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7.1 FUELS

by Martin D. Schlesinger and Associates

COAL
by Martin D. Schlesinger
Wallingford Group, Ltd.

REFERENCES: Petrography of American Coals, U.S. BuMines Bull. 550. Lowry,
**Chemistry of Coal Utilization,”” Wiley. ASTM, ‘‘ Standards on Gaseous Fuels,
Coal and Coke.” Methods of Analyzing and Testing Coal and Coke, U.S
BuMines Bull. 638. Karr, ‘‘Analytical Methods for Coal and Coal Products,’”
Academic. Preprints, Division of Fuel Chemistry, American Chemical Society.

Coal is a black or brownish-black combustible solid formed by the
decomposition of vegetation in the absence of air. Microscopy can
identify plant tissues, resins, spores, etc. that existed in the origina
structure. It is composed principally of carbon, hydrogen, oxygen, and
small amounts of sulfur and nitrogen. Associated with the organic ma-
trix are water and as many as 65 other chemical elements. Many trace
elements can be determined by spectrometric method D-3683. Coal is
used directly as a fuel, a chemical reactant, and a source of organic
chemicals. It can aso be converted to liquid and gaseous fuels.

Classification and Description

Coal may be classified by rank, by variety, by size and sometimes by
use. Rank classification takes into account the degree of metamorphism
or progressive alteration in the natural series from lignite to anthracite.
Table 7.1.1 shows the classification of coals by rank adopted as stan-
dard by the ASTM (method D-388). The basic scheme is according to
fixed carbon (FC) and heating value (HV) from a proximate analysis,
calculated on the mineral-matter-free (mmf) basis. The higher-rank
coals are classified according to the FC on a dry basis and the lower-
rank according to HV in Btu on amoist basis. Agglomerating character is
used to differentiate between certain adjacent groups. Coals are consid-
ered agglomerating if, in the test to determine volatile matter, they
produce either a coherent button that will support a 500-g weight or a
button that shows swelling or cell structure.

For classifying coals according to rank, FC and HV can be calculated
to a moisture-free basis by the Parr formulas, Egs. (7.1.1) to (7.1.3)
below:

FC — 0.15S
100 — (M + 1.08A + 0.55S)
VM (dry, mmf) = 100 — FC
Btu — 50S
100 — (1.08A + 0.55S)

FC (dry, mmf) = X 100 (7.1.1)
(7.1.2)

HV (moist, mmf) =

(7.1.3)

where FC = percentage of fixed carbon, VM = percentage of volatile
matter, M = percentage of moisture, A = percentage of ash, S = per-
centage of sulfur, all onamoist basis. *‘Moist’’ coal refersto the natural
bed moisture, but there is no visible moisture on the surface. HV =
heating value, Btu/lb (Btu/lb X 0.5556 = g- cal/g). Because of its com-
plexity, the analysis of coal requires care in sampling, preparation, and
selection of the method of analysis.

Figure 7.1.1 shows representative proximate analyses and heating
values of various ranks of coal in the United States. The analyses were
calculated to an ash-free basis because ash is not a function of rank.
Except for anthracite, FC and HV increase from the lowest to the high-
est rank as the percentages of volatile matter and moisture decrease. The
sources and analyses of coals representing various ranks are given in
Table 7.1.2.

Meta-anthracite is a high-carbon coa that approaches graphite in

structure and composition. It usually is slow to ignite and difficult to
burn. It has little commercia importance.

Anthracite, sometimes called hard cod, is hard, compact, and shiny
black, with a generally conchoidal fracture. It ignites with some diffi-
culty and burns with a short, smokeless, blue flame. Anthracite is used
primarily for space heating and as a source of carbon. It isalso used in
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Fig. 7.1.1 Proximate analysis and heating values of various ranks of coal (ash-
free basis).

electric power generating plantsin or close to the anthracite-producing
area. The iron and steel industry uses some anthracite in blends with
bituminous coal to make coke, for sintering iron-ore fines, for lining
pots and molds, for heating, and as a substitute for coke in foundries.

Semianthracite is dense, but softer than anthracite. It burns with a
short, clean, bluish flame and is somewhat more easily ignited than
anthracite. The uses are about the same as for anthracite.

L ow-volatile bituminous coal is grayish black, granular in structure and
friable on handling. It cakesin afire and burnswith ashort flamethat is
usually considered smokeless under all burning conditions. It isused for
space heating and steam raising and as a constituent of blends for im-
proving the coke strength of higher-volatile bituminous coals. Low-
volatile bituminous coals cannot be carbonized alone in slot-type ovens
because they expand on coking and damage the walls of the ovens.

Medium-volatile bituminous coal is an intermediate stage between
high-volatile and low-volatile bituminous coal and therefore has some
of the characteristics of both. Some are fairly soft and friable, but others
are hard and do not disintegrate on handling. They cakein afuel bed and
smoke when improperly fired. These coals make cokes of excellent
strength and are either carbonized alone or blended with other bitumi-
nous coals. When carbonized alone, only those coal's that do not expand
appreciably can be used without damaging oven walls.

High-volatile A bituminous coal has distinct bands of varying luster. It
ishard and handleswell with little breakage. It includes some of the best
steam and coking coal. On burning in afuel bed, it cakes and gives off
smoke if improperly fired. The coking property is often improved by
blending with more strongly coking medium- and low-volatile bitumi-
nous coal.

High-volatile B bituminous coal issimilar to high-volatile A bituminous
coal but has slightly higher bed moisture and oxygen content and isless
strongly coking. It is good coal for steam raising and space heating.



Table 7.1.1 Classification of Coals by Rank (ASTM D388)*

Fixed-carbon limits, Volatile-matter Cdorific value limits,
percent limits, percent Btwlb (moist, T
(dry, mineral-matter- (dry, mineral-matter- mineral-matter-
free basis) free basis) free basis)
Equal or Equal or Equal or
greater Less Greater less greater Less Agglomerating
Class Group than than than than than than character
I. Anthracitic 1. Meta-anthracite 98 s S 2

2. Anthracite 92 98 2 8

3. Semianthracite 86 92 8 14 | s Nonagglomerating$
11. Bituminous 1. Low-volatile bituminous coal 78 86 14 2 |

2. Medium-volatile bituminous coal 69 78 22 31 | U

3. High-volatile A bituminous coal 69 31 14,0008 |  ...... [ ] Commonly

4. High-volatile B bituminous coa 13,0008 14,000 agglomeratingT

5. High-volatile C bituminous coal 11,500 13,000 D

10,500 11,500 Agglomerating

111, Subbituminous 1. Subbituminous A coal 10,500 11,500 Nonagglomerating

2. Subbituminous B coal 9,500 10,500

3. Subbituminous C coal 8,300 9,500
IV. Lignitic 1. Lignite A 6,300 8,300

2. LigniteB | .| oo e 6,300

* This classification does not include a few coals, principally nonbanded varieties, which have unusual physical and chemical properties and which come within the limits of fixed-carbon or calorific value of the high-vola-
tile bituminous and subbituminous ranks. All of these coals either contain less than 48 percent dry, mineral-matter-free fixed carbon or have more than 15,500 moist, mineral-matter-free British thermal units per pound. Btu/lb X

2.323 = kJ/kg.

T Moist refers to coal containing its natural inherent moisture but not including visible water on the surface of the coal.

¥ If agglomerating, classify in low-volatile group of the bituminous class.

§ Coals having 69 percent or more fixed carbon on the dry, mineral-matter-free basis are classified according to fixed carbon, regardless of calorific value.

11t is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions in the high-volatile C bituminous group.



Table 7.1.2 Sources and Analyses of Various Ranks of Coal as Received

Proximate, % Ultimate, % -
Calorific
Classification by Volatile Fixed value,
rank State County Bed Moisture matter cabon  Asht  Sulfur  Hydrogen Carbon  Nitrogen  Oxygen Btw/Ib*
Meta-anthracite Rhode Island Newport Middle 13.2 2.6 65.3 18.9 0.3 1.9 64.2 0.2 145 9,310
Anthracite Pennsylvania Lackawanna  Clark 43 51 81.0 9.6 0.8 29 79.7 0.9 6.1 12,880
Semianthracite Arkansas Johnson Lower Hartshorne 2.6 10.6 79.3 75 17 38 81.4 16 4.0 13,880
Low-volatile West Virginia  Wyoming Pocahontas no. 3 29 17.7 74.0 54 0.8 4.6 83.2 13 47 14,400
bituminous
coal
Medium-volatile ~ Pennsylvania Clearfield Upper Kittanning 21 24.4 67.4 6.1 1.0 5.0 81.6 14 49 14,310
bituminous
coal
High-volatile A West Virginia ~ Marion Pittsburgh 23 36.5 56.0 52 0.8 55 78.4 1.6 85 14,040
bituminous
coal
High-volatile B Kentucky, Muhlenburg ~ No. 9 85 36.4 44.3 10.8 2.8 54 65.1 13 14.6 11,680
bituminous western field
coa
High-volatile C Illinois Sangamon No. 5 14.4 354 40.6 9.6 3.8 5.8 59.7 1.0 20.1 10,810
bituminous
coal
Subbituminous Wyoming Sweetwater No. 3 16.9 348 447 36 14 6.0 60.4 12 274 10,650
A coa
Subbituminous Wyoming Sheridan Monarch 222 332 40.3 43 05 6.9 539 1.0 334 9,610
B coal
Subbituminous Colorado El Paso Fox Hill 251 304 37.7 6.8 0.3 6.2 50.5 0.7 355 8,560
C coa
Lignite North Dakota ~ McLean Unnamed 36.8 278 295 59 0.9 6.9 40.6 0.6 451 7,000

* Btu/lb X 2.325 = Jg; Btu/lb X 0.5556 = g-cal/g.
T Ashis part of both the proximate and ultimate analyses.



Some of it is blended with more strongly coking coals for making
metallurgical coke.

High-volatile C bituminous coal is a stage lower in rank than the B
bituminous coal and therefore has a progressively higher bed moisture
and oxygen content. It is used primarily for steam raising and space
heating.

Subbituminous coals usually show less evidence of banding than bitu-
minous coals. They have a high moisture content, and on exposure to
air, they disintegrate or ‘‘slack’’ because of shrinkage from loss of
moisture. They are noncaking and noncoking, and their primary use is
for steam raising and space heating.

Lignites are brown to black in color and have a bed moisture content
of 30 to 45 percent with aresulting lower heating val ue than higher-rank
coals. Like subbituminous coals, they have a tendency to ‘‘slack’” or
disintegrate during air drying. They are noncaking and noncoking. Lig-
nite can be burned on traveling or spreader stokers and in pulverized
form.

The principal ranks of coal mined in the mgjor coal-producing states
are shown in[[aB[e 7131 Their analyses depend on several factors, e.g.,
source, size of coal, and method of preparation. Periodic reports are
issued by the U.S. Department of Energy, Energy Information Agency.
They provide statistics on production, distribution, end use, and analyti-
cal data.

Composition and Characteristics

Proximate analysis, sulfur content, and calorific values are the analyti-
cal determination most commonly used for industrial characterization
of coal. The proximate analysis is the simplest means for determining the
distribution of products obtained during heating. It separates the prod-
ucts into four groups: (1) water or moisture, (2) volatile matter consist-
ing of gases and vapors, (3) fixed carbon consisting of the carbonized
residue less ash, and (4) ash derived from the mineral impuritiesin the
coal. ASTM methods D3712 and D5142 are used; the latter isan instru-
mental method.

Moisture isthelossin weight obtained by drying the coal at atemper-
ature between 104 and 110°C (220 and 230°F) under prescribed condi-
tions. Further heating at higher temperatures may remove more water,

Table 7.1.3 Principal Ranks of Coal Mined in Various States*
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but this moisture usualy is considered part of the coal substance. The
moisture obtained by the standard method consists of (1) surface or
extraneous moisture that may come from external sources such as per-
colating waters in the mine, rain, condensation from the air, or water
from a coal washery; (2) inherent moisture, sometimes called bed mois-
ture, which is so closely held by the coal substance that it does not
separate these two types of moisture. A coal may be air-dried at room
temperature or somewhat above, thereby determining an ‘‘air-drying
loss,”” but this result is not the extraneous moisture because part of the
inherent moisture also vaporizes during the drying.

Mine samples taken at freshly exposed faces in the mine, which are
free from visible surface moisture, give the best information asto inher-
ent or bed moisture content. Such moisture content rangesin value from
2 to 4 percent for anthracite and for bituminous coals of the eastern
Appalachian field, such as the Pocahontas, Sewell, Pittsburgh, Freeport,
and Kittaning beds. In the western part of this field, especially in Ohio,
the inherent moisture ranges from 4 to 10 percent. In the interior fields
of Indiana, Illinois, western Kentucky, lowa, and Missouri, therangeis
from 8 to 17 percent. In subbituminous coals the inherent moisture
ranges from 15 to 30 percent, and in lignites from 30 to 45 percent. The
total amount of moisturein commercial coa may be greater or less than
that of the coal in the mine. Freshly mined subbituminous coa and
lignite lose moisture rapidly when exposed to the air. The extraneous or
surface moisture in coal is a function of the surface exposed, each
surface being able to hold a film of moisture. Fine sizes hold more
moisture than lump. Coal which in the mine does not contain more than
4 percent moisture may in finer sizes hold as much as 15 percent; the
same coal in lump sizes, even after underwater storage, may contain
little more moisture than originaly in the mine.

In the standard method of analysis, the volatile matter is taken as the
lossin weight, less moisture, obtained by heating the coal for 7 minina
covered crucible at about 950°C (1,742°F) under specified conditions.
Volatile matter does not exist in coal as such but is produced by decom-
position of the coal when heated. It consists chiefly of the combustible
gases, hydrogen, carbon monoxide, methane and other hydrocarbons,
tar vapors, volatile sulfur compounds, and some noncombustible gases
such as carbon dioxide and water vapor. The composition of thevolatile

Semi- Low-volatile Medium-vol. High-vol. A High-vol. B High-vol. C Subbitumi- Subbitumi-  Subbitumi-
State Anthracite anthracite  bituminous ~ bituminous  bituminous  bituminous  bituminous nous A nous B nous C Lignite

Alabama X X
Alaska X X X X X X
Arkansas X X X X X
Colorado X X X X X X X
Illinois X X X
Indiana X X
lowa X
Kansas X X
Kentucky

Eastern X X

Western X X X
Maryland X X X
Missouri X
Montana X X X X X X
New Mexico X X X X
North Dakota X
Ohio X X X
Oklahoma X X X X X
Pennsylvania X X X X X
South Dakota X
Tennessee X X
Texas X X X
Utah X X X X X
Virginia X X X X
Washington X X X X X
West Virginia X X X
Wyoming X X X X X

* Compiled largely from Typical Analyses of Coals of the United States, BuMines Bull. 446, and Coal Reserves of the United States, Geol. Survey Bull. 1136.
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matter varies greatly with different coals: the amount can vary with the
rate of heating. The inert or noncombustible gas may range from 4
percent of the total volatile matter in low-volatile coals to 40 percent in
subbituminous coals.

The standard method of determining the fixed carbon is to subtract
from 100 the sum of the percentages of the moisture, volatile matter,
and ash of the proximate analysis. It isthe carbonaceous residue less ash
remaining in the test cruciblein the determination of the volatile matter.
It does not represent the total carbon in the coa because a considerable
part of the carbon is expelled as volatile matter in combination with
hydrogen as hydrocarbons and with oxygen as carbon monoxide and
carbon dioxide. It also is not pure carbon because it may contain several
tenths percent of hydrogen and oxygen, 0.4 to 1.0 percent of nitrogen,
and about half of the sulfur that was in the coal.

In the standard method, ash isthe inorganic residue that remains after
burning the coal in a muffle furnace to a fina temperature of 700 to
750°C (1,292 to 1,382°F). It is composed largely of compounds of
silicon, aluminum, iron, and calcium, with smaller quantities of com-
pounds of magnesium, titanium, sodium, and potassium. The ash as
determined is usualy less than the inorganic mineral matter originally
present in the coal. During incineration, various weight changes take
place, such as loss of water of constitution of the silicate minerals, loss
of carbon dioxide from carbonate minerals, oxidation of iron pyrites to
iron oxide, and fixation of a part of the oxides of sulfur by bases such as
calcium and magnesium.

The chemical composition of coal ash varieswidely depending on the
mineral constituents associated with the coal. Typica limits of ash
composition of U.S. bituminous coals are as follows:

Constituent Percent
Silica, SO, 20-40
Alumina, M ,0O3 10-35
Ferric oxide, Fe,O5 5-35
Calcium oxide, CaO 1-20
Magnesium oxide, MgO 0.3-4
Titanium dioxide, TiO, 0.5-25

Alkalies, Na,O and K,O 1-4
Sulfur trioxide, SO, 0.1-12

The ash of subbituminous coals may have more CaO, MgO, and SO,
than the ash of bituminous coals; the trend may be even more pro-
nounced for lignite ash.

Ultimate analysis expresses the composition of coal as sampled in
percentages of carbon, hydrogen, nitrogen, sulfur, oxygen, and ash. The
carbon includes that present in the organic coal substance as well as a
minor amount that may be present as mineral carbonates. In ASTM
practice, the hydrogen and oxygen values include those of the organic
coal substance as well as those present in the form of moisture and the
water of constitution of the silicate minerals. In certain other countries,
the values for hydrogen and oxygen are corrected for the moisturein the
coal and are reported separately. The ash is the same as reported in the
proximate analysis; the sulfur, carbon, hydrogen, and nitrogen are de-
termined chemically. Oxygen in coal isusually estimated by subtracting
the sum of carbon, hydrogen, nitrogen, sulfur, and ash from 100. Many
of the analyses discussed can be performed with modern instrumentsin
ashort time. ASTM methods are applied when referee dataare required.

Table 7.1.4 Fusibility of Ash from Some Coals

Sulfur occursin three formsin coal: (1) pyritic sulfur, or sulfur com-
bined with iron as pyrite or marcasite; (2) organic sulfur, or sulfur com-
bined with coal substance as a heteroatom or as a bridge atom; (3)
sulfate sulfur, or sulfur combined mainly with iron or calcium together
with oxygen asiron sulfate or calcium sulfate. Pyrite and marcasite are
recognized by their metallic luster and pale brass-yellow color, although
some marcasite is almost white. Organic sulfur may comprise from
about 20 to 85 percent of the total sulfur in the coal. Most freshly mined
coal contains only very small quantities of sulfate sulfur; it increasesin
weathered coal. The total sulfur content of coal mined in the United
States varies from about 0.4 to 5.5 percent by weight on adry coal basis.

The gross calorific value of afuel expressed in Btu/lb of fuel isthe heat
produced by complete combustion of a unit quantity, at constant vol-
ume, in an oxygen bomb calorimeter under standard conditions. It in-
cludes the latent heat of the water vapor in the products of combustion.
Since the latent heat is not available for making steam in actual opera-
tion of boilers, a net caloric value is sometimes determined, although
not in usual U.S. practice, by the following formula:

Net calorific value, Btu/lb = gross calorific value, Btu/lb
— (92.70 X total hydrogen, % in coal)

The gross caorific value may also be approximated by Dulong's
formula

Btu/lb = 14,544C + 62,028 (H - %) + 4,050S

(Btu/lb x 2.328 = kJ/kg)

where C, H, O, and S are weight fractions from the ultimate analysis.
For anthracites, semianthracites, and bituminous coals, the calculated
values are usualy with 1%2 percent of those determined by the bomb
calorimeter. For subbituminous and lignitic coals, the calculated values
show deviations often reaching 4 and 5 percent.

Because coal ash isamixture of various components, it does not have
a definite melting point; the gradual softening and fusion of the ash is
not merely the successive melting of the various ash constituentsbut isa
more complicated processin which reactionsinvolving the formation of
new and more fusible compounds take place.

The fusibility of coal ash is determined by heating a triangular pyra-
mide (cone), ¥4 in high and ¥ in wide at each side of the base, made up
of the ash together with asmall amount of organic binder. Asthe coneis
heated, three temperatures are noted: (1) theinitial deformation temper-
ature (IDT), or the temperature at which thefirst rounding of the apex or
the edges of the cone occurs; (2) the softening temperature (ST), or the
temperature at which the cone has fused down to a spherical lump; and
(3) the fluid temperature (FT), or the temperature at which the cone has
spread out in anearly flat layer. The softening interval is the degrees of
temperature difference between (2) and (1), the flowing interval the
difference between (3) and (2), and the fluidity range the difference
between (3) and (1). Of the three, the softening temperature is most
widely u shows ash-fusion data typical of some impor-
tant U.S. coals.

Data on ash fusion characteristics are useful to the combustion engi-
neer concerned with evaluation of the clinkering tendencies of coals
used in combustion furnaces and with corrosion of metal surfaces in
boilers due to slag deposits. The kinds of mineral matter occurring in
different coals are not well related to rank or geographic location, a-

Pocahontas
Seam no. 3 Ohio no. 9 Pittsburgh Illinois Utah Wyoming Texas
Type Low volatile High volatile High volatile High volatile High volatile Subbituminous Lignite
Ash, % 12.3 14.1 10.9 174 6.6 6.6 12.8
Temperature, °C*
Initial deformation > 1,600 1,325 1,240 1,260 1,160 1,200 1,190
Softening 1,430 1,305 1,330 1,215 1,200
Fluid 1,465 1,395 1,430 1,350 1,260 1,255

* In an oxidizing atmosphere.



though there is a tendency for midcontinent coals (Indiana to Okla-
homa) to have low ash fusion temperatures. Significance is attached to
al of the previously indicated fusion temperatures and the intervals
between them. The IDT is sometimes identified with surface stickiness,
the ST with plastic distortion or sluggish flow, and the FT with liquid
mobility. Long fusion intervals often produce tough, dense, slags; short
intervals favor porous, friable structures.

Most bituminous coals, when heated at uniformly increasing temper-
atures in the absence or partial absence of air, fuse and become plastic.
These coals may be designated as either caking or coking in different
degrees. Caking usually refers to the fusion process in a boiler furnace.
Coking coals are those that make good coke, suitable for metallurgical
purposes where the coke must withstand the burden of the ore and flux
above it. Coals that are caking in a fuel bed do not necessarily make
good coke in a coke oven. Subbituminous coal, lignite, and anthracite
are noncaking.

The free-swelling index test measures the free-swelling properties of
coal and gives an indication of the caking characteristics of the coal
when burned on fuel beds. It is not intended to determine the expansion
of coals in coke ovens. The test consists in heating 1 g of pulverized
coa inasilicacrucible over a gas flame under prescribed conditions to
form a coke button, the size and shape of which are then compared with
a series of standard profiles numbered 1 to 9 in increasing order of
swelling.

The specific gravity of coal istheratio of the weight of solid coal to the
weight of an equal volume of water. It isuseful in cal culating the weight
of solid coal asit occursin the ground for estimating the tonnage of coal
per acre of surface. Anincreasein ash-forming mineral matter increases
the specific gravity; e.g., bituminous coals of Alabama, ranging from 2
to 15 percent ash and from 2 to 4.5 percent moisture, vary in specific
gravity from 1.26 to 1.37.

Bulk density is the weight per cubic foot of broken coal. It varies
according to the specific gravity of the coal, its size distribution, its
moisture content, and the amount of orientation when piled. The range
of weight from subbituminous coal to anthracite is from 44 to 59 Ib/ft3
when loosely piled; when piled in layers and compacted, the weight per
cubic foot may increase as much as 25 percent. The weight of fuel ina
pile can usually be determined to within 10 to 15 percent by measuring
its volume. Typical weights of coal, as determined by shoveling it
loosely into a box of 8 ft3 capacity, are as follows: anthracite, 50 to 58
Ib/ft3; low- and medium-volatile bituminous coal, 49 to 57 Ib/ft3; high-
volatile bituminous and subbituminous coal, 42 to 57 Ib/ft3.

The grindability of coal, or the ease with which it can be ground fine
enough for use as a pulverized fuel, is a composite of several specific
physical properties such as hardness, tensile strength, and fracture. A
laboratory procedure adopted by ASTM (D409) for evaluating grinda-
bility, known as the Hardgrove machine method, uses a specially de-
signed grinding apparatus to determine the relative grindability or ease
of pulverizing coal in comparison with a standard coal, chosen as 100
grindability. Primarily, the ASTM Hardgrove grindability test is used
for estimating how various coals affect the capacity of commercia pul-
verizers. A general relationship exists between grindability of coal and
its rank. Coals that are easiest to grind (highest grindability index) are
those of about 14 to 30 percent volatile matter on a dry, ash-free basis.
Coals of either lower or higher volatile-matter content usually are more
difficult to grind. The relationship of grindability and rank, however, is
not sufficiently precise for grindability to be estimated from the chemi-
ca analysis, partly because of the variation in grindability of the various
petrographic and mineral components. Grindability indexes of U.S.
coals range from about 20 for an anthracite to 120 for a low-volatile
bituminous coal.

Mining
Coal is mined by either underground or surface methods. In under-
ground mining the coal beds are made accessible through shaft, drift, or
slope entries (vertical, horizontal, or inclined, respectively), depending
on location of the bed relative to the terrain.

The most widely used methods of coal mining inthe United Statesare
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termed continuous and conventional mining. The former makes use of
continuous miners which break the coal from the face and load it onto
conveyors, shuttle cars, or railcars in one operation. Continuous miners
are of ripping, boring, or milling types or hybrid combinations of these.
In conventional mining the coal is usually broken from the face by
means of blasting agents or by pressurized air or carbon dioxide de-
vices. In preparation for breaking, the coal may be cut horizontally or
vertically by cutting machines and holesdrilled for charging explosives.
The broken coa is then picked up by loaders and discharged to
conveyorsor cars. A method that isincreasing in use istermed long-wall
mining. It employs shearing or plowing machines to break coal from
more extensive faces. Eighty long-wall mines are now in operation.
Pillarsto support the roof are not needed because theroof is caved under
controlled conditions behind the working face. About half the coal pres-
ently mined underground is cut by machine and nearly all the mined
coal is loaded mechanically.

Animportant requirement in all mining systemsisroof support. When
the roof rock consists of strong sandstone or limestone, relatively un-
common, little or no support may be required over large areas. Most
mineroofs consist of shalesand must be reinforced. Permanent supports
may consist of arches, crossbars and legs, or single posts made of steel
or wood. Screw or hydraulic jacks, with or without crossbars, often
serve as temporary supports. Long roof bolts, driven into the roof and
anchored in sound strata above, are used widely for support, permitting
freedom of movement for machines. Drilling and insertion of bolts is
done by continuous miners or separate drilling machines. Ventilation is
another necessary factor in underground mining to provide a proper
atmosphere for personnel and to dilute or remove dangerous concentra-
tions of methane and coal dust. The ventilation system must be well-de-
signed so that adequate air is supplied across the working faces without
stirring up more dust.

When coal occurs near the surface, strip or open-pit mining is often
more economica than underground mining. This is especially true in
states west of the Mississippi River where coa seams are many feet
thick and relatively low in sulfur. The proportion of coal production
from surface mining has been increasing rapidly and now amounts to
over 60 percent.

In preparation for surface mining, core drilling is conducted to survey
the underlying coal seams, usually with dry-typerotary drills. The over-
burden must then be removed. It isfirst loosened by ripping or drilling
and blasting. Ripping can be accomplished by bulldozers or scrapers.
Overburden and coa are then removed by shovels, draglines, bulldoz-
ers, or wheel excavators. The first two may have bucket capacities of
200 yd? (153 m3). Draglines are most useful for very thick cover or long
dumping ranges. Hauling of stripped coal is usually done by trucks or
tractor-trailers with capacities up to 240 short tons[218 metric tons (t)].
Reclamation of stripped coal land is becoming increasingly necessary.
This involves returning the land to near its original contour, replanting
with ground cover or trees, and sometimes providing water basins and
arable land.

Preparation

About half the coal presently mined in the United States is cleaned
mechanically to remove impurities and supply a marketable product.
Mechanical mining has increased the proportion of fine coal and non-
coal minerals in the product. At the preparation plant run-of-mine coal
isusually given apreliminary size reduction with roll crushersor rotary
breakers. Large or heavy impurities are then removed by hand picking
or screening. Tramp iron is usually removed by magnets. Before wash-
ing, the coal may be given apreliminary size fractionation by screening.
Nearly al preparation practices are based on density differences be-
tween coal and its associated impurities. Heavy-medium separators using
magnetite or sand suspensions in water come closest to ideal gravity
separation conditions. Mechanical devicesinclude jigs, classifiers, wash-
ing tables, cyclones, and centrifuges. Fine coal, lessthan ¥4 in (6.3 mm)
is usualy treated separately, and may be cleaned by froth flotation.
Dewatering of the washed and sized coal may be accomplished by
screening, centrifuging, or filtering, and finally, the fine coal may be
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heated to complete the drying. Before shipment the coal may be dust-
proofed and freezeproofed with oil or salt.

Removal of sulfur from coal is an important aspect of preparation
because of the role of sulfur dioxide in air pollution. Pyrite, the main
inorganic sulfur mineral, is partly removed aong with other mineralsin
conventional cleaning. Processes to improve pyrite removal are being
developed. These include magnetic and electrostatic separation, chemi-
cal leaching, and specialized froth flotation.

Storage

Coal may heat spontaneously, with the likelihood of self-heating great-
est among coals of lowest rank. The heating begins when freshly broken
coal is exposed to air. The process accelerates with increase in temper-
ature, and active burning will result if the heat from oxidation is
not dissipated. The finer sizes of coal, having more surface area per
unit weight than the larger sizes, are more susceptible to spontaneous
heating.

The prevention of spontaneous heating in storage poses a problem of
minimizing oxidation and of dissipating any heat produced. Air may
carry away heat, but it also brings oxygen to create more heat. Sponta-
neous heating can be prevented or lessened by (1) storing coal under-
water; (2) compressing the pilein layers, aswith aroad roller, to retard
access of air; (3) storing large-size coal; (4) preventing any segregation
of sizesinthepile; (5) storing in small piles; (6) keeping the storage pile
aslow as possible (6 ft isthe limit for many coals); (7) keeping storage
away from any external sources of heat; (8) avoiding any draft of air
through the coal; (9) using older portions of the storage first and avoid-
ing accumulations of old coal in corners. It is desirable to watch the
temperature of the pile. A thermometer inserted in an iron tube driven
into the coal pile will reveal the temperature. When the coa reaches a
temperature of 50°C (120°F), it should be moved. Using water to put
out afire, although effective for the moment, may only delay the neces-
sity of moving the coal. Furthermore, this may be dangerous because
steam and coal can react at high temperatures to form carbon monoxide
and hydrogen.

Sampling

Because coal is a heterogeneous material, collection and handling of
samplesthat adequately represent the bulk lot of coal are required if the
analytical and test data are to be meaningful. Coal is best sampled when
inmotion, asit isbeing loaded or unloaded from belt conveyors or other
coal-handling equipment, by collecting increments of uniform weight
evenly distributed over the entire lot. Each increment should be suffi-
ciently large and so taken to represent properly the various sizes of the
coal.

Two procedures are recognized: (1) commercial sampling and (2)
special-purpose sampling, such as classification by rank or perfor-
mance. The commercial sampling procedure is intended for an accuracy
such that, if alarge number of samples were taken from alarge lot of
coal, the test results in 95 out of 100 cases would fall within =10
percent of the ash content of these samples. For commercial sampling of
lotsup to 1,000 tons, it is recommended that one gross sample represent
thelot taken. For lots over 1,000 tons, the following alternatives may be
used: (1) Separate gross samples may be taken for each 1,000 tons of
coal or fraction thereof, and a weighted average of the analytical deter-
minations of these prepared samples may be used to represent the lot.
(2) Separate gross samples may be taken for each 1,000 tons or fraction
thereof, and the — 20 or — 60 mesh samples taken from the gross sam-
ples may be mixed together in proportion to the tonnage represented by
each sample and one analysis carried out on the composite sample. (3)
One gross sample may be used to represent the lot, provided that at least
four times the usual minimum number of increments are taken. In spe-
cial-pur pose sampling, the increment requirements used in the commer-
cial sampling procedure are increased according to prescribed rules.

Specifications

Specifications for the purchase of coal vary widely depending on the
intended use, whether for coke or a particular type of combustion unit,

and whether it meets the standards imposed by customers abroad. At-
tempts at international standardization have met with only limited suc-
cess. Most of the previously discussed factors in this section must be
taken into consideration, for example, the sulfur content and swelling
properties of a coal used for metallurgical coke production, the heating
value of acoal used for steam generation, and the slagging properties of
its ash formed after combustion.

Statistics

Coal production in 1994 was 1.03 hillion short tons, 0.5 percent anthra-
cite, 93 percent bituminous, and 6.5 percent lignite. The industry em-
ployed about 228,000 miners, 150,000 of them underground. Over 6000
coal mines are in operation in 26 states but over half the production
comes from Kentucky, West Virginia, Wyoming, and Pennsylvania. Of
the total production, 62 percent is from surface mines. Transportation to
the point of consumption is primarily by rail (67 percent) followed by
barges (11 percent) and trucks (10 percent); about 1 percent moves
through pipelines. About 11 percent of the coal consumed is burned at
mine-mouth power plants, for it is cheaper and easier to transport elec-
tric power than bulk coal.

Several long-distance coal-slurry pipelines are proposed but only
one, 273 mi (439 km) long, is in commercial use. The Black Mesa
pipeline runs from a coal mine near Kayenta, AZ to the Mohave Power
Plant in Nevada. Nominal capacity is 4.8 million short tons (4.35 t) per
year, but it usually operates at 3 to 4 million tons per year. The coa
concentration is about 47 percent and the particle size distribution is
controlled carefully. Other pipelines will be constructed where feasible
and when the problems of eminent domain are resolved.

Overall energy stetisticsfor the United States show that coal accounts
for about 30 percent of the total energy production, with the balance
coming from petroleum and natural gas. Below is a distribution of 1
billion tons of coal produced:

Electric power 87.2 percent
Industrial 8.4 percent
Coke 3.8 percent
Commercia and residential 0.6 percent

In 1994 over 100 million tons was exported. The industria use is pri-
marily for power in the production of food, cement, paper, chemicals,
and ceramics.

Reserves of coal in the United States are ample for several hundred
years even allowing for the increased production of electric power and
the synthesis of fuels and chemicals. The total reserve baseis estimated
to be amost 4 million tons, of which 1.7 trillion tons is identified
resources.

BIOMASS FUELS
by Martin D. Schlesinger
Wallingford Group Ltd.

REFERENCES: Pedt, ‘‘U.S. Bureau of Mines Mineral Commodities Summaries.’”’
Fryling, ‘* Combustion Engineering,”” Combustion Engineering, Inc., New Y ork.
** Standard Classification of Peats, Mosses, Humus and Related Products,”” ASTM
D2607. Lowry, ‘‘Chemistry of Coal Utilization,”” Wiley. United Nations Indus-
trial Development Organization publications.

Biomass conversion to energy continues to be a subject of intensive
study for both developed and less developed countries. In the United
States, combustion of biomass contributes only a few percent of the
total U.S. energy supply, and it is mostly in the form of agricultural
wastes and paper. Almost any plant material can be the raw material for
gasification from which a variety of products can be created catalyti-
cally from the carbon monoxide, carbon dioxide, and hydrogen. Typical
commercial products are methanol, ethanol, methyl acetate, acetic an-
hydride, and hydrocarbons. Alcohols are of particular interest as fuels
for transportation and power generation. Producer gas has been intro-
duced into small compression ignition engines, and the diesel oil feed



has been reduced. Technical and environmental problems are still not
solved in the large-scale use of biomass.

Plants and vegetables are another source of biomass-derived ails.
Fatty acid esters have been used in diesel engines alone and in blends
with diesel ail, and although the esters are effective, some redesign and
changes in operation are required. In developing countries where fossil
fuels are costly, deforestation has led to land erosion and its conse-
quences.

Useful biomass materialsinclude most of the precoal organic vegeta-
tion such as peat, wood, and food processing wastes like bagasse from
sugar production. Digestable food processing wastes can be converted
to biogas.

Peat, an early stage in the metamorphosis of vegetable matter into
coal, is the product of partial decomposition and disintegration of plant
remainsin water bogs, swamps or marshlands, and in the absence of air.
Like all material of vegetable origin, peat is a complex mixture of
carbon, hydrogen, and oxygen in aratio similar to that of cellulose and
lignin. Generally peat islow in essential growing elements (K, S, Na, P)
and ash. Trace elements, when found in the peat bed, are usualy intro-
duced by leaching from adjacent strata. The Federal Trade Commission
specifies that to be so labeled, peat must contain at least 75 percent peat
with the rest composed of normally related soil materias. The water
content of undrained peat in abog is 92 to 95 percent but it is reduced to
10 to 50 percent when pest is used as a fuel. Peat is harvested by large
earth-moving equipment from a drained bog dried by exposure to wind
and sun. The most popular method used in Ireland and the Soviet Union
involves harrowing of drum-cut peat and allowing it to field dry before
being picked up mechanically or pneumatically.

The chemical and physical properties of peat vary considerably, de-
pending on the source and the method of processing. Typical rangesare:

Processed peat Air-Dried Mulled Briquettes
Moisture, wt % 25-50 50-55 10-12
Density, Ib/ft3 15-25 30-60
Caloric value, Btu/lb 6,200 3,700-5,300 8,000

Proximate analyses of samples, calculated back to adry basis, follow a
similar broad pattern: 55 to 70 percent volatile matter, 30 to 40 percent
fixed carbon and 2 to 10 percent ash. The dry, ash-free ultimate analysis
ranges from 53 to 63 percent carbon, 5.5. to 7 percent hydrogen, 30 to
40 percent oxygen, 0.3 to 0.5 percent sulfur, and 1.2 to 1.5 percent
nitrogen.

World production of peat in 1993 was about 150 million tons, mostly
from the former Soviet states. Other significant producers are Ireland,
Finland, and Germany. Annual U.S. imports are primarily from Canada,
about 650,000 tons per annum. Several states produce peat, Florida and
Michigan being the larger producers. Over a 10-year period, U.S. pro-
duction declined from 730,000 to about 620,000 short tons (590,000 t)
per year. The value of production was $16 million from 67 operations.

By type, peat was about 66 percent reed sedge with the balance
distributed between humus, sphagnum, and hypnum. The main uses for
peat in the United States are soil improvement, mulch, filler for fertiliz-
ers, and litter for domestic animals.

Wood, when used as a fuel, is often a by-product of the sawmill or
papermaking industries. The conversion of logs to lumber resultsin 50
percent waste in the form of bark, shavings, and sawdust. Fresh timber
contains 30 to 50 percent moisture, mostly in the cell structure of the
wood, and after air drying for ayear, the moisture content reducesto 18
to 25 percent. Kiln-dried wood contains about 8 percent moisture. A
typical analysis range is given in[[@ble 7.1.5] When additional fuel is
required, supplemental firing of coal, oil, or gasis used.

Combustion systems for wood are generally designed specially for
the material or mixture of fuelsto be burned. When the moisture content
is high, 70 to 80 percent, the wood must be mixed with low moisture
fuel so that enough energy enters the boiler to support combustion. Dry
wood may have a heating value of 8,750 Btu/Ib but at 80 percent mois-
ture a pound of wet wood has a heating value of only 1,750 Btu/lb. The
heat reguired just to heat the fuel and evaporate the water is over 900
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Table 7.1.5 Typical Analysis of Dry

Wood Fuels
Most woods,
range
Proximate analysis, %:
Volatile matter 74-82
Fixed carbon 17-23
Ash 05-22
Ultimate analysis, %:*
Carbon 49.6-53.1
Hydrogen 5.8-6.7
Oxygen 39.8-43.8
Heating value
Btu/lb 8,560-9,130
kJ/kg 19,900-21,250
Ash-fusion temperature, °F:
Initial 2,650—-2,760
Fluid 2,730-2,830

* Typically, wood contains no sulfur and about 0.1 per-
cent nitrogen. Cellulose = 44.5 percent C, 6.2 percent H,
49.3 percent O.

Btu, and combustion may not oc€ur_Taple 1.1.6 shows the moisture-
energy relationship. The usua practice when burning wood isto propel
the wood particles into the furnace through injectors along with pre-
heated air with the purpose of inducing high turbulence to the boiler.
Furthermore, the wood is injected high enough in the combustion
chamber so that it is dried, and al but the largest particles are burned
before they reach the grate at the bottom of the furnace. Spreader stok-
ers and cyclone burners work well.

Table 7.1.6 Available Energy in Wood

Moisture, % Heating value, Btu/lb Wt water/wt wood
0 8,750 0
20 7,000 0.25
50 4,375 1.00
80 1,750 4.00

Wood for processing or burning is usually sold by the cord, an or-
dered pile 8 ft long, 4 ft high, and 4 ft wide or 128 ft3 (3.625 m3). Its
actual solid content is only about 70 percent, or 90 ft3. Other measures
for wood are the cord run, which is measured only by the 8-ft length and
4-ft height; the width may vary. Sixteen-inch-long wood is called stove-
wood or blockwood.

Small wood-burning power plants and home heating became popular,
but in some areas there was an adverse environmental impact under
adverse weather conditions.

Wood charcoal is made by heating wood to a high temperature in the
absence of air. Wood loses up to 75 percent of its weight and 50 percent
of its volume owing to the elimination of moisture and volatile matter.
As aresult, charcoal has a higher heating value per cubic foot than the
original wood, especially if thefinal product iscompacted in the form of
briquettes. Charcoal is marketed in the form of lumps, powder, or bri-
quettes and finds some use asafuel for curing, restaurant cooking, and a
picnic fuel. Its nonfuel uses, particularly in the chemical industry, are as
an adsorption medium for purifying gas and liquid streams and as a
decolorizing agent.

In addition to peat and wood, several lesser-known fuels are in com-
mon use for the generation of industrial steam and power. Aside from
their value as a fuel, the burning of wastes minimizes a troublesome
disposal problem that could have serious environmental impact. Nearly
all thesewastefuelsare cellulosic in character, and the heating valueisa
function of the carbon content. Ash content is generally low, but much
moisture could be present from processing, handling, and storage. On a
moisture- and ash-free basis the heating values can be estimated at
8,000 Btuw/Ib; more resinous materials about 9,000 Btw/Ib.MEDEZTis
alist of some typical by-product solid fuels.
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Table 7.1.7 By-product Fuels

Moisture,
Heating value, % as Ash, %
Btu/lb (dry) received moisture-free

Black liquor (sulfate) 6,500 35 40-45
Cattle manure 7,400 50-75 17
Coffee grounds 10,000 65 15
Corncobs 9,300 10 15
Cottonseed cake 9,500 10 8
Municipal refuse 9,500 43 8
Pine bark 9,500 40-50 5-10
Rice straw or hulls 6,000 7 15
Scrap tires 16,400 05 6
Wheat straw 8,500 10 4

Bagasse is the fibrous material left after pressing the juice from sugar-
cane or harvesting the seeds from sunflowers. The chopped waste usu-
ally contains about 50 percent moisture and is burned in much the same
manner as wood waste. Spreader stokers or cyclone burners are used.
Supplemental fuel is added sometimes to maintain steady combustion
and to provide energy for the elimination of moisture. Bagasse can
usually supply al the fuel requirements of raw sugar mills. A typical
analysis of dry bagasse from Puerto Rico is 44.47 percent C, 6.3
percent H, 49.7 percent O, and 1.4 percent ash. Its heating vaue is
8,390 Btu/lb.

Furnaces have been developed to burn particular wastes, and some
preferences emerge by virtue of particular operating characteristics.
Spreader stokers are preferred for wood waste and bagasse. Tangential
firing seems to be used for coffee grounds, rice hulls, some wood waste,
and chars from coa or lignite. Traveling-grate stokers are used for
industrial wastes and coke breeze.

Biogas is readily produced by the anaerobic digestion of wastes. The
process is cost-effective in areas remote from natural gaslines. In Asia,
for example, there are millions of family biodigesters with a capacity of
8 to 10 m3. Larger-capacity systems of about 2,000 m3 are installed
where industrial biodegradable wastes are generated as in communes,
feed lots, wineries, food processors, etc. Not only is the gas useful, but
aso the sludgeisagood fertilizer. Remaining parasite eggs and bacteria
are destroyed by lime or anmonia treatment. Harvest increases of 10 to
35 percent are reported for rice and corn.

Biogas contains an average of 62 percent methane and 36 percent
carbon dioxide; it also has a small amount of nitrogen and hydrogen
sulfide. Raw gas heating value is about 600 Btu/ft3 (5,340 cal/m3). The
raw gas will burn in an engine, but corrosion can occur unless proper
materials of construction are selected. Gas from a garbage site in Cali-
fornia is treated to remove acid gases, and the methane is sold to a
pipeline system. Most sites, however, do not produce enough gasto use
economically and merely flare the collected gas.

Other methods have been demonstrated for converting biomass of
variable composition to an energy source of relatively consistent com-
position. One procedure is to process bulk volume wastes with pressur-
ized carbon monoxide. A yield of about 2 barrels of oil per ton of dry
feed is obtained, with a heating value of about 15,000 Btu/lb. Heavy
fuel oil from petroleum has a heating value of 18,000 Btu/lb. Pyrolysis
is also possible at temperatures up to 1,000°C in the absence of air. The
gas produced has a heating value of 400 to 500 Btu/ft3 (about 4,000
kcal/m3). The oil formed has a heating value about 10,500 Btu/lb
(24,400 Jg).

Refuse-derived fuels (RDFs) usualy refer to waste material that has
been converted to a fuel of consistent composition for commercia ap-
plication. Although several sources exist, the problem lies in gathering
the raw material, processing it into a usable form and composition, and
delivering it to the point of combustion. Almost any carbonaceous ma-
terial and a suitable binder can be converted to a form that can be fired
into a pulverized fuel or a stoker boiler. Each application should be
evaluated to eliminate carryover of low-density material, such as loose
paper, and where in the boiler that combustion takes place.

Some installations are cofired with fossil fuels. Most of the bv-

product fuels il Table 7.1.1 might be used alone or with a binder. An
ideal situation would be nearby waste streams from amajor production
facility. After mixing and extrusion, the pellets would be storable and
transported only a short distance. If the pellet density is close to the
normal boiler feed, the problems of separation during transportation and
firing are reduced or eliminated. The problem of hazardous emissions
remains if the waste streams are contaminated; if they are clean-burn-
ing, hazardous emissions might reduce the apparent cleanliness of the
effluent. (See Sec. 7.4.).

PETROLEUM AND OTHER LIQUID FUELS
by James G. Speight
Western Research Institute
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Petroleum and Petroleum Products

Petroleum accumulates over geologica time in porous underground
rock formations called reservoirs, where it has been trapped by over-
lying and adjacent impermeable rock. Oil reservoirs sometimes exist
with an overlying gas ‘‘cap’’ in communication with aquifers or with
both. The oil resides together with water, and sometimes free gas, in
very small holes (pore spaces) and fractures. The size, shape, and de-
gree of interconnection of the pores vary considerably from place to
placein anindividual reservoir. The anatomy of areservoir is complex,
both microscopically and macroscopically. Because of the varioustypes
of accumulations and the existence of wide ranges of both rock and fluid
properties, reservoirs respond differently and must be treated individu-
aly.

Petroleum occurs throughout the world, and commercial fields have
been located on every continent. Reservoir depths vary, but most reser-
voirs are several thousand feet deep, and the ail is produced through
wells that are drilled to penetrate the oil-bearing formations.

Petroleum is an extremely complex mixture and consists predomi-
nantly of hydrocarbons as well as compounds containing nit