a solution which is present in excess:

Iiquid used to dissolve a substance.
solvent  extractlon — selective solution of coal constituents from

finely divided coal particles into a suitable solvent after intimate
mixing, usually at high temperatures and pressures in the
presence of hydrogen, with or without a catalyst. followed by
phase separation.

solvent refined coal (SRC) — a coal extract derived by solvent
extraction; a brittle. vitreous solid ( m.p. 300° F to 400° F) con-
taining about 0.1 percent ash and about 10 percent of the sulfur
in the original coal feedstock; calorific value is about 16.000
Btu per pound: may be used as a clean fuel for power genera-
tion by combustion: utilized for the production of h:gh-grade
metallurgical coke. anode carbon. and activated carbon by
coking. or hydrogenated to produce synthetic crude oil.

space Velocity — volume of a gas (measured at standard tempera-
ture and pressure) or liquid passing through a given volume of
catalyst in a unit time.

spacific gravity — ratio of the weight of any volume of a substance
to the weight of an equal volume of water at 4°C.

specific heat — heat capacity of a substance as compared with the
heat capacity of an equal weight of water.

standard cubic fool {SCF) — the volume of a gas at standard condi-
tions of temperature and pressure. The American Gas Associa-

tion uses moisture-free gas at 60° F and 30 inches of mercury
( i .0037 atm) as Its standard conditions. The pressure standard
IS not universal in the gas Industry: 14.7 psia ( 1 .000 atm) and
14.4 psia (0.980 atm) are also used. The scientific community
uses 32C F and ! atm as standard conditions.

stoichometry — the definite proportions in which molecules react
chemically to form new molecules.

stripping — the removal of the more volatile components from a
liquid mixture of compounds.

subbituminous coal — the rank of coal between bituminous and
Iignite. classified by ASTM as having a range of heating values
between 8.300 and i 1.000 Btu per pound on a moist mineral-
matter-free basis.

substitute natural gas (SNG) — a gas produced from coal. oil sands.
or oil shale conforming to natural gas standards.

Superficial velocity — the linear velocity of a fluid flowing through
a bed of solid particles calculated as though the particles were
not present.

superheater — a heat exchanger ,which adds heat to the saturated
steam Ieaving a boiler.

syncrude — synthetic crude oil: oil produced by the hydrogenation
of coal.. coal extracts. oil sands. or oil shale. which is similar
to petroleum crude.

synthesia gas — a mixture of hydrogen and carbon monoxide which
can be reacted to yield a hydrocarbon.

tail gas — a gas issuing from a gas-treatment unit which may be
recycled to the process or exhausted.

tar (coal) — a dark brown or black. viscous, combustible liquid
formed by the destructive distillation of coai.

therm — a unit of heat used as a basis for the sale of natural gas;
equal to 100.000 Btu.

topping cycle — the higher temperature thermodynamic power
CyCIe of a combined-cycle system.

turndown ratio- the minimum ratio of actual flow rate to design
flowrate at which a process unit can be operated.

ultimate  analysis — the determination by prescribed method of
carbon and hydrogcn in the material as found in the gaseous
products of its complete combustion. the determination of
sulfur. nitrogen. and ash in the material as a whole and the
estimation of oxygen by difference: may be reported on differ-
ent bases. such as as-received (or as-fired). dry.. mineral-matter-
free (mmf). and dry mlnerai-matter-free (dmmf).

Venturi scrubber— a gas cleaning device which involves the injec-
tion of water into a stream of dust-laden gas flowing at a high
velocity through a contracted portion of a duct. thus transferring
the dust particles to the water droplets which are subsequently
removed.

volatile matter — those constituents of coal, exclusive of moisture.
that are Iiberated from a sample when heated to 1750° F for
seven minutes in the absence of oxygen.

water gas— gas produced by the reaction of carbon (in coal or
coke) and steam to yield mixtures of carbon monoxide and
hydrogen: similar to synthesis gas.

water gas shift — the reaction between water vapor and carbon
monoxide to produce hydrogen and carbon dioxide or the
reverse: CO + H.O Z H: + CO2.

working fluid — a gas stream which directly does work. e.g.. power-
ing a gas turbine.
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