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1. INTRODUCTION

Executive Summary

The United States has more energy available in the form of coal than in the
combined resources of peiroleum. natural gas. oil shale. and tar sands. In light of
nationwide energy shortages. the increased use of abundant coal reserves is vital to the
nation’s total supply of clean energy. However. this solid fuel can be currently applied to
only a limited portion of the total national energy dermand. The primary user of coal is
the electric utilities industry. where coal is mechanically cleaned. pulverized. and then
bumed in solid form in boiiers. Statistics in the Prcject fndependence Repor: indicate
that the transportation sector depends nearly exclusively on liquid fuels. the household
and commercial sectors depend almost entirely on liquid and gaseous fuels. and three-
quarters of the cnergy used by industry is provided by liquid and gaseous fuels.
Consequently. converting coal to gaseous and liquid fuels in commercial quantities is
fundamenta! to ensuring the availability of fuel in conventional forms for the major users
as the availability of petroleumn sources becomes less certain. The ultimate objective of
coazl conversion research is therefore to provide the technology for rapid commerciali-

zation of processes for converting coal to synthetic fuels and for improved direct
combustion of coal.

Technical and social problems related 1o the use of coal as an energy source can be
resolved. For instance. steps are being taken 10 overcome drawbacks related to the mining
of coal. Land reclamation techniques are being developed to return mined-out iand to
usable forms. The Federa! Coal Mine Health and Safety Act added impetus to the
movement to reduce underground mining hazards.

The develorment of coal conversion processes by the Energy Research and Deveiop-
ment Administration is oriented towards accelerating and stimulating a synthetic fuel
industry. Fossil energy research. development and demonstration strategy is 0 sponsor
a wide variety of technical options so that promising processes will eventually be
commercialized and will thereferc provide a long-term payoff.



Scope of Report

Energy From Coal is an overview of coal as an energy source. The report may serve
as an introduction o and/or a comprehensive review of all aspacts of coal.

In preparation for the final compilation of information, a survey of current litera-
ture was made. Recen: technology symposia, government documents. reports and studies
prepared by various organizations, and current texts were reviewed. Primary sources
identified in the literature survey are listed at the conclusion of each chapter.

The following organizations are referred to throughout the text by their abbreviations.

AEC* Atomic Energy Commission

AGA American Gas Association

ASTM American Scciety of Testing and Materials
BCR Bituminous Coal Research, Inc.

CZQ Council on Environmental Quality

CcCu Division of Coal Conversion and Utilization
30} Department of the Interior

DOT Department of Transporiation

EBA Environmental Protection Agency

EPRI Electric Power Research Institute

ERDA Energy Research and Development Administration
FEA Federal Energy Administration

GFERC Grand Forks Energy Research Center

IGT Institute of Gas Technology

MERC Morgantown Energy Research Center

NASA National Aeronautics and Space Administration
NOAA National QOceanic and Atmospheric Administration
NRC Nuclear Regulatory Commission

NSF National Science Foundation

QCR* Office of Coal Research

PERC Pittsburgh Energy Research Center

*These organizations are no jonger operating. Their energy research functicns have beca redistzibuted within ERDA.
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Origin of Ceal

Coal is a complex substance consisting of the metamorphosed remains of ancient
vegetation. Because of variation in degree of metamorphic change from the original plant
material. coal is not 2 uniform substance. and no two coals are the same in every respect.

Peat was originaily formed as a dark-brown residuum produced by the partial
decomposition and disintegrztion of mosses, sedges, trees and other plants. As peat
accumulated, the weight of the top layers of peat compacted the lower layers, primarily by
squeezing out large amounts of water. Burial by sediments, phvsical-chemical effects
associated with the changed environment. and loss of water and volatile materials resulted in
formaticn of lignite, the earliest stage in the formation of coal. With increasingly deeper
burial, pressure continued to compress the lignite, and the increase in heart associated with
the incrzasing depth of burial further devolatilized the coal-forming materials. The rank of
the coal became progressively higher, rising from lignite. subbituminous, bituminous,
semianthracite. and anthracite :0 meta-anthracite.

Early Use and Technology Advances

In 1350. coal first became a commercial commodity. Gas was first recognized as a
state of matter in 162G, and co2l was first distilled in the laboratory to vield gas in 1660.

The carbonization ¢f coal to produce mertallurgical coke was known in the late
1600’s but was not practiced on a large scale until 1730 Coke was a by-product of
another process developed in 1792 in which coal was distilled in an iron retort to
produce illuminating gas. These two processes initiallv were considered basicaily different
and this concept persisted until the early 1900%.

The first by-product coke ovens were constructed in France in 1856. Since then
they have gradually replaced beehive ovens. With the increasing use of by-product coke
ovens in the eariy 190Q7. it became apparent that it was more efficient and economical
to produce gas in the bv-product coke oven than in the more labor-intensive gas retort.

The advent of electric lighting opened up a great potential for coal combustion in
the generation of steam for power generation. Thus. the combustion of coal went
through the stages of bumning in open fireplaces in the early days to burning in the fuel
beds of small household fumaces and subsequently large industrial furnaces and finally to
burning as pulverized fuel in large central station furnaces. This latter application was
first tried in 1876, but was not successful in the United States until the factors affecting
proper furnace design were elucidated in 1917.
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As the use of coal gas developed. the production of gas for heating purposes was
also developing. The first gas producer making low-Btu gas was built in 1832. This
principle was not wideiv used uniil it was applied by the Siemens brothers in connection
with their invention of the open-hearth furnace in 1861. The use of preducer gas
increased from that time. uniil at the tumn of the century it was an important fuel source
for heating furnaces. But after that time its use declined until by 1920 there were only
11.000 producers in use in the United States.

Another development in the field of gas making stemmed from Fontanua’s discovery
in 1780 of the production of blue gas when steam was passed over incandescent carbon.
This discovery was dormant uniil the period between 1823 and 1859 when additional
experimental work was done on the steam carbon reaction. This eventually led to the
development of processes for producing blue-water sas in the period of 1839 to [875. -
The first successful commercial process was developed by Lowe in 18735 when he
introduced the carburstted water gas jet. The increased use of this gasification technology
continued until natural gas supplanted manufactured gus.

The histervy of coal hydrogenation begins in 1913 when work on the Bergius
concept of direct hvdrogenation of coal under hydrogen pressure at an elevated tempera-
ture was undertaker in Germanv. A 31-ton-per-day pilot plant.was built in Germany in
1921. The possibility of producing liquid hydrocarbons from waier gas (Fischer-Tropsch
svnthesis) wos also conceived in 1913, The first experimental work on this synthesis. which
is sometines refzrred to as the indirect hydrogenation of coal. was published in 1923,

During World War [l. the Germans produced a major part of their aviation gasoline
using liquefaciion technology based on hydrogenation of coal. They also produced some
liquids by indirect liquefaction using Fischer-Tropsch technology. At about the time the
technclogy had reached a stage where plants could be installed. however. natural gas was
discovered in the North Sea and in North Africa. In addition. most of the European
nations decided to shift from an economyv based on high-cost indigenous coal to one
based on what was at the time low-cost imporied petroleum. Few coal gasification plants
embodying new technclogy were installed. and interest in further improving the
technology lagged.

Future of Coal

Coal’s immediate future is closely tied to its consumption by the electric utilities.
The use of low ash and low sulfur products from the liquefaction and gasification of coal
by the industrial transportaticn and heating sectors of the economy, as weil as use by the
electric utilities, should be possivle by the 1990’. Advanced methods of generating
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electricity from coal. using fluidized-bed beilers and combustors. MHD generators. solid
electrolvte fuel cclls and topping cycles are currently in fundamental research stages.
These concepts theoretically offer a means of increasing the efficiency of coal’s utiliza-
sion in the production of energy. However. the long-term expansion of the coal marke:
will depend upon the eventual commercial availability of clean synthetic fuel products
and advanced power syvstems now under developinent by ERDA.



REFERENCES

Bagge, Carl E. The Expanding World of Coal. Washington, D.C.: National Coal Associa-
tion, 1973.

Energy Fact Boak 1973. Tetra Tech. Inc., 1975, p. E-1.

Ode. W.H. “Coal.” Standard Handbook for Mechanical Engineers. 7th ed. Edited by
Theodore Baumeister. New York: McGraw-Hill Book Co., 1958.

O’Hara, ). B. Coal Conversion: 4n Overview of Status cnd Potential. Pasadena: The Ralph
M. Parsons Co.. April 3. 1975. Presented at Los Angeles Council of Engineers and
Scientists Energy Symposium.

Osborn, Elbert F. “Coal and the Present Energy Situations.” Science 3 February 1971:
477-81.

Simon. jack A. and Hopkins, M. E. “Geology of Coal.” Elements of Practical Coal
Mining. Edited by Samuel M. Cassidy. Baltimore: Port City Press. Inc., 1973.

Elliott, Martin A. “Fuels 1924-1940.” Fuels Chemistrv—A Mid-Century Perspective. A
Battelle Enerey Program Report. Columbus, Ohio: Battelle Memorial Institute, November
1974: 24.




1. COAL SUPPLY AND DEMAND

Coal Resources and Reserves

According to data gathered at the 1974 Werld Energy Conference. the United States
contains aobout 25 to 30 percent of the world’s recoverable coal beds. aithough the
percentage could be greatly reduced as more land areas in the Soviet Union and the
People’s Republic of China are explored.

The coal iands of the United States are held by s2veral broad classes of owners.
including the federal and state governments. mining and manufacturing corporations.
railroads. Indiar: tribes, and private individuals. Most of the coal lands in the East and in
the Mississippi Valley region ace privately owned. In the Appalachiar basin. many large
tracts of ceal land are held by mining, petroleum, manufacturing, or landholding corpora-
tions. The majosity of the coal lands in the Rocky Mountains and Northern Great Plains
regions are owned by the federal gsovernment.

A major percenritage of bituminous and lignitic coal production is from three states:

Percentage
Surface Uncerground Total
Kentucky 23 23 23
Pennsylvania 12 15 13
West Virginia 1) 30 18
41 68 24

Table II-1, on the following pagc, lists 1975 production of bituminous and lignitic
coal by method of mining.

Figure II-1 compares identified and hypethetical coal resources of the United States.
Approximately 44 percent of the total estimated remaining coal resources in the United
States have been identified. of which at least '2.5 percent are considered economically
recoverable, based on past recovery rates. Increased production by strip mining would

il-1



Table 11

FRODUCTION OF BITUMINOUS AND LIGNITE COAL,
BY TYPE OF MINING, 1975

Praduction by Type
of Mining
State {thousand short tons)
Underground Surface All®
Alsbamz 7,053 12,771 19,824
Alaska - 700 700
Arizona - 6,448 6,448
Arkansas - A55 455
Colorado 3,260 3,636 6,696
tliinois 31,256 26,860 58,216
tndiana 138 23,587 23,726
lowa 379 21 590
Kansas - 718 718
Kentucky:
East ,S09 44,837 85,356
West 22,988 28.853 51,841
Subtotal 63,497 73,700 132,197
Maryland 90 2247 2,337
AMissouri - 4,623 4,623
Montana - 14,106 14,106
New Mexico 529 8,864 9,392
North Dakota - 7463 2,463
Ohio 14,365 31,044 45,409
Oklahoma - 2,356 2,356
Pennsylvania 42,248 38,213 80,462
Tennessee 3,106 4,435 7541
Texas - 7,634 7,684
Urah 5858 -~ 5,858
Virginia 22,767 11,559 34,326
Washington 15 3,898 3913
West Virginia 82,220 20242 162,462
Wyoming 526 2,177 20,703
Total 272,205 326.097 603,406

~Dsw may not add to totals shown because of independent rounding,

Source: Mineral Industry Survey, USDO!, Bureau of Mines, Weekly Coal
Report, November 21, 1575.

raise this percentage. Of the total identified resources. approximately 43 percent is
bituminous coal, 91 percent is 1,00C feet or less below the surface, and 33 percent is in
thick beds. Figure II-i also breaks down identified resources by rank. amount of
overburden, and demonstrated reserve base.

Coal resources and reserves are categorized using the following definitions:
Hyporherical Resources — estimates of coal in the ground in unmapped and

unexplored parts of known coal bases io an overburden of 6.000 feet. These
estimates are determined by extrapolation from nearby areas of identified resources.
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Figurs 11-1. U.S. COAL RESOURCES AND RESERVES

The term “identified rzsources™ includes all of the remaining categosizations of coal.

. .
Measured resources — tounages of coal in the ground based on assured coal-bed
correlations and on closelv spaced observations. about onre-hali mile apart.
. oy *
Computed tornages are judged to be accurate within 20 percent of the tonnage.

Indicared reso:rces — coal in the ground based partly on specific observations
fmeasurad resources) and partly on reasonable geologic projection. The points of
observation and measurement zre about one mile apart for beds of known
continuity.

Demonsrrared resources — in states where measured r2sources are comparatively
small. the measured and indicated categories are combined into 2 singie category
referred to as demonstrared resources.

inferred resources — tonnages of coal in the ground based on an assumed
continuity of coal beds that ire down-ip from and adjoining areas coniaining
measured and indicated resources.

Demonstrated coal reserve base — selected portion of the idendfied resources
deemed to be suitable for mining bv 1974 methods: The coal in the reszrve base is
in the measured and indicated (demonstrated) resource category and is restricted

11-3
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Figure 11-2. DEMONSTRATED COAL RESERVE BASE”

primarily to coal in thick or intermediate beds less than 1000 feet below the
surface. Figures 1{-2 and II-3 depict the demonstrated reserve base by basin or region
and by method of mining. Figure II4 shows the sulfur range of coals in the
demonstrated reserve base, divided iito surface and undersround categories. The
locations of coal fields are shown in Figures II-5 and II-6.

Utiiization and Trends

At the beginning of the twenticth century, coal supplied 90 percent of U.S. energy
consumption. Howaver, during the first half of this century, coal consumption grew less
rapidly than total energy consumption. More convenient than coal and competitively
price¢, domestic oil and natural gas became available and new uses of oil (e.g.. auto-
mobiles) expanded rapidly. By 1972, coal dropped to about 23 percent of the energy
ccnsumption.

Figure 1I-7 indicates the domestic production of coal from 1960 to 1974. Coal in its
patural form is clearly the least flexible of the fossil fuels. Being solid and containing

20.3006 fe=t overburdens; total: 437 x 109 short tons: at least half of the reserve base is recoverable,
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impurites. coal creates greater difficulties at every stage of use. Moreover. ccal production
and use have the misfortune of causing a2 wide array of environmental damage. As a result.
coal becomes economical only when the economies of scale in coal handling enable large
useTs 10 overcome these disadvantages. In an era of environmenta! concern and amid
erotving compeltition from other energy forms. coal has become a highly specialized fuel,
sitractive primarily to inland electric utilities and the steel industry.

Only coal’s use for its coking properties appears protected from further competition.
Coal yse by the electric power industry faces major competition from all of the other
fossil fuels. (Sce Figure 11-8.) If its long distance pipelining were not so impractical.
residual fuel oil could compete for some of coal's inland markets. Natural gas is widely
used 25 a boiler fuel in southwestern areas where it is abundant. Minor competition.
primarily in the far west. from geothermals and hydroelectric power contribute further to
define coal's marke! boundaries.

Forecasts of the demand for coal are closely related to the growth of the electric
utilities industcy as indicated in Figure [I-9. While electricity demands have been tempo-
rarily depressed due to the 1974-1275 recession. prospects are that demand growth will
shortly regain its average annual rate of € to 7 percent in spite of rapidly rising slectriciiy

-7
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price rates. Most residential and commercial demands for electricity are considered to be
relatively price inelastic. i.e.. not responsive to price changes in the short run. Although
the availability of dependable low-cost electricity is a4 factor almost always taken into
account in the selection of new plant sites. in only a few industries does the cost of
electricity account for a substantial part of the cost of manufacturing. Indications are
that despite the general turbulence of today’s fuel markets. cost trends. fuei availability
and epvironmental factors. electricity will continue its rapid gains.

To determine the impact these imphcations have on the demand for coal. the nature
of the demands placed on the utilities industry and the economic forccs surtounding
procurzment -of additional generating capacity must be considered. Municipal power
demand is not constant: a tvpical plant must vespond to wide vanations in the hourly
foad and substantial changes in secasonal loads. As a result. an electric power plant must
Lliiize three basic types of generating plants. Base-load plants operate at constant power
fevels [0 meet the normal expected minimum daily demand. These plants are engineered
10 produce electricity as e ficiently and cheaply as pessible. consistent with high reliabil-
ity standards. Since these units are operated nearly continuously over a long period of
time. low operating cost benefits far outweigh capital cost considerations. Intermediate-
load plants provide the normal davtime incr2ase in demanc. The daytime load may be
fwice the base-lpad: consequently. the intermediate-load plant may have to deliver as
much power as the base-load plant on a wide cyclic output schedule. The intermediate-
load plant will therefore be a high capital value item which will be lower in efficiency
and higher in operating cost than the base-icad plant. Peak-load units. using aircraft-type
sas-turbine generators that are engineered for quick startup and shutdown. are designed
to supply electricity principally during periods of maxirmum system demand and charac-
teristically operate only a few hours a day. Peak-load units minimize capital investment
rather than energy production cost.

While coal-fired units have supplicd Poth base-load and intermediate-load plants. the
largest coal-fired units today provide mainiy base-load power. The fact that coal is a
cheaper fuel than oil. gas. and uraniurs cohances coal’s compeiitive position. However.
this position may be impaired by the large capital investment that may be necessary 1o
reduce emission problems.

Coal's competitive position at present is best described as unceriain. Federal and
state governmens: policies toward energy and the environment will play a dominant role
in the future of each of the primarv energy sources. Industry has been reiuctant to
commit itself 10 coal or synthetic fuels because of the large capital costs involved and the
high risk associated with conversion to coal. Deregulation of interstate natural gas prices.
sulfur restrictions. enfoiced scrubber utilization. nuclear restraints, strip mining legisla-
tion, and deconirol of oil ars 1t a few of the major policy decisions that will impact
heavily on the future of the coal industry. Figure 1I-10 shows use of nuclear power by
electric utilities in 1990 if nuclear powcr growth is accelerated through national policy
incentives.

[1-9



Figure I1-10. POTENTIAL NUCLEAR ELECTRIC FOWER REGIONE i 1890

A study by the National Eleczric Reliability Council in July 1975 has projected an
apparent shift away from coal-fired. generation and into nuclear power in regions that
historicaily have been large consumers of utility coal. But, as indicated in Figure II-11.
shifte away from oil-fired and gas-fired base-ioad generators in traditional oil- and
gas-burmning areas toward coal-fired plants and nuclear planis are also expected. The net
result through 1984 is an average annual increase in coal usage ol 6.1 percent whiie
generation capacity increases by 6.7 percent. This marks a slippage in the percentage of
total generation requirements being supplied by coal from 48.4 percent in 1975 to 45.0
percent in 1984, A subsequent anaiysis by FEA that is less optimistic for total generation
growth and coal’s growth at least through 1980 forscasts a 5.6 percent annual increase in
coal demand.

Coal gasification may provide only a small contribution to total energy demand by
1985. However, a potential market for gasified coal may dewelop by the end of the
century. A number of coal gasification processes are being developed to derive a low-Btu
fuel gas from coal. Electric power staticns using this clean, desulfurized. low-ash fuel
could meet emission standards. Coal can also be converted to a high-Biu substitute
natyral gas (SNG) to supplement domestic supplies of natural gas.

iI-10
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Conversion of coal to a synthetic crude oil has been commercialized to some extent
{the SASOL plant in South Africa) but most technologically proven liquefaction pro-
cesses have tended to be verv expensive. Several liquefaction processes can also yield
char. a relatively clean solid fusi for boilers. One svnthetic liquid fuel process receiving
particular attention is solvent refining. The primary products are clean liquid and solid
fusls that are usable in electric power planis. Chemicals and light oils are also produced.
The addition of a coking step can increase the oil vield and produce coke. Even without
coking. chemical and light oii products can account for 47 percent of the process
revenues: consequently. the mrocess is not limited to clean fuel production.

Another source of boiler fuel is the char residual from a process producing high
quality synthetics. Solvent refining and low-Btu gas are being stressed for the electric
power industryv, while high-Btu gas and svnthetic crudes are being considered for markets
in which premiums for their special properties can be earned.

If economical processes can be developed to produce environmentally clean syn-
thetic fuels from indigenous sources of coal that can compete favorably with natural gas
and crude oil. the future of the coal industry will be 2nsured. To date, however, research
has not led to firm commit..nts. for commercialization of any process.



Coal’s future as a metallurgical fuel for blast furnaces and foundries is more clearly
defined. Pig-iron manufacture is the only process in which coal’s chemical and physical
properties, as improved by coking, are of a distinct advantage. However, not all types of
coa] found in the United States are suitable for coking. Coking. or metallurgicai. coals are
of hjgh quality, distinguished primarily by low sulfur and ash content. The United States
has extensive reserves of bituminous coal. including adequate supplies of coking coal.
Tvpical metallurgical coal prices range from 2 to 3 rimes the price of coal used by the
clectrc urilities.

In the recent vpast, the blast furnace has been criticized as inefficient and quite
difficult 1o control. However, no other process can produce more than a small fraction of
the world’s smelting needs. Concerted efforts to improve the operation of the blast
fuenace have resuited in changes in furnace design and operating techniques. Such
improvements have reduced the amount of coke consumed per ton of pig iron by 20 to
25 percent while the average product of pig iron per blast-furnace day has increased
approximately 51 percent since 1960. .

Domestic sicel shipments are expected to increase by 2 to 2.5 percent annually for
the remainder of this century. Coking coal requirements. based on the present state-of-
the.art of steelmaking, are projected therefor to be 108 million tons by 1985 and 151
million tons by the year 2000. However, based on irends of this industry over the last 10
years. these projections decrzsase to 82 and 89 million tcns respectively. This trend
represents a significant decrease from 1975 demand levels.

The only other market area for coal that promises growth is in U.S. exports of
coking coal. in 1975, exports of coking ccal were anticipated to be about 100 million
fons, 2n amount nearly equal to U.S. coke consumption. Participation by the United
States in the world coking coal market has been projected to expand to 20 percent of
the worid requirements by 1985. The process in the future that may have the greatest
impact on this market is fommccke.* This process would enable western Europe and
Japan, the principal importers of U.S. coal, to utilize local coals of a much greater
qualitative range. Formecking would eventually eliminate most of the U.S. export coal
market.

Constraints to Future Coal Supply

The national energy policy requires doubling the production and consum, .ion of
¢oal by 1985. The magnitude of the projected increase in coal production can be
tranpslated into physical facilities to be added. Listed below are the kinds of actions that
would be needed to achieve the estimated 1985 production levels:

— e e
*Formeoke is produced by heating pelletized or briquetted coal fines from a wide variety of noncoking coals.
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™ Develop 140 new 2-mmtpy (million tons per year) eastern underground mines.
e  Develop 30 new 2-mmtpy eastern surface mines.

L Develop 100 new 3-mmipy western surface mines.

L] Recruit and train 80.000 new eastern coal mirners.

o  Recruit and train 45.000 new western coal miners.

&  Manufacture 140 new 100-cubic-vard shovels and draglines.

®  Manufacture 2.400 continuous mining machines.

That is. an average of one new deep mine and one new surfacc min= must he drought
into production every month for 10 vears. In contrast. only 13 mines of greater than
J-mmtpy production were opened in the 10 vears from 1960 to 1969. In 1971, only 25
mines larger then 2-mmrupy were operating arnd only 3 of these exceeded S-mmtpy.

Three key elements determine the attractiveness of a given coal to a particular
consumer: mining costs. transporiation costs, and the physical properties of the coal. Aad
these factors govern the opening of new mines. The Mitre Corporation has conducted an
analysis of the constraints to large increases in coal supply. Summarized below are the
highlights of that analysis:

Capital

Estimates are that over S25 billion wili be reguired 10 finance c¢oal's
expansion. In an extremely :ight capital market. sufficient capital money will
nct be forthcoming unless there is an attractive retum on investment. Signifi-
cant uncertainties relating to oil and gas econcmics and environmental policies
cloud prospects for coai marxat growth ané hence stifle investment. Unce:--
tainty irn the national ernergy and environmental policy is the most serious
vonstrain: facing coa! production.

Manpower

In 2ll probability. adeguate manpower exists to fill the needs of strip
mining operations although some local shortages of surface miners in mining
operations in neorthem and southem Appalachiz will probably occur. The
unique working environment in underground mines that jeopardizes miner
safety could cause shortages of munpower in southemn Appalachia. in Northern
Great Plains, and inhe Pacific Coast regions. Less severe shortages wili likzly
owcur in northern Appalachia. Midwesietn and Rocky Mountain regicns. An
aiternative to increasing manpower is {0 improve productivitv. The consensus
among the coal industry is that productivity increases will be evolitionary
rather than revolutionarv. Underground productivity rates per man that were
reduced by the Federzl Coal Mine Health and Safety Act are expected 2 regain
the 1962 level by 1980.
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Figure t1-12. CONSTRAINTS TO 1985 ACCELERATED
COAL SUPPLY GOALS

Equipment

The backicg for some orders hus become critical. especially for those items
where the total time necessary to acquire the equipment exceeds the time required
to open the mine. For example. new strip mines require three years to reach initial
operating readiness, but walking draglines, a critical component, currently require a
six-vear lead time for delivery. Mining equipment avaiiability will be tigat over the
short term for draglines. replacement machinery and spare parts. However. equip-
ment need not be a critical constraint to increased coal production over the long
term.

Transportation

If the railroad and waterway networks are expanded at rates cornmensurate
with their internal and presently planned capabilities, they will not be atle to supply
even the lowest level of projected increases in coal production. If on the other hand.
they were to operate at maximum theosetical capacities and expand at potentially
possible rates. after iritiai adjustments they could suppori almost any forseeable
increases in coal production.

Environment
Without the development of economicaily feasible scrubking devices.

approximately 155-300 million tons of coal will be environmentaliy unacceptable
under current ilegal emission constraints.
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The most serious censtraint 10 the expansion of the coal market is lack of sufficient
capital. Utlimately. the availability of capital affects the ability to expand manpower.
equipment and transportation, and 10 compensate for emission conirol requirements.
Heowever, even with adequarte capital there are limiting physical factors that wili constrain
iarge increases in the production of coal. Figure [1-12 is a graphical display of these
limiting factors adapted from the Mitre study.
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13\, CLASSIFICATION

Coal may be classified in various ways: by rank. by variety. by size. and sometimes
by use. Coals are classified in an effort to provide the darta for predicting their prcbable
periormance under given operating conditions.

The term rank is used to differentiate coals with respect to their degree of
metamorphism. Table III-1 is the ASTM classification of coals by rank. The stage of coal
in the series peat. lignite. subbituminous coal. bituminous coal. and anthracite is
evidenced by progressive changes in the content of fixed carbon.

Peat. while essential to the development of coal. is not classified as a ceal itself.
Lignite is the lowest classificationn of coal. Bituminous coal has greater heat value and
better weathering characteristics than lower rank coals. It is the most useful and
abundart kind of coal. Anthracite ignites with some difficulty and is used primarilv for
space heating and as a source of carbon.

Proximate analysis. sulfur content. and heating value are the analytical deter-
minations most commonly used for industria! characterization of coal. Proximate analysis
based on ASTM standard iaboratory procedures separates the prodicts abtained during
heating into four groups: {1) moisture, (2) voiatile matter. (3) fixed carbon. and (4) ash.
Moisture consists of (1) suiface or exmineous moisture that mayv come from external
sources and (2) inherent or bed moisture.

Volatile matter does nat exist in coal as such but is produced by decomposition of
the coal when heated under prescribed conditions. It consists chiefiv of the combustible
gases hydrogen, carbon monoxide. methane and other hydrocarbons. tar vapors, volatile
sulfur ccmpounds, and some noncombustible gases. such as carbon dioxide and water
vapor. The heating valué is perhaps the most important property as far as combustion is -
concerned. Heat values and proximate analysis of coal of different ranks are compared i
Figure I11-1.

The standard method of determining th: fixed carbon is to subtract from 100 the
sum of the percentages of the moisture. volatile matter. and ash of the proximate
analysis. Fixed carbon is the carbonaceous residue less ash remaining in the test crucible
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Table tit-1

CLASSIFICATION QF COALS BY RANK!
{FC = Fixed carbon; VM = Volatile matter; Btu = British thermal units)

Limits of Fixed Carbon or Sty

Requisite Physical

Class Group Mineral-Matter-Free Basis Properties
1. Meta-anthracite Dry FC, 98% or more
Dry VM, 2% or less
1 Anthracitic 2. &nthracite Dry FC, 92-93%
Dry VM, 2-8%
3. Semianthracite Dry FC, 86-92% Nonagglomeratin92
Dry VM, 8-14%
1. Low-volatile bituminous Dry FC, 78-86%
Dry VM, 14-22%
2. Medium-volatile biturninous Dry FC, 69-78%
Dry VM, 22.31%
il Bitumincus3 3. High-volatile A bituminous Dry FC, less than 68%
Dry FM,more than 31%
Moist"Btu, 14,000 or more
4, High-volatile B bituminous Moist? Btu, 13,000-14,000°
5. High-volatile C bituminous Moist Bru, 11.000-12,000° Either agglomerating
or nonweathering
1. Subbituminous A Moist Bru, 11,000-13,000° Both weathering and
nonagglomerating
11l Subbituminous 2. Subbituminous B Moist Bw. 9,500-11,000°5
3. Subbituminous C Moist Bic, 8,390-6,500°
iV Lignitic 1. Lignite Moist Bru, less than 8,300 Consolidated
2. Brown coal Moist B, less than 8,300 Unconsolidazed

TASTM D 388 does not include a few co’ls of unusual physicel 2nd chemical properties which come within the limits of
fixed carbon or Btu of the high-volatile bituminous and subbituminous ranks.
If agglomerating, classify in low-volatiie group of the bituminous class.

ere may be noncaking varieties in each group of the bituminous class.

“Moist Bty refers to coal cortaining only its natural bed moisture.

Coals “raving 69 per cent or more fixed carbon on the dry, mineral-matter-free basis are classified according to fixed carbon

reqardiess of Btu,

iere are three varieties in the high-volatile C bituminous coal group, 1) agglomerating and nonweathering, 2) agglomerating
and weathering, and 3} nonaggicmerating and nonweathering.

Source: American Society for Testing and Materials.
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after determination of the voldtile matter. Ash is the inorganic residue that remains after
burning the coal in a muffle furnace to 4 final temperatire of 1290° to 1380° F.

The ultimate analysis of coul is the determination of carbon and hydrogen as found
in the zaseous products of its complete combustion. and the determination of suliur,
nitrogan. and ash in the material as a2 whole. and the estimation of oxygen by difference.
Sulfur occurs in three forms of coal: (1). pyritic sulfur or sulfur combined with iron as
pyrite or marcasite. (2) organic suliur or sulfur combined with coal substance. {3) sulfate
sulfur or sulfur combined mainly with iron or calcium together with oxygen as iron
sulfate or calcium sulfate. About half of the sulfur in coal is pyritic sulfur and the other
half is organic sulfur. Sulfate sulfur is present only in tracé amounts. The percentage of
carbon in coal. which increases with rank, supplies most of its heating value.

When coal is heated in an atmosphere very deficient in oxygen. volatile matter is
driven off. leaving behind a residue of carbon. called coke. which may take the form of smalt
powdery particles or may fuse into lumps of varying size and strength. In commercial coke
makKing, the term coke refers to lumpe of marketable size und quality. Coke is produced
from coking coals in a coke oven. Metallurgical coul is coal with strong or moderateiy strong
coking properties.

Coke formation represents an intermediate stage in any fuel bed. In @ boiler fumace.
Tor examnle, some codis become plastic. soften upon hezting and form lumps or masses
of coke. Those coals that show little or no fusing action are called free burning.

The caking properties of a coal and the size and strength of the coke masses it forms
are vaiuable indicators of a fuel’s performance in the furnace. The free-swelling index gives
an indication of the caking characteristics of the coal when bumed on fuel beds. The
agglomerating index is used in the classification of couls to indicate the dividing line
between noncoking couls and those having weak cuking propertics.

All of these chemical and physical properties of coal are defined by ASTM standards.
ther trequently referenced properties of coal are:

Ash fusibility

Color and luster
Friability
Grindability
Bardness

Size

Specific gravity .
Weatheiing

14




international System

The greatly increased volume of trade in coal among various nations following World
War il emphasized the need for an iriernational system of coal classification The various
cozl-producing countries concernzd possessed their own national classification sysiems.
developed to fit the characteristics of domesiic coals and often the needs of the nationai
voal-using industry. Thiz practice of developing naticnal coal classification systems
resulted in the evoluuon of different tzrminologies for describing similar or identical
coals. which naturally Ied to confusion in evaluating and comparing coals shipped in
internarional trade.

The international system is similar *o the ASTM system in that ccals aie first
separated into classes according to volatile matter and calorific value. However. coals are
cassified on wn ash-free basis rather than on the ASTM mincral-free basis. Where the
ASTM provides for classification of all ranks of coal. the international system is pased on
only two systems: one for hard coals and the other for brown coals and lignite.

The term hard coal as used in the international system is based on European usage
and is defined os coal with a gross calorific value of more than 10.260 Btu/ib (3700
wealikgd on the moist ash-free basis. Coals classifizd in the ASTM system as anthracite.
bituminous and the higherrank subbituminous coals are included in the international
system for classification of hard coals by type.

The international scheme of classifization for brown coals is based on two intrinsic
principal characteristics which indicate the value of brown coal as a fuel. and as a raw
material for chemical purposes: (1) the total moisture on ash-free basis. and (2) the tas
vield on dry ash-iree hasis. The soft or brown couls of Europzan terminoiogy are AST™M
Jower-rank subbituminous and lignitic coals.
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IV. MINING TECHNOLOGY

In 1900 nearly aii of the coal preduced in the United States was from underground
mines. Surface mining appeared arouind 1915 and produced about 1.5 percent of that
year’s coal. Advances in mining technology and equipment devzlopment have resulted in
surface mine production nearing 50 percent of totai coal production.

Surface Mining

Surface mining has been increasing for several decades. Improved excavating equip-
ment and exploiting economies of scale have made possible the surface mining of coal at

even greater depths and. at the same time. have nearly doubled the output per man-day
from coal stripping operations.

As costs of strip-mine produced coal are degendent mainly on the cost of equipment
and maintenance and only secondarily on labor costs. it is beneficial that the mine bc as
large as practical. The cost per ton is greatly reduced by surface mining because of the
relative ease of obtaining the coal. Also, the percentage of coal recovered from surface
mines is nearlv 85 percent as compared to an average of about 50 percent in under-
ground mines.

Much surface mining recovers coal that cculd not be extracted by undersround
methods because of coal bed thinness. multiple beds close together. split seams. the
nature of the roof. and other geologic conditions. During the process of stripping away
the overburden to reach thick coal seams, thinner seams are often encountered anc
profitably extracted.

The overburden-to-coal or strippisg ratio (cubic yards of overburdea to tons of
marketable coal) has a very strong influence on the decision of whether or not to use
surface mining methods. Available machinery currently limits surface minisg te depths
less than 180 feet.
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Figure iV-2. CONTOUR MINING

The basic functional steps involved in the production of coal by surface mining
techniques are:

Drilling — precisely positioned holes are bored in overburden.

Blasting — holes are loaded with explosives and detcnated to break up
consolidated overburden.

®  Excavating — fragmented overburden is discharged (speiled at the side of the
pit opposite the high wall).

Loading — coal is removed from the seam,
Hauling — the coal is transported out of the pit.
Reclamation — vegetation is restored to the area.

Area mines are developed when coal seams lie in a relatively level plane beneath a
level to gently rolling surface terrain as shown in Figure IV-1. Contour mining, depicted
in Figure IV-2, prevails in mountainous or hilly ierrain. Open pit mining is practiced
where the coal beds are extremely thick or sharply pitching. When the economic limit is
reached in normal surface mining operations. a portion of the exposed coal seam may be
recovered by auguring, depicted in Figure TV-3.

V-2




PIRRE U rnacds SO e P T AN
S e s e e i o NPy e 5

REMOVAL OF OVERBURDEN

A a \WFa N2 T R
A A A A T

CCAL REMOVED BY AUGER

Source: Phelps. Edwin R. Elements of Practical Coal Mining. Batimore: Port City Press, 1973,

Figure 1V-3. CONTOUR MINI!NG WITH BULLDCZER AND AUGER

-3



SHAFT MINE B

DRIFT MINE

S10Fz MINE
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Figure IV-4. UNDERGROUND MINES

Underground Mining

Underground mining is used when the coal is buried tco d=ep in tiic ground to make
- surface mining feasible or possible. There are three different types of underground mines.
illusteated in Figure iV-4.

Underground mining systems. shown in Figures IV-5 and I1V-6. are classified

according to the 2quipment used. e.g.. conventional. continuous, or longwall. The tonnage
and percent of total underground coal mined by each method is showa in Figure IV-7.
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Figure JV-6. LONGWALL MINING
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Both conventi.nzl and continuous mining systems follow the room-and-pillar mining
pian.  About half of the coal is removed from the seam by carving out intersecting
tunnels. Between the tunnels, large blocks of coal pillars are left standing 1o support the

mine rcof. When piliars are no longer ::ceded, they are sometimes removed to recover
additional coal.

Conventiona: mining has five major production steps:

1. Cutting — slots cut in the coal to allow the solid coal to shatter more =asily
2. Driiling — hoies are¢ bored for explosives

3. Blasting — spark-proof explosives or cylinders of compressed air are used to
shatter the coal

4. Louding — coal is conveyad out of the mine
5. Roof Bolring — roof support is installed.

Ventilation is then extended and the coal face is ready for the next cycle.

In the continuous mining system, a :single machine, called a conrinuous miner.
breaks the coal mechanically and loads it for transport. Roof suppert is installed.
ventilation advanced. and the coal face is ready for the next cycle.

In the longwall mining system, large biocks of coal are completely extracted in a
single, continuous operation. Hydraulic yielding jacks support the roof at the immediate
face as the coal is removed by iongwall mining machines able to cut in both directions.
As the face advances the strata are allowed to cave behind the support units.

The shortwall mining system is a combination of continuous and longwall mining
systems Continuous mining or conventional equipment is used to develop the field. Then
a continuous miner. in conjunction with the longwall-type roof supports. is used to
2~uact the remaining coal pillars.

Health and Safety

The Federal Coal Mine Health and Safety Act of 1969 standards specify (1) the
amount of respirable dust which may be inhaled. (2) the amount of dust which may be
emitted from drilling operations. (3) the icvel of noise which is permitted. and (4) the
frequency with which chest X-rays must be given to eaca miner at the cperator’s
expense.
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Major Bureau of Mines research includes etfforts to:

® Eliminate or reduce disasters caused by fires in underground coal mines by
improving detection. suppression. and extinguishment technology.

&  [dentify heaith and safety problems and develop advanced mining systems and
subsystems to eliminate them.

®  Provide technology to protect miners from exposure to respirable dust. noise,
toxic gases, and radiation hazards.

®  Prevent coal bumps and accidental falls of roof. rib. and face by improving
artiiicial support. hazards detection, and mine opening design.

®  Develop technology for controlling methane prior to and during the mining of
methane-laden coal beds.

© Develop techrology to improve the probability of a miner surviving a disaster
and improve rescus meihods and mine-reopening technology.

® Identify and provide technology to corrsct hazards in electrical. mechanical.
illumination. communication. haulage. and material handli.g areas.

Reclamation

The uncertainty about future federal and state regulatory legislation has tended rto
inhibit the industrv’s initiative in developing new mines and also to stifie introduction
of innovative reclamation practices,

In surface mining. the major problem is repairing the suriace disruption. This
normally involves smoothing out piles of overburden and making some attempt to
revegetate the area. Comprehensive reclamation programs include restoring the surface
topography. replacing the topsoil. fertilizing. revegetating, and returning the Iand to
productive use. whether agricultural. commercial. residential. or recreational.

Underground mining presents considerable environmental danger through ground
subsidence. acid mine drainage and disposal of mine wastes.

Environmental research objectives are to:

® Develop new and improved sysiems and techriques for correcting
environmental and public safety problems resulting from past mining activities.

® Prevent similar problems in current and future mining including subsidence
control: vegetative and physical stabilization of waste banks: extinguishmen: of
underground. outcrop. and refuse bankfires: and reclamation of mined land for
a variety of public uses.
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Union-Management Relations

Cooperation of labor and industrv is required if inicreased coal production is tc take
place. The coal industry’s compliance with any reasonable urion demands should not
seriously affect coal production nor materially foreciose its markets because of increased
costs. Some costs for this compilance have already been passed on by the industry.
Additional demands are expected to increase the cost of mined coal by 10 to 1S percent;
that is. 5 10 6 cents per million Btu. While this increase seems to be high in percentage
terms, it is dwarfed in absolute terms by recent price increases in the oil world.

A major emphasis of the new union leadership has been on health, safety, and
training. The 1974 contract provisions bear this out. In additicn. United Mine Workers of
America (UMWA) staff members have been vociferous advocatzs of both intra-industry
and inter-industry technology transfer.

Implications of the 1974 UMWA-BCCA*" Agreement

A new Joint Industry Training Committec has been established which will provide an
opportunity for both sides to suggest new approaches to the significant training problems
confronting the industry. At the local level, the previously mentioned Mine
Communications Committees have been established, the members of which will meet
frequently to discuss matters which they consider significant. Such interaction could well
lead to a safe, more efficient mining community with increased satisfaction for both
management and iabor.

With this new contract, the indusiry has obviously recoecnized the important part
that the UMWA can play in achieving a safe work place. especially at the local level. The
individual miner has been giver the right to lsave his work place when he is in danger.
Regular mine and equipment inspections are also a part of the new contract.

Many aspects of the new contract will lead to increased costs — and perhaps in
rather subtle ways — for example. the restructuring of wage grades. the increased wage
benefits. the cost-of-living allowance. the new health and retirement plan. and the more
liberal vacation benefits. In addition. the requirements to employ inexperienced new
miners in safe “off-face”™ jobs for 90 days and to provide helpers on most continuous
miners and roof bolters will cause further increases in total wages paid. The extensive
training requirements will demand additional training program developers. instructors.
facilities, and paid time for trainee’s attendence.

*Bituminous Coal Operators of America
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Certain costs should eventually be reduced. If the new health and safsty provisions
are effective. they should eventuaily lead to Jower accident costs and lower sickness-
health benefit costs. Workmen's Compensation premiums and black lung payments. once
assumed. should eventually decrease — in teyms of constant doliars.

The new requirements for helpers. the expanded training and maintenance programs.
and the new machinery for settlement of disputes could eventually lead to greater
production capacities. The immediate result. however. of these innovations and the
90-day indcctrination period is expected to be a drop in labor-productivity levels. The
necessary increase in production required to maintain the !973 production level of
approximately 1! tons per man shift will be diificult to achieve while this large
increment in labor 1ours is being added.
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V. TRANSPCRTATION AND STORAGE

Transportation

The cost of transportation is a large part of the total cost of delivering clean snergy
from coal. Raw coal is moved from the mine to either its consumption point or a
processing facility by rail. barge. truck. or slurrv pipeline. Coal transport expansion will
depend heavily upon assurance of continued traffic over the investmant period This
expunsion of transportation capabilities will hinge in large measure upon the ability of
coal producers and consumers to secure fong-iermi markets for coal.

An in-mine transportation system. in zlditior to the movement of coal from the
face 1o the outside of the mine. must aiso moeve supply matarials o the inside: it must
move men in and out of the mine. 2nd i jnust move rcek and other debris out of the
mine for disposal. Selection of the trunspertaticn system must be based on the seam
height. mining methods used to extract the coal. capacity required. ease of coal hardling
and haulage efficiency. Possible in-mine svstems include:

®  Rubber-tired units (scoops. articuiated haulers. shuttle cars. tractor irailers)
Convevor units (chain. shaker. belD)

Rail shuttfe cars.

The river barges. Gr:ar Lakes freighters. and intercoastal freighters of the waterway
system provide low cost delivery of coal to distant markets which are beyvond economical
reach by rail or truck. Coal is the largest commodity movement on the inland waterway
svstem. a network of over 25.000 miles of navigable waterwayvs.

Slurry pipelines are used to transport crushed coal suspended in water. The major
advantage of slurry pipelines for transporting coal long distances is low operating cost.
Tune major disadvantages are high capital costs and substantial vrater requirements.
However. once constructed. slurry pipelines are relatively inflation resistant. dependable.
environmentally acceptable. and able to move large volumes of material with 2 minimum
of disruption.
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Three types of trains are used in transporting raw coal: conventional trains. unit
trains. and dedicated railroads. When conventional trains are used. cars carrving coal are
treated like other cars. Unit trains are made up entirely of cars carrying coal. A dedicated
railroad links a mine to a single source user when an existing reilroad is not available.

In order to tuke advantage of reduced transportation rates on irzinload shipments
of ceal offered b3 unit train movement. operators have found that storage is an economic
necessity. In unit train practice. large predetermined quantities must be loaded in
relatively snort periods of time as opposed to conventional practice where coai is louzded
at a speed dependent on the production capacity of the mine and/or the cleaning
capacity of the preparation plant.

An alternative to transporting coal is to generate electricity at a site distant from the
demand and 1o transmit electric power. Genmerallv. on 2 cost-per-energy unit basis.
electricity is more expensive to transport than coal. especially over long distances. Also.
transmission line fosses can be substantial. amounting to as much as 10 percent of the
line loading per 100 circuit miles of transmissicn. ,

Storage

Coal can be stored at the mine mouth. at a preparaiion plant, and at the user’s
plant.

Raw and cilean coal storage is generally practiced in order to accomplish one. or a
combhination. of the fcilowing objectives:

e To improve plant efficiency by distributing plant feed over the entire operating
time. or to allow a preparation rate different from the production rate.

e To aliow mine and plant 1o function independently with delays in one not
affecting the operation of the other.

o To reduce the number of plant shifts worked as compared to miic shifts with
resultant lower preparation costs (unless plant size becomes uneconomicaf).

® To schedule overall production so as to obtain lower cost by working more
days with smailer crews (steady employment. not ssasonul).

@& To store certain sizes whose prices and market demand fluctuate with seasons
and to permit shipping in good weather. -

® To keep coal on hand for the domestic and truck trades.
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® To facilitzte biending (on the raw coal side) in order to even out chemical and
physical inconsistencies in plant feed so as to utilize cleaning equipment to
greatest efficiency and (on the clean coal side) to prepare desired products or
to attain maximum product uniformity.

® To promptly and economically load unit trains.

Coal may be scored in open or closed storage facilities. Large quantities of coal may
be kept in open storage. but the coal is then subject to weathering and oxidation. which
can reduce the heating value up 1o 5 percent the first year. and may alsn affect the
coking properties of the cozl. Further. unless the stockpile has adequate ventilation hot
spots can develop leading 10 spontaneous combustion. Three basic open storage stock-
piling configurations are: (1} conical shaped (most common). (2) wedge shaped (large

capacity). (3) kidney shaped (large capacity. minimal area requirements. simplifi=ad
handling).

Closad storage facilities. while limited in capacitv compared to oper. storage, reduce
weathering effects and combustion hazards and require less land z2rez for storage. A
tvpical cviindrical steel storage bin may have a capacity of 1000 tons. Steel storage bins
allow uniform movemens: of hopper cars through a loading station. Precast concrete silos
are less expensive and can nave greater capacity than the stzel bins. Multiple silos offer
considerable flexibility for blending and loading out.
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Vi. COAL PREPARATION

The electric utilities and most conversion processes are equigped to handle ccals
with specified physical properties. Coal preparation involves mechanical cleaning and
sizing. usuzlly carried out in a water medium. A preparad cox! has a lower moisture and
ash content and. 1o some extent. a lower pyvritic sulfur content than raw coal. The overall
result is a coal procuct with more nearly uniform physicai properties and a higher
calorific value.

Major unit operations performed in the coal preparation piant are indicated in
Figure VI-1. The basic preparation plant operations are:

Size reduction (breakiic and crushing)
Screening

Coal cleaning by wet and dryv processes

Dryving.

In addition to these major operations. sometimes coal is cleaned at the mine face as
well as subjected to in-plant raw coa! preparation. Some of the special treatment. such as d=-
dusting. dustproofing. and freeze proofing ar: also applied for better utilization of coal.

Size Reduction

There are two primary objeclives in crushing ccal. One is to reduce run-of-mine
lump to sizes suitable for cieaning or further roduction: the other is to reduce the coal to
market sizes. A primary breaker. such as the Bradford breake:. reduces the raw caal to a
top size of from four to eight inches for washing or other prepamation purposes. Primary
breaking may occur at the mine or at a preparation plant. Secondary crushers reduce the
size of products received from the washers or primary breakers o sizes from 132 inch o
1 53/4 inch and smaller sizes. Crusher tvpes include the singie-roll crusher. double-roll



o
RUN OF MINE SIZE COAL DRYING TO STORASGE OR
COAL REDUCTION CLEANING TRANSPORTATION
CRUSHERS WET PROCESSES MECHANICAL DEWATERING
BAADFORD BREAKER LAUNDERS DEWATERING SCREENS
SINGLE ROLL CRUSHER JIGS (BEAR JIG) CENTRIFUGE
DOUBLE ROLL CRUSHER CLASSIFIERS CYCLONE
HAMMER MILL AND (DEISTER TABLES) THICKNESS
RING CRUSHER DENSE MEDIA SEPARATION
CHAKCE CONE PROCESS FILTRATION
SCREENS MAGNETITE PRICESS
N HMS PROCESS -
HMS PAOCESS iowe | THCRMAL DEWATERING
BAR SCREENS HYDAG CYCLONE HOT AR DRYERS)
VIBRATING SCREENS FRGTH FLOTATION
SicvE 5EnD
VIBRATING CLOTH SCAEENS DRY PROCESSES
DTHER MOVING SCREENS A FLOW 2GS
i TABLES AND LAUNDERS

WOTE: ANY ONE OR MORE OF THE ABOVE CRUSHING, SCREENING, CLEANING ARD DRYING DEVICES ARE
USED IN VASIOUS PARTS OF PREPARATION PLANT DEPENDING ON THE EXTENT OF PREPARATION
REQURED

Figure VI-1. COAL PREPARATION PROCESS FLOW DIAGRAM

crusher, and hammer mill and ring crushers Closed ciscuit crusiling s a means of
controlling the product top size by screening the product and returning the oversize
lumps to the f=2ed end of *he mactiine for further crushing.

Screening

Screzaning may be performed wet or dry. In dry screening. the ambicrt fluid in the
process is air. In wet screening. water is commonly used. but other liquids may be used
occasionally. Screens are used in all phases of coal processing. Their uses include presizing
to the crusher (run-of-minc sczlper), sizing the coal from the crusher {raw coal screens).
pre-wetting the coal for wet cleaning processes and for draining. rinsing. dewatering and
classifving functions. ' ’

Screens used in preparation of coal may be stationary or moving. Moving screens
may shake or vibrate and surfaces may consist of parallel bars. punched steel plates. or
woven wire cioth with square or rectangular openings. In fine coal screening. screen
blinding occurs which obstructs scpuration. Blinding may be cleared by heating the screen
10 150° F by slestric resistance.
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Coal Cleaning

Coxl cleaning begins at the mine face where. during manual cutting and loading. the
miner can distinguish between coal and rock and discards accordingly. Cleaning ut the
mine face is greatly facilituivd by mechanice! mining methods. Tramp iron can be
removed by magnetrs. Raw coal blending is generaily practiced where a high degree of
product quality control is necessary.

Wet Cleaning Processes

The wet prucesses utilize several well-known types of equipment for coal cleaning.
They are further divided sccording to process characteristics and principles of operations.
Launders
Jigs
Classifiers or concentrating tables

Dense media separation processes

o6 o 0 O

Froth flotation

The Rheolaveur process is tyvpical of the launder tvpe. It consists of two parts. a
short steeply inclined seclion a:i the coal-and-waier inlet e:x3 and 2 longer more gradually
sloped section bevond. In the gradusiiy sioped secicor. the velocity decreases
and the heavy particles settie to the baitom of the trough where they are removed
through two or more Rhco boxes. The ditference in veiocity between the bottom and
top of ihe stream Keeps the impurities helow and the coal above the settling veiociny:
hence. the coal is carmie¢ through the Lunder with the water siream. In the case of
pneumatic launders (dryv processes). air is used instead of water.

JigZing is = vrocess of pariicle stratification in which the particle rearrangemeni
results iTom an aiternate expansion and compiction of a bed of particles by a pulsating
fluid flow. In the Baum type jig. the water is moved by air pressure. Other well known
jigs are the Feldspar jig for fine coal wash'ng and the Tazub jig. In Germany. the Tazub
jie is replacing the Baum jig because of its betier performance.

In the many forms of classifiers. the principle of free and hindered setting in water
is applied to obtain classification. The feed coal is imiuersed in a flowing current of water
(usually upward) with a velocity greater than the settling velocity of the low-gravity
fractiens—the coal. and less than the seitling velocity ol the nigh-gravity fractions—the
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retuse. which separates the coal from the refuse. Ciassifies are suitable for a wide variety
of cozls. but efficient operation usuaily requires careful sizing of the feed coal.

Deisier tables apply differzntial motion to impart a conveying action to the table.
The fundamental effect of this motion is to make the table deck approach its reversing
point and recede from it with greater speed at one end of its travel! than at the other.
The matesial to be ireared is fanned out over the table deck by the differential motion
and gravitational flow. The water fiows from top to bottom by cross flow. Coal
middlings and refuse are separated by gravitation and stratification principles.

Dense medium separation includes those coal preparation processes which clean raw
coal by immersing it in 2 fieid having a density intermedizte between clean coal and
reject. Categorically. four iypes of scparating media have besn used commercially: organic
liquids. dissolved sals in water, aerated solids. and suspenstons consisting of fine solids
suspended in water. Commonly utilized dense media gravity separation processes are
Belknap chloride process. Chance Cone process, Magnetite process, heavy media separa-
tion process, dense media cyclone, dynawhizipool vessel, znd hydrocyclone.

Froth flotation is a chemical process. Fine coal is mixed with waier in a flotation
ccll containirg flotarion agents svuch as frothers. collectors or modifying agents to
improve froth flozation. Finely disseminated air bubbles are passed through the slurry.
Air adhering coal particles are separated from nonadhering refuse particles. Coai floating
on the surface is removed. washed. and dried.

Most freth flotation circuits in domestic coal preparation plants are relatively simple.
The slurry generally comes to the {roth cells directly from the dewatering screen or sieve
bed undarflow or from the classifier tank overflow. The flotation cells used in the industry
are Wemco cells. Havle angd Patterson Cyclo-cell. and Denver cells.

Dry Cleaning Processes

Pneumatic or dry processes are generally applied to coal one-half inch or less in size.
Dry processes do not contribute to stream poliution as may water cleaning techniques.
Air particulate emissions are minimized by using cloth filters and no thermal or chemical
pollution of air results. The air machines are pneumatic jigs. pneumatic tables and
pneumatic launders. In case of pacumatic tables similar to the Deister table, air is
admicted through holes in the tabie and is blown up through the bed of coal. The motion
of the table plus the air flow segregaies the coal and impurities.
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Drying

Coal needs to be dried for one or more of the following reasons: (1) to avoid
freezing, during transportation. {2) to reduce heat loss in the buming processes. (3} to
decreasc transportation cost.

Mechanical drying (dewatering) refers to the processes used with wet cleaning of
coal. Different types of equipment are used to dewater different sizes of coal. Material
greater than one-quarter inch. for example, can be dewatered by shaker screens, high
speed vibrating screens (not used below three-eighth to one-quarter inch) and possibly
stoker centrifuges for the finer sizes of coal. At the fine size level, centrifuges are used
almost exclusively in the 0.5 to | mm size range. Solid bowl centrifuges can be used on
sizes smaller than 0.5 mm. The disc filter is used mainly for dewatering coal. With the aid
of flocculants, finc coal is dewatered very quickiy.

Thermal dewatering is used to remove final water content or the moisture of the
coal. This method may be used in coal preparation plants or in coal processing plants. All
industrial coai dryers now in use are the continuous direct contact type which employ
comvection as the major principle of heat transfer. Thus. hot gases and wet coal are
brought into intimate contact with each other on a continuous gas flow-coal feed basis.
The six basic dryer types are (1) fluidized bed. (2) suspension or flash. (3} multi-louvre,
(4) vertical tray and cascade. (5) continuous carrier and (6) drum type.

Special Treatment and Miscellaneous Processes

Dedusting. dustproofing. and freezeproofing are examples of special coal treatment.
Degradation cf coal in screening. handling. and shipment may increase the percentage or
dust. Both wet and preumatic cleaning provides dedusting. Air passes through the coal
ard entrains a large percentage of fines which can be recovered from the air with cyclone
separator and bag filters. Water. and sometlimes small amounts of commercial wetting
agents, are added to reduce dustiness. Oil and calcium chloride are commonly used for
dustproofing coal at the mine. An oil film causes dust to adhere 1o the large pieces of
coal. Calcium chloride absorbs moisture from the air providing a wet surface to which
dust adheres. The chemical additives usually used to prevent freezing of wet coal during
shipment are calcium chloride and rock salt. Occasionally the car hoppers are heavily
spraved with oil for freezeproofing coal.
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V. COAL PROCESS TECHNOLOGY

FUNDAMENTALS OF COAL CONVERSION PROCESSES

Figure VII-1 is a generalized flow chart depicting the various coal conversion
possibilities. Essentially. liquid or gaseous fuels are produced by decreasing the carbon to
hvdrogen ratio of solid coal. Tiw ruw products are desulfunized. de-ashed and further
precessed resulting in a wide range ot clear iuels trom coal.

Low-Biu gas. with a heating value of 100 or 300 Btu per cubic foot. is suitable for use
as a fuel feedstock or for power gencration in combined gas-steam turbine power oy cles. On
an equivalent Btu busis. conversion of coal 1o low-Bru gas is less complex with lower capital
costs than coaversion 1o high-Btu pus. Low-Btu gas cun be produced at a competitive cost if
tiie low-Btu gasifier is built on the premises of a power generating station. eliminating
long-distance pumping costs.

Medium-Btu gas is usually a fued gas for production of high-Btu gas. High-Btu gas from
coal. with a heatng value o1 950 to 1000 Btu per cubic loot. can be substituted for natural
gas. which 15 a widely used heating fuel and indusirial feedstock. Natural gas. composed
essentially of methane. is virtwally free of sulfur and contains essentially no carbon
monoxide or fre.: hydrogen. The conversion of cozl to high-Btu zas requires a major
chemical and physical transtormation of solid coal 1o produce a pipeline quality substitute
" for natural gas.

Techniques for converting coal to synthetic liquid fuels. originally developed in the
early 1930%. are being improved 1o increase the supply of nonpolluting liquid fuel and to
produce 2 more easily transportable and usable fuel. Current emphasis is being placed on
the develcpment of fuels suitable for firing industrial and electric u!ility doilers and gas
tuibines. Modern improvements are providing better catalysts. better reactor designs. and
better construction materials. icading to more attractive processing economics and iower
capital investment. Coal liquefaction can now be achieved under more moderate
processing conditions and mor: rapidly than was the case in the early 1930%s. The
advantage of coal liquefaction is that the entire range of liquid products. including fuel

Vii-1



H;S

R,
‘ﬂu; wWHen AR | LOW-Bl
- C0. Hz. M. PURIFICATION LOW-B1
0, €G;. H;S
+
e GASIFICATION | s MEDM-Bu
. £0+ 8, CLEAN
WHEN 8 MECHUM-Blu | |
e A e e
£0:. He§ AND PURSFICATION
"’Is MEDIUM-BlG
HYORD WEDUM-BLY | ST CONVERSIDN] Mt
: ) '
CASIFEATION €0, M. Cn, =t 200 muﬁ METHANATION MIGH-Blu
€0;, H.S PURIFICA J
METHANOL ~,
s, STEAM OR SYNTHESIS METHANOL
SYNTHESIS CAS
FISCHER-
TROPSCH == HYCROCARBSN
6as S SYNTHESIS
1 ons t
=] PYROLYSIS }——e-{ HYDROTREATING }- HYOROCARBON |
t ¥ t > uuE
Hy CHAR Hz FUELS
£921-DERVED LIOUD
Hy
— ¥ T
SLURRY CATALYTIC
mantmuHTwmsaunmI e HYDROCARBON
SYNCAUDE
oesent FILTRATION AND HYCHD-
UTN SOLVENT nsuovu.""_ TREATING HYDROCARBIN y
H, asH H,
FYRTC SUER L Solmreamin e cuin
CLEAN
ONECT SO
DESULFURZATION FUELS
BY PHYSICAL.
CEMICAL DA CoAL
THEAMAL
IREATIENT

Figure VII-1. CLEAN FUELS FROM COAL

oil. gasoline. jet fuel. and diesel oil. can be prcduced from coal by

varying the type of

catalysts and other operating conditions. Conversion processes curreatly under develop-

ment may produce clean solid fuels as well as liquid fuels.

The technologies for producing clean gaseous, liquid and solid
described in detail in this
reactionis and the favored reaction direction.

fuels from coal are

section. Chiernical reaction equations indicate the predominating

Coal has 2 carbon to hydrogen (C/H) weight ratio ranging from 12 for lignite to 20
for bituminous grades. Either by addition of hydrogen oi by rejection of carbon. the C/H
ratio can be lowered 1o 10 to produce the heavier. by molecalar weight. synthetic crude
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l:quids. Increasing the volume percent of hydrogen yields progressively lighter. by molecular
weight. fractions. As the C/H ratio decreases to 3. methane gas can be formed:

Coal Liquid Gas
C/H Ratio: 15 1010 6.5 3

Hydrogen to support these reactions is typically produced by reacting steam with char:

C+2H,0—~ 2H2 + CO‘_)

Gasification

As indicated in the upper half of Figure VII-i. the initial step in conversicn to gas
may be either simple gasification or hydrogasification. The former involves primarily the
direct reaction of steam with coal. Heat to support this reaction is generally furnished by
combustion of char by-product with air or oxygen.

The reaction of carbon with steam producing carbon morcxide and hydrogen is
endothermic:

C+ Hzo —~CO +H- (steam-carbon reaction)

The above reaction does not occur unless the required heat is supplied by bumning some
of the coal or char. which produces the following reactions.

C+0p— COz {combustion reactions)

CO4 +C~2C0

CO+1/204~CO5
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It air instead of oxygen is used. N~ will appear in the raw gas limiting its heating value. The
product gas will also contain sulfur oxides and other pollutants which must be removed. The
resulting low-Btu gas can then be burned in a power plant. Alternatively. for production of
high-Btu gas. oxygen rather than air supports combustion and the H5/CO ratio is adjusted as
required by a water gas shift reaction:

CO +H,0-+CO, +Hp (water-gas shift reaction)

Following the water gas shift reaction both sulfur (in the form of H,S) and CO5 ase
removed by acid gas cleaning. The gas containing €O and H5 is subjected to methanation
or hydrocarbon synthesis. One mole of carbor monoxide reacts with three moles of
hydrogen and produces methane and steam.

3Hy +CO—~CHy + HyO (methanation reaction)

Steam is condensed to water and removed resulting in a high-Btu. methane-rich preduct.

In hydrogasiticarion. conversion is effected by bringing hydrogen produced elsewhere
intc contact with coal. More methane is produced directly with hydrogasification than by
steam-cxygen gasification. The fundamental hydrogasification reaction is:

2CHD.8+ 12 Hz-)CH4+§:h )
cnar,

Therefore. for production of high-Btu ges, less additional methanation is required. The
required hydrogen can be produced in a steam-oxyzen gasifier (as in the HYGAS process) by
gasifying the char products:

2C+H20+02—*C0+H2+C02

COo+ H,0 ->C02 + Hz

. . N |

Modemn coal gasification processes utilize hydrogasification directly in the primary
gasifier. The heat released by methane formation is used in steam carbon reactions !

produce hydrogen. Consequently, less 04 is required to produce heat than for the stca'i' -
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carbon reactions and less heat is lost in the low temperature methanation step. These factors
lead to higher overall conversion efficiencies of 65 to 70 percent in contrast to SO to 55
percent by synthesis gas plus methanation.

By «liminating the shift conversion and methanation steps. the gas produced by
hydrogasification is a medium-Btu gas. This gas can be used as a fuel for power or for steam
generation on site. The product gas could also be used to produce methanol and
hydrocarbon liquids. Therefore, a combiantion of processes for utilizing the medium-Btu for
high-Btu gas production while producing liquids has been proposed.

Liquefaction

As indicated in the lower half of Figure VII-1, producticn of clean liquid fuels from
coul is cartied out by four principal processes.

Hydroliquetaction (direct catalytic hydrogenation)
Solvent extraction (noncatalytic liquid phase-dissolution)
Pyrolysis

Liquid hydrocarbon catalytic synthesis (Fischer-Tropsch)

In the first process. diagrammed in Fizure VI1I-2, pulverized coal is slurried with coal-
derived recycle oil, mixed with hydrogen and fed 1o a reactor operated at moderate
temperatures (850° F) and high pressures (Z0C0 to 4000 psia). One of the best catalysts is
cobalt molybdare. Other catalysts. such as tungsten and molybdenum sulfide and an impure
iron oxide (Bayermasse) alse are useful but require higher pressures. In racent years
processes using entrained, fluid bed or fixed bed catalysts have been proposed.

23S, H20, CO,, NH3, and
other hydrocaroon gases.

—

Catalyst

———o= Heavy Syncrude
Coal (nC) + nHy > C Hy,

Hydrogen

Figure V11-2. CATALYTIC HYDROGENATION
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In this catalytic hydrogsnation process. the sulfur in the coal is converted to H.S. the
oxygen to HyO or CO,, and the nitrogen to NH3. These compounds leave with the gas
stream. The coal is converted to liquids ranging from heavy to light oils and gases: however,

the main product is iquid.

Coal CHg g ——o| Liguid and

nCH + (p£x) Hy == CoH(n+x)
— " Solid

Hydrogen .| forx<n,n=o
Donor Solver:t Hydrocarbons

L Ash Sulfur Removal

Figure VI-3. SOLVENT EXTRACTION

The secornd method, diagrammed in Figure VII-3, is the solvent extraction of cozl. In
this process, coal is partially dissolved in a hydrogen-rich soivent and the undissolved solid is
filtered out. The solvent is recovered from the high boiling product and recycled to the
dissolver. The carbonaceous solids are reacted with steam to produce hydrogen. Ash,
containing pyritic sulfur, is also removed at this stage. Hydrogenation of the excess solvent
produces liquid fuels.

w——e——» High Btu Gas
COAL ~ CHAR + CyHp, |~ Syncrude

= Char

Heat ~————»

Figure VII-4. PYROLYSIS

The ithird method to produce clean liquid fuels, diagrammed in Figure VII-4, uses
pyrolysis of coal to recover products by the application of heat without direct addition of
hydrogen. In this process, most of the carbon is rejected as a solid. Liquids and gases
containing a lower C/H ratio than the original coal are recoversd. Pyrolysis processes
produce significant quantitites of by-product gas and char which must be disposed of
economically. The liquid product is further hydrogenated for desulfurization and quality
improvement.

The quantities of gas, liquid and resulting char are dependent on the type of coal, the
rate of heating, the nature of the gas atmosphere surrounding the coal and the ultimate
temperature achieved. Yields of iquid are maximized by minimizing the time dusing which
the product is exposed to elevatad temperatures, thus avoiding further decomposition of the
gas.
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Coal ———=

Liquid
SaSmammm— ]
Steam ——— o] Hydrocarbon

nCC + (2\‘\"'1)”2 - anz,,...z + ﬂHzO

Heat

Figure VII-5. LIQUID HYCROCARBON SYNTHESIS

In the fourth method. diagrammed in Figure VII-S. 2 hydrogencarbon moroxide
mixture (medium Btu synthesis gas) is produced from coal. Carbon monoxide and hydrogen
react in the presence of the Fischer-Tropsch catalyst to produce a wide variety of liquid
products. The yield of products, such as gas. LPG gasoline, kerosene, diesel fuel. fuel oil.
wax oil, methanol and acetone is dependent upon the catalyst and operating conditions. The
types of catalyst typically used are Fe, Co, Ni. Ru. ZnO and ThO,. The behavior of these
catalysts depends on the presence of chemical and structural promotors. on the procedure
of catalyst manufacture, on catalyst surface conditions and on other factors.

The Fischer-Tropsch hydrocarbon synthesis process can also be used to produce
methanol by employing special catalysts of the copper-zinc-chrominum and zine-
chremium-oxide types. The generalized reaction for methanol is:

1
CO+2H, > CH3OH

The rate of these reactions is higher at higher pressures. Operating conditions for methanol
synthesis vary from 750 to 6000 psig and from 500° to 800° F depending on the catalyst
and desired yield per pass. Higher temperatures and presures increase the side reactions and
produce other materials such as 2thers and heavier alcchols in the crude methanol stream.
Crude methanol can be further distilled to produce chemical grade methanol.

Clean solid fuels can be produced by dissolution and limited hydrogenation. The solid
fuel is produced when the syncruds 1s allowed to cool before the hydrotreating step. Direct
desulfurization of coal by physical, chemical or thermal treatment will also produce a liquid
fuel. ‘

Byproducts

In the production of clean gaseous. liquid or solid fucls from coal. various byproducts
are produced depending on the procsssing method. operating conditions and composition of
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the coal. Some of the byproducts produced are licht aromatics. oils and tars. ammonia.
hydrozen sulfide. sulfur dioxide. phenols and cresols, nitrogen oxides. traces of hydrogen
cyanide. char, and ash. Plant designs will provide for recovery of the byproducts where
economical or for environmentally satisfactorv methods of disposal.

GENERALIZED GASITFILATION PROCESSES

As jllustrated in the process fiow diagrams of Figure Vil-1. the methods for producing
high-Btu and low-Biu gases are similar. The essential differences are that air is used instead
of oxygen to produce low-Biu gas and that no shift conversion or methanation steps are
required. A brief explanatioa of each process flow step follows.

Coal Preparation and Pretreatment

For most processes, the coal wili be ground to a relatively :ine size. Some processes
require lump coal and will not accept coal fines (less than 1/8 of an inch); briquetting of
the fines may be necessary.

If the coal used as feed material is of a rank cr gradc which would cake or agglomerate
in the gasifier, a pretreatment step is usually necessary. Pretreatment of coal means a partiai
devoliatilization and oxidation of the coal particle surface with steam and oxygen. a
reaction which results in a loss of a significant amount of potentially valuable volatile matter
in the ccal. Lignite, which does not agglomerate, requires no pretreatment before the
gasification step. Certain gasifier reactor designs, such as the entrained reactor and the
free-fall reactor. also eliminate the requirement to pretreat bituminous coal.

There are essentially three types of pretreaters: fixed bed, free fall, and fluidized bed.
In the fixed bed pretreater, the temperature is about 800° F and the pressure is approxi-
mately 325 psig. The units are pressurized by the steam-oxygen mixture. In the free-fall
pretreater, the temperature is 1100° F and the pressure is 2300 psig. Coal is dropped through
a countercurrent flow of stearn containing 5 to 12 percent oxygen by volume. The oxygen
to coal ratio varies about 2.4 scf per pound of coal. The residcace time is approximately 2
seconds. If the oxygen is insufficient or the reaction temperature is too low, the coal will
agglomerate and plug the treater. In the fluidized bed pretreater, used to treat caking coal,
oxygen mixes with steam cor inert gases such as nitrogen and carbon dioxide. The
temperature range is approximately 700° to 775° F.
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Since pretreatment is zn oxidation reaction, the xmourt aof oxidatien is pronortional to
the leneth of pretreatment. Minimupe pretreatment which allows production of & nonceking
coul retains about 26 percent volatile malter in the pretreated char.

Coal Feeding

In most gasificaiion processes. the reactions are carrizd out at fugh pressures. which,
for continuous processing. means that the coal feedstock must be introduced under
pressure. This can be accomplished in several ways. including pressurized Jock hopgers.
mechanical tauger) feeding. or wet feeding. In wet feeding. coa! is slurried and pumped
under pressure and then dried immediately prior to the gasification process. The gasifica-
tion pressures range from about 100 psig to over 1000 psig.

Gesification

If the feed coal is not devoicrilized in pretreatment. it is usually devolatilized as it is
fed into tie low temperature zone of the gasifier (near the top of the gasifier vessel). The
coal begins to form char as i is heated and then is mixed with steam to form carbon
monoxide and hydrogen. which are essential to forming either low-Btu or medium-Btu
product gases. The steam-carbon reaction is favored at temperatures above 1700° F. The
exothermic water-gas shift reacuon will aiso occur in the gasifier to some axtent. To a
lesser degree. hydrogasification will occur producing small quantities of meihane (C +
2E+ ~ CH,). In some processes. the char which resuits from these three easification steps
eventually talls to a combustion zone where it reacts with oxygen. The combustion heat
supports the endothermic steam-carbon rzaction. Although direct heating is more
thermally efficient than are indirect heating methods. the removal of CO5 in the effluent
requires more extensive purificaiion systems.

{f air rather than oxygen supports combustion in the gasifier. small quantities of
nitrogen-oxides (NO,) are formed and large guantities of nitrogen accumulates in the
product gas. Unless combustion heat is iransported o the gasifier indirectly. the nitrogen
from combustion will be in the raw product gases whict will imit the heating value of
the final product gas. Tonsequently. air is used where only low-Btu gases are to be
produced: however. oxveen is usually required for producing iigh-Bru gases. Bacause
oxvgen is an expensive feed materiai. some high-Btu gasification processes are attempting
to develop indirect heating techniques.

Indirect hauiing techniques involve sensible heat carmiers such as pebbles. or molten
slag. Dolomite (limestone) solids or molten sali mayv transfer latent heat to the gasifica-
tion progess.
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Gas Cleaning

In general. most gasification processes have g particulate and tar removal step. This step
usually involves direct water quenching or scrubbing the raw gas. tfollowed by the use of
<violones. sand filters. or zlectrostatic precipitators. The bulk removal of oils and water is
accomplished by guenching or cooling. during which heavy oils are compivicly removed
with a large fraction of the light oils. The remaining light oil fraction in the gases is absorbed
by solid absorbents. Also. some of the ammoniz produced in the gasification st2p can be
recovered in the condensed water phase.

Shift Conversion

Medium-Btu gases from the gasifier are cooled to approximately 800° F and sent to a
shift converter. Iron-chromium oxide compounds are used as catalysts for shif? convession.
The 3:1 Ho/CO composition of the gases from the shift converter may then be purified aad
methanated for high-Btu gas production.

The fundamental shift conversion process may alsc be used to produce hydrogen
rich gases for hydrogasification or to produce methanol. Th2 12/C0 ratio is adjusted to
2:1 if methanol is to be produczd.

Gas Purification

The purification of the gas coming from the shift converters is essential. not only
from the pollution point of view. but because it enhances the high caloric value required
for pipeline quality gas. Carbon dioxide adds nothing to the heating value of the final gas
and should be removed before methanation. The methanation catalysts, usually containing
nickel compounds. are extremely sensitive to any contaminating sulfur.

Gas purificaticn processes generally fall into one of three categories: 2bsorption into
a liquid chemical, conversion to another compound. and absorption on solids. In order to
economically remove CO_-Z and HZS from the gas stream, a combination of the three
methods is normally used. Gas coming from the shift converter is passed through a hot
potassium carbonate process. or through a moncethanclamine (MEA) process and finally,
an activated carbor tower. Because of its lower heat requirement and better cperating
flexibility. the hot potassium carbonate precess is more economical than the MEA
process and is therefore usually preferred.

VIi-1¢



Heat and energy recovery units. such as turbines, aid in increzsing the operating
efficiency of this system. The CO5 and H:S removed by the first two purification procasses
are sent to sulfur-recovery planis where. depending on the concentration cf HZS, sulfur in
the elemental form is recovered eithier by the Claus Process followed by a Stretiord Process
or by u Stretford Process zlone. The process effluent gas contains less than 1.5 percent of
CO- by volume. and less than 0.1 grain of HAS per 1000 scr.

Methanation

The methanation step is of considerable importance to ccal gasification because it
accomplishes Two things. First, it converts a mixture of gases of relatively low heating vaiue
intoe methane. which is compatible in physical properties and heating value with naturai gas.
and second. the methanation step reduces the carbon monoxide content to 2 nontexic fevel.

A 3:1 volume ratio of hydrogen to carbon monoxide is methanated in the oresence of
a nickel based catalyst at approximately 600° F. This reaction is highly exothermic by
nearly 33 keal/gm mole of converted CO leading to approximately a 140° ¥ emperature
increase for zach one percent CO converted. An efficient heat-renioval svstem is required to
muintain characterisiic methanation temperatures since higher temperatures would spoil the
cataiyst. Typical dry compositions of a raw gasifier product. methanator feed (medium-Btu
gas). und methanator product are shown below for the Synthane process.

Gasitier Methanator Nethanator
Product Feed Product
Hz 2362 45.05 1.79
cO 15.22 14.68 2.10
COz 34493 097 .74
CH s 23.C8 3544 9190
C2H6 0.74 1.14 - .
N2 1.67 258 447
HZS 0.74 - -

The compositions in other coal gasification processes are similar. Ru. Co. Mo. and Fe are
other ilmportant commercial methanation catalysts.
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Reactor Tvpé Used in Gasfication Processes

A coal gasifier reactor must be designed to cary owur 3 chemical reaction under
controlled operating conditions. This mecessitates intimate mixing between the chemical
reactants. the removal of product gzases and by-product ashes. and the regulation of
teraperatures Junng these processes. Gasitiers can be placed into thres general categories:
fined bed. fluidized bed. and entrained flow.

The difference in the design of individual gasitier reactors can be best characterized by
the magnitude and direction of movement of the coal particles. In a fixed-bed reactor the
gas velocity is relatively low and the sohd particles remain stationary. It the gas velocity is
increased. the drag forces on the particles will equat the gravitational foreus on the particles.
At this poin?. the bed expands and the distance S2tween the particles becomes significantly
greater. The particles also acquire 2 rapid random velocity throughout the reactor which
makes the reactor appear {ike 3 container of rapidiv boiling liquid and for this reason is
referred to as being Jliidized. Becsuse the particies are in zuch violent motion and mix in all
directions. such a neactor is frequently referred to os a stirred reactor. i the zas velocity into
the reactor s increased 1o even higher values, then the interface between the bed and the gas
above it disappears. The distance between the prrticles increases significantly and the
particles experience practically no interaction. This condition is refei¥zd to us entrained
flow bucause the particles are merely swept along by the high selocity gas stream.

Fixed Bed Reactor

A fixed ded reactor is zenerally a ovlindrical structure with a metallic grid or grate at
the bottom to support the bed of coal. The grate is generully mounted 2 short distance
above the bottom of the reactor and serves twe purposes: (1)il promotss an even
Jdistribution of redciing gas-s across the radial distance of the reactor, and (2} it provides a
mezns of drawetg ash off the botiom of the bed. The coal pasticle size iv generally larger.
ranzing up 1o six inches. depending <n the desiga of the reactor.

Early gasifier reactors did rot operate continwously. but instvad. operated in cycies.
The first cvele. referred to as 2 iast. consisted of blowing air through the couzi (or cokej bed
in order to bum the fuel and heat the unburned fuel to reaction temperature. The second
cycle referred to as the run. consisted of passing steam through the bed to react with the
high temperature coal. When the endothermic reuction between steam and coal caused fhe
bed temperature to fali below the necessary for the e:ction. the steam flow was terminuted
and 2ir was again blown through the bed.
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From a operatic nul point of view. continuous reaciors are preferred. Consequently.
over the vears 3 wide variety of conunuous reacters have been developed which permit
continuous flow of coul inpul. reacting gases, and ash discharge. A typical continuous flow
fixed bed reactor is illustrated in Figure VII-6. Here the raw coai is introduced at the top of
the reactor and is spread uniformly by a rotating mechanical device. At this point in the
reactor the temperatute is relativelv low and the feed coal is dried and devolatilized.
Rotaring grates 4t the base of the reactor allow continuous withdrawal o1 ash and
consequently the gradual settling of the entine bed. Thus. the devoiatilized particles settle
toward the higher temperatus : zone in the base of the reactor whers gasifization occurs. The
smaller particles uie rapidiy gasified and disappear. while the larger pardcles continue to
settle deeper in the bed. At the bottom of the bed. air or oxygen and steam are blown up
through the grate and th: oxvgen preferentially racts with the relatively large ungzasified
picces of coal. The exothermic heat of this process produces the high temperatures neeced
in the gasification process which occurs immediately above this zone in the reactor.

Ancther variable in the design of fixed-bed rezctors is the method of ash removai. Ash
mayv be removed in either the solid form in a drv ash gasiiler or the liqud form in 4 slagming
gasifier. Dry ash easifiers genemlly operate at temperaiures of approximately 1800° F white
slagging gasifiers must operate with the ash zone 21 approximately 3000° F to melt the slag.
Molten ash is withdrawn continuously frem the bottom of thie unit. Slagging peimits the
easification of lump coal at higher temperatuns and offers better st2am decompesitior and
hizher throughput than nonslagging. Its disadvantages are those associated with higher
temperatures and refractory erosion caused by the molten slag. Severi slagging bed gasifiers
have been built and operated abroad on a commercial scale. these include the Thyssen-
Galoczy and Leuna-Wurth units. The fuel for these reactors has generzily been coke or char.
Further develonment will be required if this typ= of gasification is to be adupted to coal.
particularly caking coal. The major fixed-bed reactor processes identified in Figure Vil-6 are
further described in Appendix A.

Fluidized-Bed Reactor

A fluidized-bed reactor is shown schiematically in Figure VH-7. Prior to operation. the
relatively fine grid distributor plate supports the puiverized solid matenal (coal or pretreated
coal). Air or oxygen and steam enter at the base of the reactor and are forced up through
the distributor under pressure. Abcve the distributor plate. the gaseous medium passes
between bed particles forcing them apart and openizz larger pathiways through which to
flow. The dJownwzid gravitational force of the particles becomes balanced by the upward
drag force on the particles by the gaseous stream. In order for this balance to occur at
nrasonable gas velocities. smail particlzs. 8 to 100 mesh. are used. At these sizes the weight
of the individual particles ts raduced and gas stream pathways ar¢ reduced which increases
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Figure VII-6. TYPICAL FIXED-BED GASIFIER
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Figure VII-7. FLUIDIZED BED REACTOR

the drag force. Above the fluidized bed is a zone relatively free of particles. Here fine
particles ejected from the bed have a chance to deceizrate and return. An internal cyclone is
usually used to remeve any entrained particies and return them to the bed.

Because fluidization causes random motion of uniform particles, the temperature and
composition of the bed are fairly uniform throughout. Reaction zones operating at different
temperatures, analogous to those in the fixed bed reactor. may be established by using a
series of fluidized reactors.

To prevent agglomerization. caking coal is pretreated in a fluidized bed where it is
reacted with air at about 700° F to mildly oxidize its suriace. The combustion and
gasification of the coal may be carried out in a single stage fluidized bed reactor, or
sequentially in a two stage arrangement. The specifics of the processes listed on Figure VII-7
are outlined in Appendices A and B. The locations at which steam. oxygen. and coal are
added and the reaction conditions vary from process to process with temperatures ranging
from 1200 to 1900° F and pressures from one to 100 atmospheres. Most processes are
designed to separate the combustion ard gasification reactions.

Some processes improve the efficiency of ash removal by carefully adjusiing the bed to
a temperature at which the ash just begins to melt. The ash particles then agglomerate as
they interact with ore another. The resulting increase in the ratio of the weight of the larger
ash agglomerates to the drag force exerted on them causes the agglomerates to migrate to
the bottom of the reactor for removal. This ash. which still contains some combustible
material. is characterized as char and may be bumed to produce heat for steam production
or other process needs.

ViI-15



‘ SLAG T0
5 DESULFURIZER —>

RIRRRRR
i\ S = : IRON TO

S~ \ s T TR GRANULATOR —»
» o -

mciAl SHELL

REFRACTORY

~ - S -

OO

SIS R oSS
RSSO

000 0 €0 8080000 0000907 e

A a0 e e O O oot P b %o e Yo |

........

MAJOR MOLTEN BATH REACTORS

MOLTEN, SARBONATE (M. W. KELLOGG C0.)
MOLTEN IRON (ATGAS)

MOLTEN SALT (ATOMICS INTERNATIONAL)
ZnC1; CATALYSIS {LIQHEFACTION)

Source: LaRosa and McGarvey, 7973 IGT Symp.

Figure V1I-8. MOLTEN-BATH REACTOR

Suifur removal can be accomplished to a large extent by including limestone particles
in the fluidized bed. The limestone reacts with sulfur from the coal, substantially reducing
the suflur in the product gas.

The molten bath reactor, illustrated in Figure VII-8, is realiy a special case of 2
fiuidized bed. The molten bath provides a well mixed medium in which combustion and
gasification occur simultanecusly. The molten medium, which can be a salt such as sodium
carbonate, provides a means to transfer and store heat as well as to disperse the reactants.
The medium may be reactive, catalytic, or passive. The reaction takes place above the
melting temperature of the medium anc above the slagging temperature of the ash. As a
result. an ash free product stream is generated. Limestone added to the melt will react with
sulfur in the coal and remain in the slag. The product fuel then will be low in sulfur.
Gasification processes employing the molten-bath reactor, listed on Figure VII-8, are
described in Appendix A and Appendix B.
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Entrained-Flow Reactcr

The entrained-fiow reactor is characterized by very high gas phase velocities and very
small particle sizes of about 200 mesh. The drag force on the particles exceeds the gravity
force. carrying the particles along with the gases. The reactants pass through the reaction
zone for only a short time. but the very small size of the coal particles and high
temperatures ensure a rapid reaction. Because all the reactants travel through the reaction
zone at essentially the same velocity, the entrained flow reactor is not mixed like a flnidized
bed. but behaves chemically more nearly like a fixed-bed reactor in that the events naturally
occur sequentially. The differentiation between one and two stage processes is simply one of
physicai location of the oxidant and steam injection point. Where they are injected together,
as in a Xoppers-Totzek reactor. @ single stage process results. Where the oxigant is injected
upstream of the steam injection point. two reaction stages result: combustion and
gasification. Figure VII-9 illustrates a twostage entrained gasifier designed to inject the coal
with the steam in the gasification stage. using char and oxidani to generate hezt in the
combustion stage. Other entrained-flow processes identified in Figure VIIi-9 are descrided in
Appendix A.

By adjusting the fuel-oxidant ratio, temperatures above the slagging temperature ¢can be
obtained in the combusticn zone. This is the most common mode of operaticn. The short
contact time ir: the reaction zone requires a high temperature to increase the reaction rates.
Temperatures as high as 3500° F in the combustion zone and 270(° F in the gasification
zone are possible. The excess heat in the product gas at these high temperatures is usually
used 1o generate process steam.

GENERALIZED LIQUEFACTION PROCESSES

Of the various approaches 1o convert coal inio improved nonpolluting energy sources,
liquefaction appears best in terms of eccnomics, confidence in reliable commercial
operability, and the shortest lead time tc achieve commercial implementation. Economic
advantages derive from the fact that fewer chemical changes are required to convert solid
coal into 2 liquid than into gas, and the energy conversion efficiency to liquids is higher.
Commercial liquefaction processes could use, to a certain extent, components in use in the
petroleum refining industry,

A typical direct catalytic hydrogenation process is shown in Figure VII-10. Cozal is
mixed with a vehicle, usually coal-derived oil from the process itself, and the shurry is mixed
with hydrogen and then passed through a rezctor at a high temperature and high pressure.
Coal reacts with hydrogen in the presence of a catalyst, producing additional oil. All
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resuiting oil is then separated {rom solids bv filiration or centrifuging. Part of the oil
product is then recycled 1o generate slurry.

The solvent extraction process illustrated in Figure ¥II-11 uses 2 solvent to extract or
dissolve the coal. and the ash, which includes pyritic sulfur, is filtered out. In some cases the
solvent acts as the agent that transfers hydregen to the coal to in order to liquify it. After
removing the solvent. the remaining hcavy oil is treated with hydrogen to remove organic
sulfur and sometimes to improve its quality.

Dyrolysis or carbonization is destructive distillation of coal. Coal is heated in absence
of oxyegen until it decomposes producing liquid hydrocarbons. gases. and char. As illustrated
in Figure VII-12, four or five pyrolyzing stages may be required in an efficient pyrolysis
process. The char is primarily carbon withdrawn from the ccal to allow the remaining
carbon to hydrogen ratio to reach the liquefaction level. Primary processes utilizing the
pyrolysis principle to produce liquid products are the hydrocarbonization process. Char-Oil-
Energy-Development (COED), the Toscoal Process, and the Garrett Process.
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Figure V11-14. FLUIDIZED BED BOILER

In liquid hydrocarbon synthesis, coal is gasified with oxyzen and steam as indicated in
Figure VII-13 to produce gas containing a high concentration of CO and Hx. This gas is
purified to remove sulfur compounds and CO,. Carben monoxide and hydrogen are
converted to liquid hydrocarbons through a Fischer-Tropsch catalyst. Liquid hydrocarbon
synthesis is divided into Fischer-Tropsch synthesis (at SASOL) and methanol synthesis.

in Appendix B, abstracts of 23 significant liquefaction processes are described briefly
and their distinguishing characteristics are pointed out.
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DIRECT COMBUSTION AND
ADVANCED POWER SYSTEMS

Several long-range adva::ced combustion and power concepts are under development
bv ERDA. the Department of U'c’ense. the Maritime Administration of the U.S. Department
of Commerce. other federal agencies. and by private industry. ERDA is concentrzting on
two major ar=as in crder to use coal as a fuel source in advanced systems: direct combuszion
of ccal und advanced power svstems which couid be coal fueled.

For diract combustion system research. ERDA’s emphasis currently has been placed on
" (1) development of armospheric and pressurized systems capable of buming high-suifur
coals of all degrees of rank und quality ir fluidized-bed combustors, (2) development of the
ability to bum coal-oil slurries in oil-fired combustors. and (3) improvement in the
reliability of present boilers. Compared with conventional coal-fired systems. fluidized-bed
combustion systems result in higher power 2fficiencies 2nd cleaner exhaust gases, even when
buming high-sulfur coals. If the fluidized-bed svstem is pressurized. additional economies in
capital costs accrue through decreased construction expenses and operating costs are lower
because of increased efficiencies. The benefits from high-pressure combustion are (1) a
reductiors of furmnace size because of decreased gas volume and (2) an increase of sulfur
removal ability.

In 2 fluidized bed boiier. shown in Figure V11-14. small particies of limestone are held
in dense suspension by a stream of air passing upward through the dense bed. This fluidized
bed is heated to about 1600° F. Finely crushed coal injected into the fluid bed combustion
zone cums very rapidly in the bed so that at any given moment the amount of combustible
materal in the bed is very low. probably less than one percent. A suitabie amount of
powered limestone is added continuously to the bed where it reacts with the sulfur dioxide
released by the buming of the coal tc product calciurm sulfate. an inert substance which is
discharged with the ash.

The pnmary advantage of the fluidized-bed boiler is that sulfur and much of the ash
may be removed during the direct combustion of the coal. In benchscale tests, the
techniquie has removed over S0 percent of the sulfur dioxide pollutants resul*ing from the
buriing of coai. To avoid creating a solid waste problem from the discharged limestone, a
method for regenerating and recycling the spent limestone is being developed. Tae sulfur
would then be separated in pure form for sale or storage. Many of the uncertainties in the
fluidized-bed concept are associated with scale-up to commercial sizes.

A small scale, 0.5 MW atmospheric pressure fluidized-bed boiler has been under
development by Pope. Evans and Robbins, Inc. (PER). The success of this ERDA-ponsored
project has led to the current effort 1o develop a multiceli 30 MW fluidized-bed boiler. This
system is also beiig developed under ERDA sponsosship by PER with Foster Wheeler
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Eierey Corporation and Champion Construction and Engineering Company. Inc. at
Rivesville, Wast Yirginia. The multicell fluidized-bed boiler is to be operated under practical
electric utiliry conditions and will be used as the basis for scaling up to a 200 MW system.
Operationa! 12sts are scheduled t< be started by the end of 1976.

ERDA is sponsoring several other pivjecis which employ fluidized-bed combustion for
the eventuai production of electric power. The U400 is an experimental power plant
originally developed by EPA for converting the heat ¢aergy of solid waste to clectrical
energyv. The Combustion Power Company, Inc., of Menio Park. {alifornia, has modified the
CPU4Q0 10 bum coal in its fluidized-bed combustor. The produr:! gases are cleaned and
then expanded in a gas turbine which drives a I MW generator. The piacess development
nnit is being modified to test improved gas ciean-up devices and to test the effect of coal
combustion gases on the turbine and other materials in the hot gas system.

Other more fundamental fluidized-bed combustion testing is being conducicd by
Argonne National Laboratory in Argonne. Illinois, and by the National Research wnd
Developmient Corporation of London, England. Additionaily ERDA is sponsoring advanced
studies related to the future application of fluidized-bed combustion. In particular. Ozk
Ridge National Lzboratory (ORNL) Oak Ridge, Tenncsses. is studying the feasibility and
practicality of a modular integrated utility system (MIUS). Preliminary analyses indicate
that a2 localized total energy system could be powered by 2 closed cvcle gas turbine fueled
by coal in a fluidized bed combustor. The waste heat from a relatively small 5§ MW MIUS
could e used to heat buildings, process potable water. and drive absorption cycle air
conditioning systems. This localized total energy approach would employ 2 more complete
utilization of the available heat energy in a given quality of coal. One or more MIUS
demonstration units are to be developed in a future phase of the ORN}L program.

The advanced power systems program in ERDA is directed toward developing eiectric
power generation systems that operate on coal or coal-derived fuels. Fundamental research
is underway on developing magnetoliydrodynamic (MHD) generators. closed cycle gas
turbine systems, liquid metal topping cycles, and fel cells.

An MHD generator produces direct current electrical energy from the expansion of
tonized, high temperature combustion gases called plasmas through a magnetic field. The
motion of a conducting gas through the magnetic field induces an electromotive force in
transverse 2lectredes according to Faraday’s laws. The essential difference between an MHD
generator and a conventional turbine generztor is that in the MHD system, the ionized gas
toth moves physicaily and acts as a conductor.

Coal is fired at relatively high pressure and resulting gases are channeled threugh an
MHD duct at very high velocities. The exhaust gases leaving the MHD generator are hot
enough so that the waste heat in these gases cam be recovered in a boiler to drive a
conventional steam plant. The generation of electric power by means of an open cycle MHD
energy conversion System iniegrated as a topping cycle to a closed conventional steam
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zenerating plant can significantly increase total plant thermal efficiencies.

MHD generators have been iested for short periods with both clean and dirty gas
streams. This expenience and supporting analytical work provide a hase for effective firsi-
phase electrode and channel design and engineering development. Experimental resulis
indicate that both the desired output and coniinuous operating tirmcs reguired to justify
commercial development have been achieved. but not simultaneousiy. Commerciul
applicetions will require 15-20 percent recovery of the thermal energy input to the
generator as eleciric power outpul. the best performance tG date has been on the order of 8
percent tnhermal efficiency. High temperature. corrosion/erosion-resistant components are
needed in combustors, channeis. boilers. and regenerators. The components are exposed to
chemical and erosive attack by molten slag, flv ash and aikali saits at very high temperatures.
Cormponent aesigns and materials to meet these requirements must be developed.

MHD research is being develooed through several joint government/indusiry programs.
ERDA is sponsoring major hardware test programs at the AVCGO Everett Research
Laboratory. FERC. and the Amold Engineering Development Center.

ERDA has been coordinating the cooperative prograi in MED power generation being
urdertaken with the Union of Soviet Socialist Republics under the Science and Technoloyy
agreement reached in May 1972, Recently the Soviets achieved 12.4 MWe performance in
their MiID facility and supplied power to the Mcscow electric power grid for 30 minutes. In
a previous operation, the U-25 has supplied electric power for 100 hours at the 14 MWe
power levzl. Agreem2nt was also reached on the joint study of technical and economic
problems involvad in the introduction of MiD power plants into commercial service.

The current MHD development work is being expedited and specifically directed o
support the national objactive of achieving a commercial MHD power demonstration in the
late 1980s. ERDA's initiai goals are to demonstrate the feasibility of the MHD generator and
to build and demonstrate the 20 MWe Engincering Test Facility to be located in Montana.

Closed cycle gas turbines and liquid metal topping zycles would operate at cycle
temperatures higher than are currently possible in conventional electric power systems. As
maximum cycle teinperatures increase, theoretical thermal efficiencies (work out/heat in)
can increase. These high tempcrature heat engine devices can reaiizc 2 net efficiency increase
only if associated mechanical anid thermal losses do not also increase proportionately. Also,
matenials must be designed to withstand the erosive effects of the high operating
temperatures. Research therefore includes developing special high temperature materials and
consideration of total system performance.

Closed Brayton cycle gas turbine systems could use low-Btu gas or liquid fuels derived
from coal as a fuci source. High temperature heat from combustion would pass to the closed
cycle through a special high temperature heat exchanger. An inert gas such as helium would
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absorb the heat. expand through a turbine which drives a compressor to support the cycle
and produce sufficient net work to drive a generator. The closed cycle turbine uses an inert
gas workingz fluid to reduce oxidation of materials at high operating temperatures. Waste
heat from this cycle couid then be used to drive 2 conventionsl plant. A closed Brayton
power cycle should have advantages in size and weight angd therefore in first cost over
conventional electric power units.

In an aikali metal topping cycle, liquid metal is boiled in a high temperature heat
exchanger. Vaporized metal then expands through z turbine, is condensed and finally
recycled to the boiler. The liquid metal boils at a high temperature comparec to
ccnventional steam plant boiling temperatures. As the liquid metal is condensed, it gives up
heat 10 a waste heat boiler which drives a conventional steam power plant. The two plants
together allow greater extraction of the available fuel energy. resulting in a greater combined
efficiency than that attainable by a conventional stzam plant alone

The Office of Fossi! Energy at ERDA is also studying fuel cells. The fuel celi is a device
for converting the energy released in a chemical reaction directly into electrical eneryy. Fuel
gas and air (or oxygen) are contin»sly and scparately supplied tc the ancde and cathode.
Electrical energy is produced anc c¢atbon dioxide and water vapor products are rejeased.
Engineering studies of a complete fuel cell system indicate that efficiencies of 60 percent
may be attainable.

The molten carbonate/fuel cell has been constructed by Westinghouse Electric
Cerporaxion. The electrolyte is a 20-micron film of oxide ceramic (zirconia) stabilized in the
cubic fluotite crysial structure. At the operating temperature of 1870° ¥, oxyzen ions flow
through the electrolyte by activated diffusion. The arode is cobalt or nicke! made porous by
the inclusion of a ceramic skslezon, and the cathode is electronically conductive oxide
fabricatad in a porous structure readly permeaied by oxygen irom air. Fuel gas flowing over
the anode reacts with the oxygen ions diffusing through the electrolytz to form H»O and
CO, with the liberation of electrons and thus useful current. The rate-limiting process at the
anode is the countercurrent diffusion of fuel and reaction products. Oxygen accepts
electrons at the cathode where the rate-limiting step is diffusion of oxygen through the
electrode structure. Gas from e:itherside dces not penetraie the electrolyte layer, and the
reaction can only occur when current is drawn. Additional research is required o develop
suitable support for multinle chin film cells and to develop low cost techniques for
consturction of cells and cell interconnections.

Thez outstanding prcblems involved iusing fuel cells for centralstadon . swer

production do not appear to be close to solution. More small-scale, fundamental research
will be required before large-scale development is pursued.
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SULFUR REMOVAL PROCESSES

A considerable portion of the pyritic sulfur in coal car. be removed by conventional
cleaning processes. Sulfur oxides may be removed from flue <ases after ccal combustion;
sulfur can b2 removed chemically during coal liquefaction and cval gasitication processes.

Washing coal beforc tumning can remove up to 90 percent ¢f the pyritic sulfur but
essentially none of the organic sulfur, which constitutes about half of the sulfur in coal.
Since most coal contains more than 2 percent sulfur, deep washing alone cannot produce 2
coal that can be bumed freely without atmospheric pollution. Huwever. coal washirg in
conjunction with flue gas cleaning appears to create more acceptabi= sulfur discharge rates.

Of the mcre than 50 processes proposed for the desuifurization of flue gas. no one
process has achieved such completely satisfactory iesults so that it has attained worldwide
acceplance. Limestone injection into the combustion chamber of the boiler along with the
coal to be burned has proven so unsatisfactory that the process is no longer available on a
commercial basis. Suifur recovery vas poor, and system plugging by deposits reduced boiler
availability.

At the present time only the wet limestone scrubbing system has proved itself in a
100 MW large scale boiler operation over 2 one year period on coal-fired boilers. The process
has not been without serious corrosion and pivgging problems, and the disposal of iarge
quantities of waste sludge remains a serious drawback. Several other processes, however,
look quite promising but they are only in the pilot plant or early developmental stages, or
have been used only on oil-fired boiiers. The difference between emissions from caoal-fired
and oil-fired boilers is sufficiently great that a procsss that works well on oil-fired boilers
always needs considerable modification 1o work on coal-fired boilers. Such modification is -
often extremely difficult, and much effort is being expended to solve this problem.

Current processes that operate successfully and achieve desulfurization have large waste
disposal problems, while the ones that produce a salable byproduct such as clemental sulfur
or sulfuric acid have not reached lzree scale operation or: coal-fired boilers, and have not
produced enough operating data.

Sutfur removal during liquefaction and gasification of coal is relatively straight orward.
Hydrogen su'fide (H,S) is removed by absorption in 2 solution or absorption on the surface
of a solid. H5S is then bumed in an oxygen atmosphere which produces sulfur oxides that
can be converted to elemental sulfur and removed. The Claus, Stretford, Selexol, Rectisol
hot carbonate and amine processes are successful commercial methods.
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CHEMICALS FROM COAL

In the process of the distillation of coal. other substances besides coke are produced. In
the early days of the industry. these byproducts were considered of value only for their ar
content. The first recorded attempt to refine these producis by the distillation of coal tar
was at Glasgow. Scotland. in 1822, Coke-oven byproduct guses contain such chemicals as
ammonia. sulfur compounds, valatile hydrocarbons and suspended tar. The hydrocarbons
boiling below 338° F are generally refarred to as light oils. Prior to World War I practically
the entiic nation’s supply of benezene. toiuene and xylene were produced from this light
oii. At thar time, the tar was often burned as a fuel. but larger plants distilled it and
manufactured additional byproducts. Some of the products produced by distillation of a
high temperature coal tar are phenol. cresols. pyridine. benzene. toluene. xylenes.
napiithalene. creosote. anthracene. and pitch. These are the typical products from one ton
of coking cozi from a high temperature coking operation: coke yield 60-70 percent. tar 8-12
gallons. light oil 2.5-3.0 gallons, ammonizm sulfate 20-25 pounds. During World War 11, coal
could not meet the demand for many of th=se products and processes were developed for
their production frora petroleum. Today only a minor part of the world’s orzanic chemicals
are made from coal, derived either from coke making. or by deliberate synthesis. while
aboui 10 percent of total crude oil. natural gas. and gas lquid production now goes to
satisfy petrochemical industry feedstcck and energy demand.

Utilizing svnthesis gas as a feedstock. even with roday’s technology, coal-based
ammonia and methanol will be competitive in the United States with the products derived
from gas and residual cils by 198C. Since 1970. Monsanto has been producing acetic acid
using a methanol/carbon monoxide feed. Union Carbide is well into the pilot plant stage
with a process that reacts carbon monoxide and hydrogen at extremely high pressure te
produce ethvlene glycol. Coal-based methanol can be converted to ethanol and then
dehydrated to produce ethylene. This product could compete in cost with the same procduct
produced by conventional processes.

Currently, coal iiquids are being considered for making such products as benzene.
toluene, xylene. phenol, cresylic acid. and naphthalene. Utilizing their Clean Coke process,

e U.S. Steel Corporation predicts yields from 2 5.8 x 106 ton/year coal facility to be as

follows:

725 million ib/yr ethylene,
800 million gal/yr benzese,
230 miilion Ib/vr naphthalene,

130 million Ibfyr each of propylene, phenol, crezol and xylenols and lesser
quantitites of ammonia, sulfur, pyridine, etc.
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Utilizing magnetohydrodynamics, the AVCO Corporation is developing a process to convert
coal directiy intc acetyiene.

SUPPORT REQUIREMENT.

Hydrogen and Oxygen

The main problem in the conversion of coal to liquids is the transformation of a
low-hydrogen content solid into a liquid containing a substuntially higher amount of
hydrogen. To convart the organic material in coal to a petroleum-like liquid theoretically
requires about 5000 standard cubic feet of hydrogen per barrel. This amount of hydrogen
would be enough to remove the sulfur. oxygen and nitrogen coempounds and produce a
liquid containing about i3 percent hydrogen. withiout making ary substantial! amounts of
light hydrocarbon gases. In practice. the hvdrogen consumption is much higier. ranging
from 6.000 to 10000 standard cubic feet per barrel due primarily to a substantial
produciion of light hydrocarbon gases and to loss of hvdrogen in the unliquified solid
residue. As a1 result. the production of hvdrogen represents a mejor factor in coal
liquefaction and the processing of coul liguids.

The steam-oxvgen process. the steam-iron process. and electrothermal gasification are
generally considered to be the most promising for the production of hydregen. In the
steam-oxveen process. sicam and carbon are reacted 2t temperatues of approximuitely
1500° F 10 produce hyvdrogzn and carbon monoxide. Since the chemical process is highly
endothermic. some process heat must be used to maintain the desired reaction temperature.
This is accomplished by the uddition of oxygen 1o the reactor tc burm some of the carbon to
produce carbon dioxide and liberatz the desired heat.

The steam-iron process is one of the oldesi methods for making hydrogen. Steam s
reacted with metallic iron at an elevated temperature to produce hydrogen and iron oxide.
The iron oxide is then reacted in another reactor with a mixture >f carbon monoxide and
hydrogen to regenerate the metallic iron. The carbon monoxide and hydrogen used in this
regenerator are generally produced from the reaction of coal or char with steam. In slectro-
thermal gasification the reacticn is sustained by electrical heat rather than chemcial heat.

The primary use of oxvgen in ceal processing is to produce an enriched fuel gas. By
using oxygen rather than air. the product gas contains less nitrogen and consequently will
have 2 higher heating value. The quantitics of oxygen required per unit of energy produced
for two gasification processes are showr: below.
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Process Tons Oxyzgen Required per Btu
BCR two-stage 217 x 1077 ,
Texaco steam-oxygen 1.67 x 10'8

The cost of oxysgen enrichment of gasified coal products can range from 20 {o 27 cents/
miilion Bt

Water

As no modern-design coal-gasification plants of commercial scale exist in the United
States, estimates of water demand must be based on research operations, foreign, experience,
and design data of projected plants. Water consumption in coai gasification plants producing
pipeline gas of 250 million standard cubic feet per day {7 mi[{ion m> per day) capacity can
be expected to range from about 10,000 acre-ft (12 million m>) per year where water is ata
premium to 45,000 acre-ft (55 million m=) per year where abundant but poor quality water
is used for cooling.

As the methane synthesis does not play 2 major mie in water consumption, this
alternative mode of gas production would have little bearing on consumptive demand for
comparable Bte outputs.

Unit water consumptica estimat=s range from as little as 0.2 acre-ft (247 m3) annually

per barrel per day of synthetic-oil output to as much as 1.3 zom ft {1,600 m”) per vear per
barrel per day capacity.
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Vill. ECONOMIC CONSIDERATIONS

Coal prices during the 1970s have becen subject to a variety of market forces.
Popular concerns over miner safety and air pollution have led to regulatiens that have
significantly increased the production and uiilization costs of coul. Other facters. such as
strip mining regulation znd reclamation. threaten to push the price of coal zven higher.
The 1973 oil embargo and the subsequent quadrupling in the price of oil inports caused
a sharp. though temporary. rise in the demand for coal. As : result. market prices for
short-term supplies of coz! (spot market) reached 350 per ton. neasly five times the value
justified by production and capital costs.

These coal price increases have created loud protests inferring collusion. Most
investigations of this charge have conciuded that while the coal industry is composed of
fewer and larger firms. the industry lacks the significant degree of concentration
necessary to impose monopoly pricing. These conclusions support the view that the sharp
increase in coal prices in the spot marketr following the oil embargo were a short-term
aberration where the sudden increass in demand far exceeded the industry’s capacity to
increase supply. Recent price quoiations confirm these views. Ruring the last year..the
market price for coal has declined significantly. This trend is expected t¢ continue until
the market vrice nears a price based on production costs.

Coal market prives. as quoted in doilars per ton, vary considerably from region to
region. Most of these variations are attributable to varying production costs of the
different mining methods. Other variations are celated to the chemical properties of the
coal, Low sulfur and high Btu coals extract premiums for the advantages they offer the
user. As a result, market prices are often accompanied by measures of the Btu and sulfur
content of the coal as indicated in Table VIII-1.

Mining Costs

Prices required™ 7o support the production of coal depend upon many economic and

*Required prices cover mininig costs and yield 2 specified discounted cash flow (DCF) rate of return on investment.
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Table VHI-1.
SPOT MARKET PRICES FOR STEAM COAL, DECEMBER 1975

PRICE
Blu/ly % SULPHUR  (S/MET TON) (C/MMB)
CENTRAL PENNSYLVANIA 11980 2.00 $18.00 15
WEST PENNSYLVANIA 11540 239 1750 15
' NORTH WEST VIRGINIA 12049 2.67 18.25 15
OHIC 10720 3.23 18.25 17
SOUTHEAST WEST VIRG!NIA
AND ViRGINIA ] 11760 0.85 15.00 13
SOUTHWEST VIRGINIA, EAST
KENTUCKY, NORTH TENNESSEE 11630 125 14.50 12
WEST KENTUCKY 10940 3.43 13.25 12
ILLINGIS 10680 3.41 1550 15
INDIANA 10650 3.10 13.00 12
IDWA 3480 3.67 10.75 11
ALABAMA AND CENTRAL TENNESSEE 12050 2.05 18.75 16
KANSAS/MISSOURI/OKLAHOMA 11520 a7e 1625 14
W YOMING/MONTANA 9370 0.61 6.50 7

physical factors. Economic factors include unit costs of labor. capital. and intermediate
inputs (cperating ané maintenance supplies. power. and services). Other indirect economic
variaoles are the effective tax rate. depreciation. depletion. reclamation requirements. and
proposed environmental reguiations. A wide range of physical factors affect the cost of
producing coal. The average seam thickness. size of the mine. and depth of overburden
are major factors. Giher physical conditions which affect the cost of mining coa! follow:

® The tvpe cf overburden affacts the cost <f drilling. shoeting. and removing the
overburden at surface mines.

® Thne amount of methane gas present in underground mines affects ventilation
costs.

Average roof conditions affect the cost of roof bolting and other support.

The average topography affects the selection of capital equipment and method
of reclamation.

Underground Alining

The type of underground mine. drift or shaft/slope. and the method of mining,
either continuous or conventional roum and pillar. significantly affect the production and
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capital costs required. One assessment of the variations in required selling prices due to
these physical factors was conducted by FEA in 1974, They estimated prices. bused on
costs. that ranged from $9.37 to $16&.34 per ton (1974 dollars. 15 percent DCF and 100
percent equity) depending upon the combination of the physical factors characteristic of
a particular mine.

Recently published data for 1975 from ths Bureau of Mines suggests that over the
las: vear. underground prices. based on cost. have incraased significantly. Calculations for
a drift mine with a four foot seam show a price ranging from S$13.26-814.83 per ton.
This increase is primarily due to two cost components. land and labor. Land costs.
previously on the order of $350 per acre. have now skyrocketed to $2500 per acre.
Labor costs contributad 10 the upswing with a nearly 12 percent increase in the sverage
wage. Estimates of new required prices for shafi/slope mined coal can be expected to be
about S1-2 higher per ton than coal from drift mines. deperding upon the annual
production rate of the mine. Mines with six foor seams would be approximately $1 per
ton cheaper than mines with four foot seams.

Surfzcs Mining

Until the mid 1960s, surfuce mining of coal was not considercd feasible unless the
stripping ratio was 190:1 or less. Since 1963. this ratio has been steadily increasing. Today
most coal within 180 feet of the surface is considered economicaliv recoverable. even
when the stripping ratio nears 30:1.

Estimates of the required seiling prices for coal from surface mines. made by FEA in
1974, ranged from $3.78—S10.19 per ton depending upon the stripping ratio and the
yearly output of the mine. The $3.78 per ton price corresponds to a 5 million ton per
vear (mmtpy) mine with a 5:1 strippirg ratio. A similarly-sized mine with a larger
stripping ratio of 15:1 was priced at $7.42 per ton. nearly a 100 percent increase. Mine
size is also a significant factor in production cost. A 5 mmpty mine with a 15:1 stripping
ratio would reguire a price of $9.31 per ton, a 25 percent increase. if its annual output
were reduced to only 1 mmtpy.

The typical cost components of surface and underground mines are compared in
Figuse VIII-i. Production costs, including depreciation, typically constitute 60-65 perceat
of the required selling price of coal. Comparison of the components indicates that
underground mining is significantly more labor intensive. That is, labor costs are a higher
fraction of total costs than capital related costs. Conversely. surface mines tend to be
more capital intensive, culminating in higher net profit and, consequently. higher taxes.

Comparison of required prices on 2 Btu basis, also in Figure VIII-1, indicate that
surface coal is typically much cheaper than underground coal cven with the large
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SURFACE UNDERGROUND
5.1 OYERBURDEN 48 INCH SEAM
S5 MMTPY 3 MMTPY
REQUIRED SELLING PRICE
$/TON 3.78 13.26
¢/MMBw: 18 50
CAPITAL INVESTMENT ($/ANNUAL TON) 10.39 30.10
OPERATING COST (S/ANNUAL TON) 2.33 8.61

S
SUPPLIES couPonETs
POVWER
LICENSES
AND UCENSES
RECLAM ~ AND
PECLAM
SURFACE UNDERGROUND
1974 §: 15% DCF; 100% EGUITY MM=10*

Figure VI1i-1. COAL PRODUCTION COSTS

variations in Btu content. For this reason. the regzined economic advantag-: of coal due

to ihe change in oil economics wili most likely result in the accelerited development of
woster sorface mined coal.

Reclamation

While stringeni reclamation requirsments would affect the price of surface mined
coal. vost increases arc not expected to significantly deieriorate coal’s competitive
pesition. Assuming the worst of conditions where -cctamation costs for a low-Btu lignite

mine are nearlv S?000 per acsz. the price increase of coal is only about 4 cents per
million Btu.
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Coai Preparation

Capital investment costs for a ccal preparaticn plant range from 10 to 23 percent of
the total mining investment. Typically, preparation operating costs increase ccul cosis by
$1.25-S1.75 per ton. Coal preparation generally increases the selling price by about S2
per ton.

Transportation

Transportation costs are a significant factor in the ultimate price of ccal, and
therefore play a central role in determining coal’s competitive position in many energy
markets. Figure VIII-2 indicaies the relative costs of each of the forms of coal
transportation.

Railroads are burdened with a large excess of fixed capacity. Coal traffic can
alleviate some of railroad’s excess track capacity. The railroad industry also is highly
jabor-intensive. As a resulf, the unit train has evolved and it offers 25 to 40 percent rate
advantage over conventional train rates. The next step in reducing costs is the
construction of integral trains specifically designed for shuttle use. Although the
setiability of the projected costs is probably not high, estimates indicate that the integral
train should be competitive wiik coal slurry pipelines and even gas pipelines.

Barge transport of coal is relatively inexpensive and remains in demand where
trans-shipments are not required, or where a significant portion of the distance can be
covered by water. In some instances, the availabiiity of return freight helps keep these
rates low. Significant drawbacks of the expansion of waterborne coal movements inciude
inadequate lock capacities and botilenecks in the waterway systems. These drawbacks
tenid to reduce the competitiveness of this mcde of transportation.

turry pipelines are characterized by economies of scale that promise large cost
savings for coal delivered over long distances. Pipelines demand relatively high capital
investment. typically 70 percent of total costs of building and operating the system. Due
to inilation, operating costs aye equally divided between electricity, labor and supplies.
Cnce established, however, pipeline rates are sheltered to a degree from cost increases.

Innovztions in transmission technology invciving use of extra high voltages (EHV)
have significantly lowered transmission cosis and make piant locations near coal mines
more aftractive. In addition, the tendency to build long-distance transmission lines to
permit pooling 7 power aiso makes such remote siting less costly, since the transmission
lines can often be routed near fuel supplies. Some doubt exists, however. about whether
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figure VIII-3. COST COMPONENTS OF VARIQUS
SYNTHETIC FUEL PROCESSES

this mine mouth concept will make a zreat contribution beyond that already planned.
Low levels of pollution produced by mine-mouth plants were expected to be tolerable in
remote regions. Unfertunately. these plants have become so large that even with fairly
good particulate emission controls, the emissions remain substantial an¢ spread their
effects over a wide area.

Synthetic Fuel Costs

Numerous synthetic fuel processes are currently being designed and evaluatsd. Figure
VIII-3 shows the projected requirea selling prices (1973 dollars) and the cost compeonents
of a few of the proce.ses being given serious consideration. In addition. these coa! fed
processes are compared tc similar processes using oil shale as the primary feed. All of the
processes are seen to be capital intensive and highly dependent upon byproducts to make
them competitive with existing sources of energy. The byproducts from ccnvarsion
plants are expected ultimately to saturate byproduct markets, decreasing their value.
Consequently. the selling price that must be sought for the synthetic fuel must increase
to bring an adequate return to the investor.
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Figure VIII4. EFFECT OF PRICE OF ENERGCY FEED
ON PRODUCT SELLING PRICE

The cost of the fuel feed is a significant factor in the ultimate production cost of
the converted product. Figure VIII4 indicates for each process the relative effect of
changes in coal price on the price for the synthetic fuel.
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IX. LEGISLATIVE POLICY

In addition to the technologi"! =conomic and geological influznces. the present and
future development of coal is, to a significant extent. determined by federal energy
policy as it is formulated through iegislation and administered by various agencies. This
chapter addresses tne development of policies relating to coal and identifies government

agencies responsible for implemenung programs and regulations 1o achieve these policy
goals.

Historically. any semblance of a national energy policy has been the byproduct of
programs relating o the economy, nationa! securnty. scientific research, water. land and
mineral development, the environment or health <»fety. A dramatic shift took place,
however, when in 1973 the oil embargo. the balance of payments deficit. and the
increasing cost of crude oil brought the United States to the realization that the country
needed a comprehensive energy program to curb dependencs on foreign petrolenm
products, tr develop energy resources and to research. develop. and test alternative
energy sources.

In response to the emerging energy crisis an =xamination of the national situation
was made, and a report submitted to the President by then Chairman of the Aromic
Energy Commission, Dixie Lee Ray. In that report. 2 five-veas. S10 billion program of
energy research and development was recommended to develop potential domestic energy
resources. As a follow up to th: Ray Report, the Federal Energy Administration was
instructed in early 1974 1o evaluatz the nation’s energy prcblems and to develop a
framework for a national energy policy. Their report. known as Project Inderendence.
was shaped by three underlying considerations: the importance of making explicit the
dependence of supply. demand and policy alternatives on prices; the need to consider
domestic supply. demand and constraints on a regional rather than a nasional basis: and

the desirability of structuring the overall energy system in one cohesive. analytical
framework.

Influenced by the recommendations of the reports and a growing concern over the
energy crisis. the President submitted proposals to create a coordinated energy program.
As a result cf these proposals. the Congress enacted iegislation to reorganize the federal
government for the handling of energy issues. This effort included the creation of a new
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independent energy reseasch and development agency as well as the assignment of
primary and secondary energy responsibilities to existing agencies. The foilowing laws
serve as the mandate for federal energy organization:

The Federal Energy rj;d.'.*:ii;istrazian. of 1974 (P.L. 93-275) which was signed on May
7, 1974 established FZEA.

The Special Energy Research and Development Appropriation Act (P.L. 93-322) was
signed June 30, 1974. This act:

®  Appropriated money to AEC, DOIL. NSF, EPA, FEA, NASA, DOT and
NOAA for expansion of encigy R&D:

e Funded projects such as coal liquefaction, Hydrans high-Btu gasification,
MHD, fu! allocation, and oil and gas programs.

The Energy Reorganization Act of 1974 (P.L. 93-438) was signed October 11, 1974.
This act:

®  Abolished AEC:
Established ERDA as a major federal energy R&D agency:

Established the Energy Resources Council to cocrdinate energy pelicy and
advise the President and Congress on govemment erergy management;

&  Created NRC to carry on AEC’s regulatery function.

The Federal Nonnuclear Energy Research and Development Acr of 1974 (P.L.
93-577) was signed December 31. 1974. This act:

®  Gives ERDA policy cuidance for conducting nonnuclear R&D;

Includes implementation of special nonnuclear technologies previously
enacted into law;

® Accelerates commercial demonstration of technologies for: (a) preducing
substitutes for natural gas; (b) geothermal energy; (c) electrical energy
generation, storage and transmission: (d) production of syncrude from oil
shale and coal;

e Includes authorization for CEQ to analyze the effects of nonnuclear
energy technologies on the environment.
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Federal Agency Furctions

The reorganization of the federal govemment tc provide for a coordinated national
energy program resulted in changes in the administration of exisling coal-related activities
as well as the creation cf n:w projects. The following s a brief summary of the
coal-related responsibilities of the major energy agencies in fedeial government.

The Federcl Energy Administiration has as one of its responsibilities the admirds-
tration of the Energy Conszarvation and Oil Policy Act of 1473, This Act has a significant
impact on coai in that it gives FEA the authority to prcribit power plants and other
major fuel burning installations from buming natural gas or petreleum products and to
require them to substitute cozl as their primary energy source. It also provides that FEA
may guarantee loans for the development of new underzround coal mines.

Other FEA responsibilities relating 1c gas and oil allocation programs and long term
national planning also influznce the derrand for coal.

The ELnergy Researcii vnd Developmenr Administraticrn’s coal R&D program is
designed to accelerate the development of the technology for converting coal *o environ-
mentally acceptable liquid and gas2ous fuels. to stimulate improved methods for the
direct combustion of coal, and to develop advanced power conversion systeras to improve
electric power plant efficiency. Specific coal conversion programs include:

® Liquefaction R&D to advance the technology needed@ io convert coai to
low-sulfur, low-ash fuel oi! for power generation and for upgrading to transpor-
tation fuels. Four methods are being tested: catalytic hydrogenation, solvent
extraction, pyrolysis, and indirect synthesis variations.

& High-Btu and low-Btu gasification R&D 1is being sponsored to produce a
suitable utility fuel and a pipeline quality gas. In-situ processes are included in
- this R&D effort.

& Fluidized-bed boiler systems are being devsloped to remove sulfur directly
during th: combustion of coal.

@ Advanced power conversion systerms such as fuel ceils. MHD generztors, and
liquid metal topping cyvcles are being sponsored. )

® Advanced research and supporting technology in liquefaction, gasification.
direct combustion, and advanced power system programs are being sxpanded in
1976.

¢ Pilot plant development, including conceptual and engineering cesign phases,

for the clean boiler fuel demonstration plant is being sponsored with construc-

tion scheduled for early 1978.
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The Department v} fnrcrior’s coalrelated activities are centered in the Bereau of
Mines, the Bureau of Land Management and the Mining Enforcement and Safety Adu:in-
istration. The Bureau of Mincs monitors the entire range of activities involved in the
utilization of coal. These include extraction, reclamation, and actual use as an energy
source. The Bureau of Land Management regulates the leasing of federal land. The Mining
Enforcement and Safety Administration acts as the administrator of programs established
by the Federal Coal Mine Health and Safety Act.

Since its establishment in 1970. the Environmental Protection Agency has carried
out the enforcement of regulaiions and has participated in research activities 1o prevent
and contro! air and water pollution. These programs for the most part have been
mandated by the Federal Water Pollution Control Act and The Clean Air Acts. EPA has
conducted coal-related research to develop improved low-cost techniques 1o remove air
pollutants before and after combustion of coal: to improve the efficiency of fuel
combustion: to disposz of the undesirable products of combustion; and to produce
synthetic or new fuels which create less air poliution.

The Nationa! Science Foundaticn’s coal-related resecarch is funded through the
Research Applied to National MNeeds (RANN) program. Research is directed toward
developing new or improved technology which can be transferred to and carried out by
other federal agencies or industry involved in coal research at a more advanced stage.

Congress, over ine years. has created a complex network of laws which influence the
presen: and future development of coal. The laws which, at present, have the most
significant effects on coal arc listed below. They fall into four categories: environment,
conversion, health and safety standards, and leasing policy. Currently Congress has before
it legislation which would provide new policy initiatives governing the development of
svnthetic fuels from coal; the transport of coal via slurry pipelines; the establishment of
federal surface mining regulations, and revision of existing Department of Interior leasing
programs. These and other proposals may become the latest additions to the network of
federal coai policy.

ENVIRONMENT

Regulations dealing with environmental problems include overall policy as well as
specific legislation addressing air and water.
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Nationa! Environmental Policy Act of 1969

This w=ct provides both a conceptual basis and a legal sanction for establishing
environmental management as a national prioritv. The act has three major purposes:
(1) to declare protection of environmental quality to be 2 natioral policy and provide a
mandate to ail federal agencies to carry out that policy; (2) to create CEQ to ensure that
the mandate is camried out: and (3) tc establish a set of action-forcing procedures
requiring an environmental impact statement for any proposed major federal action which
could significantly affect the quality of the euvironment.

Clean Air Act of 1963

This act provides for grants to states and local agencies to assist in controlling air
poltution and provides limited authority for federal action to abate interstate pollution
problems.

Air Quality of 1967 and Clean Air Amendments of 1970

These acts both amend the Clean Air Act of 1953 and initiated the organization and
preparation necessary for a nationwide program for air quality. The Air Quality Act of
1967 set in motion the development of regulations by state and local governments. Under
the 1970 amendments to the act, states are charged to develop implementation plans to
control and reduce air polluting emissions so that the ambient-air-quality standards could
be met. Primary ambient-airquaiity standards define levels of air quality judged to ailow
an adequate margin of safety to protect the public health. Sscondary standards define
lIevels judged to protect public welfare.

Water Resource Planning Act of 1965

The act established the Water Resources Planning Councii which Las been given the
responsibility for coordinating the planning for water and related land resources.
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Fedaral Water Pollution Control Act Amendments of 1872

These amendments established controls over the disposal of poilutants from any
man-made or man-induced source or cause. including those from federal installations. To
administer the act. the Administrator of EPA is given broad powers to establish and
enforce standards.

CONVERSION

To reduce deperdence on fuels in low or restricted supply. legislation has been
enacted to encourage conversion of oil and gas-fired plants to coal-fired plants.

Defense Production Act of 1950 {As amended)

This act authorizes the President to establish priorities in the performance of
contracts or orders needed to promote the national defense: to require the acceptance
and performance of such contracts or orders for assisting in establishing priorities: and to
allocate materials and faciiities to promote national defenss.

Energy Policy and Conservation Act of 1975

Title 1 of this act amends the Energy Supply and Environmental Coordination Act
of 1974 and extends its authority until January 1. 1985. Under the new law the FEA is
authorized to prohibit any power plant or major fuel bumning installation from burning
natural gas or petroleum products as its primary energy source. This action may only be
taken upon determination by FEA that the facility meets defined criteria for capability
and plant equipment to burn coal. FEA is also authorized to require that facilities in the
early stages of planning be designed and built to be able to use coal as their primary fuel
(FEA cannot order these power plants to burn coal, however) and to allocate coal to
power plants and major fuel burning installations that have been prohibited from burning
oil and natural gas.

A provision providing for loan guarantees to eligible persons to increase .oal
production through the development of und:rground mines is also incluged as un
amendment.
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HEALTH AND SAFETY STANDARDS

Regulations requiring that mining operations maintain certain health and safety
steindards are significant in that they have an impact on producticn levels and the cost cof
mimng,

Federal Metzl and Nonmetaliic M.ine Safety Act of 1966

This act gives the responsibility to the Secretary of Intertor for the devclopmeni of
mine heaith and safecy standards. the regular inspection of mines. and implementation of
2 safety training program.

Federa! Coal Mine Health and Safety Act of 1969

This act provides authority to promulgate and enforce health and safety regulations.
Major areas covered are dust concentration. gas hazards. roof support, ventilation, elec-
irical equipment and fire protection. Title IV of this act established the Black Lung
Benefit Program which provides compensation to miners (and their dependents) in the
event that they contrzct black lung.

LE4SING POLICY

The laasing nolicy of the federal govermnment regulates the level of mineral produc-
tion from federal land. This policv is of ereat importance since a large portion of the
western coal resources are on public land. Presently. 2 mcratorium is in effect on all
leasing. However. the following acts regulate leasing under normal ¢onditions.

Mineral Leasing Act of 1920

This act allows the prospecting and mining of minerals (coal) on public land on a
leasc basis.
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The Mineral Leasing Act for Acquired Lands of 1947

This act extends the provisions of the Mineral Leasing Act of 1920 to include
acquired lands.

The Mining and Minerals Policy Act of 1970

This act establishes a federal policv to govern the development of mineral resources.
to include the encouragement of private enterprise in the development. mining 2nd study
of minerals.

STATE LAWS AND REGULATIONS

In addition to federal influences. individual states also have laws and rcgulations
which play a significant role in the development of coal. Surface mining and land
reclamation is one aspect of coal recovery where the states alone have jurisdiction. The
estatlishment of a federal policy for surface mining and reclamation was provided for in
the Surface Mining Control and Reclamation Act of 1973, but was never implemented as
the resuit of a presidential veto of the bill.

The existing state laws range from strict. including stiff license. bonding and
reclamation requirements to provisions which contain only moderate standards with small
penalties. State laws pertaining to tranportation, such as weight load limitation, must also
be recognized as a factor in the delivery of coal.

Other areas in which siates provide input include the development of state.imple-
mentation plans called for by the Clean Air Act. While misimum standards have been
established by the EPA, individual states are free to require more rigid controls.

State water laws providing for control over water use and pollution are also

important to any development of coal. Along the same line are the state land use and
mineral rights statutes which may restrict the utilization of some resource areas.
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ABSTRACTED GASIFICATION PROCETSES

1. Advanced Gasification System
Two pressurized. fluidized-bed vessels are used. Air. steam. and char react in the
gasifier. Resulting hot gases provide heat for the devolatilizer/desulfurizer where
dolomite is added 1o remove sulfur. Low-Btu product gases mayv be used as a fuel
gas or in a combined power system. Process conditions in the reactors are 10 to 20
atm with temperatures at 1900° F in the gasifier and 1600° F in the devolatilizer.
A 1200 Ib/hr process development unit {PDU} has been constructed at Waltz
Mill. Pa, Westinghouse Corposation. five private industry participants. and CCU
are cosponsoring the project.

2. BIGAS
The gasifier is a two-stage entrained-flow reactor. Coal fed into the top stage of the
reactor is entrained and devolatilized by hoi synthesis gas rising from the lower
stage. Unreacted char from the top stage is gasified in the lower stage with oxygen
and steam under slasging conditions. The parriaily methanated product gases in the
top stage are cleaned and furtl:er methanated info pipeline quality gas. Process
conditizns are 50-100 arm with temperatures of 2700-2800° F in the lower stage
and 1400-1700° F in the top siage.
A 120 tpd BCR pilot plant is ander censtruction at Homer City. Pa. CCU and
AGA are cospensoring the pilot plant program.

3. CO4 Accepror
Two fluidized-bed reactorz are used to convert highly reactive coals. such as lignite
and subbituminous ceal. into 2 medium-Btu gas which can be upgraded to pipeline
quality gas. Coal fed into the gasifier is devolatilized and then gasified with steam.
Heated calcium oxide provides reaction heat and combines with (acceptor) CO,
from reaction products. Char and calcium carbonate products from the gasifier are
fed to the regensrator where char supported combustion reverses the acceptor
reasticn, thereby recycling calcium oxide acceptor to the gasifier. The process
operates at a pressure of 150 psi with a gasifier temperature of 1500° F and a
regeierator temperature of 1870° F.
Through CCU and AGA sponsorship. a 40 tdp pilot plant has been built in
Rapid City, South Dakota. by Conoco Coal Development Company.
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4. COGAS
A fluidized bed char gasifier produces a medium-Btu gas which can be cleaned up
and upgraded to pipeline quality gas. A portion of the feed char is bumed in a
combustor with air. Char fines or inert pellets are thereby heated and then fed to
the gasifier to provide endothermic heat for a steam-carbon reaction which produces
the medium-Btu gas. A coal pyrelysis process, such as COED, would produce liquid
fuels and char for the production of high-Btu gas withcut the use of an oxygen
plant. Reaction pressures are 0-30 psig and renction temperatures are 1630 to 1700°
F.
A 2% tpd (char) pilot plant is in operation in Princeton, N.I.. under private
furding by the COGAS Development Company (a partnership of six
companies). Also. a 50 tpd (char) pilot plant is in operation in England by
British Coal Utilization Research Association.

5. Gasification — Combined Cycle
An air-blown, two-stage entrained flow gasifier is used to produce low-Btu gas. Coal
is fed into the top stage of the reactor where it is entrained and partiaily gasified by
hot gases from the lower stage. Char is separated from the raw product guses by
cyclones and fed to the lower sisge where complete gastfication occurs with air and
steam. Product gases are cooled and cleaned and can then be used to fue! a gas
turbine. Waste gases are then cooled in a waste heat boiler producing steam for a
steam turbine resulting in a combined power system. The process operates at a
pressure of 500 psig and temperaturss of 1800° F in the top stage and 28C0° F in
the lower stage.
A 500 tpd pilot plant is being designed and developed by Foster Wheeler
Energy Corporation with the cosponsorship of ERDA.

6. GEGAS
A stirred, fixed-bed reactor is used to produce a low-Btu gas from a wide variety of
coals. Reactor pressure may be on the order of 350 psi. Coal is fed tc the gasifier
with a unigue extinder {auger) feed which could facilitate the flow of coal from
lock hoppers to a pressurized gasifier.
A 2000 lv/hour pilot plant is under construction through joint funding by
General Electric Company and EPRI.

7. HYDRANE

A two-stage fluidized-bed reacter produces high-Btu gas from caking coals without
pretreatment. Coal is fed into the top stage where it reacis with hydrogen in a
free-fall zone (dilute-phase hydrogenation). Resultant char reacts further with hydro-
gen in the fluidized bed of the lower stage, producing methane. Hydrogen is
produced in a senarate reactor by stzam-oxygen gasification of excess char from the
gasifier. Gasifier pressures may exceed 1000 psig and hydrogasification teniperatures
are generally 1600° F.




A 10 Ib/hour Izborarory unit is in operation and z 24 tpd pilot plant is being
planned by PERC.

8. HYGAS
A two-stage, fluidized-bed gasifier is used tc produce a row gas that can be upgraded
1o pipeline gas. Caking coals are pretreated in a fluidized bed to produce a
nonagglomerating coal which is slurried in light oii and fed to a low temperature
fluidized drying bed. Coal from the drying bed tinen passes into the first stage of the
gasifier where it is devolatilized and partially methanated. Char then falls to the
lower staze where it is gasified at high temperatures in the presence of hydrogen and
" steam. Hydroger for the process can be generated by any one of three fluidized bed
gasificatior: methods currently under investigation. Process pressure is 1000 to 1500
psig in the drying bed and in the gasifier. Gasifier iemperatures are 1300-1500° F in
the top stage and 1700-1800° F in the lower stage. The hydrogen oroducing gasifiers
will also operate 2\ high pressure and temperatures.
A 75 tpd IGT pilot plant has been in operation since 1973 through IGT. CCU
and AGA cosponsorship. The *“Steam Oxygen” and “Steam-Iron™ hydrogen
producing gasifiers are being researched. These two and the “Electro-Thermal”
gasifier are being studied for commercial applicatior.

9. Koppers-Totzek (K-T)
An entrained flow reactor can produce a medium-Btu gas from cozl. The feed ceal is
partially oxidized in suspension with oxygen and steam. Product gases can be
upgraded to pipeline gas. Reactor tamperatutes may ba 3500° F with pressuras up to
150 psig.
Thirteen plants employinz 29 gasifiers have been installed in Europe. Africa.

and Asia. Koppers Company. irc. in the U.S. and Koppers {of West Germany)
market the K-T systenis.

10. Liquid Phase Merthanation

Fluidized nickel catalyst is used to convert carbon monoxide and hydrogen feed gus
{medium-Eiu) to high-Btu gas. The solid catalyst is suspended in a circulating inerz
paraffinic oil: Feed gas enters at the bottom of the low temperature reactor and is
corvertcd to methzne as it passes upward through the fluidized catalyst. The
three-phase flow reactor operates at a pressure of 1000 psig and a temperature of
570° F.

Chemn Systems. Inc. is developing the process under coniract with CCU and

AGA. A pilot plant capable of producing 250 mmsct per day has been buiit
and operation is pending.

i11. Low-BrujFixed-Bed Gasifier
Three fixed-bed gasifier configurations are to be tested tc develop a clean low-Btu
gas process for combined power plant systems. The gasifiers wili be developed to
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utilize a highly agslomerating run of mine ccal. High temperature and low
temperature sulfur removal methods will be used. The stirred. fixed-bed reactor
under development by MERC is serving as a design basis for this gasifier
development program.
One 235 ton per hour reactor will operate over a pressure range of 100 to 300
psi. The other two atmospheric pressure reactors will have a capacity of 10
tons per hour each. The Tennessee Valley Authority (TVA) is managing the
program in an interagency agreement with ERDA.

12. Low-Bru Fuel Gas
Three fluidized-bed reactors are used to produce low-Btu gas from caking and
noncaking coals. Coal is devolatilized in the first stage reactor. Devolatilized coal is
burned in the second stage reactor forming char which is burned in the third stuge
reactor. Off-gas from the first and third stages support the primiary production of
fuel gas ifromn the second stage reactor. The third stage reactor operates at a
temperature of 2100° F. The second and first stages operate at lower temperatures
of 2000° F and 1200° F respectively. (Process pressures are apparently low).
A 100 b per hour PDU is in operation in Monroeville, Pa. BCR is deveicping
the process under ERDA sponsorship.

13. Low-Btu Gasification for Elecrricity Generaricn
An atmospheric pressure, entrained flow reactor is being designed to produce
low-Btu gas from coal and recycled char. Coal. char, and air (or O5) are fed into the
combustor section in the lower part of the reactor. Additional coal and steam are
injected into the reducer section above the combustor. In this entrainment process.
coal is devolatilized and reacts with hot combustion gases to result in low-Btiu gases
being produced in the upper gasifier section of the reactor. Product gas temperatures
may be 1600° F.
A 5 ton per hour pilot plant is being developed by Conmtbustion Engineering.
Inc. and EPRI through cospensorship with ERDA.. The pilot plant is in design
and is scheduled te be constructed and operating in 1977.

I, Lurgi
A fixed-bed reactor is used to convert primarily noncaking coals to a medium-Btu
gas that can be upgraded to pipeline gas. Coal is fed into the top of the reacior
where it is devolatilized and distributed. Coal is gasified in an intermediate zone as it
falls to tha oxygen-rich combustior. zone. Steam is also fed to the combustion zone
where temperatures reach 2502° F. Reactors are typically designed for pressures of
up to 450 psi.
Nearly 60 commercial units have been installed worldwide by Lu:gi Gasellschaft
fur Warme and Chemietechnik. M.b.H. (of West Germany). Thirteen Lurgi
gasifiers are installed in Sasolburg. South Africa. to produce raw synthesis gas
for oil synthesis. !
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13. Molten Carbonate Process
Coal and steam are fed into a molten bath of sodium carbonate which serves as a
heat source and as a catalyst. The product gas can be upgraded to methane. Sulfur
entering with the coal accumulates in the bath as sodium suifide. Circulating melt
carres char 1o a combustcr where char is bumed in oxygen or air which reheats the
melt for the gasifier. A stream of melt is continuously withdrawn to purge the melt
of ash and sulfur (in the form of hydrogen sulfide). Most of the sulfur in the coal is
removed in this way. This two-vessel process is now being developed into one vessel
to perform both gasification and combustion functions. The process gasifies coal at
1830° F and bumns char at 1900° F a: a pressure of 420 psia.
Bench sczle tests have been conducted in-house by the M. W. Kellogg Company
of Houston. Texas. The desigr. development. construction. and operation of 2
pilot plant is being propose:i.

16. Moiten Iron
Using steam as a carrier. a mixture ¢f coal and limestone is injected iato a molten
bath of iron. By injecting either air or oxvgen into the molten bath. the caroon.
from the coal is oxidized 10 CO. Injected steam dissociates to produce hyvdroger and
additional CO. A low. medium or high-Btu gas can be formed through this basic
process. The limestone in the mixture absorbs sulfur and forms slag near the surface
of the molien bath. The slag is removed through a slag port. is desuifurized. and the
limestone is then recvcled to the gasifier. Process conditions are 50 psig and 2500°
F.
Bench-scale tests have been conducted by Applied Techriology Corp. through
EPA sponsorship (ATGAS. PATGAS. and two-stage processes produce high.
medium. and low-Btu gases respectively).

17. Molten Salr
Air carries coal and sodium carbonate into a molten bath of sodium carbonate. Coal
volatiles crack. producing a low-Btu off-gas. A stream of melt is continuouslv
removed to purge tiiz melt of sulfur and ash. With some modifications. a high-Btu
gas couid be produced via this basic reactor concept. Process conditions are § to 10
atmospheres and 600° F to 700° F.
A 120 tpd pilot plant is being built oy Atomics International. The project is
being cosponsored by ERDA and Wortheast Utlities Service Company.

18. Nuclear Gasificaiion
Coal is slurrded -and dissolved in the presence of hydrogen. Liquid coal is further
hyvdrogenated in subsequent steps. resulting in a desulfurized high-Btu gas. A portion
of the product gas is cycled to a sieam-methane reformer. a heat exchanger in the
primary coolant loop of a high temperature gas-cooled reactor (HTGR).
Endothermic steam-methane reforming produces hydrogen-rich gas and CO,. The

hydrogen is then separated and cycled back to the coal hydrogenation part of the



process. Liquid fuel products can also be formed by this fundamental process.
Reformer pressures can be in excess of 700 psi and temperatures can be
1200-1600° F.
A demonstration plant is being planned and the process is being developed by
Stone and Webster Engineering Corp. and General Atomic Co.

19. Self-Agglomeraring
Two fluidized bed reactors are used to produce a raw synthesis gas that could he
upgraded to pipeline gas from coal. Coal is burned in a fluidized bed burner at a
temperature approaching the ash fusion point of the feed coul. Off-gases from this
burner should be sufiiciently clean of fly-ash 1o be expanded in an open cycle gas
turbine. Ash agglomerates are transferred trom the burner to the gasifier via a steam
lift. Additional coal is fed to the gasifier. Supcrheated steam fluidizes the coalfash
mixture. The hot. inert ash supplies-lieat of reaction for endothermic coal gasification
reactions which can be the basis for producing methane.
A 25 tpd PDU is under construction in West Jefferson. Ohio and the process is
being developed by Battelle Memorial Institute Columbus Laboratories. The
project is being sponsored by CCU.

20. STEAG-Comkbined Plant
A Lurg gasifier is used to produce high pressure. low-Biu gas which is scrubbed.
expanded in an expansion turbine. bumed in a2 pressurized boiler and finally
expanded again in a gas turbine. The pressurized boiler drives a steam turbine which.
in combination with gas turbine power extraction. extracts a maximum of heat
energy from the combustion and gasification of coal. The combined plant currently
operating in Lunen. Germany. is too small to actually maximize the heut energy
recovery from coal that 2 commercial size plant may be able to achieve.
The 170 Mw combined plant currently in operation is the design basis of an
800 Mw plant in planning. STEAG Atiengesellshaft of West Germany is
developing the concept.

21. Stirred Fived-Bed Gasifier ~ =
A pressurized, air-blown fixed-bed gasifier is being developed to produce a low-Btu
gas from a wide variety of coals. A variable height stirrer facilitates the breaking-up
and gasifying of caking coals. The gasifier is very similar to the Lurgi gasifier in
operating principle. Process conditions are 2300° F in the combustion zone and the
pressure is 300 psig.
A 2000 Ibs per hour gasifier is being tested and developed by MERC in
Morgantown, West Virginia.

22. Synthane

A fluidized bed gasifier is used to produce a medium-Btu gas which can be upgraded
to a high-Btu gas. A pretreated or nonczking ccul is fed into the top of the gasifier.
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The coal is devolatilized aid gasified as it falls freely to the fluidized bed level. The
bed is fluidized by a rising mixture of oxygen and steam fed into the bottom of the
gzsifier. Flue gas from thi: bumed char would then have to be scrubbed to remove
sulfur corpounds. Unreacied char settles to the bottom of the reactor where it is
removed. Gasifier conditions are 1000 psig and 1800° F.
A 75 tpd piiot plant has been constructed and is in operation. PERC is
devzloping the process.

23. Texaco Heavy Oil Guasification
Petroleum based heavy residual fuels are converted to hydrogsn or gaseous fuels of
several different heating values in this commercially proven process. This partial
oxidation process could also be used to gasify coal tars. The reactor is apparently an
entrained flow type.

A large scale pilot unit is now under development by the Texas Oil Company.

24. U-Gas
A fluidized bed gasifier produces s low-Btu pas from a wide variety of coals.
Pretreated cca! or noncaking coal is fed into the gasifier where it is gasified directly
with stearmm and air or oxygen. By carefully selecting the steam tc air (or oxygen)
ratio. ash will agglomerate and can be separated by weight from the fluidized bed.
Process conditions are 300-350 psig and 1900° F in the gasifier.

IGT has developed the U-Gas process for the last 30 years. Tests have been
conducted on a reactor four feet in diameter.

25. Wellman-Galuska
A fixad bed gasifier produces low-Btu gas primarily from mildly caking or noncaking
coal. 1t operates much like the Lurgi gasifier. The stirred fixed-bed gasifier being
develope: bv MERC is based on the Wellman-Galusha gasifier design. The Wellman
Galush:. operates at near atmospheric pressures.

The gasifier has bean operated commercially and a few plants are stili
operational. '

26. Winkler
A tluidized bed gasifier produces a low-Btu gas or a medium-Btu gas from a wide
variety of coals. Coal is auger fed into the gasifier where it is gasified directly with

steam and oxygen. Reactor conditions are atmospheric pressure and 1506 to
1800° F.

Commercial installations are in worldwide zse. Bamag Verfahrenstechnik GmBH
of (West) Gennany and Davv Powergas market the gasifier.
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Early Gasification Processes

During World War II. Germany developed a coal-based synthetic fuel industry
primarily to produce transportation fuels. Boin a Fischer-Tropsch catalytic process and 2
catalvtic coal hvdrogenation process were used to obtain a liquid fuel. Most of the
German processes and reactors were designed to gasify generally available brown coal
(lignite) resources. Consequently. these early gasification processes are not directly
applicable to all coal typss (Ref, 27).

Several of the carly German processes have been refined for coramercial spplications.
Widely employed are the Lurgi gasifier. the Wiakler Gasifier and the Koppers-Totzek
gasifier, all three of which evolved from early German models. Other carly German
procasses and reactor designs are being adapted and developed for a wider variety of teed
coals.

.
s

.

BCR conducted a survey of ccal gasification processes (commercial, pilot scale. and
conceptual) available in 1965, The survey included only those processes which heid
promise for potential development as =conomical systems for the production of fuel gas
and/or synthesis gas capable of conversion by water-gas shift and methanation into
high-Btu gas. The survey described 635 processes in detail. (Ref. 28 and 29).

In-Situ (Undarground) Gasification

Early Russian undergrounc, gasification work reached the stage where the extracted
gas was used for large-scale ueneration of electricity and to supply local industries.
Quwside Russia. most of the axperimental activity occurred in the post World Wra i
period from 1945 to 1960. Today. no significant activity seems to be underway
anvwhere in the world. mainiv for lack of economic incentives but also because of
serious technical problems. such as the lack of process control and the resultant inability
10 produce gases of a predictable quailty and quantity. In the U.S.. ERDA has recently
revived experimental work on underground gasification at a site near the town of Hanna,
Carbon Cecunty. Wyvoming. and in Morgantowr, W. Va. The decision to revive this work
resulted from interest in clean fuels from coal, the changing domestic energy situation
and more specifically. the recommendations of a committee in favor of new work to
determine the technologic. economic. and environmental feasibility of gasifying eastern
and western coals.
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“The COs Acceptor Process™ py Curl B Fink trom 1973 1GT Symp. “CO»
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*The Hvdrane Process™ by Paul M. Yuvorsky tfrom 1973 IGT Symr. “The Hydrune
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~The HYGAS Process™ by A. E. Cover. W. C. Schreiner and G. T. Skaperdas from
Coul Processing Technology edited by Chemical Enginecring Process and published
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“The Koppers-Totzek (K-T) Process and s Application to Industrial Needs™. J. F.
Famsworth and D. M. Mitsak from 1973 1GT Symp.

“The Liquid Phase Mcthanation Process™ from ERDA-1TE 75/1.

~Low-Btu Fired Bed Coal Gasification and Desulfurication Program™ from “Shaping
Coal’s Future through Technology.™ (annual report) 19741875 by OCR (now CCU).
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APPENDIX B

COAL LIQUEFACTION



ABSTRACTED LIQUEFACTION PROCESSES

Direct Catalytic Hydrogenation

1. H-Coal

Pulverized coal is slurried with coal derived recycied oil mixed with hydrogen and
fed into an ebullated bed with cobalt-molydbate catalyst. Liquids and gases are
produced. Hydrogen consumption requirements are from 12.200 to 18.600 scf/ton
where. respectively. low sulfur fuel oil or syncrude are 10 be produced. Synthetic
crude yield may be 4.06 to 4.38 bbl ton depending upon the type of coal used.
Product oil contains less than 0.1 percent sulfur (bv weight). Reactor operating
conditions are 850° F and 3000 psig.

A 3 1pd PDU is in operation and the process is being developed by Hydro-

carbon Research inc. A 600 tpd pilot plant is being designed and constructed

under the cosponsorship of ERDA. EPRI and four oil companies.

2. Svnthoil

Cca; in a recveled oil slurry is mixed with hydrogen and fed into a fixed bed
{packed bed) catalytic reactor. The catalyst is composed of pellets of cobalt
molybdate on silica promoted alumina. in this hydrogesulfurization process. coal is
liquefied and sulfur removed as H»S. Liquid product is fuel oil. Hydrogen
consumption is from 3400 to 4375 scf/bbl of product. Fuel oil yield is 3.2 10 3.4
bbl/ton of coal and has a heating value of 17.0GC btu/lb. Suifur content is 0.4 to
0.2 percent by weight. Reactor operating conditions are §50° F and 4000 psig.
PERC has been operating a 1/2 tpd experimental unit. A 10 tpd PDU is being
designed by Foster Wheeler Energy Corp. through ERDA sponsorship.

3. Co-Steam

Pulverized lignite in some of the product oil is pumped with process gas (CO and
steamn) inte a stirred reactor. The process utilizes ratural wkalinity of lignite to
catalyze the CQ + water r2action to produce hydrogen. whick liquefies lignite. The
product goes to a receiver where oil. gas (CO + H-_,) and unreacted solids are
separated. Low sulfur fuel oil vield is 69.4 tc 77 percent by weight. Product gases
provide ths hvdrogen for the hydrogenation process. Rezctor operating conditions
are 800° F and 4000 psig.

o
—



1/2 tpd unit has been in operation. A 10 tpd ™D is to be built and developed
by Grand Forks Energy Research Center GFERU (ERDA).

4. Gulf CCL
Coal is sturried in recycle oil, mixed with hvdrogen and fed to the fixed-bed reactor.
Conl mclecules are deployvmerized in the presence of hydrogen and a catalyst. Gas,
liquid and solid products are then separated. A heavy fuel oil (similar to #6; with a
heating valuve of 17,900 Btu/lb and a light fuel oil (similar to #2) with a heating
value of 18,800 Btu/ib are produced. The vield of heavy fuei oil is 2.3 bbl/ton and
0.9 bbl/ton for the light fuel oil. Products centain approximately 0.04 percent
sulfur.
A 120 lb/day bench scale unit is being operated and Zeveloped by Gulf
Research and Development Co.

3. Bergius Process Hydrogenation
Coal is pulverizcd and made into paste with heavy oil derived from the process.
Powdered catalyst and hydrogen arc mixed with the pastc and the liquid phase
hydrogenation is carried ocut in a series of convertess. Gasoline and middle oil are
eveniually distilled frem liquid products. The catalvst is composad of FeSO4-HA0O
and sodium sulfide. Reactor process conditions are 800 to 900° F and 250 to 700
arm. The yield range is 50 to 67 parcent of coal fed by weight.
Peak production capacity was 64.200 tbl/day during WW II in Germany.

6. Zinc Chloride Catalysts
Coal is pulverized and slurried in the recvcle oil. The slurty is fed to the reactor
where hvdrogen and molten zin¢ ¢hloride are added at high reactor temperature and
pressure. One-step hydrocracking takes place in the molten salt reactor. The distillate
product is separated from gases. The spent catalyst is regenemzed in the fluidized
bed combustor and recycied. Fuel oil and low-Btu gas are produced. Reactor
operating conditions are 700 to 825° F and 15G0 to 3500 psia
A 2.5 Ib/hr bench-scale unit is in operation. A 1.2 tpd PDU is currelitly in
design and development by CONOCO Coal .Developmer.t Co. and Sheil Develop-
ment Co. with cosponsorship from ERDA.

7. Disposuble Catalysr Hydrogenation {Advanced version of Bergius Process)
A low cost disposable catalysrt is being tested ir. a Synthoil style fixed ted reactor
and in a stirred reactor. Low sulfur fuel oil is the primary product. Reactor
operating conditions (850° F and 250 to 700 atm:.) are significantly less than those
of the Bergius process.

A 50 ib/hr PDU is being designed at PERC and a 5 to 10 tod unit may follow.



Solvent Extraction Processes

S. CSF (Cresap)
Crished coal is mixed with a recycled soivent. then heated and fed 1o the extractor.
Coai is dissolved in solvent and the product from the extractor is separated. Solid
produci is carbonized to cnar which may be used to produce H, for the process.
Liquid is subjecizd to hydrogenation and fractionation to produce iow sulfur fuel oil
and soivent for recycle. No catalyst is required for solvent extraction. Reactor
operating conditions are 765° F and 150 psig.
The 2C tpd CSF piiot plant in Cresap., West Virginia has been operated. Fluor
Enginzers and Constructors. Inc. is reactivating the plant under contract with

ERDA.

9. PAAMCO SRC Process

Pulvenized coal is mixed with a recycied coul derived solveni. pumped through a
preheater where hydrogen is mixed in and then sent to a dissolver. The coal is
dissolved in solvent. The liquid procduci from the dissolver is degassed. hvdrogen is
recirculated and passed through a disullation unit to recover solvent and heavv
product which is cooled and soiidified to result in solvent refired coal. SRC has a
heatirg value of 16.600 Btu/lb and a sulfur content of 9.5 10 0.9 percent by weigh:.
Process operating conditions are 860 10 9C0° F and i000 to 2000 psi.

A 50 tpd pilot plant is currently in operation. The process is being developed

by Pietsbuirg and Midway Coal Mining Co. (PAMCO) and Rust Ergineering Co..
under ERDA sponsorship.

10, Sutithern Services SRC Process
This process is similar to the PAMCO SRC wrocess except for the filtration and
product solidification system.

A € tpd piiot piant has been in operation. Project sponsors are Southern
Services. Inc. and EPRI,

11. Modified SRC Process
Similar to PAMCO SRC process. the differencz is that the unfiltered dissolver

product i1s recvcled as feed slumry medium. The dissolver product is further
hydrotreated to produce a lew sulfur liquid preduct.

Preliminary design of a 10.000 rpd piant has been completed.

I2. Solven: Refined Lignite
ivent extraction of lignite is produced from synthesis gas (CO & HZ) under 1500
to 3000 psig by vacuum flashing. producing solvent refined lignite and light oils.

A 5 tpd PDU is being tested by the University of North Dakota under ERDA
sponsorship.



13, Delayed Coking
Deep hydrogenation followed by thermal cracking produces distillate fisels.
Laboratory batch tests are being conducted by A. D. Little, Co. and Foster
Wheeler Energy Corp. under ERDA sponsorship.

14. Hvdrogen Donor Solvent Process
A process under development by the Exxon Co. uses a separately hydrogenated
solvent which exchanges hvdrogen with coal. The hydrogen donor solvent process
uses coal heated in the presence of hydroaromatic material at 700-850° F =nd
20G-1000 psi. Liquid products can be upgraded by catalytic hydrogenatiorn.
Exxon has operated 1/2 tpd pilot plant at its research center in Baytown, -
Texas.

I5. Hydrocarbonization Process
Coal is crushed, dried and preheated to 750°F in a stream of hot flue gas. A
hydrogen stream produced from char carries the coal into the fluidized bed hydro-
carbonization reactor where coal is converted to gas, liquid and char. Hydro-
carbonization consists of a combination of coal devolatilization and hydrogenation
of various constitutents of volatile matter. The product. after char removal. is sent
to a fractiopator. Heavy and light cils are separated. Gas. after passing through
purification, is methanated to produce pipcline gas. Process conditions are 470 to
560° F and 300 to 1000 psig. H, is produced by 2 Koppers-Totzek gasifier.
A 50C tpd pilot plant was operated by Unicn Carbide Co. in the mid-i950's.
Construction and operation of the Clean Boiler Fuels Demonstration Plants by
Coalcon Development Co., is being sponsored by ERDA.

16. COED Process
Pulverized coal is heated using successively higher temperatures in a series cf four
fluidized bed pyrolytic reactors (carbonizers). In the first stage, coal is heated by -
hot fluidizing gases. Devolatilized char from the first reactor flows toward hotter
reactors while steam and oxygen introduced in the last reactor flows countercutrent
to the main stream. Vapors from the second stage are sepaiated into a lLiquid
product and a gas product in a product recovery section. Process pressures are from
5 to 10 psig. Process temperatures range from SGO° F in the first stage to 1600° F
i the fourth stage.
A 36 tpd COED pilot plant at Princeton, N.J., has been successfully operated
and is being dismantled. COGAS pilot plant is now being constructed by the
FMC Corporation under ERDA sponsorship to desulfurize char and produce
clean gas.

17. Seacoke
Similar to the COED process, five fluidized bed pyrolyzers produce a syncrude (1.3
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bbl/ton). char and fuel gas. The operating pressure is 1 atm. Process temperatures
range from 600° 20 1600° F from the first to fifth stage.
The relatad COED process is being develeped in lieu of the Seacoke process.

18. Clean Coke Plus Liquids
Crushed coal is split into two fractions. One fraction is processed in a carbonization
unii where it is devolatilized and partiallv desulfurized to produce char which is
further processad to metallurgica! coke. The second portion is slurried with recycied
oil and processed in a hvdrogenation unit which produces liquid and gas products.
Licuid products from both ihe carbonization and the hydrogenatior unit are treated
in a liguid processing umit to get liquid fuels and chemical feedstocks. Operating
conditions are 1200-1400° F ané 9-100 psi in the carbonizer. Operating conditions
are 900° F and 2000 to 4000 psi in the hydrogenation unit.
A 1/2 tpd PDU is in operation. A 500 tpd pilct plant is being designed by U.S.
Steel Co. under ERDA sponsorship.

19. Garrerr Coal Pvrolysis

Pulverized coal is transported to the entrained-flow pyrolysis reactor where it is
mixed with the stream of hot char coming {rom the char heater Hot char provides
heat for the flash pyrolysis process. Effiuent from the reactor is passed through a
cycione to separate char. part of it goes to the char heater and the remainder goes
out as product. Effluent gases are cooled. Tar is separated and hvdrotreated to
produce svncrude and medium-Btu gases which are purified to get product gas. The
pracess temperature is 1100° F.

A 3.6 tnd pilot plani is in operation under the Garrett development program.

Istand Creek Coal Co. (a subsidiary of Occidental Petroleum Co.) is
cosponsoring the project.

20. TOSCOAL
Crushed ccal is preheated by the dilute phase fluid bad technique and fe¢ to a
pyrolvsis drum where it is heated with hot circulated ceramic balls. The char
product is passed through a ravolving screen to separate ceramic balls. unreacted coal
or char and vapors. Pyrolytic vapors are condensed and fractionated. Ceramic balls
are heated and recirculated. Solid char and fuel oil are produced. Operating
temperatures are 800 to 1000° F.
Wyoming subbituminous coal was tested in a 25 tpd pilot plant originally buiit
10 process oil shale by the Oil Shale Corporation in cooperation with other
orivate companies.

21. Petrocoal
Crushed coal with recycle oil and hydrogen is fed to a hvdropyrolytic reactor where
coal is converted to asphaltenes. The liquid product. after the remcval of solids, is



subjected to catalytic hydrogenation at 800-850° F and 1500 psig and product oil
suitable for refining is obtained.
A 120 Ibs coal/day lab unit has been operated. The process is being developed
by MERC.

Liquid Hydrocarbon Synthesis

22. Fischer-Tropsch Synthesis at SASOL
Synthesis gas (CO & Hj) from Lurgi gasifiers is converted to liquid hydrocarbons via
an jron catalyst in two basic reactor types. The two reactor types are the Arge
Reactor System (fixed bed synthesis) and Synthoil reactor system. Operating
conditions are 300 to 360 psig and 430 to 660° F depending on the reactor used.
A commercial scale plant at SASOL. South ‘Africa uses 800G tpd. The plant is
operated by the South African Coal. Oil and Gas Corp. (SASOL) of the
Republic of South Africa.

23. Merhano! Synthesis
Synthesis gas from a high temperature (2400° F) entrained bed gasifier is passed
through a shift converter where the H,:CO ratic is adjus.ed to 2:1. purified. and
sent to a methanol converter. Crude methanol is distilled to remove waier. higher
alcohols and other chemicals to get chemical-grade methanol (1000° Bruflb.) A
Cu-Zn-Cr catalyst is used. Catalyst operating conditions are 500° F and 800 psi. Low
temperature fluid bed gasification is used for methane-methanol coproducts.
Methanol is presently produced from natural gas.
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3. “Oil by Liquefaction of Lignite” by E. DelBel, S. Friedman. F. M. Yavorsky and 1.
Wender from CPT Vol. 2 by AIChE; “Clean Energy from Coal-New Developments™
ty L. Wender PERC (BOM now ERDAj report April 1974.



10.

11
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Svmp.

“Cresap Test Facility™ from ERDA. 114-75/1: “Clean Fuels via CSF Process™ by J.
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Coal Processing Technology. New York: The American Institute
of Chemical Engineers, 1974.

Coal Processing Technology, Vol. 2. New York: Th2 American
Institute of Chemical Engineers, 1975.

Beddle. W. W. ané Vyas, K. C. “Clean Fuels from Coal.”” The 0Oil
and Gas Jowrnal, August 26, 1574, pp. 73-88.
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