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Chapter I

COAL TECHNOLOGY AND TECHNIQUES

This chapter describes the various conditions and technologies that exist in the coal sys-
tem from resources in the ground through use and disposal of wastes. The section below pro-
vides an overview and summary. Subsequent sections expand on the various elements of the

system.

PATTERNS OF USE

Coal is burned to produce heat, which in
turn is used to generate steam for process heat
or the production of electricity. Alternatively
the heat may be used directly in industrial
process systems or space heating. Coal also
can be used to effect chemical reactions as in
the reduction of iron ore or the production of
lime, or indirectly as a source for synthetic
gaseous or liquid fuels, but such uses are not
considered in this report.

Although the direct use of coal in the utility,
industrial, commercial, and residential sectors
is commercially feasible using current technol-
ogy, other factors may limit its use. The total
energy system — from resources in the ground,
through extraction, transportation, and end
use— must be examined to identify constraints
on and impacts of its use. Figure 3 illustrates
the variety of conditions and technological op-
tions that must be considered in the direct use
of coal.

Coal is an abundant, widely distributed re-
source in the United States. It is variable in
composition, moisture, sulfur, ash, and trace
element content. Because of geological and
geographic differences, mining and transporta-
tion methods vary. In Appalachia, most coal is
mined underground with a variety of mecha-
nized equipment. Most Midwestern and West-
ern coal is surface-mined, using gigantic
shovels or draglines to remove the overburden
and expose the seam. Railroads are the domi-
nant transportation means. | n the East and
Midwest, barges are important supplements.
Alternatively, the coal may be converted to
electricity at the minesite and the energy trans-
ported to market by wire.

The major factors influencing the design of
combustion facilities are the size of the unit,
the type of coal to be burned, and the environ-
mental standards it must meet. Thus it is dif-
ficult and sometimes impossible to switch to a
different coal. Also the technology of the util-
ity sector is often inappropriate for the indus-
trial or commercial installation.

Because of the many interrelated factors in-
volving coal, geographic conditions, and tech-
nologies, control equipment and methods
often must be “fine-tuned” to individual cir-
cumstances. Reclamation techniques must be
adjusted to topography, climate, and future
desired land use and social values. Control of
sulfur oxide (SOx emissions from the burning
of coal can be achieved by removing sulfur
before, during, or after combustion. The most
effective and economical design for a particu-
lar case depends on such matters as the mode
of operation of the combustion unit, the sulfur
concentration in the coal, the availability of
quality absorbents, etc. Similarly, the efficien-
cy of particulate control technology can be af-
fected by changes in the sulfur content of the
coal or the physical and chemical composition
of the ash.

New technologies for extracting, transport-
ing, “cleaning, ” upgrading, and burning coal
are continuously emerging, as are environmen-
tal controls for every phase.

To illustrate the combinations that exist in
the overall coal-energy system, three hypothet-
ical examples are depicted for the utility sec-
tor as end-user. Each user is an electric power-
plant of 800 MW operating 70 percent of the
time.

53
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Figure 3.—Coal System Components

“This system undergoing research and development in the U.S.
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SOURCE: office of Technology Assessment

Eastern Deep-Mined Coal Burned at
an East Coast Plant

The plant requires about 1,85 million tons of
coal per year with a heat content of 13,500
Btu/lb. Any one of the five largest West Virgin-
ia underground mines could currently be the
single source. Such a supply requires mining at
the rate of about 275 acres per year if the seam
is 8 feet thick. After the coal is brought to the
surface it is crushed, screened, washed, and
dried at a preparation plant near the minesite.
About 700 persons are employed for extraction
and preparation. The price of the coal leaving
the preparation plant is $30/ton.

Next, the coal is loaded onto rairoad hop-
per cars in a unit train. The train consists of 100
cars and makes three 250-mile round trips each
week between the preparation site and the
powerplant. Transportation adds about $5 to
$8 per ton to the price. At the powerplant, a 60-
to 90-day supply is normally stored to assure a
continuous feed to the boilers during any
short-term supply interruption. Three-fourths
of a pound of coal is burned to produce a kilo-
watthour of electricity. Ten percent of the coal
is ash. | n the combustion step about 20 to 40
percent of the ash settles and is removed from
the bottom of the furnace. The lighter residual
ash is entrained in the flue gases and carried
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out as “fly ash, ” more than 99 percent of
which is collected in particulate control equip-
ment. In some plants, a portion of the ash is
used for cement and the remainder disposed as
sol id waste, The plant is 20 miles from the
main electric load center. A transmission line
of 66,000 volts is used to deliver the power to
the distribution network, where the voltage is
appropriately reduced for ultimate use in the
industrial, commercial, and residential sectors.

Eastern Strip-Mined Coal Burned at a
Mine-Mouth Plant

This coal has a lower heat content (11,300
Btu/lb) than that in the previous example, so
2.2 million tons are needed annually. It is pro-
duced at a mine by simultaneously exploitin,
three superimposed seams. The top seam is 9
feet thick and lies under 100 feet of overbur-
den. The second and third seams are 4 and 6
feet thick and lie below intervenin layers of
10 feet of shale. Eighty-five acres of coal are
removed yearly. A total of 250 miners are em-
ployed in two operating shifts. The coal is
crushed, screened, and transported 15 miles by
truck to the powerplant, Although the power-
plant is similar to that in the previous example,

it is larger to accommodate the greater volume
of coal with high moisture and ash content.
The ash is returned to the mine. The higher
capital cost of the powerplant is offset by the
lower operating cost of the fuel — $20/ton.

Western Strip-Mined Coal Burned at a
Midwestern Plant

This coal has only 8,500 Btu/lb, so 3 million
tons/yr are required. A 30-foot seam is ex-
ploited by 90 miners working in two shifts. The
overburden is 125 feet. Mining and reclama-
tion proceed at the rate of 50 acres/yr. The ex-
tracted coal is crushed and screened at the
mine and delivered to the powerplant daily by
a 100-car unit train. As the 1 ,000-mile trip re-
quires 50 hours each way, excluding loading
and unloading time, six trains are continuously
in service and spare equipment is provided for
maintenance periods.

These examples, although hypothetical, are
similar to actual cases. Table 7 lists quantita-
tive values in some actual cases. The diversity
of suppliers, customers, types of coal, means
of delivery, and contracts revealed in the table
illustrates the variability in a coal-based ener-
gy system.

Table 7.— Examples of Coal/Lignite Deliveries at U.S. Powerplants During 1977

Wt wt wt Coal  Con- Con-  Deliv.

Cap Btu/b sulf. ash moist tram  veyor Barge tract price °
Plant and unit no State MW Strip'Deep'lb % % % miles feet males yrs $ ton Origin, State, and mines
Walsh, # 1 Tex. EIEE 1.75 8,250 030 50 320 1,451 — 25 1669 Wyoming, Amax, Gillette
Monticello, #1-2. Tex. 1 292 6300 070 143 350 11 - 25 430d°  Texas, Winfield
Chesterfield, #5-6 Va. 1,000 125 22 12500 120 100 120 450 — 25 3700 E Kentucky, St Paul

av
Kincaid, #1-2 o g212 — 2.80 10500 370 9 168 - 1 130 — 34 1950  llinois Peabody #10
Will County, #l-4 1003 250 - 9,600 046 45 232 1,246 - 175 20 2370  Mont & Wyo Decker & Big Horn
Powerton, #5-6. Il 1 700 170 170 105550 368 118 137 410 - - 4 1300 lllinois Monterey (Deep) Captain
(Strip)

Chalk Point, #I-2 Md. 660 41 13 12,995 171 122 63 3 3 0 - 25 2800 Centr. W Penn some Md
Bruce Mansfield, #1 Pa. 825 - 292 11,500 310 150 100 - 80 25 2300 Ohio, Quarto, Wheeling

a
In milions of tons
b as received by utility
‘Estimated average price duuring 1977
d The $430 per ton quoted does not include transportation over the utility's 11-mile self-operated rail system.

COAL RESOURCES

Coal deposits already identified in the
United States contain enough energy to supply
the Nation’s entire present energy demand for

more than 500 years. It is estimated that other
deposits, as yet unidentified, are equivalent in
magnitude. By comparison, the known re-
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serves of domestic crude oil would last less
than 20 years at the same rate of depletion.
The amount of coal that can be extracted is
less than the quantity residing underground.
Some deposits are too small or inaccessible to
warrant the financial investment required to
bring a mine into operation. others underlie
surfaces that cannot be disturbed. Finally, all
the coal in any particular deposit cannot be ex-
tracted by even the best mining technology
and equipment because of safety or economic
considerations.

These concepts are illustrated in figure 4
and defined as follows:

* Coal Resources are the total coal deposits
regardless of whether they can be mined
or recovered. Some but not all of the re-
sources are known. There is no assurance
that the unknown quantities actually ex-
ist, This estimate is based on the geologi-
cal similarity of potential fields to known
coal-bearing areas.

* Coal Reserves are deposits assumed to be
commercially minable by virtue of their
seam thickness and accessibility. The
magnitude of reserves can be estimated
with considerably more confidence than
that of resources.

* Recoverable Reserves are the estimated
tonnage of coal that can be produced
with existing mining technology. Reserves
that cannot be mined for legal, political,
social, or other reasons are not included.

The recoverable reserves represent less than
50 years of the Nation’s present total energy
consumption, and this figure is subject to
downward revision if more stringent regula-
tions are enacted. Upward revision will result if
the estimated resources can be identified, or if
new techniques increase the recoverable frac-
tion. Coal may never be required to supply en-
ergy at such a high consumption rate (75
Quads of energy imply about 3.75 bilion tons/
yr), although it did supply almost 80 percent of
a much smaller demand in 1910. It can, how-
ever, substitute for a large share of the decline
in the production rate of oil and gas. Unlike oil
and gas, coal can be a major source of energy
through the 21st century.

The estimates of recoverable reserves in
figure 4 are for deposits no deeper than 1,000
feet and at least 28 inches thick if they are to
be mined underground, or with depth-to-seam
thickness ratios of 10 or less for surface mines.
These limits are set for reasons of mining eco-
nomics. Large quantities of coal exist in other-
wise minable deposits that do not meet these
quallifications, but little incentive now exists to
mine them because others are less expensive to
mine. Until the energy expended for recovery
exceeds the recoverable energy, no intrinsic
reason exists why these less attractive deposits
cannot eventually be exploited after more fa-
vorable seams are exhausted. Average depths
of coal mines in Europe exceed 1,000 feet. One

Figure 4.-U.S. Coal Resources and Reserves

Billion
tons
4,000

3,000

2,000

SOURCE ‘Paul Averitt Coal Resources of the United States Jan 1, 1974
Geological Survey Bulletin 1412

“ Based on 57 percent recoverability in underground mines and 80 percent in
surface mines
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mine in the U.S.S.R. is reported to operate
deeper than 2,500 feet. Even in the United
States, one Colorado coal mine is at a 3,000-
foot depth and an Alabama coal mine at 1,900
feet. Several Appalachian seams of less than
28 inches are mined underground. Exploitation
of these reserves presently uncounted as re-
coverable could substantially extend the use-
ful lifetime of coal.

Types of Coal

Coal is divided into five classes: anthracite,
bituminous, subbituminous, lignite, and peat.
Peat is the earliest stage in the formation of
coal. Heat and pressure force the moisture and
hydrocarbon from the peat until progressively
higher ranks of coal are formed. Thus, anthra-
cite contains the lowest percentage of mois-
ture and the highest percentage of carbon. The
chemical and physical properties of the other
types lie between anthracite and peat. The
composition, heat content, and locale of typi-
cal ranks of coal are shown in table 8. High-
volatile bituminous coals have agglomerating

characteristics (tendency to fuse when heated),
as do higher ranks of coal generally. The
lowest rank coals, subbituminous and lignite,
are nonagglomerating. In general, moisture
and volatile content decreases and fixed car-
bon increases with increased rank.

Boilers and furnaces can be designed to
burn almost any coal, but may not be readily
adaptable to other coals even of the same
types. The characteristics that affect equip-
ment design are the heating value, ash melting
characteristics, hardness of both the coal and
its mineral matter (for grinding), and mineral
composition, which affects corrosion and foul-
ing tendencies. Coal beneficiation can im-
prove undesirable characteristics and reduce
the differences among coal types.

The sulfur content of coal became increas-
ingly important when limits were imposed by
the Clean Air Act of 1970 on emissions from
combustion. New or modified powerplants
starting operation between 1974 and 1978 are
limited to emissions of 1.2 Ibs sulfur dioxide
(SO,)/million Btu of input. (More stringent

Table 8.—Coal Ranks and Typical Characteristics

Coal rank Coal analysis, bed moisture basis
Class Group State County M VM FC A S Btu
1. Anthracitic . . ............. 1. Meta-anthracite Pa. Schuylkill 45 1.7 84.1 9.7 0.77 12,745
2. Anthracite Pa, Lackawanna 25 6.2 794 119 0.60 12,925
3. Semianthracite Va. Montgomery 20 106 67.2 202 0.62 11,925
IIl. Bituminous . . . ........ 1. Low-volatile bituminous W.Va McDowell 1.0 16,6 77.3 5.1 0.74 14,715
coal Pa. Cambria 1,3 175 709 10,3 1.68 13,800
2. Medium-volatile bituminous Pa. Somerset 15 208 675 102 168 13,720
coal Pa. Indiana 15 234 649 10.2 220 13,800
3. High-volatile A bituminous  Pa. Westmoreland 15 307 56,6 11.2 1.82 13,325
coal Ky. Pike 2.5 36,7 57.5 3.3 0.70 14,480
Ohio  Belmont 3.6 40.0 47.3 9.1 4.00 12,850
4. High-volatile B bituminous I, Williamson 58 36.2 463 117 2,70 11,910
coal Utah Emery 5.2 38,2 50.2 6.4 0.90 12,600
5. High-volatile C bitummous 1ll. Vermilion 122 38,8 40.0 9.0 3.20 11,340
coal
lll. Subbduminous . ..... 1. Subbitummous A coal Mont. Musselshell 14.1 32.2 46.7 7.0 0.43 11,140
2. Subbituminous B coal wyo. Sheridan 25.0 30,5 40,8 3.7 0.30 9,345
3. Subbituminous C coal wyo. Campbell 31.0 31.4 32.8 4.8 0.55 8,320
IV. Lignitic . ........oooovint 1. Lignite A N.D. Mercer 37.0 26.6 32.2 4.2 0.40 7,255

2. Lignite B

Data on coal (bed moisture basis)
M equilibrium moisture, % VM volatile matter
FC fixed carbon, % A ash %S sulfur %
Btu = Btu/lb, high heating value
Calculations by Parr formulas
Adapted from Babcock and Wilcox, Steam, Its Generation and Use, p 5-11
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regulations forthcoming from the Clean Air
Amendments of 1977 will eliminate the use of
low-sulfur coal as the sole means of compli-
ance for new powerplants. ) Maximum sulfur in
coal to meet this emission standard without
other controls is approximately 0.6 percent for
coal with a heating value of 10,000 Btu/Ib. For
each 1,000 Btu/lb higher or lower, the allow-
able sulfur content is changed about 0.06 per-
cent (i. e., the sulfur limit for coal with 12,000
Btu/Ib would be about 0.72 percent). Some
powerplants will be limited to more stringent
limits, as described in chapter IV. Other users,
such as industrial facilities, may be subject to
different standards. The availability of coal by
region as a function of SO,emissions is shown
in figure 5.

A large number of other substances have
been identified in coal. Many elements were
drawn up from the soil into the vegetation that
formed coal. Later streams and ocean poured
in over the rotting beds of vegetation carrying
in mud, sand, and other minerals. Thus, coal
can contain varying degrees of many elements.
Typical elements in the mineral matter of coal
are shown in table 9. The quantities listed are
averages based on many samples. The number
of samples is indicated at the heading of each
column. As with sulfur content, elemental
composition varies widely, not only among
samples from different beds but also among
those from the same mine. All of these ele-
ments are found elsewhere in the environment,
but are known to be damaging to the environ-
ment or to human health at certain concentra-
tions and mode of entry into organisms. The
potential for the damage, if any, cannot be
reliably predicted because the mineral matter
of most coals has not yet been fuly analyzed,
and the pathways of these trace elements
through the biosphere after combustion are
generally not known. The possible effect of
trace elements in the environment is discussed
in chapter V.

Coal Formations

Coal generally occurs in major structural
basins as shown in figure 6. The actual coal-
beds are within these basins. Most beds are
broad and thin with most of the coal within

3,000 feet of the surface. A few in the Rocky
Mountain region were canted very steeply with
the upheaval of the mountains during their for-
mation. Some reach depths of 30,000 feet.

Coalbeds exhibit the structural vagaries of
geological changes that have occurred since
their inception. An example of what can be ex-
pected in the structure of a bed is shown in
figure 7. Note that the coal is not uniform in
thickness in the roof or floor condition — nor
even continuous. These variations present a
changing pattern of mine problems and even
limit the amount of reserves that can be safely
and economically recovered, Other beds, how-
ever, are startlingly level and geometrically
uniform for miles in every direction. | n the Ap-
palachian region, an area of ancient eroded
mountains, outcrops can often be found cir-
cumscribing adjacent mountains. Some beds
are split into several layers with intervening
rock layers. Beds quite unrelated geologically
can be stacked atop each other.

The most desirable commercial beds are
those that are thick, uniform, and very exten-
sive. The Pittsburgh bed is minable over an
area of 6,000 square miles in Maryland, West
Virginia, Pennsylvania, and Ohio with a thick-
ness of up to 22 feet. The edges thin out over a
much broader area. This bed presents a strik-
ing continuity over this vast region and has
yielded more than 20 percent of the U.S. coal
mined to date. Other Eastern beds also cover
several thousand square miles with coal 2 to 10
feet thick. Midwestern beds can be even
thicker and broader. Herrin (No. 6) in lllinois,
Indiana, and western Kentucky covers 15,000
square miles with a thickness of up to 14 feet.
The largest bed in the United States is the
Wyodak in the Powder River Basin of Wyo-
ming and Montana. The average thickness is 50
to 100 feet and 150 feet has been observed.

Coal Distribution*

Coal deposits are dispersed over much of
the country. The major coal provinces are

‘Geological Survey Bulletin, 1412.

‘This section is drawn largely from “Coal Mining, " by
the National Research Council, National Academy of
Science, 1978.
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Figure 5.— Regional Recoverable Reserves That Burn With Emissions Equal or Less Than Indicated
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100,000

10,000

1.000 2 : i ) 1 [l 1 ] ] 1 N
06 08 10 12 14 16 18 20 22 24 26 28 30 ‘10

Sulfur oxide emissions (Ibs per milion Btu)




60 . The Direct Use of Coai

Table 9.—Geometric Mean (Expected Values) of 36 Trace. Elements in 601 Coal
Samples From Four Major Coal-Producing Regions, based on sequential ppm
(parts per million) values recorded from Eastern, Appalachian coals

Average
East Interior West Texas (601)
Element (331) + (194) + (93) i- (34) = samples
72 34 51 89.2
30 300 150 137.7
30 100 150 112.5
58 37 91 61.5
10 15 50 26.2
50 70 100 60
20 7 30 19.2
7 4.3 14 11
16.3 7.4 20 14.9
10 3 15 10.7
18 2 15 12.5
58 12.8 28 27.9
12 2 5 7.5
. 19 4.3 2.8 9.2
7 2 3 7 4,7
7 7 3 15 8
5 7 15 5 4.6
35 2.8 5 5.8 3.1
3 N 3 2 2.2
3 3 15 5 3.1
2.8 1.6 2.4 3 2.4
2 15 3 2 1.4
2 2 15 7 15
1.3 a7 .59 1.6 11
1.2 14 11 4.2 2
1 2.3 45 1.6 1.3
1 14 v 24 14
8 8 4 a A
7 A 3 1.5 8
3 12 2 2 2
14 | .06 A3 1
13 1 028 .15 .|
093 5 92 6 5
074 04 037 11 N
052 .063 245 A7 1
25 026 1 009

NOTE: As, F, Hg, Sb, Se, Th, and U values used to calculate the statistics were determined directly on whole-coal. All other
values used were derived from determinations made on coal wash.
SOURCE: U.S. Geological Survey open-file report 76-468, 1976, pp. 56, 223, 312, and 341.

shown in figure 6. About 13 percent of the en-
tire country has coal beneath the surface.
West Virginia and lllinois are about two-thirds
underlain, while North Dakota and Wyoming
are more than 40 percent. The deposits vary
widely in size and quality, as described in the
previous sections. It is useful to separate the
recoverable reserves by their likely means of
extraction, as the impacts of strip mining are
quite different from those of underground min-
ing. Table 10 lists the recoverable reserves and
1976 production by mining method for each
State in units of tons and heat content The

reserves in each State are large enough that
production could be increased substantially
even though several States (Virginia, Tennes-
see, Alabama, and Kansas) have depleted more
than 40 percent of their original reserves.

Eastern Regions

Appalachian Region: Coal production in the
Appalachian region may be characterized as
being in the advanced stages of maturity (i.e.,
having annually supplied 60 percent or more
of total national production since coal mining
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Figure 7.—Incline No. 1, Herrin (No. 6) Bed in Illinois

Pleistocene glacial drift

Danville (No. 7) Coal

%" P IR =
+ Herrin (No. 6) Coal —._ =~
- . — —

E Claystone
[D]ID Limestone

Sandstone, fine grained
“ Coal with elastic dikes

E Shale, dark gray to black

E Shale or siltstone

Slumping above

and within channel

SOURCE: W. H. Smith, et al., 1970. Depositional Environments in Parts of the Carbondale Formation—Western and Northern lllinois—Francis Creek Shale and Associ-
ated Strata and Mazon Creek Brota. /llinois State Geological Survey Guidebook, Series 8, p. 5.

began in the United States). The coal is ob-
tained from a large number of mines of widely
varying sizes and from a large number of coal-
beds, many of which occur in areas of steep
terrain.

The remaining recoverable underground re-
serves are large, but substantial portions may
remain unmined because they occur in uneco-
nomical seams. Surface mine reserves are
probably insufficient to support even present
production rates for more than a decade. The
coal is generally the highest grades of bitumi-
nous, but it often has a high sulfur content.

Eastern Interior Region: Coal production in
the eastern interior region involves a small
number of individual mines with relatively
high annual production rates. Indiana, western
Kentucky, and lllinois have annually supplied

from 20 to 25 percent of total national produc-
tion for many years.

The greatest portion of the total remaining
recoverable reserves for underground mining
occurs in beds underlying already mined-out
seams. Very large quantities remain, especially
in lllinois.

Surface mine production has remained es-
sentially constant for a number of years. As
surface topography is generally favorable for
large-scale surface mining, it is likely that this
method will be further pursued (although at re-
duced annual rates from individual mines) in
thinner beds as reserves in the principal beds
become exhausted.

Prospects are favorable for substantial ex-
pansion of production from underground
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mines, Surface mines should be able to main-
tain their present rate for many years, The coal
tends to have a slightly lower heat content
‘than Appalachian coal, and the sulfur content
can be quite high.

Western Interior Region: underground pro-
duction has entirely ceased in Arkansas, Kan-
sas, and Oklahoma and has been very limited
for manv years in lowa. While surface produc-
tion has remained approximately constant in
recent years, the amount produced is not sig-

nificant. The coalbeds are persistent but thin
throughout the region, except in lowa and the
southern portion of Oklahoma, where some
beds are of moderate thickness. Were it not for
local markets, it seems doubtful that much
coal would be mined in this region. Some coal
occurring under difficult mining conditions in
the southern portions of Oklahoma and Arkan-
sas is of metallurgical and foundry grade and is
being mined and shipped out of the region.

Production in this region is unlikely to in-
crease significantly in the near future

Table 10.—Recoverable Reserves as of January 1, 1976

Under- 1976 production
ground Surface Un-
heat heat derground Surface Under-
content content minable minable ground Surface
quadrillion quadrillion million million million million
State Btu Btu Total tons tons Total tons tons Total
Ohio ..o 180 07 287 7,500 4,900 12,400 16.2 29.3 45.5
Pennsylvania . . ....... 418 28 446 16,700 1,200 17,900 43,8 39.9 83.7
Kentucky E.............. 136 84 220 5,200 3,600 8,800 415 48.0 89.5
Virginia ... 53 17 70 2,000 700 2,700 24.0 12.8 36.8
W. Virginia. ................ 516 00 616 19, 100 4,100 23,200 88.4 20.5 108,9
Maryland . ............. 14 3 17 500 100 600 0.2 25 2,7
Alabama................. 27 26 53 1,000 1,100 2,100 7.4 14.2 21.6
Tennessee . . ......... 9 6 15 400 300 700 4.1 4,7 8.8
Total Appalachia .......... 1,353 372 1,725 52.400 16,000 68,400 225.6 1719 397.5
MINOIS .. 682 257 939 30.300 12,700 43,000 31.0 27.0 58.0
Indiana ........... 117 29 146 5,100 1,400 6.500 0.4 23.7 241
Kentucky W ... 118 69 187 4,800 3,200 8,000 22.5 28.3 50.8
Total E. Interior ............ 917 355 1,272 40,200 17,300 57,500 53.9 79.0 132.9
Arkansas ... 4 3 7 100 100 200 — 0.6 0.6
lowa ......... 23 8 31 1,000 400 1,400 0.3 0.5 0.5
Kansas . — 19 19 — 800 800 — — —
Missouri 18 57 75 800 2,900 3.700 — 5.4 5.4
Oklahoma ............cccooo 18 8 26 700 300 1.000 — 3.3 3.3
Total W. Interior 62 95 157 2,600 4,500 7,100 0.3 9.5 9.8
Montana............... 898 794 1,692 40,400 39,700 80,100 26.1 26.1
N.Dakota.........coovvvnnnnn. — 118 118 - 8,100 8,100 - 11,1 11.1
W y o m i n g 421 404 825 18,000 19,000 37,000 0.6 30.3 30.9
S.Dakota............... - 4 4 - 300 300 - - -
Colorado . . . . . . . 159 61 220 7,100 3,000 10,100 3.4 6.1 9.5
Utah . . . 91 5 26 3,600 200 3,800 7.9 — 7.9
Arizona .. ........... - 5 5 - 300 300 - 10.2 10.2
N. Mexico.............. 29 42 71 1,200 2,000 3,200 0.9 8.9 9.8
T e X a s 52 52 - 2,500 2,500 — 14.2 14.2
Washington .. ............... - - 600 400 1,000 3.9 3.9
Alaska.................... - - 3,100 600 31700 0.7 0.7
Total West 1598 1,485 3,083 74,000 76,100 150,100 12.8 106.9 119.7
GRANDTOTAL ...\t 3,931 2,307 6,238 169,000 113,900 282,900 292.6 367.3 659.9
SOURCE Based on Bureau of Mines data
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Western Regions

Surface Minable Regions: The Western States
contain the most recoverable surface-minable
reserves (75 billion tons) and are virtually un-
touched (except for a few large active opera-
tions). The beds generally are thicker than beds
being surface-mined elsewhere in the country
(excluding Pennsylvania anthracite). In Wash-
ington and Arizona, surface-minable reserves
are essentially those remaining in the surface
mines now active in each State; in South Dako-
ta and Utah, surface-minable reserves are rela-
tively small, and in Colorado, surface-minable
reserves are largely confined to the two north-
western counties.

The sparsity of surface mining in these
States has been due to their remoteness from
large markets. In anticipation of future need,
intensive prospecting and acquisition by lease
or purchase was initiated about 10 years ago,
and many large individual mines already are
operating or have been planned. Contracts for
large annual shipments from some of these
unit areas to existing or contemplated new
powerplants have been negotiated, while other
units have been set aside for prospective gasi-
fication or liquefaction plants. Plans for new
or connecting transportation facilities have
been completed or are being developed.

Underground Reserves: Excluding Washing-
ton, New Mexico, and Alaska (where signifi-
cant recovery of underground reserves is con-

MINING AND

A wide variety of mining techniques exist to
exploit the different types of coal seams de-
scribed in chapter 11, The two general methods,
surface (i. e., strip) and underground, are used
under quite different geological conditions,
and a number of mining techniques are uti-
lized. The ultimate choice of method and spe-
cific technique depends on a number of fac-
tors such as geological conditions, safety, pro-
ductivity rate, skills available in the labor
force, economics, etc. This section presents a
brief description of the technologies, the fac-

sidered dubious), and North Dakota and Texas
(where the lignite beds are considered unsuit-
able for underground mining), the Western
States of Colorado, Utah, Montana, and Wyo-
ming contain more than 69 billion tons of re-
coverable underground reserves. Although im-
portant portions of the coalfields of Utah, Col-
orado, and Wyoming have undergone substan-
tial depletion, many relatively unmined areas
remain. Some of these may be comparatively
difficult to mine because of the degree of dip
or the excessive thickness of overlying cover,
but in many areas mining conditions are favor-
able.

Significant increases in underground pro-
duction in Utah and Colorado can be expected
in the next few years. Similar interest in the un-
derground reserves in Wyoming and Montana
may also develop, although underground re-
covery of as much as 50 percent of the thicker
beds may be difficult with present technology,
which is generally limited to bed thicknesses
not exceeding 15 feet. If or when additional
production becomes necessary, there is no rea-
son why underground production could not be
conducted simultaneously or subsequent to
surfacemining.

Most Western coal is subbituminous or lig-
nite. It has a substantially lower heat content
and a higher moisture content than Eastern
coal. The sulfur fraction is typically low.

PREPARATION

tors that suggest a particular methodology,
and the resulting impacts.

Surface Mining

Surface mining involves exposure of the
seam by removal of the overlying soil and
rocks (overburden), The four basic methods are
area, open-pit, contour, and auger mining. Un-
til about 1965 surface mining of coal was not
considered feasible unless the overburden-to-
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seam thickness ratio was 10:1 or less. Thus, to
justify removing 50 feet of overburden, the
coal seam would have to be 5 or more feet
thick. Since 1965, this ratio has been increasing
and, depending on the nature and structure of
the overburden, coal within 150 feet of the sur-
face may now be economically recoverable,
even when the overburden-to-seam thickness
ratio is as much as 30:1.3

Area mining, the major strip-mining method
used on Midwestern and some Western coal
lands, involves the development of large open
pits in a series of long narrow strips (usually
about 100 feet wide by a mile or more in
length). It is the preferred method in flat ter-
rain where the coal seam is parallel to the sur-
face, as it is for many Western coals. Before
mining begins, access roads and maintenance
and personnel facilities must be constructed.
This phase may require 5 years and about 200
workers. If all other components (preparation
plant, transportation, and customer facility)
are in place, the process can be compressed to
as littte as 1 year with a much greater demand
for manpower. The actual mining starts with
the cutting of a trench across one end of the
strip, using bulldozers or a dragline. Top soil is
reserved for reclamation, and the remaining
overburden is placed in a spoil bank. Blasting
is often needed to fracture the overburden and
coal. A loading shovel lifts the coal into large
trucks, which take it to the crusher. The
scraper or dragline is moved to the next posi-
tion and opens a new trench, transferring the
overburden to the mined-out trench. This cycle
is repeated to the limit of the mine boundaries.
Reclamation is accomplished by smoothing
the spoil, covering with top soil, and revegetat-
ing. Figure 8 illustrates the procedure.

Open-pit mining is somewhat similar except
that it involves the preparation of a larger
area, perhaps 1,000 by 2,000 feet wide. The
overburden is moved around in the pit by truck
and shovel to uncover the coal seams. This
technique is used primarily for the very thick
Western seams.

Contour strip mining is most commonly

‘Energy A Alternatives (University of Oklahoma, May}
1975), pp. 1-21

a4 [$12 (p--1-,

practiced where deposits outcrop from rolling
hills or mountains, particularly in Appalachia.
This method consists of removing the overbur-
den above the bed by starting at the outcrop
and proceeding along the contour of the bed in
the hillside. After the deposit is exposed and
removed by this first cut, additional cuts are
made into the hill until the ratio of overburden
to product brings the operation to a halt. A var-
iant on this technique is mountaintop removal,
when the seam lies sufficiently near the top.

Contour mining creates a shelf, or “bench,”
on the hillside. The highwall borders it on the
inside, the downs lope on the other side. Before
the enactment of the Surface Mining Control
and Reclamation Act of 1977, or prior State re-
quirements, the overburden, or spoil material,
sometimes caused severe environmental prob-
lems. Unless controlled or stabilized, this spoil
material can cause severe erosion, landslides,
and silting of streams. Contour mining is illus-
trated in figure 9.

The mining equipment used in contour min-
ing is generally smaller than that used for area
mining and consists of bulldozers, shovels,
front-end loaders and trucks, all of a scale to
fit on a relatively narrow ledge.

Auger mining is employed in hilly terrain
where the slope above the coal is too steep or
high to allow normal contour mining. The usu-
al procedure is to contour mine as far into the
hil as practical, then auger mine further. Huge
drills, with cutting heads up to 7 feet, are driv-
en horizontally up to 200 feet into the coal
seam.

The types of equipment used in surface min-
ing are shown in figures 8 and 9, These items of
equipment (except auger) are used to achieve
similar basic steps in each surface mining
method, The steps and equipment used are:

1. Topsoil removal using bulldozers and
loaders. Trucks convey it to a stockpile.

2. Overburden removal, using blasting to
loosen it if it is rock or shale, and scoop-
ing it out with bulldozers, stripping
shovels, bucketwheel excavators, or drag-
lines. Walking draglines are used in some
contour mines, but their main use is in
area mines. They have buckets up to 200
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Figure 8.—Strip Mining Method
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cubic yards and boom lengths of 180 to
375 feet. Stripping shovels can be used in
any type of surface mine. Bucket wheel
excavators can be used with stripping
shovels when the overburden is soft. From
1 to 40 tons of overburden must be moved
for every ton of coal mined.

. Coal fracturing is usually done by blast-
ing, though some types can be scooped up
directly.

. Coal loading and hauling, using mine
shovels or front-end loaders and trucks.

The trucks are usually used only to take
the coal to a nearby processing facility.
After crushing, and sometimes cleaning,
the coal is stored at the tipple awaiting
transport to market.

. Backfiling the overburden is generallv

done simultaneously with removing it
from a fresh area. It is graded and com-
pacted with bulldozers.

6. Topsoil is returned and spread.

7. The area is revegetated.
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Photo credit OTA

Western surface mining. Dragline (background) exposes coal seam while front-end loaders
(foreground) dump it into trucks for haulage to rail spur or powerplant
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Dag eb mme e e b ke
is self-revealing

Stripper shovel, eastern Ohio
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Figure 9.—Typical Contour Stripping Plus Auger Method
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Underground Mining

Underground mining is considerably more
complex than surface mining. Rather than
simply scraping away the overburden and
trucking away the coal, underground miners
must work with the thick overburden above
them, connected to the outside world by shafts
and passageways sometimes thousands of feet
long. Problems nonexistent or unimportant on
the surface loom large underground: roof sup-
port, ventilation, lighting, drainage, methane
liberation, equipment access, and coal convey-
ance, among others, must be dealt with.

As with surface mines, the first step is the
construction of access roads and necessary
aboveground facilities. The next step is to con-
struct a portal —the passageway to the seam.
The selection of location and type of portal
(generally shaft or slope) depends on the par-
ticular site. The mining plan must consider
costs of access and construction, personnel
transit, and coal haulage among other factors.
From the portal, parallel entries are driven into
the coal to provide corridors for haulage, ven-
tilation, power, etc. Cross-corridors then reach
to the sides of the mine, leaving pillars in a
checkerboard pattern to support the roof. The



Contour strip mining in Martin County, Ky.

deeper the mine, the bigger the pillars must be
relative to the mined-out areas | n some cases,
less than 50 percent can be removed. In such
cases it may be desirable to mine the pillars as
the equipment retreats back towards the main
corridors. The roof must then be supported by
other means or allowed to collapse.

Equipment used in underground mining
ranges from relatively simple up to highly
automated and productive machinery. The
oldest method, still in occasional use in very
small mines, is primarily hand labor. The coal
is undercut at the bottom of the face, and
blasting holes are drilled into the face above.
Explosives shear the coal loose by forcing it
down into the cut. It is then hand loaded into
shuttle cars. This method has been almost en-
tirely replaced by conventional mining: mech-

Photo credit OTA

anized undercutting, drilling, and loading. Un-
dercutting is accomplished by huge chain saws
protruding from the bottom of self-propelled
vehicles. These cut a slot about 6 inches high,
perhaps 10 feet deep, into the coal and then
across the face, perhaps 20 feet. This machine
moves to the next face while the drilling ma-
chine takes its place. The coal drill is a self-pro-
pelled vehicle with a long auger attached to a
movable boom. It drills holes above and as
deep as the cut. One hole is required for a face
area 3 to 4 feet high and 4 to 5 feet wide. The
presence of rock in the coal may mandate
more holes. Blasting (called shooting) is done
with chemical explosives or compressed gas.
The latter is considered safer, but it is slower
because only one hole can be shot at a time.
The coal is loaded by a machine that slides it
onto a conveyor belt and dumps it into a shut-
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Photo credit OTA

Shoveling loose coal at Pittston’s Buffalo Mining Co., operation on Buffalo Creek, W. Va., 1975

tle car. These cars take the coal either to a
change point, where it is transferred to a con-
veyor belt or mine car, or directly out of the
m inc. Roof bolting also is an integral part of
the operation in order to maintain structural
integrity of the roof. A bolting machine drills
holes in the roof and inserts anchor bolts,
which firmly attach the roof to stronger overly-
ing layers of rock through expansion shells or
resin. Bolts are generally required on a 4- by 4-
foot array. This is one of the most dangerous
activities in the mine. All these operations pro-
duce a large amount of dust and liberate meth-
ane trapped in the coal. Exposed areas are
rock-dusted to prevent coal dust explosions. | n
all seams, frequent methane testing is required
at the face. Continuous monitoring is required
under some conditions. Some machines must
be hooked to a water supply for a spray to con-

trol dust. In addition, time must be spent mov-
ing equipment, changing bits, hooking up elec-
tric power, and performing maintenance. A
typical conventional mining sequence is
shown in figure 10.

Continuous miners were developed to com-
bine the operations of conventional mining,
thereby further increasing productivity. Many
different types of continuous miners are avail-
able, but al | operate on the same basic princi-
ple. A rotating head digs into the coal and
dislodges it while arms scoop it up onto a con-
veyor belt for loading. Thus, the multiple
cyclic transfers of machines from face to face
in conventional mining are greatly reduced.
Most continuous miners still must withdraw to
allow roof bolting and ventilating duct exten-
sion. The continuous mining method is ill us-
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Figure 10.—Underground Mining

Conventional mining 1 , Overburden
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Photo credit OTA

End of shift in 30" coal at Cedar Coal Co.,
Logan County, W. Va.

trated in the lower portion of figure 10. The
continuous miner’s useful activity is limited to
20 to 30 percent of the time. Haulage of coal
away from the face is a major constraint on
operations.

Longwall mining is a significantly different
approach than both conventional and continu-
ous mining work in the room and pillar system
described above. Longwall mining has been
used in Europe for many years and is now gain-
ing popularity in the United States. Corridors
300 to 600 feet apart are driven into the coal
and interconnected. The longwall of the inter-
connection is then mined in slices. The roof is
held up by steel jacks while the cutter makes a
pass across the face. The roof jacks are ad-
vanced with the shearer to make a new pass.
The roof collapses in the mined-out area be-
hind the jacks. Practically all the coal can be

extracted by this process. Figure 11 shows the
major elements. A variant of the longwall tech-
nique is known as the shortwall. It is conceptu-
ally similar, but the shorter side of the rec-
tangle to be mined is attacked. This rarely ex-
ceeds 200 feet.

Ventilation is a major problem in modern
mines because the highly productive equip-
ment produces high levels of dust and meth-
ane. Dust is reduced by water sprays at the
working face. (Further discussion about the im-
pact of dust can be found in chapter Vi) Meth-
ane must be diluted with air to less-than-flam-
mable limits to avoid the possibility of under-
ground explosions. In a few mines methane is
drained from the coal seam before mining. The
operation recovers methane (natural gas) for
use as fuel and reduces the danger of mine ex-
plosions. The legal ownership of the gas recov-
ered before mining is not clear, as mineral
rights to the coal do not necessarily convey
rights to the gas or the gas may emanate from
undeterminable regions beyond the ownership
boundary. Generally the methane content of
the coal increases at greater depths because
the methane has less opportunity to diffuse to
the surface over geologic time. Thus, as the
shallower seams are depleted and the deeper
mines are developed, the safety problem will
worsen and the recovery opportunities in-
crease. It has been estimated that 200 cubic
feet of methane are released for every ton of
coal mined. Hence the potential contribution
to our gas supply is not trivial if the legal ques-
tions can be resolved. ’

Coal Preparation

Coal preparation modifies the mined coal to
help meet the customers’ needs in terms of
size, moisture, mineral concentration, and
heat content. A preparation plant of some sort
is an integral part of most large mines and may
often serve a number of mines. | n some cases,
particularly in the West, the coal is only
crushed. About half the raw coal in the Nation
is cleaned to reduce impurities such as mineral

4“Degasification of Coal Beds—A Commercial Source
of Pipeline Gas, " AGA Monthly, January 1974.
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Figure 11 .—Longwall Mining System
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lion tons, or 41,2 percent of total production of
raw coal was cleaned at a plant. This resulted
in a net production of 267 million tons of proc-
essed coal and 107 million tons of refuse. The
refuse fraction has been increasing, as shown
in table 11. Two prominent phases of increase
are notable. The first, which lasted until about
1962, was mostly due to increased mining
automation that reduced selectivity of mining
coal between mineral partings at the face. The
second, which is still in evidence, seems to be

due to the mining of lower quality coal. This
rise also coincided with a decrease in the total
amount of coal being cleaned. Utilities began
finding cleaning less worthwhile, in part
because of the growth in mine-mouth plants,
which reap no transportation benefits from the
reduced weight of clean coal. Also, much of
the increased production has come from the
West, where most coal produced is not appro-
priate for cleaning. A typical cleaning plant in-
cludes the following steps:

Table 11 .—Mechanically Cleaned Bituminous Coal and Lignitea
(thousand short tons)

Total raw Percent Refuse

coal Cleaned of total resulting Percent

moved to Cleaned by Total production in refuse

cleaning by wet pneumatic Total produc- mechanically cleaning of raw
Year plants methods methods cleaned tion cleaned process coal
100, 115,692 87,290 14,980 102,270 460,771 22.2 13,422 11.6
1005 172,899 130,470 17,416 147,886 577,617 25.6 25,013 14.5
1950 238,391 183,170 15,529 198,699 516,311 38.5 39,692 16.6
1955 335,458 252,420 20,295 272,715 464,633 58.7 62,743 18.7
1956 v 359,378 268,054 24,311 292,365 500,874 58.4 67,013 18.6
1957 376,546 279,259 24,768 304,027 492,704 61.7 72,519 19.2
1958 320,898 240,153 18,882 259,035 410,446 63.1 61,863 19.3
1959 337,138 251,538 18,249 269,787 412,028 65.5 67,351 20.0
1960 . 337,686 255,030 18,139 273,169 415,512 65.7 65,517 194
1061, o 328,200 247,020 17,691 264,711 402,977 65.7 63,489 19.4
1962 o 339,408 252,929 18,704 271,633 422,149 64.3 67,775 20.0
1963, 362,141 269,527 19,935 289,462 458,928 63,1 72,679 20.0
1964 . 388,134 288,803 21,400 310,203 486,998 63.7 77,931 20.1
1965, o 419,046 306,872 25,384 332,256 512,088 64.9 86,790 20.1
1966 .o 435,040 316,421 24,205 340,626 533,881 63.8 94,414 21.7
1967 ... ... 448,024 328,135 21,268 349,402 552,626 63.2 98,624 22.0
1968 . ........ ... .. 438,030 324,123 16,804 304,923 545,245 62.5 97,107 22.2
1969 . ........ ..., 435,356 315,596 19,163 334,761 560,505 59.7 100,593 23.1
1970 . ... ... 426,606 305,594 17,855 323,452 602,936 53.6 103,159 24.2
1971 ... ..o 361,168 256,892 14,506 271,401 552,192 49.1 89,766 24.9
1972 .. .o 398,678 281,119 11,710 292,829 595,387 49.2 105,850 26.5
1973 ... ..o 397,646 278,413 10,505 288,918 591,737 48.8 108,728 27.3
1974 ... ... 363,334 257,592 7,557 265,150 603,406 43.9 98,184 27.0
1975 . ... ... 374,094 260,289 6,704 266,993 648,438 41.2 107,101 28.6

aU.S. Bureau of Minesyearbook, various years

|. Comminution (crushing) to liberate impur-
ites and provide a product of appropriate
size.

2. Sizing (to ensure uniformity of size) with
screens or fluid classification.

3. Cleaning to remove impurities. Jigging is
the technique most used. A bed of raw
coal is stratified in water by pulsations
that move the light particles (coal) to the

top and the heavy refuse to the bottom.
The two products can then be collected
separately. Dense-medium processes, the
next most popular, effect a sharper sepa-
ration. The coal is immersed in a heavy
fluid in which the coal floats and the
refuse sinks. The dense-medium cyclone is
a variant that uses centrifugal force to
assist the separation. Other techniques
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are concentrating tables, froth flotation
and pneumatic methods. These are de-
scribed in appendix | | of volume Il

4. Dewatering and drying reduce shipping
weight and problems of handling and
combustion. Dewatering, the mechanical
separation of water, is done with screens,
filters, and centrifuges of various types.
Drying uses heat to remove water. It is
relatively expensive and can cause air
pollution problems, which explains why
the practice has been declining.

5. Water clarification is the process of re-
moving enough suspended coal from the
water that the water can be recycled. This
is usually done in settling tanks assisted
by flocculents.

The coal preparation plant may itself be-
come a significant source of pollution even
though it serves to reduce pollution where the
coal is burned. Refuse piles contain sufficient
coal to smoulder, causing noxious emissions,
but this can be prevented by proper manage-
ment, Pneumatic cleaning methods and ther-
mal dryers are sources of particulate matter,
and both are being phased out or equipped
with baghouses. The wash water has the poten-
tial of releasing large quantities of impurities
similar to acid mine drainage. As mentioned

TRANSPORTATION

Once mined and processed, coal is trans-
ported to another site for combustion. Trucks
and belt conveyors serve nearby “mine-
mouth” facilities. Highways, railroads, water-
ways, and slurry pipelines are the transporta-
tion mode for longer distances. Energy from
mine-mouth powerplants can be transmitted
by high-voltage transmission cable. The cost of
transportation is a major determinant of the
availability of specific mines or combustion
facility sites. Further, the revenues earned
from transporting coal will be very important
to the transportation industry. This section de-
scribes methods of long-distance transporta-
tion of the coal and transmission of electric
power.

above, the modern practice is to recycle the
water. Completely closed loops are coming
into practice. Leaching from the refuse piles is
prevented by compaction and layering.

Capital Costs

Before a mine can be opened, a consid-
erable amount of capital must be committed,
and the operator must be sure of obtaining the
appropriate manpower, material, and equip-
ment. New mines are quite expensive to open.
Costs vary significantly from site to site. A
1976 estimate gave the following results in dol-
lars per annual ton capacity. ’

lllinois
Appalachia Basin Western
Surface 47 50 18
Underground. 66 48 48

These figures are sharply higher than earlier
estimates, largely because of hyperinflation in
the heavy equipment market. Thus a new 2-
million ton/yr surface mine in lllinois would
cost $100 million. As described in chapter 11,
this mine would just meet the demand of one
large electric utility unit. In 1976 it would have
been the 46th largest mine in the country.

AND TRANSMISSION

The following description of rail, water, and
truck transport has been excerpted from a ma-
jor section on coal in a comprehensive discus-
sion of current energy transportation systems
and movements issued recently by the Con-
gressional Research Service. "This report and
its accompanying maps are commended to the

‘George W Land, “Capital Requirements tor New
Mine Development, ” Third Conference on Mine Produc-
tlvity, Pennsylvania State University, April 1976

‘National Energy Transportation, vol. | and accompa-
nying maps, prepared for Senate Committees on Energy
and Natural Resources and on Commerce, Science, and
Transportation (Washington, D C Congressional Re-
search Service, 1977), maps prepared by U S Geological
Survey, Committee Print, Publlcatlon 95-15
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reader. Additional material on unit trains and
coal slurry pipelines is taken from a previous
OTA report. ’

Railroads

About two-thirds of the coal produced in the
United States is transported in railroad cars.
Coal is moved by rail almost entirely in open-
topped hopper cars or gondola cars, which can
be unloaded by turning the car completely
over, by opening ports, or more rarely, by un-
loading from the top. The cars are generally
loaded from the top at mine sidings or coal-
loading installations central to a number of
mines. Coal from the mines is | if ted into silos
or onto storage piles, travels by gravity or con-
veyer, and then moves through a chute into the
car.

The average hopper car carries about 75
tons of coal. Older cars average 55 tons, and
the newer ones move 100 tons at capacity. The
complete cycle of loading, hauling to the un-
loading point, unloading, and returning for
another cargo averages 13 days for each car.
Although this is a shorter turnaround time than
is experienced for any other type of bulk move
ment, inactivity is still a major factor in the
economics of coal movement by railroad.®
The size of hopper cars that can be accommo-
dated depends on roadbed conditions and the
weight the track can tolerate. Western coal
unit trains tend to use 100-ton hopper cars;
Eastern shipments often require the older 55-
ton hoppers.

Unloading facilities for hopper cars, like
loading facilities, are large-scale, permanent
installations. They may take the form of tres-
tles running over storage piles, into which coal
is dumped from the bottom of moving cars, or
they may be rotary dumpers, which tip the en-
tire car over, spilling its contents. Cars with
swivel couplings need not be uncoupled to un-

7.Technology Assessment of Coal Slurry Pipelines,
(Washington, D. C. Office of Technology Assessment,
1978)

‘Railroad Freight Cars Requirement for Transporting
Energy, 1974-85, prepared for the Federal Energy Admin-
istration under contract by Peat, Marwick, Mitchell, and
Co Table of turnaround times at p. 11-11

load by rotating. Some loading and unloading
facilities can handle thousands of tons per
hour. As a coal trade journal reported: “A typi-
cal requirement today would be to load three
trains per day, each consisting of 100 cars of
100 tons net loading each; provide one and
one-half train loads of storage on hand at the
start of each loading and provide a loading
rate of 4,000 tons/hr. 79

Track conditions dictate the types of equip-
ment and the loads that can be hauled. No gen-
eral compilation of conditions is available
because they vary substantially with mainte-
nance, weather conditions, and other factors,
but it is generally accepted that younger track,
track in the West, and track operated by the
more solvent railroads tend to be in better con-
dition; older track, track in the Northeast, and
track owned by rairoads that are in financial
trouble tend to be in worse shape.

A particular type of rail service for ,major
shippers of coal and other bulk commodities is
provided by unit trains. This type of train, de-
signed to take advantage of economies of
scale, generally carries a single commodity in
dedicated service between two points in suffi-
cient volume to achieve cost savings. The cars
are designed for automated loading and un-
loading, and the train is operated by proce-
dures that minimize switching and time-con-
suming delays in freight yards.

A typical coal unit train consists of six 3,000-
horsepower locomotives and 100 hopper cars
with carrying capacities of 100 tons each.
Roughly two such trains per week are therefore
required to deliver 1 milion tons of coal per
year depending on the results involved. Speeds
vary considerably depending on track condi-
tions, but 20 to 50 miles per hour is a common
range.

Waterways

The “hardware” of the shipment of coal by
barge or other water carrier includes the tugs,

“From Mines to Market by Rail The Indispensable
Transport Mode, " Coal Age, v. 7, pp. 102-112 at p 103.
McGraw-Hill Publications Provides a good technical de-
scription of unit train loading and unloading,
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Photo credit OTA

Coal tipple on Cabhin Creek, W. Va.

or self-propelled vessels, which push the
“tow,” composed of as many as 36 barges, usu-
ally of 1,500-ton capacity, “from a loading
dock to an unloading dock. A great variety of
sizes, shapes, drafts, and power capability
characterizes the towboat fleet.

Modern steel barges are of numerous de-
signs to handle differing commodities. Their
bows and sterns are usually formed to fit into a
neat tow that presents an unbroken, low-fric-
tion surface to the water. A jumbo-sized (195

“Natiortal Transportation Trend\ and Cholces (Wash-
ington, D C U S Department of Transportation), p 256,
258

by 35 feet) open barge cost $70,000 in 1968 and
probably costs more than $125,000 today; the
towboats cost many times more. 1

The loading facilities used for barges resem-
ble some rail loading facilities. They generally
entail a conveyor belt carrying coal from a
stockpile to a movable chute, which can dump
the coal into waiting barges along a pier. Un-
loading facilities are much different, however:
barges must be unloaded without the aid of

* Transportation of Mineral Commodities on the Inland
Waterways of the South Central States, Bureau of Mines
information circular 8431 (Washington, D C U S De-
partment of the Interior, 1968), p 13.
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Unit coal trains being loaded at Martin Lake Plant, East Texas, La.

gravity, usually by a crane equipped with a
clam shell bucket. The unloaded coal is gener-
ally moved by belt conveyors to storage yards.
One modern unloader consists of two revolv-
ing scoops, which can clean out a barge in
three passes. The cost of such facilities is in
the millions of dollars.

On the Great Lakes, oceans, and coastal
tidewaters, single self-propelled bulk cargo
carriers are used. Three Great Lakes vessels be
ing built to carry Western coal to a Detroit util-
ity plant will be 1,000 feet long and will each

12“Using Waterways to Ship Coal No Cheaper Way
When Destination is Right,” Coal Age, vol. 79, No, 7, July
1974. Description of unloading plant for J M, Stuart Gen-
erating Station on Ohio River, pp. 122-123

carry 62,000 tons of coal. They will be self-un-
loading, using long conveyor belts traversing
the length of the ships. ‘The average lake car-
rier has about 20,000-ton capacity.

The inland waterways themselves have been
constructed and maintained by the Federal
Government, with the “exception of the New
York State Barge Canal. Since the first appro-
priation to the U.S. Army Corps of Engineers
for this purpose in 1824, billions of dollars
have been spent to make possible the large-
scale commercial traffic now using these inter-
nal waterways. In general, the improvement of
a waterway to make it navigable involves
deepening and widening the channel by dredg-

*1 bid,, pp. 126-127,
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ing and constructing dams and locks. Erosion
control along sections of the riverbank and
operation of the dams and locks are also part
of the Federal role. There were 255 navigation
locks and dams being operated by the Corps of
Engineers as of June 1, 1976 The size of the
locks available on the river systems is the pri-
mary limiting factor on river traffic. They are
sized to accommodate an expected volume of
traffic that generally tapers off toward the
source of the river system. Thus in the region
of the headwaters fewer tows can be managed,;
this makes it less economical to operate the
carriers and less cost-beneficial to maintain
the waterway or justify improvements.

Highways

The fastest growing means of coal transpor-
tation is by truck. As opposed to the average
haul of 300 miles by rairoad, and 480 miles by
barge, the average highway shipment of coal is
only 50 to 75 miles.

The public highway trucks carry a total of 15
to 25 tons each. The standard diesel tractor is
used to pull one and sometimes two trailers,
depending on weight limitations, Much coal
movement to nearby powerplants takes place
on private roads using vehicles too large for
public highways; some of these vehicles can
carry up to 150 tons of coal. The trucks may
be loaded from a fixed chute, but are more
often loaded by shovels or front-end loaders
directly at the side of the coal seam in a sur-
face mine. Most trucks are dumpers. Truck
shipments are sometimes used in connection
with deep-mine operations, but most often are
connected with strip-mine operations.

Slurry Pipelines

Transport by this mode involves three major
stages:

1. grinding the coal and mixing it with a lig-
u id (generally water) to form the Slurry;

2. transmission through the pipeline; and

3. dewatering the coal for use as a boiler

“Ibid , p 81

+1-2-

Photo credit OTA

Coal-truck traffic, Kentucky

fuel, for storage or for transloading to
another transportation mode.

Problems involve condemnation rights to cer-
tain property, inter-basin transfer of water, and
the discharge or use of the separated (and con-
taiminated) water.

Coal is assembled from a mine or group of
mines at a single point where mixing, cleaning,
or other beneficiation may take place, and
where the slurry is prepared. Preparation
begins with impact crushing, followed by the
addition of water and further grinding to a
maximum particle size of one-eighth of an
inch. More water is then added to form a’ mix-
ture that is about 50 percent dry coal by
weight, and the resulting slurry is stored in a
tank equipped with mechanical agitators to
prevent settling Water is not necessarily the
only slurry medium, and oil — as well as meth-
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anol derived from the coal itself — has been
proposed.

The slurry from the agitated-storage tanks is
introduced into a buried steel pipe and pro-
pelled by pumps located at intervals of 50 to
150 miles, depending upon terrain, pipe size,
and other design considerations. The slurry
travels at about 6 ft/sec. Ideally, the flow is
maintained at a rate that minimizes power re-
quirements while maintaining the coal in sus-
pension. Once started, the flow must continue
uninterrupted or the coal will gradually settle
and possibly plug the pipe. Considerable tech-
nical controversy exists over the likelihood of
plugging and the ability to restart the pipeline
after given periods of downtime. To prevent

this type of settling, the operating pipeline at
Black Mesa, Ariz., has ponds into which the
pipeline can be emptied in the event of a break
or other interruption.

At the downstream end of the pipeline, the
slurry is again introduced into agitated tank
storage, from which it is fed into a dewatering
facility. Dewatering is accomplished by natu-
ral settling, vacuum filtration, or by centrifuge,
and the finely ground coal still suspended in
the water can be separated by chemical floc-
culation. Additional thermal drying is general-
ly required before use. The reclaimed water
can be used in an electric-generating station’s
cooling system to condense steam — or it could
theoretically be recycled in a return pipeline.

Schematic of Slurry Pipeline System

Coal supplier .,‘ Pipsline system

Slurry
preparation

Tankage

Nawatarinag
uswawenng

plant

SOurce: John M. Huneke, Testimony before the House Committee on interior and Insular Affairs
on Coal Slurry Pipeline Legisiation, Washington, D. C., Sept. 12, 1975.
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A potential economic advantage of this
technology is that the volume of coal that can
be transported increases approximately as the
square of the pipeline diameter (which means
that a 2-foot diameter line can carry four times
the amount of coal as a I|-foot diameter line),
while construction, power, and other operating
costs increase more slowly. If throughput vol-
umes are high enough to take advantage of
this economy of scale, and if the pipeline is
long enough to recover the cost of gathering,
preparing, dewatering, and delivering the coal
at the termini, the pipeline can compete with
unit trains.

Electric Transmission

The principal means of transmitting large
blocks of electric power is by high-voltage
alternating current (AC) transmission. Electri-
cal transmission will become more important
as the number of mine-mouth plants increases.
Electricity is usually generated at voltages of
12,000 to 22,000 volts(12 to 22 kV). However, it
is not economical to transmit electric energy
at these generated voltages because the high
current levels lead to excessive resistive losses
in the transmission system. The attainment of
higher and higher transmission voltages con-
tinues to be a major goal. An AC transmission
system requires, therefore, transformers to
step up the voltage from the generator and to
step it down where it feeds into the distribu-
tion system at the load. In addition, there are
towers, conductors, and devices to protect the
system in the event of short circuits and power
surges. The conductors are designed to mini-
mize effects of high electric fields that occur
because of the high voltages. These effects,
which include corona formation and radio and
television interference, increase energy loss
and may create disturbances for the popu-
lation near the powerline.

As of 1976, there were about 360,000 miles
of high-voltage (69 kV or higher) transmission
lines in the United States. These are the candi-
date voltages for long-distance, mine-mouth
plant transmission lines. Currently the highest
operating transmission voltage in the United
States is 765 kV. The upper voltage has in-

creased by a factor of more than 2.5 since
1950. Technical and environmental problems
complicate development of transmission sys-
tems beyond 765 kV.

High-voltage direct current (DC) systems for
long-distance power transmission are becom-
ing increasingly competitive relative to high-
voltage AC. Although only one is operating in
the United States (on the west coast), other na-
tions have more experience. The principal dis-
advantage of DC transmission is the difficulty
in varying the voltage levels as is done with AC
systems and transformers. Consequently, it is
necessary to convert the voltage from AC to
DC and back again at each end of the DC line.
This conversion process adds considerably to
the cost of a DC system. Until now, this has
greatly limited its use, but new developments
promise to facilitate the process. The great ad-
vantage of DC is that the line is capable of car-
rying considerably more power, about 1.5 to 2
times more, than an AC system of the same
voltage. In addition to the increased energy
density, DC lines produce less radio interfer-
ence and the corona loss is considerably
smaller than equivalent capacity AC lines.

Research is currently underway to increase
the energy and economic efficiency of high-
voltage electric transmission and to develop
underground systems, gas-insulated lines, and
low-resistance (superconducting lines). Sys-
tems from 1,100 to 2,300 kV are being tested.
The principal technical problems are the de-
velopment of adequate insulators and the
ability to protect against surge voltages. Other
uncertainties are the possible environmental
effects of very high electric fields.

Underground transmission exists in this
country to only a very limited extent. The prin-
cipal roadblock is cost, owing to the need for
cable insulation and the difficulty of installing
and cooling cables underground. There is con-
tinuing interest in high-voltage underground
transmission, however, because of the techni-
cal, environmental, and social problems of ex-
panding overhead networks. The utility indus-
try is conducting R&D to lower costs and im-
prove performance, but the introduction of un-
derground high-voltage transmission as a cost-
competitive technology is many years away.
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Photo credit: Texas Power & L/ght

Southwestern Electric Power Company, Shreveport, La.; Weish Power plant, East Texas; units #1 and #2

Gas-insulated and low-resistance lines similar-
ly are undergoing long-term development pro-
grams.

Transportation Patterns and Cost

Coal is seldom mined where the energy is
needed, so transportation is an important ele-
ment of coal use. Table 12 indicates, by State
of origin and destination, the tonnages trans-
ported in 1976 to electric utilities, which con-
sume about three-quarters of all domestic
steam coal. It also shows that the average ton
moved 368 miles in the Nation. Figure.12 shows
that railroads carry most of this coal, and this
share is increasing.

Two coal slurry pipelines have been con-
structed in this country; one is in operation,
carrying 4,8 million tons per year 273 miles
from northeastern Arizona to southern Ne-
vada. (The other closed after the competing
railroad introduced unit train service and
lowered its rates.)

Unit trains and slurry pipelines are clearly
appropriate only for very large users of coal.
Smaller users generally rely on less regular
deliveries by train or truck, sometimes through
an intermediary retailer. Similarly, a small
mine operator could not fill a unit train, but
must load a few cars at a time and depend on
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Table 12.—Origin and Destination of Coal Deliveries to Electric Utilities in 1976
(in thousand tons)

Origin
Northern Southern

Destination Appalachla’ Appalachta’ Midwest Southwest* West*®
Alabama ... = 18,0941 - - -
Arizona ... U TP P PO SRR PON - - — 6,528,6 2349
Colorado ..o . e - . — 7,088,9
Delaware ..................coo ST 765 - — -
Florida ..o = 4,324,6 1,553.4 — -
Georgia ... . = 13.4387 1,163.9 — -
linois ... B PP ORI PTP 10 1,778,7 21,784.4 — 11,217,9
INdiana ... 1327 5,086.8 21.989,1 — 3,270.7
lowa ........ B PPN = 838 3,070.5 — 3,553.2
Kansas ... . . e = - 2,259.9 — 1,172.5
Kentucky . . IETUUR PP 44 22,271.4 3.0366 — -
Maryland ..... P PP RRURR . 770 29 - — -
Michigan ..... PP U RPTUPI 12,019,3 7,144,4 434,3 — 1,710
Minnesota ... 8.6 148.1 1,4364 — 8,911.5
MiSSISSIPPI oo . = 1,0565 520.3 — -
Missouri .. RRTUTTPTTR . = 534 19,043 — 979.1
Montana ... . = — - — 2,316
Nebraska .......... . - e = — 12.5 — 1,839,6
NeVAAA .. = - — 820.5
New Hampshire ................ USSP 753.2 - — 4,174 -
New Jersey ... RSP R 1,8948 637.9 - - -
New Mexico ...... e, e = - - 8,0197 -
New York .......... T 5.253.7 484.4 - - —
North Caroling ... 2,908,6 16,678,6 ! - —
North Dakota .......................... TR - - - - 6,884.9
Ohio ..o, 38,436.9 8,5102 166 - 9,758,6
Oklahoma ............ = - - - 598.8
Pennsylvania ... 37,2255 186,4 - - -
South Carolina ... 3.7 5.491 - -
South Dakota = - 27.0 - 2,459.7
Tennessee .............. 481 19,549 1,002.3 - -
Texas ............ B TR - - 18,867 903.9
Utan — — - 1.869
Virginia ... . 6656 4,643.3 - —
Washington = — - - 3,600
West Virginia ...................... T - 23,307 4,8133 - - -
WISCONSIN oot 6953 1,984.4 5,0793 - 3,389.9
WYOMING oo = - - 8,459,4

dMaryland. Ohio, Pennsylvania, and West Virginia.
Dalabama, Georgia, Kentucky, Tennessee. and Virginia.

Clllinois. Indiana, Missouri, and Oklahoma.

dArizona, New Mexico. and Texas

€Colorado, Montana, North Dakota, Utah, Washington, and Wyoming

the railroads to fit them into their schedules.
Transportation is thus a major factor in the
high price charged by retailers, as discussed in
chapter Il

Of the average cost of coal delivered by ralil,
transportation represents about 20 percent.””
Rough approximate costs of barge, rail and
truck transport are 0O.4-, I, and 5-cents/ton-mile

“.US. Coal Development— Promises, Uncertainties
(Washington, DC U.S. General Accounting Office,
1977), p 55

respectively,”” and slurry pipelines can cost
less than rail under some specific conditions.
These figures do not include an element of
public subsidy for barges and trucks in the
form of Government highway and waterway
expenditures.

Fuel is required for transportation, amount-

ing on the average to 540 to 680 Btu/net-ton-
mile for barge, 536 to 791l Btu for rail, and

“Ibld
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Figure 12.—Coal Distribution by Transportation Mode and End Use, January-September 1977
(Million short tons)
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“ Less than 1 percent
‘Includes shipments partly transported by other modes. excludes oversea exports.

‘Includes retail

SOURCE Department of Energy, Bituminous Coal and Lignite Distribution, January .Septernber 1977, Feb 6.1978

2,518 to 2,800 Btu for highway shipment. "Unit
trains are somewhat more efficient than ralil
generally, and slurry pipelines, although more
energy intensive than unit trains, consume
electricity derived from a variety of fuels, in-
eluding coal, while the other three modes cur-

“Congressional Research Service, 1977, op cit, p 85

rently require diesel fuel from petroleum. A
ton of 8,500 Btu/lb coal hauled 1,000 miles at
600 Btu/net-ton-mile requires the equivalent of
3% percent of its energy value, usually in
diesel fuel. Hence, importation of low-sulfur
coal can use more energy than flue-gas desul-
furization applied to local high-sulfur coals.
(See the section on Air-Pollution Control Tech-
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nology of this chapter for a further discussion
on flue-gas desulfurization. )

The regional pattern of production and dis-
tribution is also sensitive to transportation
costs, One study’™ simulated the purchasing
behavior of the electric utility industry under
two hypothetical scenarios, In one, the future
cost (in constant dollars) of mining coal was
assumed to increase by 25 percent while trans-
portation cost declined in the same propor-
tion. The other case embodied the reverse
assumption, that transportation increased by
25 percent while mining declined by the same
relative amount. The second case resulted in a
predicted production level of Appalachian
coal in the year 2000 that was twice that
predicted by the first case. Western coal ex-
hibited the reverse behavior, amounting to
twice the production in the first case as in the
second. The pattern was also sensitive to other
considerations, like the extent to which power-
plants constructed after 1983 with mandatory
flue-gas desulfurization would be used only
for peakloads. Traditionally, electric compa-
nies use their lowest cost plants for baseload
and successively add higher cost units for peak
demand. In this way they provide customers
with lowest cost energy. If new plants with
scrubbers become more costly than old plants
using low-sulfur Western coal, the pattern of
coal origin and distribution may be expected
to adjust accordingly,

One of the factors affecting the economies
of powerplant siting is the cost of delivering
the power to the load center. If a number of
suitable sites are available between the mine
and the load center, the utlity may choose re-
mote siting, with power transmission replacing

coal transportation. Typical costs of transmis-
sion as a function of voltage are:

Construction Cost per

cost per k Wh
mile Capacity (500 miles)
345 kv $213,000 750 MW O 43 cent
500 kv 267,000 1,500 MW O 29 cent
765 kv 400,000 3,000 MW O 23 cent

DC lines are less expensive than AC for the
same capacity because the lower voltage al-
lows smaller rights-of-way, towers, and con-
ductors. As previously stated, however, DC ter-
minals are more expensive because of the con-
version equipment. Hence DC is considered
only for long lines (at least several hundred
miles). New technology, such as very high-volt-
age AC or DC or new types of DC terminals,
may change the equation. Underground trans-
mission will be several times as expensive as
overhead. DC may enjoy a relative advantage
if underground transmission is required.

As for comparison with other modes, a re
cent OTA study on coal slurry pipelines esti-
mated costs of transporting coal by both ralil
and pipeline for four different routes in the
United States. The cost estimates ranged from
$7 to $8/ton for distances of 500 miles. Assum-
ing an energy content of 20 milion Btu/ton and
a heat rate of 9,000 Btu/kWh for the power-
plant at the end of the pipe-rail line, energy
delivery cost is about 3.0 to 3.5 mills/kWh.
Costs vary considerably but in general, electric
transmission is competitive with rail or pipe-
line for distances of up to 500 to 600 miles. Be
yond that point, rail and slurry costs increase
at a slower rate than electric transmission
costs. Federal policies can have a substantial
effect on relative pricing advantages through
differing tax advantages and subsidies.

COMBUSTION TECHNOLOGY AND METHODOLOGY

Three major factors influence the way coal
is burned. The first is the size of the facility to
be constructed, with utilities usually building
the biggest, industry substantially smaller, and
the residential/commercial sector the smallest.

“Teknekron, Inc , Projections of Utility Coa/ Move-
ment Patterns: 1980-2000, OTA, 1977

The latter units are responsible for such a
small fraction of coal burned that they are not
described here. A full description is included in
appendix | | | of volume 11. The second factor is
the set of environmental standards the facility
is required to meet, The rapidly changing regu-
latory climate is radically changing coal use
patterns and forcing the development of new
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technologies Finally, the characteristics of the
coal to be burned control some design param-
eters as discussed earlier in the section on Coal
Resou rces.

Utility Boiler Furnaces

Uti ity boiler furnaces generally have a de-
sign f ring rate greater than 250 million Btu/hr,
equivalent to about 10 tons of bituminous coal
per hour. The largest utility units burn as much
as 500 tons of coal each hour at full load. In-
dustrial boilers usually range downward from
the smaller utility units, from 20 tons to about
3 tons of coal per hour. Large coal-fired utility
powerplants are much the same in principle to-
day as they were in the 1920°’s when pulverized
coal was first used to generate steam. Today’s
boiler furnaces are much larger, produce
steam at much higher temperatures and pres-
sures than half a century ago, and are more ef-
ficient in converting the energy in coal into
steam. But the concept of grinding the coal to
very small size and blowing it with air into
large furnace cavities, where the cloud of coal
dust burns much like a fuel gas, is still the way
most coal is burned today.

Pulverized Coal-Fired Boiler Furnace

The principles of this most widely used
steam generator are relatively simple. Raw
crushed coal is fed continuously into pulveriz-
ers, where the coal is dried and ground so that
at least 70 percent will pass a 200-mesh sieve
to form a combustible cloud of coal. Air,
heated by the spent products of combustion
before they enter the stack, is blown through
the pulverizers, drying the coal and conveying
it to the burners in the boiler furnace. At the
burners, additional heated air is mixed with the
airborne coal stream to provide a Slight excess
of oxygen to ensure complete combustion. The
coal burns in a long, luminous flame in the
huge furnace cavity at temperatures in the
flame of at least 2,7000 F. Heat energy from
this flame is transferred largely by radiation to
the relatively cool furnace walls. The heat is
transferred to water, which boils to generate
steam. The steam is separated from the un-
evaporated water in a steam drum at the top of

the boiler. The water is returned by “down-
comers” to the bottom of the boiler, where it is
distributed by “headers” to the lower end of
the furnace wall tubes to pass once more
through the heated zone of the furnace,

Steam, separated from the unevaporated
water, flows through superheater tubes of low-
alloy steel located at the furnace outlet. These
banks of tubes may be heated partly by radia-
tion from the pulverized-coal flame, but usual-
ly mostly by convection from the hot furnace
gases, now cooled to about 2,0000 F. This
raises (superheats) the temperature of the
steam to about 1,0000 F as it leaves the boiler
for the steam turbine. After expanding in part
in the turbine and converting some of its heat
energy into shaft horsepower, the partially
cooled steam may be returned to the boiler
where it passes through another bank of boiler
tubes that reheat the steam. The steam at vari-
ous stages of the turbine is bled in part to aux-
iliary equipment to heat water or to power ap-
paratus and finally to the condenser, which
reduces the final pressure at the exit of the tur-
bine to below atmospheric pressure. The con-
densed water is pumped back through a series
of heaters and an economizer— a bank of
boiler tubes located downstream of the super-
heater and reheater. Here some of the heat in
the flue gas that otherwise might be wasted
raises the temperature of the boiler feed water,
which passes once more into the boilerdrum.

Flue gas leaving the economizer still con-
tains appreciable heat energy, which is recov-
ered in part by passing it through an air heater,
generally a massive array of mild-steel sheets
arranged in bundles or “baskets, ” which rotate
successively between ducts carrying the flue
gas to the stack and air to the furnace. Tubular
heat exchanges have been widely used as air
heaters, but rotating platetype regenerative
heaters described above are common. In either
type, metal heated by the flue gas passes the
heat to the incoming air, which usually is
raised to temperatures between 3000 and 6000
F. Because the overall efficiency of a steam-
generating unit as a whole wil increase about
2.5 percent by raising this air temperature by



Ch. lll—Coal Technology and Techniques .89

1000 F, it is obvious that the highest practical
temperature is sought.

Flue gas leaving the air heater contains par-
ticles of fly ash. Electrostatic precipitators,
under ideal conditions, can capture 99.9 per-
cent of this fly ash. The flue gases consist of
carbon dioxide, nitrogen, oxygen, and lesser
amounts of nitrogen oxides, sulfur oxides, car-
bon monoxide, and hydrocarbons. Flue-gas de-
sulfurization systems, mostly based on scrub-
bing the flue gas with chemically active solu-
tions or with slurries of lime or limestone, are
being heavily promoted for controlling SO,
emissions.

Work now underway on alternative energy
sources and fuel systems will not be sufficient-
ly advanced in the next 10 years to have a ma-
jor impact on electric power generation meth-
ods using fossil fuels or their derivatives; the
use of pulverized coal-fired boiler furnaces
may be expected to dominate the fuel-burning
public-utility field during that time.

Characteristics of Pulverized Coal Furnaces

Furnaces for burning pulverized coal can be
very large. Configuration varies among the
four major boiler manufacturers, but basically
a furnace is a huge, hollow, rectangular box
made up of vertical water-filled mild-steel
tubes welded into panels to constitute the fur-
nace walls. For one typical boiler furnace pro-
viding steam to an 800-MW turbine generator,
the height of this cavity is 160 feet, the width
45 feet, and the depth 90 feet. A vertical water-
wall panel divides the furnace into two halves,
each with a cross-section of 45 by 45 feet, Pul-
verized coal is blown tangentially into each
half of this split furnace at the corners by four
arrays of burners, aimed near the center of the
furnace to produce a rotating vortex flame pat-
tern with a vertical axis. In some furnaces, the
burners can be tilted upward or downward to
adjust the location of the flame and to control
steam temperature. At full load, essentially the
entire bottom half of the furnace is filled with
flame, with the upper portion providing time
to complete the combustion reactions. Rough-

*“Steam It's Generation and Use (Babcock & Wilcox,
1972), p. 13-4

ly half the total heat released when the coal is
burned is picked up by furnace wall tubes.

Other furnace configurations call for all the
burners to be arranged on one wall, firing hori-
zontally into the furnace, or on opposite walls
to provide opposed firing. Many such varia-
tions are used to control the admission of air
and coal to the furnace, to develop good tur-
bulence for complete combustion, to mini-
mize problems with slagging and fouling of
furnace walls and heat-receiving surfaces by
the ash in the coal, to utiize each square toot
of furnace walls as effectively as possible as
heat-receiving surfaces, and to permit control
of superheated temperature within the narrow
range demanded by the steam turbine.

The largest pulverized-coal-fired boiler,
which was contracted in 1976, is rated at 1,281
MW, It will provide nearly 10 million Ibs
steam/'hr at a pressure of 3,845 |bs/in2 and at a
temperature of 1,0100 F with reheat to 1,0000
F. The surface area of the furnace walls is
146,000 ft’, with 192,000 ft'in the superheater,
255,000 ft'in the reheater, 494,000 ft’in the
economizer, and over a milion ft’of surface in
the air preheater.”

Supercritical Boilers

A development of considerable importance
in recent years has been the design of utility
boilers to operate above the critical pressure
of 3,208 Ibs/in>. Above this pressure, water
behaves as a single-phase fluid, and there is no
distinction between liquid and steam, as there
is at lower pressures. In supercritical boilers,
water from the economizer enters the boiler
and is heated as it passes first through the wall
tubes and then through the superheater, with-
out any change in phase, as by “boiling” for
subcritical boilers. There is no steam drum in a
supercritical boiler. Supercritical boilers are
also known as “once through” boilers, because
feed water is pumped into one end of the
boiler and “steam” exits from the other, The
outlet steam temperatures depends only on
the rate at which feed water is supplied to the
boiler and the amount of heat picked up in the

*1976 Annual Plant Design Report, " Power, Novem-
ber 1976, p S-4.
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furnace. Control of water quality is critical in
supercritical boilers, for without a steam drum
boiler, water that has accumulated impurities
entering with the feed water cannot be “blown
down” occasionally.

Supercritical units generally are large. In
1972, contracts were let for six such boilers,
the smallest rated at 520 MW. In 1973, there
were four supercritical boilers sold; in 1974,
seven; in 1975, six; in 1976, nine, and in 1977,
three. ” There is an apparent trend downward,
with 30 percent of the new boilers listed being
supercritical in 1971, 17 percent in 1976, and 9
percent in 1977. Such trends generally develop
as the utilities find by experience that reliabil-
ity, operating problems, maintenance, startup,
or economic factors influence their choice of
equipment. There does not appear to be any
one reason for this falling off of interest in
supercritical boilers, although material limita-
tions are a major factor.

Slagging and Fouling

Probably the single greatest problem in the
operation of coal-fired boiler furnaces is the
accumulation of coal ash on boiler surfaces.
All coal contains noncombustible inorganic
mineral matter. Some of it was an integral part
of the original vegetation that accumulated to
form coal seams; however, most of the mineral
matter associated with coal accumulated as
sediment from mineral-laden water that perco-
lated through the coal deposits over eons of
time. The chemical composition of the mineral
matter varies widely and there are no “typical”
concentrations. About 95 percent of all the
noncombustible material in coal is made up of
kaolinite (A1,0, . 2Si0, .2 H, O), pyrites (FeS,),
and calcite (CaC0J).22 Many variations occur,
particularly in the clay minerals; probably a
hundred different minerals have been identi-
fied in coal.

This mineral matter causes three main prob-
lems when burned in larger boiler furnaces: 1)
buildup of ash on furnace wall tubes; 2) ac-
cumulation of small, sticky, molten particles

“"Annual Plant Design Survey s,” Power, 1972-77
*William T Reid, “External Corrosion and Deposits.
Boilers and as Turbines” (Elsevier, N Y , 1971), p 52

of ash on superheater and reheater tube banks;
and 3) corrosion.

Some of the mineral forms in coal melt in
the pulverized-coal flame, where the tempera-
ture may reach 3,0000 F. These tiny molten
droplets pick up other mineral forms by colli-
sion in the highly turbulent zone just beyond
the flame, forming larger drops of molten
“slag.” Some of these reach the wall tubes of
the furnace and, by some mechanism still not
fully understood, adhere to that metal surface,
even though the metal is cooler than about
8000 F. Gradual buildup of these slag droplets
eventually forms a solid layer of slag. Because
coal-ash slag does not conduct heat readily,
this layer of slag decreases the amount of heat
reaching the wall tube, and hence lowers the
quantity of steam produced at this point. Peri-
odically, as the load changes, and there is a dif-
ferential expansion between the wall tubes and
the slag layer, huge sheets of slag may peel off
the walls. But to control slag more effectively,
“wall blowers” are provided that use high-
velocity jets of air or of steam, and occasional-
ly streams of water, to dislodge the slag and
leave clean furnace walls. Occasionally, slag
accumulations may get so large that manual
cleaning is required, or large pieces of slag that
have fallen to the bottom of the furnace can-
not be removed without breaking them by
hand. A furnace outage is then necessary, a
costly step that is avoided as far as possible.

Fouling occurs when very small particles of
ash are carried to the bundles of tubing mak-
ing up the superheaters and reheaters. These
fly ash particles collect on the tube surface,
not only insulating the metal so that not
enough heat is transferred to raise the steam
temperature to design levels, but also ac-
cumulating so much that it plugs the normal
gas passages. “Soot blowers” are provided to
remove such ash deposits periodically, but
some coal ash may form dense adherent layers
very difficult to remove except by manual
cleaning.

The third problem is corrosion of the wall
tubes beneath a layer of slag or deposits. This
has been a serious problem in the past and re-
mains a potential threat to uninterrupted
boiler operation.
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Cyclone Furnaces

An innovation in boiler design in the late
1930’s was the “cyclone” furnace, a water-
cooled, slightly tilted horizontal cylinder with
combustion air blown in tangentially to pro-
vide a high level of turbulence to burn the cen-
trally admitted crushed coal. Because of the
high combustion intensity, temperature ex-
ceeds 3,1000 F and the ash in the coal forms a
liquid slag covering the inside of the cylinder
and dripping from the lower end. Larger parti-
cles of the crushed coal are caught by this slag
layer and burn as these pieces of coal are con-
tacted by the rapidly rotating tangential air
stream.

Advantages of the cyclone furnace are the
capture of a major part of the ash in the coal
as molten slag, the use of crushed rather than
more costly pulverized coal, and the smaller
furnace required for a given steam output.
With cyclone furnaces, 70 to 80 percent of the
ash is converted to slag, thereby greatly de-
creasing the fly ash in the secondary furnace,
compared with 20 percent ash recovery in a
dry-bottom, pulverized-coal-f i red furnace.
Crushed coal is simpler to handle and is appre-
ciably cheaper than pulverized coal. And be-
cause of the very high combustion intensity in
the cyclone, the associated secondary furnace
serving as a heat-recovery system for several
cyclone furnaces can be significantly smaller
than a conventional furnace of the same out-
put.

Shortcomings of the cyclone revolve mainly
around ash characteristics of the coal; the
viscosity of the molten slag must allow flow on
a horizontal surface. Because of the very high
temperatures in the combustor, NO,formation
is appreciable and difficult to control. Hence,
in recent years, cyclones have not been pop-
ular. But the growing demand for low-sulfur
Western coal, often containing coal ash that
forms such fluid slag at moderate furnace tem-
perature as to cause serious problems with
slagging in dry-bottom furnaces, could bring
cyclone and other slag-tap furnaces back into
the market.

Industrial Boiler Furnaces

Industrial boilers are generally rated by
horsepower or steam output, ranging from
about 10,000 Ibs steam/hr to as much as 1 mil-
lion Ibs steam/hr. The largest industrial boiler
contracted in 1977 will generate 840,000 Ibs
steam/hr, burning oil and gas. The largest coal-
burning industrial boiler ordered in 1977 is
rated at 550,000 Ibs steam/hr, with bark as a
supplementary fuel. 3

Based on earlier data*for the various sizes
of industrial boilers fired with coal, traveling-
grate, and underfeed stokers are most popular
in smaller units, accounting for about 41 per-
cent of the steam generated in boilers with out-
put less than 20,000 Ibs steam/hr, and about 29
percent of the boilers rated under 100,000
Ibs/hr. Spreader stokers dominate the midsize
industrial field, accounting for roughly half of
the steam generated in coal-fired boilers rated
at 200,000 Ibs/hr and smaller. Pulverized coal
boilers dominate the largest industrial field,
providing 78 percent of the steam generated in
units larger than 200,000 Ibs/hr,

Natural gas and fuel oil have been the pre-
ferred fuel for industrial boilers in smaller
sizes, in part because the cost and space re-
quirements of such plants is much lower than
for coal firing. With the present unsettled fuel
supply situation, more companies may be will-
ing to invest the greater costs for solid-fuel
boilers to take advantage of a more secure
source of energy.

Many industrial boilers are shop-assembled;
fabricated under conditions favoring low-cost
production methods. The largest size is dic-
tated by shipping limitations. Such shop-as-
sembled boilers are completely assembled and
enclosed in a steel casing, eliminating even the
need for applying insulation or housing in the

#%1977 Annual Plant Design Survey, "
ber 1977, p 5-12

“"Evaluatlon of National Boiler Inventory, " Environ-
mental Protection Agency Technical Series, E PA-600/
2-75-067, October 1975

Power, Novem-
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field. Although generally fired with fuel oil or
natural gas, similar packaged units can be de
signed with grates and stokers to be fired with
coal. A coal-fired packaged boiler was de-
signed and built in the 1950’s, but only a few
units were installed because the growing avail-
ability then of low-cost natural gas and the
lesser attention by a fireman needed with gas
fiing proved to be more economical. With a
change in fuel availability and costs, packaged
boilers fired with coal may see greater use.

Pulverized Coal-Fired Industrial Boiler
Furnaces

Industrial boilers fired with pulverized coal
are basically similar to utility units except that
the industrial boilers are smaller, steam output
is less, and steam pressure seldom exceeds
1,500 Ibs/in*. Because of costs for auxiliaries
such as pulverizers, the lowest practical steam
output for pulverized coal-firinjis about
200,000 Ibs/hr. The same problems with slag-
ging and fouling occur in large industrial
boilers as in utility steam generators, and the
plant is more sophisticated and difficult to
operate than other industrial furnaces.

Spreader Stokers

These stokers are very popular for steam de-
mand below that supplied by pulverized coal.
A spreader stoker can burn a variety of coals, it
responds rapidly to load changes, and it is
more economical in larger sizes than other
kinds of stokers.

The concept of the spreader stoker dates
back to 1822, as a way of feeding coal to a
grate without opening the furnace door.*The
same principle is used today. A mechanical
distributing device, either an assembly of
rotating paddles or a series of air jets arranged
at the end of the furnace, throws crushed coal
into the combustion zone of the furnace. The
smaller particles of coal burn in suspension
while the heavier ones fall onto a moving
grate, where they burn with air supplied up-
ward through the grate. The grate moves slow-
ly so that the ash from the coal is discharged at

* Combustion Engineering (New York Combustion
Englneering, Inc , 1966), p 18-2

the end. Adjustment of the distribution assures
that the coal faling on the grate is properly
positioned to burn out completely by the time
the coal reaches the ash-discharge position.
Some spreader stokers use stationary sec-
tioned grates that are dumped section by sec-
tion into the ashpit as ash accumulates.

Roughly half the coal burns in suspension,
so there may be problems with emission of fly
ash and unburned carbon with spreader stok-
ers. To minimize loss of boiler efficiency from
unburned carbon, fly ash collected in hoppers
is reinfected into the furnace. Erosion of boiler
tubes may be troublesome.

Traveling-Grate Stokers

These consist of a horizontal moving grid of
iron links connected to form an endless belt
driven by sprockets to move a fixed bed of
coal through a furnace. Coal is fed at one end
to a depth of 4 to 6 inches, ignites as it enters
the hot furnace by radiation from a furnace
arch and by recirculation of burning particles
of coal from farther in the furnace, burns as it
moves from the inlet, and eventually is
dumped as ash into the ashpit at the end of the
grate. The speed of the grate is adjusted to en-
sure complete combustion, and air is admitted
through the grate in zoned sections to control
combustion.

Traveling-grate stokers can burn a wide
variety of fuels, ranging from coal to garbage.
They are not well suited to coals that cake
strongly.

Underfeed Stokers

Whereas in traveling-grate stokers the coal
and the combustion air move in opposite di-
rections (countercurrent flow), in underfeed
stokers the coal and the air move together in
the same direction into the combustion zone.
Coal is forced upward through a conical retort
topped with nozzles through which the air is
blown. This establishes the zone where ignition
occurs, the burning coal then moving onto sta-
tionary perforated grates, where combustion is
completed.”*Temperatures are high and the
coal ash fuses into lumps., Unlike traveling-

“bid , p 18-8. !
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grate stokers, strongly caking coals are han-
died readily in underfeed stokers.

Single-retort underfeed stokers are used in
small boilers, generally under about 30,000 Ibs
steam/hr. For greater output, multiple-retort
stokers have been built at ratings up to 500,000
Ibs steam/hr. These operate on the same princi-
ple of concurrent movement of coal and air
but with many engineering changes to accom-
modate the large fuel beds.

Vibrating-Grate Stokers

These stokers depend upon oscillating grate

bars, or flexing grates successively, to move
coal into a sloping fuel bed. As with traveling-
grate stokers, air moves upward through the
grates, so this is a special case of overfeed
burning. The same principle is used in grates
for burning municipal refuse. Vibrating-grate
stokers appear to be more popular in Europe
than in the United States, possibly because our
strongly caking bituminous coals are more
troublesome than the lower rank coals over-
seas.

AIR POLLUTION CONTROL TECHNOLOGY

There are currently six “criteria” air pol-
lutants-pollutants for which National Ambi-
ent Air Quality Standards (N AAQS) have been
promulgated: sulfur oxides (SOx, nitrogen ox-
ides (NO X), particulate, carbon monoxide
(CO), hydrocarbons, and photochemical oxi-
dants. Emissions of the first three can be re-
duced in the direct combustion of coal by
three methods. One is to remove containinants
before combustion, the second is capture them
during combustion, and the final is to remove
them from the flue gases after combustion.
The effectiveness and cost of removing any
one is in part dependent on the method and se-
quence of removal of the others. Because of
the wide variation in the composition and
makeup of the containinants in coal and be-
cause boilers are designed especially for the
fuel being fired, no universal method can be
prescribed that would be best for al | new or ex-
isting plants.

The level of emissions of CO and hydrocar-
bons in direct coal combustion is a result of
the completeness of combustion, regardless of
the coal quality. Oxidants are not directly pro-
duced by combustion but are the reaction
projects of hydrocarbons and NOx in the at-
mosphere.

Lowering the emissions of the first three
criteria pollutants by precombustion cleanup
and by new combustion technologies is de-
scribed later in this chapter. The next section

focuses on control technology for their remov-
al from flue gas.

Particulate Control

Stationary combustion sources burning coal
produce bottom ash, cinders, and slag, which
are removed from the furnace itself, and fly
ash, which is entrained in the flue gas.

Four types of systems are capable of remov-
ing particulate from flue gas: mechanical or
cyclone collectors, electrostatic precipitators,
wet scrubbers, and fabric filter baghouses.

Cyclone Collectors

Mechanical or cyclone collectors work on
the principle of gravitational, centrifugal, or
inertial forces to separate the particles from
the gas. One type consists of an enlarged
chamber, which slows the gases and allows the
particles to settle. Another form is cylindrical
with a tangential entrance that causes the
gases to swirl rapidly. The particles, heavier
than the gases, migrate by centrifugal force to
the walls of the vessel and drop to the bottom.
The clean gases exit at the top.

These units are simple, relatively mainte-
nance free, reliable, low in pressure loss,
relatively low in both capital and operating
cost, and independent of operating tempera-
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ture. They are particularly effective in remov-
ing large particles and can handle high dust
loadings. However, their performance is sensi-
tive to variable dust loading and gas velocity.

The efficiency of well-designed units ranges
from 80 to 90 percent, depending upon particle
size. Because of their low cost but inadequate
effectiveness to reduce small particles, they
are sometimes used as first-stage cleaners in
conjunction with other devices that are more
efficient and expensive. Their use may lower
the size and cost of the follow-on unit.

Electrostatic Precipitators

Electrostatic precipitators are widely used in
large stationary combustion sources to remove
particulate from flue gas. Gas containing par-
ticulate is passed horizontally between a
number of high-voltage discharge electrodes
and electrically grounded collecting plates.
Dust particles are charged by the ions from the
discharge electrode and migrate to the
grounded collection plate, where they adhere
and agglomerate. As they do so, some become
heavy enough to fall into the collection hop-
pers. Other dust particles are moved down-
ward by mechanical rapping of the collection
plates. The particles are then drawn from the
hoppers and sent to a central particulate col-
lection area. After passing the multiple system
of electrodes, the clean gas exits the unit.

Electrostatic precipitators are capable of
collection efficiencies greater than 99.5 per-
cent, and in some cases remove more than 99.9
percent of the dust from the flue gases. Pres-
sure drop through electrostatic precipitators is
very low, resulting in low operating cost. Cap-
ital costs for large utility boilers burning
medium- to high-sulfur coal are on the order of
$25/kW.

Electrostatic precipitators are sensitive to
changes in the properties of the particles and
the flue gas. The changes can significantly af-
fect their collection efficiencies; therefore,
their design must compensate for normal vari-
ations in fuel composition and flue-gas tem-
perature.

Electrostatic precipitators designed for high-
sulfur fuels are adversely affected in their par-

ticulate collection efficiency by the use of low-
sulfur fuels. For example, the Capitol Power
Plant in Washington, D. C., was originally de-
signed to burn 3 percent sulfur coal. Because
of recent air pollution regulations the plant
now burns 1 percent sulfur coal. This reduction
in sulfur resulted in a change in the electrical
properties of the particulate produced, which
dropped electrostatic precipitator perform-
ance from 99 percent to about 76 percent.

High-sulfur coal has been the standard fuel
for the power industry. To comply with SO0x
emission regulations the industry is using
greater quantities of low-sulfur coal. The ash
from low-sulfur coal is usually of high resist-
ivity; with coal of a sulfur content of less than
1 percent, the naturally formed sulfur trioxide
(S0,) is seldom sufficient to reduce resistivity
of the fly ash to a level (about 5 x 10’ ‘ohm-cm)
that permits the electrostatic precipitator to
function normally.

There are several methods of overcoming
these difficulties. Existing facilities can add to
the size of their precipitators (provided they
have the space, which is not always the case)
to compensate for the increased resistivity, or
chemically change the resistivity of the par-
ticles by “flue gas conditioning, ” described
below. New facilities have these and other op-
tions available. Since resistivity varies inverse-
ly with temperature, one option is to collect
the particles in a hotter environment. Precipi-
tators are normally placed on the cool, exhaust
side of the air preheater (the heat exchanger
that transfers heat from the flue gas to the air
being drawn into the boiler to allow combus-
tion), where average temperatures are 2500 to
3000 F. “Hot side” precipitators collect partic-
ulate matter on the intake side of the preheat-
er, where the gases are at 500 to 7000 F and the
resistivity of the particles is in the same range
as that of higher sulfur coals at “cold side”
temperatures. For the Navajo Power Station in
Arizona, use of hot-side precipitators with low-
sulfur coal caused turnkey capital costs for
meeting the particulate New Source Perform-
ance Standards (NSPS) to rise from $25/kW—
the cost of a “cold side” precipitator used with
medium- to high-sulfur coal —to about
$45/kW; the cost of simply using a larger pre
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cipitator would have been about $50/kW. 27
Other options would have been to use control
technologies such as wet scrubbers or bag-
houses that depend on the physical rather than
the electrical properties of the fly ash.

Flue-gas conditioning may be an attractive
option for existing plants because it minimizes
the additional machinery that must be added
to a facility. Flue-gas conditioning processes
inject artificially produced SO,or some other
substance into the flue gas ahead of the pre-
cipitator. The “conditioner” becomes attached
to the particles in the flue gas, reduces the par-
ticles’ resistivity and thereby restores collec-
tion efficiency without increasing the size of
existing precipitators or the need for installing
oversized new ones. One manufacturer claims
that the incremental cost of using flue-gas con-
ditioning to meet particulate emission limita-
tions when using low-sulfur coal is approx-
imately one-tenth that of alternatives. 28 Inex-
pensive (about 3 cents/ton of coal burned) SO,
injection systems have been installed in at
least 60 powerplants and are reported to be
working reliably, 29

Designers of new powerplants generally
have not used flue-gas conditioning as a solu-
tion to resistivity problems; they have used
hot-side precipitators or larger cold-side pre-
cipitators. Conditioners are apparently consid-
ered as “last resort” solutions if the precipi-
tators fail to meet emission requirements. The
Environmental Protection Agency (EPA) has
tested the effects of various conditioning
agents and has found some evidence that con-
ditioning can add some pollutants to the flue
gas while improving the particulate removal
efficiency; for example, in some instances a
significant percentage of S0,injected into the
gas was emitted. However, the effect does not
occur in every system and perhaps may be
eliminated by better design.

“personal Communication with Les Sparks, U.S. E Envi-
ronmental Protection Agency, Research Triangle Park,
NC

“Flue Gas Conditioning for Electrostatic Precipitators
(Santa Anna, Calif. WAHLCO, Inc.)

* William E Archer, “ Fly Ash Conditioning Update,"
Power Engineering, vol. 81, No 6, June 1977, pp 76-78

Wet Scrubbers

Wet scrubbers utilize water or other liquids
to “rain out” the particles in the flue gas. Many
variations of the wet scrubber exist, each with
specific advantages. Although successful in-
stallations on large powerplants exist, the eco-
nomics are not favorable except for low-sulfur
coals, and most utilties appear to prefer the
more traditional precipitators. Turnkey costs
are in the range of $50/kW. 30 Operating energy
costs become quite high if fine particulate
removal is required.

Fabric Filter Bag houses

Baghouses contain fabric bags suspended
vertically. The particulate-laden gas passes
through the fabric and the dust is filtered out.
Removal efficiency is usually in excess of 99.9
percent. Removal efficiency of fine particu-
lates can be greater than with other devices,
although the small size needed to achieve high
efficiency of these particulate increases pres-
sure drop and operating costs. Although bag-
houses have a long history of use outside the
utility industry, their general use on boilers has
been slowed by problems of fabric clogging
and chemical damage, poor high-temperature
operation, and high maintenance costs, in ad-
dition to their expensive high-pressure drop.
Because bag replacement represents a major
maintenance cost, the recent development of
high-temperature bags made of teflon-coated
fiberglass has made baghouses more attractive
to utilities. More than 50 baghouse systems
have now been installed or ordered at coal-
fired powerplants. The next few years of expe-
rience with several large new facilities are like-
ly to be critical to their future.

Sulfur Oxide Control

Flue-Gas Desulfurization futilities

The removal of SO,from stack gases is
termed flue-gas desulfurization (FGD) and uses
devices commonly referred to as scrubbers.
The function of the scrubber is to bring the SO0x
laden flue gases into contact with a liquid that

“Personal communication with Les Sparks, U S Envi-
ronmental Protection Agency
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will selectively react with the SO,. FGD proc-
esses are generally characterized by the chemi-
cal absorbent that is utilized, such as lime,
limestone, magnesium oxide, double alkali,
sodium carbonate, alkali flyash, and ammonia.
The processes are further characterized as
throwaway or regenerative. In the throwaway
processes, the absorbent and the SOx react to
form a product of iittle or no market value; it is
disposed of as a sludge or solid. By contrast,
the regenerative processes recover the absorb-
ent in a separate unit for reuse in the scrubber
and generally produce a product with market
value (such as elemental sulfur or sulfuric
acid). However, if the product has little or no
market value, it must be discarded as in the
throwaway processes.

FGD is used mainly by the utility industry.
Although there are a number of non-utility
FGD installations, their percentage of the total
power generating capacity is not significant. In
the U.S. utility industry, the technology is pre-
dominantly used on coal-fired boilers, whereas
its use on oil-fred units is prevalent in Japan.

Lime-limestone scrubbing, a throwaway
process, is presently the dominant technology
for flue gas desulfurization in the United
States. A basic flowsheet for lime-limestone
scrubbing is shown in figure 13. The absorbent,
lime or limestone, is introduced into the reac-
tion tank along with scrubber effluent slurry
and clear liquor recycle from the dewatering
section. The mixture, after holding in the tank
for a few minutes to allow reactions to take
place, is pumped to the top of the scrubber
and sprayed down into the gas. A bleed slurry
stream is tapped off from the scrubber effluent
and dewatered to give the product sludge.

Some 11,500 MW of coal-fired utility boiler
capacity have been fitted with FGD, as com-
pared to roughly 200,000 MW that possibly
could be so equipped. Another 17,700 MW are
under construction and 27,200 MW are
planned, giving a total of 56,400 MW sched-
uled to be in operation by 1985, by which time
there will be about 300,000 MW of coal-fired
capacity that could use FGD (assuming exist-
ing units are retrofitted). Thus about 15 per-
cent of the coal-fired capacity now operating
or under construction will have FGD.

The 1977 Clean Air Act Amendments passed
by Congress have considerably changed the
situation for new plants; a percentage reduc-
tion in SO, emission will be required that ef-
fectively rules out use of low-sulfur coal as a
sole means of compliance for new boilers. 1 n
view of this, it seems likely that all new boilers
for which construction is started after early
1978 will require FGD. The new capacity to be
installed in the 1980-2000 period is expected to
be on the order of 200,000 MW (although there
is considerable uncertainty about this projec-
tion).

Input Requirements

FGD systems require considerable amounts
of raw materials, energy, water, and manpow-
er. If the effect of the 1977 amendments is to
greatly expand FGD use, then these require-
ments could have an impact on other sectors
of the economy.

1. Raw Materials. Although projections are
difficult, there is some indication that
limestone consumption (either as is or
calcined to produce | i me) could approach
100 million tons/yr by 2000. The limestone
industry should have no trouble in supply-
ing the required amount of material,
assuming (as available evidence indicates)
that the lower grades of limestone are ac-
ceptable.

2 Water. FCD systems require from 0.5 to
1.5 tons of water/ton of coal burned. By
the year 2000, this could amount to as
much as 1 bilion tons, or slightly more
than 700,000 acre-feet/yr. In the west, FGD
water use must be considered a significant
addition to total water demand.

3. Energy. FGD systems require energy both
as electrical power to drive equipment
and as thermal energy to (when necessary)
reheat the flue gases that have been
cooled in the scrubber and have lost some
of their buoyancy. The former ranges
from 1.0 to 2.5 percent of the boiler
capacity (depending on the FGD process).
Reheat energy requirement is also vari-
able, depending on the degree of reheat
attempted. A recent EPA study indicates
that total FGD energy requirements would
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increase U.S. power consumption over a
noncontrol situation by 0.7 percent in
1987 and 1.0 percent in 1997,

. Manpower. The operating manpower re-
quired in the year 2000 may be on the
order of 10,000 workers, which does not
seem significant. The main problem is in-
ability of vendors and manufacturers to
keep pace with scrubber demand. The
consensus is that designers and fabrica-
tors probably will not produce any bottle-
necks but that without special measures
there may not be enough skilled workers
(welders, electricians, boilermakers, and
others) to keep construction projects on
schedule. This applies particularly to in-
dustrialized areas that already have a
shortage of ski | led labor.
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Although other impacts may be minor or un-
certain, it is clear that the capital and operat-
ing costs of FGD systems will have a substan-
tial impact. The systems are expensive to build
and operate, and overall cost wil be a signifi-
cant percentage of power production costs.

Many site-specific factors affect FGD cost,
and “average” costs must not be assumed to
apply to a particular plant. For new systems,
the capital cost will “typically” be in the $80 to
$120/kW range in 1975 dollars, with an annual-
ized operating cost (capital charges plus oper-
ating and maintenance) of 4 to 7.5 mills/kWh.
In extreme cases the cost may be 10 mills/kWh
or greater. Assuming an average of $I00)/kw
for capital cost, the 200,000 MW projected to
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come online between 1985 and 2000 would re-
quire a capital outlay of $20 bilion (based on
“current dollars”). If a cost of 5.5 mills/kWh is
assumed, boiler system operating costs would
be increased by about $6 billion/yr. These
estimates, which are rough at best, indicate
that a powerplant’s installation of FGD may
add 14 percent to investment cost and 18 per-
cent to annualized operating cost if the alter-
native is no attempt at control of SO,emis-
sions. Site-specific conditions could vary these
costs over a wide range. Back-fitting cost
would be even higher.

Alternative FGD Processes

Although conventional lime-limestone
scrubbing is now preferred, better FGD proc-
esses might be developed and could have
some impact on inputs and costs. The alterna-
tive nearest to commercial adoption appears
to be double-alkali scrubbing, which gains a
major advantage by reducing the scaling ex-
perienced with limestone.

One other recovery process, sodium scrub-
bing-thermal stripping (Wellman-Lord), has
been tested on a large scale. Current installa-
tions use natural gas as a reducing agent, but
the industry is testing coal as an alternative
agent. Disposal of sodium sulfate will be a
problem. Several other recovery methods have
promise but have not been developed far
enough to have much significance at the pres-
ent time.

Flue-Gas Desulfurization — Industrial

Flue-gas desulfurization was first applied to
industrial boilers in the United States at the
General Motors plant in St. Louis, Mo. Two sys-
tems were installed on coal-fired boilers in
1972. At the close of 1977, 35 systems had been
or were being constructed at 15 industrial sites.
Twenty-four systems were operational, with
the remaining scheduled to begin operation
within a year. Of the 24, 18 were retrofitted to
existing boilers and the remaining 6 were in-
stalled on new boilers.

Thirteen of the operational systems use sodi-
um hydroxide or sodium carbonate to absorb
S0,. One uses limelimestone. The other 10

operational units are double-alkali systems.
Eleven additional double-alkali units are
scheduled to start within the year.

The sodium-based units produce a liquid
waste containing dissolved sodium com-
pounds, which are either sent to a pond for
evaporation, or treated and disposed into a
municipal sewer. The double-alkali and the
lime-limestone systems produce a dewatered
calcium sulfite/sulfate material claimed to be
suitable for landfill; however, leaching may
stil be a problem.

Operating availability of the industrial sys-
tems is reported to be greater than for FGD
systems on utility boilers. However, the prob-
lems that occur are similar to those associated
with prototype FGD systems on utility boilers.
They include corrosion, erosion, poorly sized
equipment due to lack of operating experi-
ence, and poor pH and gas flow control.

Capital costs range from $25 to $115/kW.
Capital costs are reported as lower than for
utility installations because capital costs for
pretreatment and disposal are not generally in-
cluded in industrial systems. Although none
has been reported to date, operating costs
should be higher.

Nitrogen Oxide Control

Nitrogen oxides (NOx are formed during the
combustion of fuels. The nitrogen originates
from the nitrogen content of the fuel as well as
the nitrogen in the combustion air. Factors in
the formation of NOx are flame temperature,
amount of excess air in the flame, and the
length of time the combustion gases are main-
tained at the elevated temperature and subse-
quently quencheched. An increase in flame tem-
perature and excess air favors an increase in
the formation of NO,. A rapid cooling of NO,
by relatively cool boiler tubes tends to stabi-
lize the NO, that was formed. Typical NOx
concentration in the flue gas is 500 to 1,000
parts per million (ppm) for coal, 200 to 500
ppm for oil, and 120 to 200 ppm for natural
gas.

Currently, the common practice for lowering
NO, emissions is to modify the design and/or
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operating conditions of combustion equip-
ment.

Some new furnaces have been designed for
two-stage combustion. | n the initial combus-
tion stage, combustion is partially completed
with less air than is needed for complete burn-
ing. 1n the second stage downstream the re-
maining fuel is burned completely, with sec-
ondary air injected through strategically
located ports. The technique has been success-
fully tried on a few coal-fred boilers as well as
applied to oil- and gas-fired units.

The location and spacing of burners in-
fluence NOx formation. Tighter spacing has a
tendency toward greater NO,formation, prob-
ably due to higher temperatures. Burners lo-
cated in the corners of furnaces produce tan-
gential flames with a somewhat lower flame
temperature. Tangential corner-fired boilers
may produce about half the NO,that is gener-
ated in either a front wall-fired or an opposing-
fired furnace.

Modification of operating conditions has
also proven effective in reducing NO,forma-
tion. The common techniques consist of lower-
ing excess combustion air, recirculating the
flue gas, and injecting steam or water into the
firebox. Reducing the excess air reduces the
quantity of atmospheric nitrogen available for
N O,formation. Flue-gas recirculation and
steam or water injection reduce flame tem-
perature, which is an important factor in de-
creasing NO,production. Combinations of
these strategies have succeeded in lowering
NO, emissions from large utility boilers by 40
to 50 percent.

A promising technology for reducing NOXx
emissions is a low-NO,burner currently under
development by E PA. Single-burner tests using
low-sulfur - coal have yielded an 85-percent
reduction in  Nox emissions There appears to
be a good chance that similar reductions can
be achieved with a multiple-burner system (all
large boilers have multiple burners) How-

ever, tull demonstration probably cannot be
achieved before the mid-l 1980’s.

This technology is of particular interest be-
cause, if proved successful, it wil offer an effi-
cient control of NO,for low cost on new plants
(the new burners may not be more costly than
current designs), and allow a moderate cost
retrofit to existing plants if this is considered
desirable.

Desulfurization of fuels may provide a con-
comitant, although small, reduction in the ni-
trogen content of the fuel. The lower nitrogen
content of the fuel can also reduce NO,forma-
tion during combustion.

Research and development (R&D) on the
control of NO,emission by stack-gas cleaning
is currently being conducted. Unfortunately,
none of the processes is commercially avail-
able for coal-fired units.

A number of dry processes are being devel-
oped. | n one, ammonia is injected at 1,4000 to
1,8000 F, which causes the conversion of 40 to
60 percent of the NOx to nitrogen and water In
other processes various solids are utilized to
effect NO removal, The more prominent solids
consist of copper oxide sorbent, base metal
catalysts, and activated carbon, In Japan the
capital costs of the dry processes range from
$60 to $100/kwW and have a removal efficiency
between 40 and 70 percent. To date these proc-
esses have been developed for oil-fired units,
and problems caused by catalyst poisoning
could be expected in their application to coal-
fired plants.

A number of wet processes for the simul-
taneous removal of SOx and NOx are being de-
veloped. One process utilizes magnesium ox-
ide as an absorbent. other processes rely on

oxidants such as chlorine dioxide, ozone, and °

potassium permanganate to oxidize NO to
NOx for easier absorption. Capital costs are
said to be in the range of $60 to $90/kW in
Japan.
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FUTURE TECHNOLOGIES

With coal the dominant fossil fuel for elec-
trical generation, a great many R&D efforts are
being aimed at future ways of burning solid
fuels more effectively, and of substituting coal
for fuel oil and natural gas in applications
where these clean flu id fuels have been widely
used. Improvements in the “quality” of mined
coal are being made, new combustion schemes
are being evaluated, direct energy-conversion
systems based on coal are being investigated,
and serious attention is being given to com-
bined cycles based on coal as the energy
source. These new technologies have much to
offer, but some of the problems will elude the
best efforts of fuel technologists for many
years. Nevertheless, if coal is to become a
more attractive fuel under stringent environ-
mental regulations, new technologies are re-
quired, especially for the smaller industrial
users.

Coal Preparation

Upgrading mined coal to improve coal’s use-
fulness or to minimize environmental prob-
lems is an old art. At one time, coal beneficia-
tion began at the face in the coal mine, where
the miner had some control over what he
loaded into his mine car. But today’s high-
speed mining machines cannot distinguish be-
tween coal and the rock partings within coal
seams. All goes to the surface. Handpicking
rock from coal moving on a belt or a shaking
table constituted coal preparation at one time.
Today, coal cleaning methods based on gravity
separation of the lighter coal particles from
the heavier rocks and pyrites is becoming more
important as the cost of coal increases in the
marketplace and environmental restrictions
are imposed on emissions from coal-burning
installations. Ordinary coal cleaning to remove
ash and rocks, etc., wherein sulfur removal is
incidental, is described in the section on Min-
ing and Preparation. Advanced washing, which
can in some cases remove a substantial
amount of sulfur, is considered here. More
sophisticated chemical beneficiation methods
also are being developed. Further information

on coal cleaning and desulfurization is pro-
vided in appendix IV of volume 11.

Mechanical Coal Cleaning

Mechanical cleaning processes are based on
differences in specific gravity or surface char-
acteristics of the materials being separated.
They can be designed to remove a large frac-
tion of the pyritic sulfur, generally the major
part of the sulfur in high-sulfur coals. Pyritic
sulfur occurs as discrete particles. It is much
heavier than coal, with a specific gravity of
5.0, compared to coal’s 1.4. Hence when raw
coal is immersed in a dense medium, the coal
floats and the pyrites sink. This process is now
used to remove shale and rocks, etc. (specific
gravities from 2 to 5) but pyrite is more dis-
persed and finer crushing of the coal than is
now generally practiced is required to free it
for removal.

Two facilities for fine coal sulfur reduction
are about to begin commercial operation. The
Homer City Coal Preparation Plant in Pennsyl-
vania uses dense-medium cyclones to produce
a primary coal stream of less than 0.6 percent
sulfur and an intermediate sulfur coal stream
to be used in areas outside of critical air
basins. The other plant, near Barnesboro, Pa.,
uses a two-stage froth flotation process to re-
duce pyritic sulfur by up to 90 percent. Both
plants are described in more detail in appendix
IV of volume Il. Neither of these processes, nor
some other mechanical and chemical cleaning
processes intended for pyritic sulfur, affect the
organic sulfur. Hence, they will not be usable
without other control measures by utilities in
new plants. They may be of considerable inter-
est in smaller or existing facilities that have
less stringent sulfur removal requirements. The
applicability of these processes will be deter-
mined by their cost and the environmental
regulations. To date, no reliable cost figures
are available.

Advanced Cleaning Processes

Several physical and/or chemical treatments
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have been proposed for improved pyritic sul-
fur removal. These are:

1. High-gradient magnetic separation
(HGMS)-separation of pyrite by exploit-
ing its magnetic properties,

2. Magnex process— a “pretreatment” proc-
ess allowing better magnetic separation.
3. Meyers process — a chemical leaching of

pyrite from the coal.

4. Otisca process-washing with a heavy lig-
u id rather than a water suspension.

5. Chemical comminution — a  “pretreat-
ment” process that chemically breaks
down the coal to smaller sizes.

“'These processes will be quite expensive.
Their future role is unclear because they will
not remove much more sulfur than the ad-
vanced mechanical cleaning methods. Appen-
dix IV of volume Il evaluates them in greater
detail.

Processes that attack organic sulfur in addi-
tion to pyritic sulfur include:

1. Ledgemont oxygen leaching process —dis-
solution of pyrites and some organic
sulfur using a process simulating the pro-
duction of acid mine water.

2. Bureau of Mines/DOE oxidative desulfuri-
zation process — a higher temperature, air
instead of oxygen variation of the ledge-
mont process.

3 Battelle hydrothermal process— leaching
of pyrites and organic sulfur under high
pressure.

4, KVB process—gaseous reaction of the sul-
fur with nitric oxide.

These processes are claimed to remove sub-
stantially all of the pyritic and 25 to 70 percent
of the organic sulfur. All are stil in the labora-
tory stage, so cost data are only conjectural. At
present, costs seem to be many times those
associated with physical coal cleaning.

Solvent-Refined Coal

Solvent-refined coal (SRC) involves dissolv-
ing crushed coal in a suitable solvent at moder-
ately high temperature and pressure, treating
the solution with hydrogen to remove an ap-

preciable part of the sulfur, filtering the hot
solution to remove the insoluble coal-ash min-
erals, and then driving off the solvent and re-
covering the demineralized, low-sulfur prod-
uct. Two pilot plants have been running since
1973, a 6-ton-per-day unit at Wilsonville, Ala.,
and a 50-ton-per-day plant at Tacoma, Wash.
Together they have investigated the response
of a wide variety of coals to SRC processing,
and have produced sufficient product for
burning tests. Commercial-scale burning tests
were made at Georgia Power. General conclu-
sions drawn from these combustion tests indi-
cate that SRC is a premium fuel in regard to
heat value, ash, and sulfur content. Commer-
cial-size SRC plants have been proposed.

Sustained operation for periods as long as 75
days has been achieved at Wilsonville, with
some 3,700 hours of operating time in its first
year. ” In an early stage, Kentucky and an llli-
no is coal were treated with 90 to 95 percent re-
covery. The raw coals contained 8.9 to 11.1
percent ash and 3.1 percent sulfur. The SRC
product averaged 0.16 percent ash and 0.96
percent sulfur. The designs for a demonstra-
tion of a commercial-size module have been
proposed by the private sector in conjunction
with DOE.

Low-Btu Gas and Combined Cycles

Coal can be gasified to produce a low-Btu
gas. Since the gas cannot economically be
stored or shipped more than a few miles before
combustion, it is effectively a form of direct
combustion of coal. The gas is cleaned before
burning so that no emission controls are re-
quired at the combustion facility. Low-Btu gas
can be burned directly in a boiler to produce
steam for industrial use or for the production
of electricity in a conventional steam turbine.
Alternatively the gas generator can be inte-
grated with a combined cycle plant.

The first option of direct firing of existing
boilers with clean, low-, or intermediate-Btu
gas is higher in overall capital and operating

' Status Report of WIllsonville Solvent Refined Coal
Pilot Plant, * EPR/ Interim Report 7234, May 1975, 40 pp

plus app.
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cost than conventional coal firing with stack
gas cleanup, as indicated in recent studies by
the Tennessee Valley Authority (TVA) for the
Electric Power Research Institute (EPRI). In ad-
dition, the option will probably be uneconomi-
cal for many industrial plants. Nevertheless,
gas producers may be practical for the produc-
tion of chemicals or other industrial uses.

The second option is more attractive for
power generation. With this system crushed
coal, water, and compressed air are fed to a
gasifier. The hot gases that are produced pass
through a purification system to remove chem-
ical contaminants and particulate matter. The
clean gases power a gas turbine engine that
produces electricity and compressed air for
the gasifier. The turbine exhaust gases travel
through a waste heat boiler driving a steam
electric generator before being exhausted to
the atmosphere.

Although the state of the art of turbine de
sign will allow efficient combined cycle oper-
ation, gas temperature to the turbine must be
as high as possible to obtain further efficiency
gains. Turbine research at up to 3,0000 F gas
temperature is being conducted, but the tem-
perature of the commercially available metal
blades is limited by metallurgical problems to
1,0000 F. Blade temperature is kept low by
elaborate schemes to circulate cooling water
or air through the rotating blades. Research is
underway on blades that will withstand higher
temperatures and on improved cooling means.
Prospects for improved efficiency are good.

The low-Btu gasifier integrated with a com-
bined-cycle turbine system has been identified
as promising from the standpoint of cost of
electricity, overall efficiency, and limitation of
emissions. New combined cycle plants fueled
by low-Btu gas may be 10 percent more effi-
cient in converting fossil fuel to electricity
than are the most efficient conventional pow-
erplants.

Fluidized-Bed Combustion

Fluidized-bed combustion (FBC) is an impor-
tant technological alternative for industrial ap-
plications and perhaps coal-based power gen-

eration. Its basic principle involves the feeding
of crushed coal for combustion into a bed of
inert ash mixed with limestone or dolomite.
The bed is fluidized (held in suspension) by in-
jection of air through the bottom of the bed at
a controlled rate great enough to cause the
bed to be agitated much like a boiling fluid.
The coal burns within the bed, and the SO,
formed during combustion react with the lime

Photo credit Department of Energy

This small-scale model of the coal. fired, fluidized bed, gas
turbine system is used to study the behavior of the fuel
mixture of coal and limestone in the production
of electrical power

stone or dolomite to form a dry calcium sul-
fate. To maintain high combustion efficiency,
high heat transfer rates, and efficient capture
of SO,, the bed temperatures are maintained
between 1,5000 and 1,8000 F. Production of
N O,is minimized because of the low excess air
environment of the combustion zone and the
low generating temperature of the fluidized
bed compared to conventional combustion,
where the temperature may be in excess of
3,0000 F. In addition, in some combustion
processes burning certain coals, the ash melts
during combustion to form molten slag and
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clinkers, which foul the boiler tubes and the
furnace walls. At the temperature of the flu-
idized bed more of the ash remains solid, tend-
ing toward unimpeded, uniform operation.
Banks of boiler tubes are in contact with the
fluidized bed. The rate of combustion and pro-
duction of heat in the bed is rapidly trans-
ferred to and through the tubes to produce
steam while the bed is maintained at a con-
stant temperature. As bed temperatures must
remain in a narrow range during operation, low
load is difficult. Consequently, the first com-
mercial units are expected to consist of a series
of relatively small cells, only some of which
would operate during periods of low load.

The advantages visualized for FBC include:

* the flexibility to burn a wide range of rank
and quality of coals,

* a higher heat transfer rate than in conven-
tional boilers, which reduces the require-
ments for boiler tube surface and furnace
size and also lowers capital costs,

* an increased energy conversion efficiency
through the ability to operate without the
power requirements needed for a scrub-
ber,

* reduced emissions of SO,and NO,,

* a solid waste more readily amenable and
acceptable to disposal than that from a
wet-scrubber applied to conventional
boilers, and

* the potential for operation at an elevated
pressure sufficient to use with a combined
gas-turbine/steam-turbine cycle for gener-
ating electricity at higher efficiency.

FBC may make particular sense for small com-
mercial and industrial facilities if emission
standards for smaller sources are relatively
stringent.

The fluidized bed can be adapted to a vari-
ety of modes to produce heat and power. Two
variations are prominent— atmospheric and
pressurized operation. The atmospheric FBC
can be used for generating electricity or for
process or space heating. The pressurized FBC
is slated for use with a combined cycle system
of gas and steam turbines.

A major concern with atmospheric FBC re-
lates to adequate removal of fine particulate
matter prior to releasing the flue gas to the at-
mosphere. The agitation of the ash and lime
stone in the bed results in their breakdown into
fine particles that readily entrain in the high-
velocity flue gases. Attention is focused on the
effectiveness of cyclones, electrostatic precip-
itation, and fabric filters for particulate remov-
al. The ash entrained in the flue gases may be
high in unburned carbon. The disposal of such
material would result in lower combustion effi-
ciency and perhaps disposal problems. To pre-
vent this loss of potential fuel, atmospheric
FBC units may employ a carbon burnup cell.
By passing the entrained particles through this
cell, which operates at a higher temperature
and with greater excess air than the primary
FBC cells, the residual carbon is consumed.
Considerable concern regarding corrosion and
erosion of the submerged tubes also exists.

R&D work is being conducted with atmos-
pheric FBC in the United States and abroad. In
the United States a 30-MW atmospheric FBC
pilot plant began operations in 1976 at a utility
site in West Virginia. Atmospheric FBC is also
about to be demonstrated for the production
of process heat and steam in a number of in-
dustrial configurations.

In the pressurized variation of FBC, the com-
bustion occurs in conditions similar to those in
the atmospheric version except that the fur-
nace is maintained at 4 to 16 atmospheres of
pressure, The elevated pressure compresses
the flue gases, resulting in a dramatic reduc-
tion of furnace size from that of a comparably
rated atmospheric FBC. Although the develop-
ment of pressurized FBC is less advanced than
that of atmospheric, it has a number of poten-
tial advantages: the efficiency of combustion
and the capture of SOx are higher; less absorb-
ent (limestone or dolomite) is required for the
same sulfur capture; the furnace is smaller for
the same coal throughput, and NO,emissions
are expected to be lower. Its primary advan-
tage, however, is in the potential for improved
plant efficiency by means of combined-cycle
operation. With no major advances in gas tur-
bine technology, an increase in efficiency of 5
percent is possible for power generation.



104 . The Direct Use of Coa/

With the integration of the pressurized FBC
with combined-cycle operation, the problem
of particulate removal becomes critical, as the
hot pressurized flue gases are expanded
through a gas turbine to recover a portion of
their energy. The solids suspended in the flue
gases are particularly corrosive and erosive of
gas turbine blades. More efficient particulate
removal systems capable of operating at high
temperatures need to be demonstrated to over-
come this obstacle to higher efficiency by the
pressurized FBC system.

Development of combined-cycle FBC sys-
tems is underway. A 13-MW combined-cycle
pilot plant is being built to begin operation in
1980 at Woodridge, N.J. The International
Energy Agency (1EA) is constructing a test facil-
ity at Grimethorpe with joint participation of
the United Kingdom, the Federal Republic of
Germany, and the United States. Initial oper-
ations are expected in early 1979. The program
is expected to span 7 years including construc-
tion, and commercial utility application is not
anticipated until about 1995.

Although the fluidized-bed principle has
many attractive advantages, it is stil an imma-
ture technology that must demonstrate a com-
petitive position with the pulverized coal-fired
boiler. The fluidized bed may require addition-
al process steps and have new problems not
common with today’s conventional utility boil-
ers.

Magnetohydrodynamics (MHD)

The interest in MHD stems mainly from high
expected thermal efficiency for an entire sys-
tem including a conventional steam cycle. In
MHD generators, a stream of very hot gas
(roughly 5,0000 F), flows through a magnetic
field at high velocity. Because the gas at high
temperatures is an electrical conductor, an
electrical current is produced through elec-
trodes mounted in the sides of the gas duct. A
natural gas-fired MHD generator has been
tested in the U. S. S. R, and coal-fred systems
are still under development.

Coal-fred MHD poses special problems be-
cause of the ash in coal. At the high tempera-

tures in the combustor, most of the constitu-
ents in ash are vaporized. As the gas cools in
passing through the system, the ash condenses.
The electrodes and the walls of the MHD chan-
nel must be cooled, thus coal-ash slag can ac-
cumulate on those surfaces, even at the near-
sonic velocity of the gas stream. This slag layer
affects the way electrical current flows
through the gas stream from one electrode to
the other, hence the characteristics of the coal
ash are important. 32

It is unlikely that MHD will be widely used
in this century, for the remaining technological
problems are formidable. Progress is being
made, however, and MHD could become an
important adjunct to new coal-fred power sta-
tions.

Fuel Cells

In principle, a fuel cell consists of two elec-
trodes immersed in a conducting electrolyte.
One electrode, the anode, is flooded with hy-
drogen, which reacts with ions in the elec-
trolyte, typically a solution of potassium hy-
droxide, to release electrons. These electrons
flow through an external circuit-the electri-
cal load —to the cathode, flooded with oxy-
gen, where the electrons react with the elec-
trolyte to form the ions that can react with
hydrogen. Hence the fuel cell is simply a bat-
tery, consuming chemical reactants and pro-
ducing electricity. Unlike ordinary primary
batteries, however, fuel cells continue to pro-
duce electrical energy as long as hydrogen and
oxygen are supplied to their electrodes.

The voltage of a single fuel cell is low,
typically 0.8 V under load, but the power out-
put can be high, as much as 100 W/ft’of elec-
trode area. The thermal efficiency of hydrogen
and oxygen fuel cells is excellent, well over 90
percent at room temperature and at low load.
With some fuels, the thermal efficiency is
greater than 100 percent, showing that a fuel
cell can produce additional electrical energy
from the heat absorbed from its surroundings.
Efficiency of power production remains high

" In-Channel Observations on Coal Slag,” EPRI Con-
tract 468-1 (Stanford University, 1976).
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for widely varying loads, which is a very desir-
able characteristic

Although hydrogen is ideal for fuel cells,
carbon-based fuels, such as distilate and natu-
ral gas, as well as producer gas from coal, or
other fuel gases containing carbon and hydro-
gen, are more readily attainable. | n such sys-
tems, an alkaline electrolyte, as in hydrogen
fuel cells, is not suitable, and a CO2-rejecting
electrolyte is needed. Phosphoric acid has
been used as an electrolyte in fuel cells at
about 4000 F, but a mixture of molten car-
bonate salts, at temperatures up to about
1,4000 F, allows the direct electrochemical ox-
idation even of natural gas;

Fuel cells can serve in a reverse fashion as an
eiectrolyzer to produce hydrogen from off-
peak power, to store the hydrogen until a peak
demand develops, and then to convert that hy-
drogen back into electricity, A shortcoming is
that fuel cells produce DC, not AC, requiring
an inverter to match 60-cycle powerlines. That
technology exists today.

Another advantage of fuel cells is that,
above some moderate size, unit costs remain
about the same as the size of the installation
changes. This means that fuel cell “substa-
tions” serving a small group of consumers, say
50 to 100 residences, or a typical industrial
plant, could substitute for central-station pow-
erplants and their extensive electrical distribu-
tion networks. The fuel cell substations would
get their energy as hydrogen, pipelined from a
coal gasification plant located in a remote
area. The fuel-cell electrical-generating plant
would emit no pollutants, probably could be
operated with no direct supervision, and might
also serve its nearby customers with hot water
from its waste-heat recovery system. A poten-
tial problem is the necessity to supply extreme
ly clean fuel. The technology does not now ex-
ist to economically clean low-Btu gas from
coal to sufficient purity. Hydrogen would be
easier to use. The problems now are mainly of
an engineering nature, utilizing available data
on fuel cells to design, construct, and operate
a fuel-cell installation able to hold its own
economically and reliably with other energy-
conversion systems based on coal.



