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The United States has over 1 trillion tons of identified low-rank

- coal resources; the strippable reserve base exceeds 100 billion
tons. Major lignite deposits exist in the Fort Union Region and the
Guif Coast Region. The largest subbituminous coal deposits are in

the Powder River Region, the San Juan Basin, and Northern
- Alaska.
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PREFACE

This is volume three of a six-volume "Low-Rank Coal Study." Over-
all, the report presents a comprehensive analysis of the technical, en-
vironmental, and economic constraints to expanded development of U.S.
lignite, subb1tum1nous coal, and peat resources. The primary objective of
the study was to propose a comprehensive national research, development,
and demonstration (RD&D) program focusing on technology deve]opment for
enhance% utilization of these resources. The report is organized as
follows: '

Volume 1 - Executive Summary

Volume 2 - Resource Characterization

Volume 3 - Technology Evaluation

Volume 4 - Regulatory, Environmental,
and Market Analyses

Volume 5 - RD&D Program Evaluation

Volume 6 - Peat

This study was directed by the Grand Forks Energy Technology Center
(GFETC), wh1ch has the Tead mission within the Department of Energy for
technology "applications for low-rank coals." G. H. Gronhovd (Director)
and E.A. Sondreal (Deputy Director) of GFETC provided technical directicn
and review of all aspects of the study. The work was performed by Energy
Resources Company, Inc. (ERCO) under a contract initiated on May 16, 1979,
and completed on September 30, 1980. The study approach is summarized in
Table P-1, which shows the eight major contract tasks and the approximate
percentage allocation of funds to each. The study schedule is summarized
on Figure P-1.

Because of the scope and complexity of the effort, GFETC enlisted a
task force of recognized experts on the technical and regional issues
germane to the study. These individuals are listed in Table P-2; their
contributions to the quality and direction of the study were highly sig-
nificant. The task force met with the study team at four critical points to
review interim results and to lead working groups which established the
emphasis, priorities, and methodologies for the analysis. Primarily
through the efforts of the task force members, useful data inputs and
critiques of working draft materials were received from a number of organi-
zations as the study progressed.

Individual contacts and contributions made during the course of
the study are too numerous to list. The following (in addition to the task
force members) contributed significantly to the review of part or all of
the document: G.H. Gronhovd, E.A. Sondreal, W.G. Willson, and H.H. Schobert
of GFETC; W.R. Kube of the University of North. Dakota and GFETC; S. Alpert,
K. Clifford, S. Ehrlich, T. Lund, C. Aulisio, D. Giovanni, and R. Wolk of
the Electr1c Power Research Institute; W. McCurdy, S. Freedman, L. Miller,
M. Kopstein, L. Ludwig, E. Burwell, W. Schmidt, M.N. Rosenthal,
J. Nardella, and J. Turner of DOE; W.R. Kaiser of the Univers1ty of Texas
at Austin; and P. Averitt (retired) of the U.S. Geological Survey.

A d Volumes 2 through 5 address lignite and subbituminous coal;
Volume & addresses peat; and Volume 1 summarizes the conclusions and
recommendations of the total study.
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Figure P-1

Low-Rank Coal Study Schedule

Task

Development Scenarios
Resource Characterization
Technology Evaluation

.Regulatory, Environmental
and Market- Analyses

RD&D Program Evaluation

Task Force Meetings

Final Report

1.

2,

3.

4.

Table P-1

Major Tasks in the Low-Rank Coal Study

Low-Rank Coal Development 5. Environmental Impact Analysis (3%)
Scenarios (6%) 5.1 Land Use/Reclamation
1.1 Literature Review 5.2 Air Quality
1.2 Technology Definitions 5.3 Water Quality
1.3 Regulatory/Environmental/ 5.4 Ecological Effects
Market Definitions 5.5 Socio-Economic Effects

1.4  Low-Rank Coql Data Base

Resourgo Characterization (8%) 6. Market Analysis (6%)
2.1 Occurrence ‘ 6.1 Existing Markets and

2.2 Properties/Characteristics Penetrations
2.3 Classificatinn 6.2 Potential Markets
Technology Evalualivin (42%) 7. RD&D Pro?ram Evaluation (11%)
3.1 Extraction 7.1 Definition and Priorities
3.2 Transportation Systems 7.2 Review of Current RD&D
3.3 Preparation, Handling, Programs

and Storage 7.3 Cost and Impact Analysis
3.4 Processing and Utilization :
3.5 Environmental Control .

Tecl\nology C
Regulatory Requirements/ 8. Task Force Utilization (20%)
Constraints .(4%) 8.1 Development Scenarios
4.1 Definition Evaluation
4.2 Roadmap 8.2 Technical Analysis
4.3 Effects on Development Evaluation

8.3 RDA&D Program Definition
8.4 RD&D Program Impacts and
Recomnendat ions
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Director.

Table P-2

Low-Rank Coal Study

Task Force Participants

Participant
Dr. Martin A. Elliott
Houston, Texas

Professor George R. Hill
Salt Lake City, Utah

Mr. James Jonakin
Birmingham, Alabama
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ABSTRACT

Technologies applicable to the development and use of low-rank
coals are analyzed in order to identify specific needs for research,
development, and demonstration (RD&D). Major sections of the report
address the following technologies: extraction; transportation; prepa-
ration, handling and storage; conventional combustion and environmental
control technology; gasification; liquefaction; and pyrolysis. Each
of these sections contains an introduction and summary of the key issues
with regard to subbituminous coal and lignite; description of all rel-
evant technology, both existing and under development; a description of
related environmental control technology; an evaluation of the effects
of low-rank coal properties on the technology; and summaries of current
commercial status of the technology and/or current RD&D projects relevant
to low-rank coals.



3. TECHNOLOGY EVALUATION

3.1 INTRODUCTION. AND SUMMARY

_ The utilization of all forms of coal takes place only as a result
of several processing steps. First, the raw material must be extracted
from the earth, which is almost always done by strip mining for low-rank
coals. The next step may be either transportation to its point of use,
or beneficiation (cleaning) at the mine mouth followed by transportation.
Coal beneficiation may be oriented at separating mine dilution (essentially
dirt, rocks, etc.) from the coal, or removing sulfur, moisture or mineral
matter from the coal itself.

. At this point, the coal is ready for use. The utilization method
currently accounting for the largest use of coal is direct combustion in
pulverized coal ahd stuker type ﬁhrnaces. Fluidized bed combustion is an
emerging technology which appears to offer a number of advantages over the
canventional coal burning techniques, while still being considered a type
of direct combustion. The cunbined result of rising crude oil prices and
research in coal gasification, liquefaction, and pyrolysis indicate that
these technologies will become increasingly important as means for sup-
plying the country's energy needs. 1In reviewing America's coal resources
as a source of supply for this synthetic fuels industry, it is clear that
low-rank coals can and should play an important part in filling this future
need.

Other potential uses for low-rank coals such as magnetohydro-
dynamics, and production of carbon products (carbon black, carbon fibers,
adsorbents, electrodes, etc.) are interesting possibilities but are not
sufficiently close to commercialization or do not represent a 1arge enough
market to warrant detailed consideration in this report.

During and following utilization of the c¢oal, several forms of
environmental control are generally necessary, a]fhnugh thorough coal
“cleaning before use could potentially eliminate most of these requirements.
If the coal is burned, some form of sulfur control is usually required
which may or may not be integral with particulate control devices. Solid
wastes, including ash and sulfur scrubber sludge, may also require treat-
ment before disposal.

' Each step from extraction through utilization and environmental
control represents a potential bottleneck to increased use of low-rank
“coals. TInvestigation and research represent one way of understanding the
"issues and resolving the problems which limit low-rank coal utilization.

The key issues for each technology step are summarized below.
Complete discussions of these key issues are presented in the introduction
to each sub-chapter for the technology of interest.



Extraction

As the first 1link in a chain of coal utilization steps, coal
mining has the potential to determine the overall rate at which coal is
used, regardless of the application. The current market for low-rank coals
is not constrained by mine capacity; mines on the average are operating at
approximately ten percent below maximum output. Long term forecasts of
coal demand indicate that the current sluggish rate of new mine openings
may limit coal supply capability in the next several decades.

Aside from these economic and political problems, the mining
industry faces problems of a technological nature. However, these tech- .
nology related issues are considered to be small in comparison to those
faced by utilization systems (combustion, gasification, liquefaction and
pyrolysis). Instead of requiring major efforts in basic and process-
related research, extraction technology issues will most Tikely be resolved
through applied research and engineering design efforts addressing the
specific problems of low-rank coal extraction.

Low-rank coals occur in a wide variety of deposits, many of which
can be surface mined. Stringent reclamation requirements are now in effect
for surface-mined land. These require the development and proving of
techniques which precede, coincide with, and follow the mining operation to
restore the land surface to desired long term conditions. In addition,
better techniques are needed for mining multiple thin seams, thick seams,
and seams with deep overburden. Current practice in these cases does not
produce an optimum mining operation in terms of cost, environmental impact,
and land reclamation.

Surface mining operations also have room for improvement in the
techniques currently used to specify equipment based upon core samples and
other data. The result will be a better match between equipment and task,
resulting in a more efficient and cost effective operation. Further cost
reductions are expected from operations research and systems engineering
studies of mine operations.

Underground coal gasification (UCG) is being developed to ex-
ploit deep coal seams for which conventional surface or underground mining
is infeasible. For technical reasons, UCG appears Lu be most applicable to
Lhick continuous coal seams of high gaseous permeability and reactivity.
Such formations are abundant in western low-rank coal deposits. Several
key technical issues are already being addressed, including: 1limitation of
aquifer disruption and groundwater contamination; limitation of subsidence
and gas leakage; reliable, cost effective techniques for linking feed and
product boreholes; and techniques for improved coal seam characterization
and process monitoring.



Groundwater control and mine dewatering are other areas of concern
in western coal extraction. High concentrations of alkali and alkaline
earth salts (sodium, calcium, and magnesium, in particular) create a
problem of alkaline mine drainage.

As is true for surface mining, the properties of low-rank coals do
not .greatly influence the choice of underground mining technology. (This
is determined more by geology, manner of deposition and groundwater charac-
teristics.) This technique is not expected to substantially contribute to
the extraction of low-rank coals within the next twenty years due to
significantly poorer worker productivity (less than one-third that of
surface mining). The degree to which underground mining will contribute to
future production will depend on the resolution of issues relating to thick
seam mining, mining under unconsolidated overburden, and mine dewatering.

Transportation

Coal transportation is anothcer step to rnal utilization in which
delays or undercapacity can potentially impact all users regardless of
technology employed. Western coal 1is currently transported via rail,
waterway, and on-site truck and conveyor systems. The absence of a water-
way system in the West requires that Tow-rank coals first be transhipped
(by rail). One coal slurry pipeline is operating and numerous other coal
slurry pipelines have been proposed for subbituminous coal, but permitting
delays have postponed construction starts.

Because there 1is very 1little experience with coal slurry pipe-
lines, several technical issues may need to be resolved if this tech-
nology is to become a major mode of low-rank coal transportation. Problems
of concern include: the separation, treatment, and proper disposal of
slurry water from the finely divided coal at the receiving end of a pipe-
line; reduction of the total water cunsumption in slurry pipelines located
in arid regions of the west; and various questions relating to the re-
liability of pipeline flow. :

In general, no major technical hurdles stand in the way of in-
- creased low-rank coal transpurtation. However, recent steep increases in
rail rates illustrate the need tor impruvements in transportation econom-
ics. Through the application of technology, two basic approaches to this
problem can be taken. First, bulk handling systems and/or specialized
transport systems can be appliéd to obtain economies of scale or economies
of optimum design. This approach is exemplified by slurry pipelines and
the unit train concept. The second approach to improved transport econom-
ics is to upgrade the quality of the coal prior to transport. An example
of this approach is minemouth processing to reduce moisture content and
thereby increase heating value. .Technology of this nature is addressed in
the section on coal preparation, handling, and storage.



Coal Preparation, Handling, and Storage

This category includes a wide range of coal treatment methods
applied after mining and before utilization to achieve a variety of physi-
cal and/or chemical changes in the coal.

Coal preparation includes comminution (all size reduction tech-
niques), mineral matter control (for removal of sulfur, ash, mine dilution,
or specific mineral components such as sodium), moisture reduction (for
slurry dewatering, and removal of both surface and bound moisture).
Briquetting and pelletizing may also be included under preparation, since
these processes produce a fuel product with superior handling and storage
characteristics. Blending is a preparation and handling technique which
consists of combining coals of different physical and chemical properties.
The problems faced in the storage of mined coal over long periods of time
include strategies for inventory control, techniques to control windage
loss and freezing, and methods for preventing spontaneous combustion and
for retaining desirable coal properties (such as reactivity).

In contrast to the majority of bituminous coal mined in the United
States, low-rank coals are generally subjected to little or no preparation.
The low extraneous mineral matter content typical of low-rank coal is one
reason for this; low inherent sulfur and low heating value are also
reasons. The net effect of these characteristics is to yield a coal which
does not respond in a cost-effective manner to the beneficiation processes
which have been developed for bituminous coals.

The economic attractiveness of using these processes on low-rank
coals, and for developing new techniques which are specifically designed
for low-rank coals, will increase with rising energy costs and tightening
environmental regulations. Some of the potential opportunities for the
application of beneficiation technology not previously applied to low-rank
coals include: 1) reduction of moisture content to obtain improved trans-
portation and utilization economics; 2) reduction of sodium content in
high fouling low-rank coals by ion exchange to reduce boiler operating
and maintenance costs; and 3) selective or general reduction of mineral
matter content by physical or chemical means, either for unusually con-
taminated coals or in preparation for certain conversion processes.
In anticipation of these changes, research effourls should focus on moisture
reduction techniques for low-rank coals and slurries, applications of ion
exchange (and other chemical cleaning processes) to Tlow-rank coals (es-
pecially coal fines), and the use of gravity separation techniques on
low-rank coals. Development of these technologies also implies a concern
for proper waste disposal techniques in each circumstance.



" Briquetting and pelletizing techniquées are potentially valuable
in expanding the utilization of low-rank coals because of their superior
handling, storage, and utilization characteristics. A better understanding
of .briquette or pellet .formation and subsequent physical and chemical
changes will aid in further enhancing the attractiveness of this tech-
nology. Briquetting and pelletizing may be one attractive method for
dealing with fines generated during handling and comminution, and for
reducing the handling problems associated with dried lignite.

Utilization Technologies

- The end objective of extraction, transportation and preparation
efforts is the utilization of the coal in one of several modes. Conven-
tional direct combustion accounts for the overwhelming use of current coal
product.ion, although fluidized bed combustion, gasification and 1lique-
faction will Tikely become mportant consumers of low-rank coal in future
decades. Low-rank coal properties will uniquely aftect the design and
application of these technologies to western coals.

Conventional Direct Combustion

Conventional combustion includes coal combustion in cyclone,
. stoker, and pulverized coal type furnaces. Pulverized coal furnaces are in
widest use among utilities. Cyclone furnaces were introduced because of
- their ability to burn coals with low ash fusion temperatures and to
recover a high percentage of the coal ash as bottom slag. However,
it was found that at the high temperatures required to maintain slag flow,
a significant amount of the sodium present in the ash was volatilized
and contributed to ash fouling problems. In addition, high operating
temperatures favor the formation of nitrogen oxides. For these reasons,
cyclone burners have been all but abandoned with the. exception of several
units which are still operating on North Dakota lignite. Stoker firing is
generally 1imited to smuller applications of less than 100,000 1b/hr
steam.

The special properties of low-rank coals influence virtually all
aspects of direct combustion. Of primary importance are high moisture
levels (Tow heating values) and properties of low-rank coal mineral matter.

Low heating values increase the tonnage of coal required for
a given power output in comparison to higher rank coals. This imposes a
requirement for greater capacities in coal transport equipment, handling
equipment, pulverizers, stack gas cleaning devices and disposal efforts.
Retrof it of bituminous coal boilers to burn low-rank coals also means a
significant derating in output.
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High sodium levels found in the mineral matter of some low-rank
coals (particularly North Dakota lignites) promote slag formation by
lowering ash fusion temperatures, and aggravate boiler tube fouling.
~However, when high calcium and/or magnesium levels also occur, these

effects of sodium are somewhat negated. Continued research into the
mechanisms of ash fouling and slagging, and into the control of these
problems through the use of additives or other means, would be worth-
while.

The high reactivity and nonagglomerating characteristics of low-
rank coals allow for a larger particle size during combustion.while still
assuring complete burnout. In addition, these properties provide an
opportunity for development of direct coal ignition systems for low-rank
coal utility boilers, which would replace the oil-ignition systems cur-
rently utilized. T

Combustion Environmental Control Technology (ECT)

Federal and state standards for both plant emissions and ambient
concentrations of air and water pollutants have become major determining
factors in the design and siting of coal-fired power plants. Environmental
control requirements for plants constructed in the 1980's will account for
more than half of the plant costs. Low-rank coals have several unique
physical and chemical properties that affect the selection, design, and
operation of appropriate control systems. The tendency in the utility
industry to date has been to add control systems to power plants in series
without much regard for their interactions. Thus, one potentially fruitful
area of investigation is to take a systems approach to the overall problem
of coal selection and preparation, boiler design, control device design,
and disposal or utilization of wastes or by-products. Proper integration
of the solutions to the many interrelated problems involved in generating
electric power from low-rank coal while meeting all environmental .require-
ments could save the industry billions of dollars over the next several
decades. :

Low sulfur levels are an important advantage of many western
low-rank coals, ‘reducing the extent of flue gas desulfurization necessary
to meet envirunmental standards. Some of these coals offer the possibility
of using their alkaline ash as a reagent for flue gas desulfurization,
thus eliminating the need for limestone or other sorbents. Spray dryer and
dry sorbent SO scrubbing systems have high potential applicability to
low-rank coals because of their chemistry. Improvement of existing ash-
alkali wet scrubbing technology would also be desirable.
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The current trend in utilities toward baghouses instead of electro-
static precipitators reflects the difficulty of meeting stricter particu-
late emission standards. Low-rank coal fly ash often has a high electrical
resistivity (although the effect is not as severe with high sodium coals),
an undesirable characteristic when operating electrostatic precipitators.
A number of important research topics. should be pursued in the area of
improved particulate control methods for low-rank coals. The study of fine
particulate control technology should be given special emphasis because
regulations for respirable particles are still evolving, because the
chemistry of low-rank coal fine particulate matter may be unique, and
because sampling, analytical, and control methods for very fine particles
are not well developed. -

Three other key ECT areas exist for low-rank coal combustion in
which regulations, measurement techniques, relevant data, and control
technology are just heginning to evolve. These are: 1) the reduction of
nitrogen oxide emissions; 2) dispesal and/or utilizatinn of sulid wastes
and sludges from power plants; and 3) control of emissions of trace ele-
ments and organic compounds in the flue gas from low-rank coal combustors.

Fluidized Bed Combustion

Atmospheric fluidized bed combustion (AFBC) is a potentially at-
tractive alternative to the conventional pulverized coal boiler with its
tail-end scrubbing systems. In general, fluidized bed coal combustion
of fers lower NOy emissions, in situ sulfur recovery, increased combustion
efficiency, reduced tube fouling, lower excess air requirements, smaller
combustor size, improved fuel versatility, modular construction and easily
handled by-product material. These advantages over conventional combustion
techniques are due primarily to the intense turbulence in the bed, the
relatively low and uniform combustion temperature, and the comparatively
long solid residence times in the bed without a long linecar flow path
requirement. The use of low-rank ¢oals in fluid bed combustors also offers
the potential for sulfur capture without added sorbents. In addition, an
FBC can tolerate a wide variation in coal properties as is typical of
low-rank coals. ‘

Several problems exist with regard to low-rank coal use in fluid
bed combustors. Most are related to unique western coal composition and
properties, but others arise out of the tendency for waste materials to be
leached with groundwater. For example, the very characteristics of western



coals which permits substantial self-control of sulfur, high alkali con-
tent, also contributes to waste disposal problems, high temperature cor-
rosion, and gas stream components which must be removed to a very high
degree to prevent turbine blade damage in PFBC applications. Another
problem presented by low-rank coals in some cases is that limestone addi-
tion is required to prevent bed agglomeration even when it is not needed
for sulfur control.

Gasification

Low-rank coals are suitable feedstocks for all three basic gasi-
fier types: fixed bed, fluidized bed and entrained flow reactors. In
general, low-rank coals are superior gasification feedstocks which display
non-caking characteristics, high reactivity, and lower sulfur contents in
comparison to bituminous coals. Their natural variation in ash composition
also creates a different and highly variable viscosity-temperature re-
lationship and behavior toward refractory materials which must be accounted
for in gasifier design and specification of operating parameters. Dif-
ferences in the organic structure of the coal also dictate different
wastewater treating requirements than would be indicated for bituminous
coals. The higher moisture contents and fines fractions often found in
low-rank coals indicate fixed bed applications less strongly because of the
large volumes of wastewater produced and the difficulty in feeding fines to
these gasifiers. . However, other advantages of fixed bed devices, es-
pecially when operated in the slagging mode, may outweigh these drawbacks.

Liquefaction

Coal liquefaction includes the manufacture of liquid products
by two basic process types: direct and indirect liquefaction. Direct
liquefaction processes react coal with hydrogen or synthesis gas in a
process derived liquid solvent medium. Suitably designed catalysts can be
used to influence rate and selectivity in both primary liquefaction and
secondary treatment for product upgrading.

Indirect liquefaction is in actuality a gasification process
as far as thc coal is concerned. Cual 1s first gasitied (with oxygen)
to produce a synthesis gas which is then catalytically reformed to produce
a spectrum of liquid fuels and oxygenated chemical products.



At present, the unique properties of low-rank coals are not
sufficiently well-defined to allow optimal application of direct lique-
faction processes developed for bituminous coals. It is known for example
that low-rank coals (particularly lignite) react very readily with carbon
monoxide, but the conditions under which this characteristic is best
utilized are not currently known. Similarly, high moisture and oxygen
contents and low sulfur contents affect optimal process conditions (higher
pressures due to excess water vapor and C02), liquefaction chemistry and
product distribution, but the most cost-effective way of dealing with the
variables is ill-defined.

The alkali and alkaline earth components of low-rank coal mineral
matter may catalyze liquefaction reactions, a fact of particular importance
in processes which do not employ added catalysts. On the other hand, ash
agglomerates which cause operational problems have been discovered in
liquefaction reactors by several researchers.

Low-rank coals have been observed to produce heavy bottoms products
of very high viscosity, creating operational difficulties and 1imiting the
scope of use for this product. Several feasible solutions to the problem
exist, but additional experimentation and operating experience are needed.

Low-rank coals show promise as liquefaction feedstocks because
of their low cost, high reactivity, natural catalytic activity and rapid
reaction with CO. Research is required to determine the best possible ways
of exploiting these advantages, while dealing with possibly greater re-
quirements for reducing gas and higher process pressures. Regardless of
the final determination of optimal process conditions for a given coal, it
is clear that liquefaction processes designed for bituminous coals will not
function optimally when processing low-rank coals. Thereforeé, the poten-
-tial for low-rank coals as Tliquefaction feedstocks should be assessed
only under circumstances which fully demonstrate their potential.

- Pyrolysis

Pyrolysis is defined as the transformation of a substance into
one or more substances by the application of heat alone. When considering
low-rank coal pyrolysis, the primary issues are product yields and quality.
Due to the large quantities of inherent moisture and oxygen within low-rank
coals, a considerable quantity of gas is produced by pyrolysis, and com-
paratively lesser quantities of valuable liquids and char. However,
studies on lignite pyrolysis have shown an upgrading in heating value from
the raw coal to the solid product, yielding a char with nearly the same Btu
content as bituminous chars. Furthermore, the chars from low-rank coals
are more reactive (in some cases pyrophoric) and may therefore be uniquely
suited to certain applications. The low sulfur advantage held by many
low-rank coals is also retained in the char.

-10-



As is the case in liquefaction, the pyrolysis of low-rank coals
requires different process conditions to achieve optimal results -than
those used for higher rank coals. ~ v -

Because of the importance of the trade off between 1ow raw ma-
terial cost and Tow pyrolysis yields, an engineering/economic study of this
issue should be made before undertaking any s1gn1f1cant research programs
in low-rank coal pyro]ys1s

‘Summarx

It is clear that low-rank coals have tremendous potential for
filling future energy needs in the United States. Their unique properties
indicate that they are preferred feedstocks 1in some applications, and
require that process designs developed for bituminous coals be re-evaluated
to achieve optimal results from low-rank coals. A vigorous program of
research and development will be required to exploit the full potential of
this va]uab]e national resource. ‘



3.2 EXTRACTION

3.2.1 Introduction and Summary

The total identified resource of U.S. low-rank coal is over 1
trillion tons. Approximately 10 percent of this resource is classified as
the strippable reserve base. This is the portion of the resource that is

- of greatest immediate interest, because virtually all low-rank coal extrac-
tion is currently accomplished by surface mining.@ As shown in Table
3.2.1.1, the 1977 production of low-rank coals was 111 million tons, or
roughly 0.1 percent of the strippable reserve base. In the future, the
technologies of underground mining and underground coal gasification (UCG)
will be applied to the deeper low-rank coal resources if market conditions
permit. Therefore, this study addresses all three of these coal extraction
techniques.

Surface mining technulugy is not qreatly affected by the character-
istics of the coal itself, although the intrinsically lower heating value
of low-rank coal compared to bituminous coal restricts extraction opera-
tions to those with very low cost per tonb (typified by very large,
mechanized, efficient strip mines with low ratios of overburden-to-coal).
Much more important to surface mine design are geographic factors such as
climate, rainfall, terrain, reclamation potential, and surface water
characteristics; and geologic factors such as types of overburden, coal
seam depth, dip, thickness, and continuity, and groundwater systems. These
latter (geologic) factors are also the most important determinants affect-
ing the underground extraction techniques. In addition, underground mining
is affected by some physical properties of the coal and overburden, pri-
marily those which determine the competence of the mine roof. Underground
coal gasification technology is greatly affected by the geologic and
hydrologic factors, and by essentially all of the physical/chemical proper-
ties of the coal and overburden (such as permeability, reactivity, swelling
or shrinking behavior, etc.). UCG appears to be most applicable to deep,
thick, continuous low-rank coal seams of high permeability and reactivity
which abound in the western United States.

A number of key technical issues relating to the improvement of
these low-rank coal extraction technologies are currently of importance.

aThis will apparently continue to be the case for at least the
next decade. For example, of the "Planned New Coal Mine Development and
Expansinn 1979-1988" in Montana, North Dakota, New Mexico, Texas, and
wyoming, 98.1 percent of the expected coal production will be surface
mined.

bAnother important factor constraining the competitive cost of
low-rank coal extraction is the large distance that often separates the
resource from its markets, which result$ in significant contributions to
the price of delivered coal by transportation costs. (This contribution is
magnified by the low heating value of the fuel.)
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Table 3.2.1.1

Total U.S. Low-Rank Coal Resources,
Strippable Reserve Base, and Production Estimates

(billion short tons)

Identified Strippable 1977

Resourcesd Reserve Based Productionb
Lignite 543.8 40.8 0.028
Subbituminous 546.1 67.9 0.083
Total 1,089.9 108.7 0.111

9For sources and definitions of these items on a state-by-state
basis, see Tables 2.1.2 and 2.1.4 in Volume 2 - Resource Characterization.

bsource: Reference 1.
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The surface mining issues relate to: (1) increasingly stringent surface
mined land reclamation requirements; (2) the continuing pressure on mine
operators to increase productivity and yields and decrease unit production
costs; and (3) the extension of surface mining technology to more difficult
geographic and geologic circumstances. The underground mining key issues
recognize that the depositional characteristics of western low-rank coals
differ from the underground-mined eastern bituminous coals, and that mere
extension of the existing technology to the low-rank coal resources will
not be adequate in-many cases. The technology development needs of under-
ground coal gasification are more basic, since large-scale, long-term
technical feasibility of a UCG process has yet to be demonstrated outside
of the Soviet Union. The key issues which have been identified are listed
below and discussed in the paragraphs that fo]]ow

1. Surface Mining:
a. Techniques for revegetation and soil rejuventation

b. Techniques for multiple thin seams, thick seams,
and deeper overburden

c. Techniques for optimizing equipment specifications
based on 1aboratory core analysis

d. Cost reduction through 0perat1ons Research and
Systems Eng1neer1ng

e. Dewatering of mine area and groundwater control

2. Undekground Mining:
a. Techniques for mining thick seams

b. Techniques for mining under unconsolidated over-
burden

c. Dewatering of mine area and groundwater control

3. Underground Coal Gasification:

a. Control of aquifer disruption and groundwater
contamination

b. Control of subsidence and gas leakage
¢c. Reliable, cost-effective linking techniques

d. Techniques. for improved coal seam characterization
and process monitoring
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1. Surface Mining

la. Techniques for Revegetation and Soil Rejuvenation

The Surface Mining Control -and Reclamation Act of 1977 requires
reclamation of all surface mined lands and lands disturbed at the surface
by underground mining, to a usefulness as high or higher than previously.
Prior to obtaining an operating permit, reclamation plans must be submitted
which include stockpiling of topsoil, regrading, isolation of toxic spoils
or horizons, water management, spoil and disturbed Tand stabilization, and
revegetation. :

Reclamation is most effective when planned in advance of and
implemented in conjunction with mine development. For example, regrading
practices can affect the success of revegetation. Burial of toxic spoils
and recovering of the surface with topsoil is critical to provision of the
necessary supply of organic material for p]ant growth. Small terraces
and slight depressions reduce erosion and increase infiltration, which
facilitates plant growth.  Mulches such as straw and wood chips or chemi-
cal binders may also be used to control erosion until the vegetation is
established. Additives like lime, fertilizer, treated fly ash, sewage
sludge, or compost may be used to condition acidic or nutrient-poor soils.
A vegetative cover should be established as soon as possible after grading
to minimize erosional losses.

Revegetation is difficult in the arid areas of the west where only
half of a nine- or ten-inch rainfall may be available for plant utili-
zation. The planting of seed]ings, sod, and transplants has been more
successful than has seeding in these areas. An estimated 5 years are-
required to return a Wyoming strip mine to productive crog]a and ten
years are required to return it to productive range land. Substantlal
amounts of water could be required for irrigation in some areas, causing
potential water usage conflicts.

Reclamation of lands under which western low-rank coals are de-
posited is amenable to solution, at a cost. The problem is to reduce the
cost. To some degree, better equipment to reduce spoils handling time and
help contour the surface more efficiently would reduce costs. -Specialized
genetically manipulated and bred seedlings and new planting techniques
would also reduce costs by accelerating revegetation. New data being
generated from research on revegetation in these regions will be very
helpful. However, for the immediate future, aggregation and dissemination
of already existing data and studies in revegetation, planting, soil
treatment, plant strains, etc., is needed.
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1b. Techniques for Multiple Thin Seams, Thick Seams, and Deeper
Overburden

Thick seams, multiple thin seams (both dipping and horizontal), and
deeper overburden present significant problems which require new equipment,
more complex development sequences, and probably new technologies in order
to be more cost competitive with the more "“conventional" strippable low-
rank coal resources. All of these characteristics are found to some degree
in major western low-rank coal resources and necessitate one common feature
in the successful extraction of the coal - some form of extended pit. In
conventional area mining, the rate of overburden removal and extraction of
the exposed coal seam occur at comparable rates so that the "pit" nature of
the mine can be minimized and rapid and concurrent reclamation can be
accomplished. This concurrent exposing of seams and covering of mined-out
areas is not easy for the above-mentioned seam characteristics using
conventional equipment.

Limitations on drag line boom length and angle of soil repose
determine the maximum depth that can be mined by simple overcasting.
Extended pit overburden removal requires extensive spoil rehandling and/or
the use of frontloaders, shovels, strippers and hauling trucks in various
- combinations. However, the use of bridge conveyors capable of cross-pit
handling of spoils has been developed by Europeans and is currently em-
ployed in Southwest Africa. The conveyor bridge eliminates the need for
spoils rehandling. The Department of Energy is currently planning to
sponsor design and construction of such a conveyor system.

1c. Techniques for Optimizing Equipment Specifications Based on
Laboratory Core Analysis

Surface mines utilize many different types of equipment in essen-
tially every conceivable combination. This large earth-moving machinery is
so expensive, and its efficient operation is so important Lu Lhe cost of
the mined coal, that proper equipment design and selection is of paramount
importance. This involves selecting the proper types and combinations of
equipment, as well as optimizing the design features (size, capacity,
cutting edges, etc.) of each piece of equipment, to fit the local condi-
tions. Mining and equipment engineers are developing and using increas-
ingly sophisticated computer programs to aid in this process.

During the premining planning phase, a three-dimensional "picture"
of the resvurces is obtained through the use of mapping, coring, laboratory
analysis, and geophysical logging techniques, combined with computerized
interpretation of. the data. Factors such as seam quality, thickness,
depth, continuity, and characteristics of overburden and partings are
determined in detail.
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Among other uses, these data serve as input to computer models
which can simulate the operating characteristics of most commercially
available surface mining equipment. Given the overburden characteristics,
etc., the models can compare alternatives and solve for optimal mine and
equipment designs and costs.

These models can be extended in two basic directions: (1) equip-
ment design, and (2) overall mine optimization or more innovative mine
development schemes. An example of the first type would be the selection
of optimum boom 1length, bucket capacity, etc., for a drag line, given
extensive data on the coal seam and overburden characteristics.

An example of the second type of optimization problem might involve
the selection of the best combination of equipment types for the extended
bench method of stripping overburden. One option would be to use two drag
lines, with the first one removing a portion of the overburden. The second
drag line would operate on a bench created by leveling the spoil from the
first machine, removing the remaining overburden and rehandling a portion
of the initial spoil. However, the first drag line is not being employed
very economically in this scheme, and a truck-shovel combination in place
of this drag line might be more efficient. In this case the stripper
shovel and trucks working ahead of the drag line would create the bench and
pave the way over the rolling terrain.

1d. Cost Reduction Through Operations Research and Systems Engi-
neering

Operations Research. involves the application of numerical method-
ologies (usually via computer) to simulate a process or operation. The use
of computer models to help design equipment and choose the optimum equip-
ment mix to develop a mine (as described in the preceding subsection) is an
example of operations research. These methodologies can also be used to
develop operating schedules and strategies that optimize management's
“objective function" in response to changing conditions such as prices,
regulations, labor costs, etc. Examples of different management objectives
include: (1) maximum internal rate of return; (2) minimum labor costs; or
(3) minimum downtime. Depending on the choice of objective function,
different mining schedules or strategies might be appropriate under a given
set of conditions.

These types of computer models can be used in conjunction with
industrial engineering methods (such as time and motion studies) to improve
operating efficiencies as well. Analysis of observed mining operations and
comparison with idealized "theoretical" operations can locate sources of
variance which might be amenable to improvement. This type of analysis can
be valuable in any phase of the operation, from equipment assembly through
revegetation. For example: (1) The time required to assemble drag lines
is considerablc (months);, Lhe computer model can investigate the use of
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modular subassemblies which are bolted together in the field rather than
welded, cutting assembly time to one-tenth the former time. (2) In deeper
surface mines, it has been found that actual overburden removal rates are
less than predicted by bucket capacity of the drag lines due to the need
for rehandling. In these situations, drag lines with longer booms and
~smaller buckets can be more productive due to the absence of rehandling.
(3) To aid operators of drag lines during operation, as well as to obtain
performance data, small onboard computers are starting to be employed.
Their potential future impact on productivity is expected to be very great
(in one -study as much as 9 percent).3

As these examples indicate, the combination of computer-aided
design and computer-aided operations (being introduced in many other
industries as well) will make it progressively less expensive for coal
mining companies to practice ongoing-innovation. When properly integrated,
the digital output from the "design" programs can serve as direct input to
the "operations" programs, streamlining the process of improving mine
productivity.

le. Dewatering of the Mine Area and Groundwater Control

According to the Surface Mining Control and Reclamation Act of
1977, hydrologic effects of surface and underground mining are to be
controlled. Features of the hydrologic system to be protected include
depth to groundwater, location of surface water drainage channels, flow
regimes and groundwater recharge capacity.

Acid mine drainage, which is commonly associated with surface
mining of eastern bituminous coal, is not a major problem in most areas of
the west because of low precipitation rates, low sulfur content of the
coal, and remoteness of streams. However, there are exceptions to these
regional generalizations; isolated cases of acid mine drainage have been
reported in Colorado and Montana.

More commonly, alkaline drainage is a problem in the western coal
fields. There, overburden and coal deposits are characterized by high
concentrations of sodium, calcium, magnesium, CO3, HCO3, SO4 (from over-
burden sulfate rather than from pyrite oxidation as 'in acid drainage),
and chlorine. The dilution potential of many western streams is marginal,
because ot ephemeral ur reduced summer and winter flows. Associated with
alkaline mine drainage are elevated levels of dissolved solids and such
constituents as sulfate.

The principal sources of water in thé mine area are surface water
runoff, rain-related runoff, and dewatering of shallow groundwater aqui-
fers. The first factor can be minimized by diverting the surface water
source. The second problem is variable, but often small because much of .
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the western low-rank coal is in semi-arid regions where rainfall is very
light. Dewatering or disrupting groundwater aquifers can be a very signif-
icant problem, especially if the coal seam itself is an aquifer (which is
quite common in the west). Coal-bed groundwater, even if not of drinking-
water quality, is frequently used for livestock watering. In the northern
Great Plains, groundwater is used heavily for both domestic and livestock
water supplies. Subirrigation of alluvial valley floors is vital to
agriculture in some western states, and the disturbance of groundwater
systems in these areas is of particular concern.

Generally when mine area water-related problems occur, a sump is
formed in the mine floor, and the water is pumped to the surface and
treated according to the appropriate Federal effluent guidelines. One
possib]e area for research is to study the feasibility of sealing aquifer
zones in coal strip-mining areas to prevent or reduce d1scharge of ground-
water to excavations and halt dewatering of aquifers.

Post-mining restoration of coal-seam aquifers is a difficult
problem which (1ike rehabilitation of the surface) must.be addressed in the
mine plan. Normal procedures involve deposition of plant-toxic material
and permeable material at the bottom of the pit (where the coal was). If
the overburden contains clays or shales, these could ‘serve to dam the
aquifers when deposited in the pit, and subsequently cause rises in the
water tables up-gradient of the mined areas and decreases in water tables
down-gradient of the mined areas. It might be possible to segregate and
deposit material of similar permeability to the original coal, and thus
construct artificial aquifers in places where coal seams served this
purpose before mining. However, the use of such methods to patch the gaps
-in coal-seam aquifers is not well developed at the present time.”»

2. Underground Mining

2a. Technidges for Mining Thick Seams

Conventional underground mining technology has a practical upper
.limit to the thickness of seam which can be mined - approximately 7 feet.
Western low-rank coal seams are commonly greater than 12 feet thick. In
order to efficiently extract coal from Lhick western seams, new or modified
technologies will be required.

Three methods are currently receiving attention as well as Depart-
ment of Energy funding: (1) caving by pillar extraction, (2) multislice
longwall mining, and (3) longwall caving. Caving by pillar extraction
involves the controlled caving of the coal seam roof, by -undercutting the
seam, using room and pillar techniques. Longwall caving employs the
controlled collapse of the coal seam roof, which is undermined by longwall
techniques. In multislice longwall mining the coal seam is extracted from
the top down in a series of longwall slices or passes, using conventional
longwall equipment. If underground mining of western low-rank coals is to
‘be expanded, these or similar techniques will have to be refined, and the:
conditions of their optimum use and selection determined.
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2b. Techniques for Mining Under Unconsolidated Qverburden

Roof support in underground mining operations is without doubt the
most important single concern for mine management.8 The presence of
unconsolidated overburden presents significant problems to underground
mining. In all conventional underground mining techniques, the roof must
be supported before the face can be advanced; some mine roofs are self-
supporting while others are maintained with the help of artificial sup-
ports - unconsolidated overburden would necessitate the latter.

. The central requirement in determining support requirements is

the geological section related to the immediate roof strata (about 10-15
feet). From the geological section, the problem is to determine the anchor
horizon for the rock bolt and the density of roof supports. The closest
competent bed determines the anchor horizon, and, consequently, the length
of bolt required. The search for the competent bed depends on the height
of the roadway and the length of bolt that can be installed. Where a
competent bed is absent, provisions must be made for additional conven-
tional support. .

Thus, either the coal seam itself acts as the anchor horizon
(implying thick seams of structurally sound coal) or additional supports
are required for unconsolidated overburden. The former case is wasteful of
coal, and the latter is time-consuming and expensive. New techniques would
probably be required to mine these deep seams - and/or some new roof-
supporting systems developed.

2c.  Dewatering of Mine Area and Groundwater Control

Coal mine drainage 1is practically nonexistent: at some mines and
causes severe problems at others. Mine drainage can be either from surface
runoff or infusion from underground aquifers. Precautions such as avoiding
the siting of shafts and boreholes in low spots on the surface will prevent
surface runoff water from entering the mine. Water influx from aquifers is
harder to avoid, particularly when the coal seam itself is a major aquifer.

Water can be removed and/or controlled by diversion tunnels,
gravity, or pumps. Use of water diversion tunnels appears attractive from
a conceptual standpoint, but invariably proves economically infeasible.d
~ Water removal frum existing underground mines is almost always achieved
through the use of pumps and gravity. The degree of contamination of Lhe
water depends on the duration of its exposure to the coal. As a result,
plastic pipes (for runoff) and rapid removal of the water from sumps or
other traps is the current industrial practice. Upon abandonment, mines
are "sealed," preventing further air and/or water infusion.

In general, the control of water during mining is a centuries-old

problem; the technologies have heen "fine-tuned" through experience so that
little basic research would be necessary. The treatment of mine drainage
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effluents is a problem, but one of coét reduction. There does appear to be
some research needed in the area of mine sealing upon abandonment, but more
in the application and perfecting of existing methodologies.

3. Underground Coal Gasification

3a. Control of Aquifer Disruption and Groundwater Contamination

Aquifer disruption problems anticipated in a large UCG plant are
similar to those associated with underground mining. Removal of the coal
and subsidence of overlying strata will disturb any groundwater systems in
those rock strata. In general, the thicker the coal seam removed, the more
movement likely to be experienced by the aquifer. Because there is little
that can be done to prevent or control the natural fracturing and settling
process, it will be important to obtain good hydrologic data throughout the
area to be affected by a proposed UCG plant, and to predict the impacts of
the operation on the flow of groundwater. If these consequences are not
acceptable due to existing or planned uses of the water, another site will
have to be selected. '

In addition to disruption of groundwater flows, UCG plants could
create unique water contamination problems. Gasification residues and
byproducts could dissolve in the groundwater flowing through a previously
~gasified zone. Both soluble organic compounds (e.g., phenols) and inor-
ganic compounds (e.g., sulfates) would be involved. Limited amounts of
field data on the extent of this potential problem have been obtained to
date.” There is some evidence from both the field and the laboratory to
indicate that as the contaminated water flows through surrounding unreacted
coal, the organic species are absorbed by the coal within a relatively
short ?gstance and time.9 The fate of the inorganic constituents is less
clear.

~More data and better quantitative models are needed to reliably
predict the impacts of UCG operations on groundwater systems. This re-
quires: (1) a conscientious effort to monitor hydrological conditions and
groundwater quality before, during, and after UCG field tests; (2) incor-
poration of the data  into predictive models; and (3) supporting laboratory
research.

3b. Control of Subsidence and Gas Leakage

The design of a large-scale underground gasification system must
take subsidence into account; the considerations are similar to the devel-
opment of an underground mine. The layout of injection and production
wells can either leave coal pillars between parallel gasification channels
to support the overburden and isolate each gasifier from the other (anal-
ogous to room-and-pillar mining, with similarly low resource recovery); or
allow a number of interconnected gasifiers to advance in a broad front with
subsidence occurring immediately behind (analogous to longwall mining).
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The Soviets appear to have worked with both systemsﬂ- Operations in this
country have not reached large enough scale to test either type of opera-
tion yet.

In the case of steeply dipping beds (SDB), very severe but local-
jzed subsidence may occur due to the large vertical component of the coal
being removed. The Soviets observed some massive subsidence in their SDB
plants, ‘but this did not disrupt the operations when the air injection was
through the underburden.!! 'However, as might be expected when large
ground movements occur, some gas leakage was observed through cracks to the
surface.

The problems with subsidence may be classified as (1) operational,
and (2) environmental. Operational problems would include damage to
borehole casings, wellheads, and piping systems within the subsiding zone.
Gas leakage would reduce the thermal efficiency of the process and thus
cause lost revenues. Environmental problems would include surface depres-
sions, and (in some areas depending on the nature of the overburden)
unpredictable subsidence events over a period of years following the
gasification operation. Leakage of syngas would have a minor effect on
local air quality. It might also present a safety hazard, if ignition of
the hot, hydrogen-containing gas occurred in an area containing plant
personnel. To resolve this issue it will be important to collect field
data, develop operating experience, and improve predictive models of
subsidence in various geological settings. The usefulness of field data
from small-scale field tests is limited, however. Subsidence is a site-
specific phenomenon, as well as being a function of plant scale.

3c. Reliable, Cost-Effective Linking Techniques

A critical part of UCG technology is the creation of permeable
pathways, or links, in the coal seam between the injection and production
boreholes. These Tlinks .can be created by reverse combustion, directional
drilling, and other techniques. To ensure an efficient gasification
process, it is important that these links be formed reliably and in the
bottom portion of the coal seam. Reverse combustion, the cheapest and most
direct linking method, is unfortunately sometimes unreliable. Multiple
linka?e paths have been observed, as well as paths at the top of the coal
seam.12 ~ This Tlatter problem leads to an.inefficient operation in which
the qasification zone "overrides" the coal seam, recovering only a portion
of the coal and producing low-quality gas. Uirectional drilling is a4 more
" positive and reliable technique, but it is also more expensive. In addi-
tion, a successfully completed directionally drilled well did not result in
efficient gasification in a recent test at Hoe Creek, Wyoming.

Further field development efforts are -required before linking
techniques can be considered sufficiently reliable for commercial UCG
operations. In addition to improving the two techniques mentioned, re-
searchers are working on other ideas such as water jet drilling and
explosive shaped charges.
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3d. Techniques for Improved Coal Seam Characterization and
Process Monitoring

Because the underground coal seam is the gasification reactor,
obtaining complete geologic and hydrologic information on the site is
critical to the success of the subsequent operations. Initially, it is
necessary to confirm that the coal seam meets basic criteria such as
continuity. This can be done through a combination of remote and downhole
surveying techniques (e.g., seismic surveying). Drilling, coring, and
logging is performed to develop the necessary geophysical and hydrological
"~ data. In some cases, the conduct of air injection/production tests,.and
possibly reverse burn linking tests, would be considered part of the s1te
characterization and evaluation phase as well.

One critical problem is to.keep the cost of the site characteriza-
tion effort within reason, while still obtaining enough detailed data to
design the process appropriately for the specific site. This requires the
development of improved characterization, as well as interpreting and
modeling test data obtained from well-characterized sites.

To meet this objective, the use_ of extensive arrays of surface and
downhole diagnostic instrumentation to observe the process during small-
scale field tests is warranted. The most useful of these systems to date
have been downhole thermocouple arrays, used in combination with a variety

~of other in situ and remote (seismic, electromagnetic) measurements.
Post-test coring or excavation has also proved informative. From these
efforts, a. reproducible model of the process is beginning to emerge.]2

In future commercial plants, cost considerations will dictate that
downhole instrumentation be minimized. Some remote sensing techniquées may
be developed to. the point where they can provide useful diagnostic informa-
tion at low cost. .
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3.2.2 Surface Mining

3.2.2.1 Technology Description .

Surface mining involves: (1) removal of the topsoil and over-
burden; (2) extraction of the coal seam; (3) replacement of the overburden
and topsoil; and (4) reclamation of the land. Each of these steps, -as well
as some important preliminary operations, will be described briefly below.

Exploration and Evaluation of the "Prospect"!»2

The steps involved in a typical sequence for the exploration and
evaluation of a coal resource in the western states are shown in Table
3.2.2.1. The objective is to obtain an accurate three-dimensional map of
the prospective mine, reflecting seam depth, thickness, continuity and
pitch (if possible), and the nature of the overburden, as well as poten-
tial surface and groundwater problems.

From an operator's perspective, the area for improvement is in the
obtaining of more and better data at less cost. The infusion of better
coring and logging equipment and techniques from the o0il industry has
reduced costs and increased efficiency. Also, the application of coal
geophysics and computers is making better interpretation and use of the
_ data possible.

Included in the evaluation is an analysis of market needs and loca-
tion, transportation availability and cost, and product .quality versus util-
ity specifications. Because of the huge investment in machinery involved
in large western strip mines, the "market" ofter consists of a minemouth
power plant or long-term contract(s) to ship the coal to a remote location.

Evaluation of Possible Environmental Impacts and Controls

Inherent in the process of determining if a prospect is "economic"
is the evaluation of barriers and costs involved in environmental per-
mitting and compliance. This has been especially true since the Strip
Mining Act of 1977 was passed, in which operators' responsibilities and
requirements were specified in considerable detail.

The prudent economic evaluation of a mine must include careful
copsideration of the potential costs of reclamation. Aspects such as
climate, rainfall, topsoil, natural vegetation, current and projected land
use, and terrain must all be determined and evaluated for their impacts on
‘reclamation efforts.

Surface Mine Design

. Fd]]owing the preliminary economic and environmental evaluations
that result in a decision to develop a mine, mining engineers and reclama-
tion specialists work together with management to design a detailed mining

-25-



-92-

Table 3.2.2.1

Typicai Search for a New Coal

Déposit in Western U.S.A,

Regional
Appraisal
(Stage #1)

Detailed
Reconnaissance
(Stage #2)

Detailed Surface
Investigation of
Target Area
(Stage #3)

Detailed Three-
Dimensional
Physical Sampling
.of Target Area
(Stage #4)

0-Geologic compilaticn
for "marketing"

area*

F-Field check of
sections contain-
ing coal seams™

" F-Reconnaissance

drilling for'
‘stratigraphy and
coal thickness

F-Chemical and
calorific check of
dutcrops or drill
samdles (not badly
burned) . '

-

F-Detailed mapping of
outcrops

F-Detailed stream sadi-
ment and/or geochamical
survey

.

‘F-Drilling*-logging*

L-Mineralogical, Chem-
ical analyses and
physical tests on
samples, cores and
cuttings*

F-Down-hole geophysical
surveys

L-Amenability tests on
coal samples for in-
tended use

0-Reserves computations*

O-Preliminary Valuation*

F-Investigation of water
problems and water _
availability for plants*

F-Investigation of suit-
ability of ground for
‘plant, tailings, dump
and town sites

F-Test pit, shaft sinking

or tunneling to.obtain bulk
samples

Legend:

0

*

office study; F = Field ihvestﬁgation; L =
activity or method which is indispensable

Source: Reference 1, pages 22-23
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and reclamation plan before mining is begun. Two basic surface tech-
niques are most commonly used to extract western low-rank coal: (1) area
mining, and (2) open pit mining.@ Area mining involves removing the
topsoil and overburden in strips (box-cuts) typically 1 mile long and 100
feet wide. In the simplest cases (shallow seams on flat terrain), the
spoil is handled only once by simple overcasting, as illustrated in Figure
3.2.2.1. Extraction of deeper, thicker, dipping, or multiple seams re-
quires use of the more complex open pit mining techm’ques,b in which
larger strips (e.g., 1,000 feet wide) are excavated and overburden is
shifted from benches within the pit to uncover the coal.

In essentially all low-rank coal surface mines, topsoil and over-
burden are kept separate. (Exceptions occur in Texas where soil and
rainfall conditions allow revegetation to proceed without the need for
separate handling of topsoil.) Blasting is used as required to loosen both
the overburden and the coal, which is then loaded on trucks. Reclamation
is accomplished by replacing and grading the overburden, replacing the
topsoil, and revegetating.

Although the initial capital costs for equipment can be very high
(so as to exclude many small operators), the cost to extract a ton of coal
by surface mining is low, and the productivity per man-day (25-30 tons)
is correspondingly high. The cost of reclamation can also be kept within
reasonable limits if properly managed in the predevelopment stages. These
are significant economies of scale as indicated by the trend to larger,
faster equipment and the fact that 22 of the 25 largest coal mines in the
United States (1978) are western low-rank coal surface mines.

There is considerable variability from mine to mine in terms of
seam thickness, depth, rate of extraction, etc., and also in terms of the
current economic limits on these important variables. Nevertheless,
examination of a few statistical averages is instructive. The most impor-
tant single measure of a surface mine's economic attractiveness is the
overburden ratio, usually expressed as cubic yards of overburden removed
per ton of coal extracted.© The average overburden ratio for all low-rank

aContour mining (and one other technique - auger mining) are used
mainly in the Appalachian region to extract relatively thin coal seams from
rolling to very steep terrain.

bAmong the world's most impressive open pit operations are the
brown-coal mines in the Rhineland area near Cologne and Aachen, West
Germany. Seams 65-320 feet thick are being extracted to depths that will
exceed 1,650 feet. Extraction and transportation systems for overburden
and coal are highly sophisticated, as are the reclamation methods.4 5

CThe densities of these materials are such .that the thickness ratio
of overburden to coal closely approximates the quantity cubic yards/ton.
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Figure 3.2.2.1
Area Strip Mining with Concurrent Reclamation
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coal surface mines which reported overburden removed in 1977 was about 4.4.
Averages for individual states ranged from about 2 for Alaska and Montana
up to about 8 for Texas. In contrast,; the average overburden ratio re-
ported for all bituminous coal surface mined in 1977 was about 17.4, w1th
individual state averages ranging from about 10 (Georgia) to 28 (A]abama)
This difference reflects both the greater value per ton of the higher-rank
coals, and the fact that huge quantities of low-rank coals are available in
thick, shallow seams.

The current limits on low-rank coal seam depth and thickness being
extracted in the United States do not necessarily represent technical or
equipment Tlimitations, but rather economic or market limits. This 1is
particularly evident in the context of the very deep and thick brown coal
deposits being surface mined in other countries such as West Germany and
Australia. The abundance of U.S. low-rank coals ensures that this will
continue to be the case for many years.d Thus, the primary forces re-
sponsible for continuing advancement of western coal surface mining tech-
nology are the need for cost reduction (productivity improvement) and
the need to meet increasingly stringent environmental standards. -

Equipment ‘Selection

Proper selection and design of the giant earth-moving equipment
used in surface mines 1is an integral part of the mine planning process.
The number of equipment options and their possible combinations has been’
increasing steadily. - Computerization of both equipment design and opera-
tion is being practiced more and more widely, and is indicative of the
increasing complexity and sophistication of surface mining equipment.
Improved reclamation practices and the increased extraction of deeper,
thicker, dipping, or multiple seams are forcing an increase in mobile
equipment usage, notably in situations requiring selective handling of
overburden. '

If required for reclamation purposes, the topsoil must be separated
from the overburden and stored separately from the overburden wastes.
Usually topsoil is removed by bulldozers. The choice of equipment for
overburden and coal removal depends on many factors, including the size and
shape of the coal reserve; the mine production rate; type and character of

dThe criteria used to define each state's "strippable reserve
base," which are designed primarily to include economically recoverable
coal, generally place maximum overburden thickness limits on low-rank coals
of 125-250 feet, and minimum seam thicknesses of 3-5 feet, with implied
maximum overburden ratios on the order of 5:1. As noted in the introduc-
tion to this chapter, current annual production of low-rank coal represents
considerably less tham 1 percent of the strippable reserve base. Also,
Averitt has suggested that within the 1ift and swing limits of existing
(1974) machinery a 30:1 overburden ratio is technically feasible as a
maximum for present and near-future strip mining.
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the overburden;

reclamation requirements.2

thickness of the coal seam and depth of overburden;

and

Some of the factors which favor the respective types of excavators

are listed below. .

~which can best meet all the requirements of any particular mine.

Draglines:

e Have great flexibility and range in handling overburden
and in movement about the area.

e Can handle much deeper overburden than a shovel of com-
parab]e size.

0 Are capable of digging a much deeper box cut than a
shovel of comparable size.

e Normally operate on the high ground ahead of the mine
cut and not in the pit, which allows more flexibility
for pit operations.

o MWeigh less than shovels of comparable bucket capacity
and have much better flotation characteristics.

o Are capable of handling material w1th poor stacking
stability.

e Have lower initial cost per cubic yard of bucket capac-

- ity, especially in larger machines.

e Have better operating time.

¢ Require less maintenance.

Shove]s

e Operate on the coal, reducing roadway costs.

® Require less -surface and highwall preparation and less

"~ drilling and blasting.

¢ llave lower power cost per cubic yard.

- @ Are capéb]e of moving larger pieces of material.
e Have lower rope cost per cubic yard of bucket capacity

than draglines.
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Excavating Wheels (Bucket Wheel Excavators):
. ® Provide continuous excavation of highwall material.

‘e Can move material much greater distance from highwa]] to
spoil than either dragline or shovel.

® Must have unconsolidated highwall material to be used
effectively.

0 .Reduce reclamation cost.
Crawler Tractors and Rubber-Tired End Loaders:
® Are highly mobile.

o Are diesel powered, requiring no power distribution
system.

e Are capable of moving overburden any distance required.

e Are capable of doing rec]amation.work simultaneous with
stripping.

In present mining situations, the application of crawler tractors
and rubber-tired end-loaders has been primarily in outcrop or contour
mining operations with comparatively small annual production. Most western
surface mining is conducted with shovel or dragline or a combination of the
two types of machines, depending on the requirements of each operation.
There are a few areas where the wheel excavator has proven successful due
to. the character of the overburden (e.g., at the Centralia mine in Wash-
ington state). However, in most instances, the wheel excavator is used
in conjunction with either a shovel or a dragline to move the uncon-
solidated material which is normally encountered in the upper portion
of the overburden. The trend has been to go to progressively larger
machines. Draglines now exist with 220-cu-yd buckets, and shovel buckets
range up to 180 cu yd.

The development of better structural and electrical materials, need
for higher hourly productivity, and the necessity of mining to greater
depths of overburden have been the prime reasons for the development of
larger equipment sizes.

One problem which has occurred with the advent of these larger
machines has been the decrease in operating time. This has been caused,
primarily, by the increased size and weight of the components and repair
parts, Parts which could be handled by hand on the smaller machines must
now be handled by machine. Any routine repair or maintenance work on these
large machines therefore takes more time out of the operating schedule.

As in .the case of the excavators, the equipment used to load the
coal depends on surface mine design features; in addition, the haulage or

-31-



transportation system is an important determinant. Typically, if trucks
are used for haulage, shovels or front loaders are employed.

The coal is transported from the pit by trucks or conveyor systems.
Trucks are most flexible but consume large amounts of energy.. Conveyors
are less flexible and require high production rates to be justified econom-
ically, but are less costly when optimally employed.

Surface mining involves the use of huge and costly earth-moving
equipment which must be operated by well-trained and highly-skilled oper-
ators. To a large degree the work force is not "in place" where most
low-rank coal 1is mined and not experienced in the new and often unique
equipment which is to be employed. As a result training is necessary so
that the equipment is operated properly, efficiently and safely. Training
is one area of improvement which is expected to pay off in the short term
(as well as help eliminate shortages of this quality of worker).

Reclamation

The correct planning ot a surtace mine includes a detalled reclana-
tion plan in .the predevelopment stage. The choice of equipment and mine
design are determined to some degree by reclamation requirements. Each
surface mine has its own peculiarities and the reclamation plan needs to be
tailored to fit the area involved.. The ultimate objective of the reclama-
tion process is to re-establish surface conditions that (1) at least
approach the productive potential for which the reclaimed area is to be
used; (2) do not disrupt major drainage patterns; and (3) blend with the
surrounding 1landscape.

Important steps in all surface mine reclamation efforts are:8

1. Knowing the characteristics of the material to be
revegetated.

2. Proper shaping and topsoiling of the spoil material.

3. Selecting species or varieties adapted to the soil,
climate, and planned use.

1. Seeding or planting at the proper time, depth, and
rate.

5. Proper fertilization as determined by soil tests.
6. Modification of the micro-climate by appropriate
procedures such as pitting, furrowing, mulching, and
snowfencing, etc.
' 7. Management after establishment to maintain produc-
tivity.
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Reclamation can be made more efficient and less costly by the
better use of data on forestry, biology, and agriculture. For example,
cloning and tissue culture techniques are being employed to develop thou-
sands of plants, indigenous to a specific mine site, from a cutting of one
of the plants. The use of pooled information on climate, vegetation,
toxicity of overburden, etc., will accelerate reclamation efforts. Also,
graders and mulchers specifically designed for surface mine reclamation can
reduce costs and increase efficiency.

3.2.2.2 Environmental Control Technology

The potential environmental impacts of a surface mining operation
are site-specific, but can be categorized in general terms as follows:

1. Land impacts and modification of drainage patterns,
requiring sound reclamation practices.

2. Potential slope instability associated with spo11 and
refuse disposal.

3. Contamination from mining waste (e.g., leaching of
soluble acids, gases, and minerals that may be toxic)
affecting water quality and aquatic ecosystems.

4. Modification or disruption of aquifers as a result of
mining through them (causing either local or regional
groundwater impacts).

5. Reduced availability of water in the area due to the

. water consumed in mining and reclamation operations (as
well as possible supply disruptions due to aquifer
modification).

6.  Air contamination (e.g., dust, other emissions from
machinery).

Land impacts are perhaps the most important ot the factors listed.
Major attention is being given to these problems, and PL 95-87 establishes
a program to resolve them as western coal mining expands. The current
legislative trend is to require restoration of the disturbed area to its
approximate original contour with all spoil ridges and highwalls eliminated
and no depressions left to accumulate wa.er. Contour grading does not mean
that all areas must be leveled, but rather that the profile of the land
must be put back to-approximately the way it was before the strip mining
began. To accomplish contour grading, the spoil from the first cut is
graded so as to blend into the contour of the adjoining land. Successive
spoil piles are then graded with all material pushed toward the last cut,
where it is deposited in the final pit. Long slopes on the graded spoil
must be interrupted by terraces and/or diversion ditches. All of the
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diversions and terraces must be constructed dccording to sound engineering
principles and must end in suitable outlets.

- Removal and placement of the overburden are critical in environ-
mental control. The nontoxic, nonacid, and fertile material should be
stockpiled for later spreading or placed on top of the less desirable
spoils already mined. The placement of the spoil should assure that long,
steep slopes are avoided, that the material is not subject to slippage, and
“that it does not produce high peaks difficult to regrade.

Several states require the operator to separate topsoil from the
subso11 and to stockpile the two types separately so they will not be mixed
during the excavation process. When mining is completed, the materials can
then be put back in their original sequence and the surface revegetated to
prevent crosion. Some operations remove the topsoil and immediately spread
it on areas recently graded, thus handling the material only once. This
provision ensures that the besi suil for plant growth is on top and not
indiscriminately mixed with subsoils, which often containh toxic materials.

Some form of tillage of the site before planting is usually neces-
sary.. - Any tillage measures must follow the contour of the slope and run
parallel to the divisions or terraces. Chemical improvement of the soil in
the form of liming and fertilizers is often needed for rapid establishment
of vegetation.

Highwalls can cause environmental problems. An unstable highwall
that sloughs off can ruin the natural drainage in a strip area. Material
falling off the highwall can dam up channels and thereby prolong the
contact between water and toxic material, or even force the water to seep
through toxic spoil piles. Sloughing highwalls can open up new toxic
materials to weathering. Problems such as these can often be overcome by
grading the spoil back against the highwall and "knocking off" the top of
the highwall,

3.2.2.3 Effects of Low-Rank Coal Properties

- As indicated earlier, the physical and chemical properties of the
coal itself -have relatively little impact on the technology requirements
for surface mining. In North Dakota, some selective mining is practiced to
-extract lignite from portions of a seam with relat1ve1y low sodium content.
Thus, coal properties can affect the mining plan in some cases. Much more
important are the geographical and geological factors associated with the
occurrence of Iow-rank coals (e.g., stripping ratio, overburden character-
‘istics, seam thickness and continuity),

Low-rank coals occur in vast areas of the United States in a wide
variety of depositional and geographic environments (refer to Volume 2 -
Resource Characterization). Only a few selected examples of challenging
surface mining problems associated with low-rank conal reserves are listed
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below. In the following section on current mining operations in various
low-rank coal regions, some additional illustrative examples of techniques
used to surface mine various low-rank coal deposits are presented.

Thick Seams

- Large quantities of low-rank coal (particularly the subbituminous
coal in the Powder River Basin, for example) exist in very thick seams
ranging up to 100 feet or more. These coal beds pose difficult problems
for conventional U.S. surface mining techniques such as area mining by
dragline.- Extraction of such thick seams requires use of open pit or
terrace-pit techniques.

Multiple Seams

The existence of multiple seams of coal.separated by relatively
thin interburden. layers is also common in the western low-rank coal regions.
These situations also require the use of open pit techniques.

Steeply Dipping Seams

Coal seams that dip at angles greater than 30° (in some cases,
vertical or overturned) are found in abundance, generally at the margins of
major basins. Typically these seams are also subject to severe folding and -
faulting due to the mountain-building activity associated with them. A
variety of open pit techniques, some of them quite innovative, are being
applied to these difficult-to-mine coal seams.

3.2.2.4 Current Status

Recent production statistics for surface-mined coal in the low-rank
coal regions are shown in Table 3.2.2.2. In 1978 the total increased to
154 million tons, which represents about 24 percent of the total U.S. coal
produced. The five states currently producing the most low-rank coal -
Wyoming, Montana, Texas, North Dakota, and New Mexico - are also the states
in which the most rapid growth in capacity is occurring (with the exception
of Montana), _

Table 3.2.2.3 lists the currently operating surface mines that are
producing subbituminous coal and lignite in the United States. As shown,
the typical size of these operations is several million tons/year, with the
Amax Belle Ayr mine in Wyoming leading the Tist at 18.1 million tons/year.
The following sections summarize the operations, practices, and problems
associated with surface mining operations in the highest producing states.

Wyoming!4

, " With vast and diverse resources of subbituminous coal, Wyoming has
a large and growing number of surface mines which utilize all major mining
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Table 3.2.2.2

Surface Mine Production Statistics for

Lcw-Rank Coal-Producing States, 1977

Surface Overburden
Mine S.rface Production, 1,000 Short Tons Ratio,Cubic  Acres Acres
State Count Lignite Subbituminous  Bituminous Tota Yards/Tonb  Mined® ReclaimedP

Alaska 1 -- 705 -- 705 2.02 93 180
Arizona 3 -- 11,059 -- 11,059 3.84 459 483
Colofado 20 -- 1,751 5,953 7,704 6.52 778 1,085
Montana 8 328 26,898 -- 27,225 2.38 549 586
New Mexico 5 - 9,198 1,145 10,343 6.17 512 1,017
North Dakota 10 12,028 -- -- 12,023 3.97 665 1,774
Texas 6 15,865 -- -- 15,865 8.00 1,593 1,784
Washington 2 - 5,040 17 5,057 6.66 93 203
Wyoming 16 -- 28,654 16,7244 45,378 3.30 1,653 1,483
Toté] 7 28,221 83,305 23,839 135,3€5 " 4.42¢ 6,395 8,595

these co

between 80. and 100 percent of t-e total production.

Source:

aMuch of the Wyoming coal is in tte "overlap" rank cantegory (1¢,500-11,500 Btu/1b moist, mineral
matter-free) in which the subbituminous A ard high-volatile C bituminous coals fall.
production is classified as bituminous coél in reference 6, other sources such as reference 18 classify

als seams as subbitumincus.

Although this

bNot a1l mines repori these data; however, for the states listed, the quantities shown represent

CQuantity shown is tne cverage.

Reference 6.



Table 3.2.2.3 | Page 1 of 2

Major Lignite and Subbituminous Mines in the United States

" Production

(1978)
Company Mine Name Rank  (Short tons)
Wyoming . .
Amax : Belle Ayr Sub 18,065,664
Arch Mineral | Seminoe 1 Subb 2,500,000
Arch Mineral Seminoe 2 Subb 2,800,000
Arch Mineral Medicine Bow Subb 3,100,000
Big Horn Big Horn 1 Sub 2,838,862
Bridger Jim Bridger Subb 5,175,540
Carter Mining Rawhide Sub 2,620,000
Carter Mining Caballo Sub 144,510
Glenrock Coal Dave Johnston Sub 3,358,899
Resource Exploration Hanna Basin Subb 900,000
Rosebud Coal Sales Rosebud Subb 2,868,048
Sunoco Cordero Sub 3,800,000
Thunder Basin Black Thunder Sub 1,983,334
Wyodak Resources Wyodak Sub 850,1902
Kemmerer Coal Company ETkol-Sorenson Sub, 4,061,794
FMC Corporation Skull Point Subb 893,000
Montana
. Decker Coal Company Decker (W and E)  Sub 9,073,592
Western Energy Company Rosebud Sub 10,576,000
Knife River Coa]_Mining Company  Savage Lignite 300,001
Nestmprélgnd Resources ’ Absaloka Sub 2,554,201
Peabody Coal Company Big Sky , Sub 2,064,886
Texas
Alcoa " Sandow Lignite 2,008,198
[.C.T. Darco . Lignite 271,381
Texas Utilities Big Brown Lignite 5,298,285
Texas Utilities Monticelln Lignite 6,966,468

Texas Utilities Martin Lake Lignite 5,971,750

"f31977“pfddﬁttion.‘\ :
bHeating value of this ¢oal is between 10,500 and 11,500 Btu/1b
(moist, mineral-matter-free) - see note a on Table 3.2.2.3.
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. Table 3.2.2.3 (cont'd)

Page 2 of 2

Major Lignite and Subbituminous Mines in the United States

Development Company

" Production
(1978)
Company Mine Name Rank  (Short tons)
North Dakota
Baukol Noonan Inc. Center Lignite 3,400,000
Baukol Noonan Inc. Noonan Lignite 540,000
Consolidated Coal Co. Velva - Lignite 289,678
Consolidated Coal Co. Glenharold Lignite 3,686,094
Falkirk Mining Co. Falkirk lLignite 142,308
~ Husky Industiies Mine Nn. 2 Lignite 135,000
Knife River Mining Co. Gascoyne Lignite 2,871,839
Knife River Mining Co. Beulah “Lignite 1,887,267
_ Nokth American Coal Corp. Indian llead Lignite 911,743
~ New Mexico , ,
Pittsburgh & M1dway Coal McKinley Sub 2,992,958
Mining Company
Utah International Inc. Navajo Sub 8,000,000
Western Coal Company San Juan Sub 2,613,030
Arizona - ,
" Peabody Coal Company Black Mesa Subb- 2,515,820
Peabody Coal Company Kayenta _ Subb 6,771,768
Colorado _
Sigma Mining Company Canadian Strip Sub 148,5604
Kerr Coal Company Marr Strip Nu. 1 Sub 500,000
Colowyo Coal Company Colowyo “Sub 1,000,000
Empire Energy Company Williams Fork Sub 242,096
. : Strip No. 2
Utah International Company Trapper Sub 345,9484
Washington .
Washington Irrigation & Centralia " Sub 4,700,000

21977 production.

bCoal is classified by some as bituminous..

Source: References 6,9-14,
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methods and types of equipment. In the Powder River Basin, practically all
surface mining is performed with truck-shovel combinations. In the Hanna
coal field, draglines are used. In the Rock Springs area and other western
Wyoming surface mining operations, various combinations of draglines,
truck-shovels, and scrapers are in use.

The most commonly used surface mining method in Wyoming is the open
pit method, although the area and contour mining techniques. are also
employed. Active surface mines have highwalls up to 150 feet, with the
average between 40 and 60 feet. The open pit mines generally use scrapers
and shovels for overburden removal, whereas the contour and area stripping
operations most frequently use draglines.

Amax Coal Company's Belle Ayr mine near Gillette began operating in
1973, producing coal from the 70-foot thick Roland/Smith seam. The mine
produced- over 18 million tons in 1978, and about 15 million tons in 1979.
Overburden averaged 118 feet thick during 1979. The open pit is nearly
2 miles long and 1 mile wide. Overburden is stripped by five 18- to
23-cu-yd-capacity shovels, loaded into 120-ton-capacity trucks, and back-
filled into areas where mining has been completed.  Coal is removed in two
separate benches by 40-cu-yd-capacity shovels, and hauled by trucks to the
crushing plant. Similar equipment and techniques are used at Amax Coal
Company's nearby Eagle Butte mine, where overburden averages 80 feet thick,
with combined coal seams of 131 feet. The open pit measures nearly 1.5
miles long, 1 mile wide and 200 feet deep. Reclamation activities in the
semi-arid climate at these Powder River region mines involve seeding with
more than 20 types of grasses, shrubs, forbs, and trees.

.Arco Coal Co.'s Black Thunder mine, also near Gillette, is extract-
ing a subbituminous coal seam averaging 68 feet thick. Overburden varies
from 20 to 220 feet. Shovels are used to dig both the overburden and the
coal. Overburden is continuously backfilled into previously mined areas
and recontoured.

Kemmerer Coal Co. mines 12 major seams ‘near Kemmerer, Wyoming with
an aggregate thickness of 300 feet; the coal seams dip at angles of 17 to
22 degrees. Three basic equipment types are used in different parts of the
mining operations (an unusually large fleet of equipment): truck-shovel
comhinations, draglines, and scraper-dozer combinations. Draglines are
used in pits mining up to three seams. Where coal seams are thick and
topography is favorable, the dragline makes two passes, placing overburden
on both the highwall and outcrop side of the cut. Scraper-dozer teams are
used to remove interburden between seams and to deepen and widen portions
of the pit beyond the reach of the dragline. In pits where more than three
seams are mined, truck-shovel combinations are used because the pit gets
too large and unmanageable for the dragline and scraper-dozer.

The Black Butte Coal Co. mine near Rock Springs, Wyoming was the

first western surface mine to start operating (August 1979) under the new
Office of Surface Mining (OSM) regulations. More than 40 federal and state
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permits were required to start the operation. During the mine's 1life,
11 pits will be developed, with three or four active at one time. Thirteen
coal seams between 3 and 35 feet thick will be mined. The use of draglines
assisted by truck-shovel teams at Black Butte is probably a first in the
coal industry. The main reason is that under OSM regulations, the dragline
operation must be maintained on the down-dip side of the outcrops to
protect the nesting areas of wildlife. Spoil cannot be cast over the
outcrops containing these nesting areas.

The truck-shovel team is used to remove the first bench of the
overburden, which is initially haulea to out-of-pit disposal areas. The
dragline then moves in to open up the box cut with ample room to place
spoil. OUnce the dragline begins spoiling, the trucks dump their loads
between the peaks of the dragline spoil, finishing the contour. After
the dragline completes the first cut, it continues to take a series of
parallel, successively deeper cuts until the cutoff depth of 130 to 150
feet is reachea. Beyond this depth, rehandling spuil becomes a problem.
Pit lengths range from 1 to 4 miles.

Overland conveyors are being installed at the pits to reduce the
coal hauling distance. A 19,800-foot-long overland conveyor will move coal
from the western area of the property to the unit-train loading facility.

Montanal4

Four large subbituminous coal surface mining operations, and one
small lignite mine, account for essentially all of Montana's current coal
production. Since the passage of the 30 percent severance tax in 1975, no
new mines have been installed. Standard mining practice and equipment
selection have not been fully established. The size of overburden removal
equipment had not been of the magnitude used in the Midwest until West-
moreland Resources assembled a 110-cu-yd dragline at the Absaloka mine in
1979. The two draglines at that mine remove overburden from a suite of
four subbituminous coal seams which total 58 feet thick. Front-end loaders
dig the coal and 10ada 1t into 100-tun-capacity haulage trucks.

At Western Energy Co.'s Rosebud mine, a 23-foot subbituminous coal
seam is exposed by two walking draglines of b0U-cu-yd capacity. Overburden
is 1uy feet thick. Three shovels 1oad the coal into haul trucks.

Iexas?
A1l lignite mines in Texas (except one) are supporting minemouth
electric power generating stations and hence require large dred mines Lo

meet fuel needs. Ihe lana topology 15 generally (lat and unconsolidated,
lending itself well to area mining practices. Neither the overburden nor
the lignite require blasting for removal. Consequently, the surface mining
operation consists of overburden removal, lignite loading and mine haulage.

. The mines are prestripped using dozers and/or scrapers. The over=

burden is then handled by sidecasting with a dragline. Stripping is per-
formed using the "box cut" method. Pit widths are generally 120 feet and
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lengths range from 0.6 to 2.0 miles. Maximum depth is typically 150 feet
but may go as deep as 250 feet in a multiseam mine. Operation usually runs
on a three-shift-per-day, seven-day-per-week basis. When more than one
seam is encountered, more complex open pit methods are applied.

Lignite is commonly excavated using 12-to0-20-cu-yd electric mining
shovels to load trucks. Rubber-tired front-end loaders and hydraulic
shovels are also used. Their use may increase in the future because
the higher mobility allows them to adapt to changing conditions rapidly.
Bucket wheel excavator systems are also being considered for lignite
loading. In this case, lignite would probab]y be loaded into a hopper
feeding a conveyor belt for haulage.

Mine haulage is generally by trucks in the 85- to 120-ton class.
Tractors with bottom-dump trailers are common although some end-dump trucks
have been planned. Haul distances at the Big Brown mine are 5 to 10 miles
one way and maintenance problems have developed on the haul road. Other
transport systems include a 2-mile conveyor belt at the Sandow mine and
combination truck-unit train haulage at Monticello and Martin L ake.

In general, the overburden is mixed and it 1is not necessary to
handle topsoil separately to revegetate mined lands. Rainfall is adequate
for revegetation and no problems with acid drainage are reported. After
leveling is complete, spoil areas are fertilized and sprigged with Coastal
Bermuda-grass or seeded with Crimson clover. Although it is early to reach
conclusions (none of the reclaimed areas have been approved for release),
reclamation efforts appear to have been especially successful in Texas due
to the plentiful rainfall and possibly the properties of the spoil mate-
rial.

North Dakota!®

In North Dakota, locating the first strip pit on a lignite bed so
that only commercial quality Tlignite is obtained can prove difficult.
Often the lignite along the outcrop of the bed is of inferior quality as it
contains high moisture and high ash, and has a low heating value and a low
ash fusion temperature. Such low-quality lignite can be found for as much
as half a mile from the outcrop towards the center of the deposit. It is
necessary to delineate the 1line on the lignite bed where the first pit
should be Tlocated so that only high-quality lignite is exposed when the
overburden is removed. Ordinarily, this is accomplished by first drilling
test holes and determining the actual 1limits of the lignite bed. Addi-
tional test holes are then drilled from the outcrop towards the center of
the bed to a point where analyses of the drill samples indicate the lignite
is of a commercial quality. The point where high-quality ]1gn1te is found
is designated as the commercial lignite boundary.

Another problem that can prove to be very expensive and sometimes

difficult to solve is that of mine drainage. Most stripping in North
Dakota follows the contour of the land; the overburden is relatively
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shallow at the outcrop with the elevation of the surface usually increasing

-toward the center of the bed. -Pits are normally located on the outer
perimeter of the lignite bed, and drainage from the higher interior eleva-
tions has a tendency to collect in the open cut. Water accumulation in the
pit can consist of both surface runoff and groundwater. Every effort is
made to channel all surface runoff around the stripping operation.

Past analyses have indicated that the ash content in the top 6
inches of a lignite seam has a tendency to be high. Usual practice is to
remove at Teast part of this top layer by cleaning the bed with bulldozers
and scrapers immediately after exposure by stripping. All material loos-
ened by these operations is removed. In addition, the surface of the
portion of the seam set aside for each day's loading is again cleaned
through use of front-end loaders and self-loading scrapers. A few years
ago, a practice was inaugurated of sweeping the surface with mechan1ca1
brooms just before drilling, blasting, and loading.

One severe problem faced by the lignite mining industry in North
Dakota is the fact that peak production occurs during the coldest winter
months when temperatures can. plunge to -40° F. Ordinary metals exhibit
peculiar characteristics at these temperatures and have a tendency to
become brittle. During extremely cold temperatures, large loading booms
would sometimes snap; iron and cast steel gears in a tipple would shatter
and fly through the air much like shrapnel; and huge walking cam guides on
a large walking dragline would snap and break even though these castings
weighed several tons each. With the advent of new specification steels,
and the practice of heating critical components during very cold weather,
this condition has been alleviated to some extent.

Keeping haul roads free from snow has also caused problems.
Elevated roadways and snow fences have been used to attempt to minimize
this problem. Also, the bottom clay underlying lignite beds in some
areas of North Dakota is not capable of supporting the ordinary loading
shovel, as the bearing pressure of the tracks exceeds the bearing strength
- of the clay. At the South Beulah mine, it is necessary to use large
flotation tracks on the loading shovel in order to prevent the shovel from
sinking into the bottom. '

Material shortages and long delivery times often p]ague expansion
efforts in the industry. Also a shortage of skilled labor in the area
creates problems with new developments.

Reclamation problems are receiving considerable attention at this
point.'7  One of the most severe concerns currently facing reclamation
deals with differential subsidence and piping erosion. In general, this is
caused by the slumping and settling of reshaped spoils, and érosion along
subsurface cracks which result in cavities beneath the spoil surface.
These problems seem amplified when spoils are sodic and, thus, structurally
unstable. Many questions concerning these phenomena and their prevention
remain. .
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Another area of concern is erosion control on newly spread surface
soils. Because of the lack of vegetation to protect the .surface, the.
reclaimea land is susceptible to wind and water erosion. Technology is -
available whereby this erosion can be reduced. Practices like mulching,
shaping to less steep slopes, and prompt establishment of vegetation can
greatly reduce erosion losses.

Even though the replacement of suitable plant growth material over
sodic and saline spoils has greatly reduced the problems associated with
reclamation of these spoils, concern still exists for controlling salts.
High adsorbed sodium results in slow water infiltration and high salinity
results in unfavorable water availability for .plant use. Research is
under way to better understand the movement of salt and water at the inter-
face between saline or sodic spoils and replaced surface soil. - These
problems are especially important in areas where very limited amounts of
suitable soil materials are available for stockpiling and replacement.

Another major concern of reclamation is long-term sustained pro-
duction of annual and perennial crops. Observations available at present
are based on only a few growing seasons. The time factor in evaluating the
success of reclamation has not been adequately determined. Research
currently in progress is designed to monitor production of reclaimed land
for several years over a variety of weather cycles. Only by such evalua-
tion can long-term productivity of reclaimed land be estimated. = Closely
allied with sustained production is the determination of the best manage- -
ment practices for reclaimed land. This includes factors like soil fer-
tility, cultural practices, livestock stocking rates and grazing period,
natural succession of spec1es,'and species adaptab111ty to reclaimed
lands.

New Mexicol3

Strip mining of coal in New Mexico is carried out on terraln that
ranges from relatively flat surfaces to rolling hills, and in many places
amid "badlands" formed by steep-wa]]ed gullies separated by ragged rock
ridges.

 Natural vegetat1on varies from sparse grass and desert shrubs to
small junipers and pinons in some.of the higher areas on the borders of the
San Juan Basin. All the strip mines are in arid to semiarid areas that
receive about ten inches of precipitation a year. Thus for the most part,
only the native semiarid vegetation types grow on the or1g1na1 soil or on
reclaimed spoil banks.

Most strip mining there is performed using the "box cut" method.
After the mining is completed, the terrain looks like knobby ridges and
valleys. Unless grading or leveling is done, erosion during rains tends to
wash ridge material into the valleys and, hence partially fill them. As
with most western low-rank coals, most New Mex1co coals are low sulfur;
thus no problem with acia water arises.
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The overburden in many parts of New Mexico 1nc1udes hard sandstone
. that requires blasting for removal. Walking draglines are used for extrac-
tion of this material. Then shovels and front-end loaders holding 10 to 16
tons load the coal into trucks for transport.

Revegetation of spoil piles by reseeding has not always been
successful in northwestern New Mexico. At best, artificial reseeding
provides a temporary cover until natural vegetation re-establishes itself.
After about 20 years, it is hoped that natural vegetation will support as
many cattle and sheep as before the strip mining operation.
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3.2.3 Underground Mining

3.2.3.1 Technology Description

Virtually no low-rank coal is extracted by underground mining in
the United States today. Vast quantities of western low-rank coal resour-
ces lie at depths beyond the current economic limits for surface mining. ~
Some of these resources may be extracted by underground mining in .the
future; thus-a brief synopsis of the relevant technology is presented here.
Application of underground mining techniques to U.S. Tow-rank coals will -
require new or adapted techniques to deal with the thick seams and uncon-
so]1dated overburden encountered in-many areas. »

There are three d1fferent types of underground mines, depending on
the manner of making the opening from the surface to the coal seam: drift
mines, shaft mines, and slope mines. .These three methods of access1ng the
coa] seam are illustrated in Figure 3.2.3.1. )

A drift mine can be used in those situations where a nearly hori-
zontal coal seam outcrops on the side of a hill. The portal drift (mine
entry) is merely an extension of the underground entry system. This type
of mine is generally the easiest and cheapest to open because no excavation
through rock is required. Transportation of coal to the outside may be by
track haulage, belt conveyor, or by battery-powered rubber-tired equipment.

A shaft mine is constructed when the surface terrain is fairly
level and the coal deposit is quite deep. Two or more vertical shafts are
sunk to the depth of the deposit: one, to house the elevator that will
haul coal to the surface and transport miners and equipment in and out of
the mine; the other, to provide ventilation. A large fan at the top of the
shaft contro]s the c1rcu1at1on of air, drawing away both stale air and
gases.

In a slope mine the access adit is driven down to the coal on a
gradual incline, which allows machinery to run, either under its own power
or with assistance from a hoisting cable, from the surface to the coal
face. Miners usually enter and leave the mine in rail cars, and coal is
carried to the surface either in cars or on conveyor belts. Slope mines
are most effective when a coal seam lies close to the surface but too deep
to be surface mined, especially in hilly areas. The workings of these
mines often extend for miles underground.

Sometimes an individual mine will have all three types of openings,
i.e., drift, slope, and shaft. For instance, the coal haulage might come
to the outside through a drift opening. As the mine develops under heavier
cover, additional openings become necessary at intervals for ventilation,
and for portals to shorten the traveling time for men and supplies. A
‘slope might be usea for the portal where the cover is not too great and a
shaft, or shafts, for air. Where the cover becomes very thick a point is
reachea where it 1is more economical to use shafts for men, supp11es, and
equlpment.
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Figure 3.2.3.1
Types of Underground Coal Mines
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Room and Pillar Mining]

The room and pillar system of underground coal mining leaves
undisturbed blocks of coal in a regular grid to prevent collapse of over-
head rock strata. Approximately one-half of the coal is normally left
behind in pillars to prevent subsidence. (In some cases, room and pillar
mining may be followed by pillar robbing on the retreat, allowing the roof
to collapse. This technique leads to subsidence and cannot be practiced
in areas where the resulting surface damage cannot be tolerated.) Room and
pillar mining can be further classified into the conventional mining
method, and continuous mining.

In conventional room and pillar mining the coal is extracted in a
sequence of steps, each of which involves specialized equipment: (1)
Undercutting; (2) drilling; (3) blasting; (4) loading; (5) transporting and
(6) roof support.

In undercutting (center cut and top cut can also be employed), a
horizontal slice of about 7 inches is cut out from the bottom seam to
allow loose coal to fall downward and not into the work area when the face
is blasted. The block of coal outlined is then drilled using mobile
powered drills or hand-held electric or hydraulic drills. The blasting is
done either with compressed air or explosives. The broken coal is gathered
by a loading machine, or in some cases both gathered and transported by
specially designed equipment. Normally a shuttle car is used for transport
to a belt conveyor or mine car loading point. Roof support, the last step
in the conventional mining process, is the most critical for the safety of
the operation. Wooden timbers, steel crossbars on posts, or most commonly,
roof belts, are installed. A roof bolting machine drills holes in the roof
and installs expansion bolts to bind the layers of overhead strata together.
Ventilation is then extended and the coal face is ready for the next
cycle.

The conventional mining system is the most labor intensive, and
requires relatively good roof conditions in order to withstand the stresses
of blasting. Blasting and undercutting produce large amounts of dust as
well.

In the continuous mining system, a single machine called a "con-
tinuous miner" bpreaks the coal mechanically and loads it for transport.
Roof support is then installed, ventilation is advanced, and the coal face
is ready for the next cycle. Generally the advance in a single "cut,"
usually about 18 feet, is limited by the length of the machine, so as to
keep the operator under supported roof at all times. Efforts have been
mage, with varying success, to mount roof bolting equipment on continuous
miners. Where this has been successful, the advance per cut is limited
only by ventilation requirements.

Continuous mining systems can be employed where fragile roof
conditions would prevent blasting. Presently, approximately 60 percent
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of the coal from Uhderground mines (bituminous) is taken by continuous
mining machines. S .

Upon retreat from the face, the pillars can be partially or totally
extracted depending. on surface subs1dence probliems. Total extraction
results in roof co]]apse and major subsidence.

Partial extraction can be accompllshed in a number of ways.
Diagonal cuts can be, made in the pillar; an auger drill can be used to
extract the coal; “or. soph1st1cated equipment, specifically des1gned for
pillar robbing, such as the "miniwall" system from Ingersoll-Rand¢ can be
employed to increase the yield of coal extracted from the mine.

Sublevel Caving by Pillar Extractiond,4

Western coal seams are commonly greater than 12 feet thick.
Conventional or continuous mining systems are not commonly applied to-seams
this thick (7 feet is considered by some to be a reasonable upper limit).
Sublevel caving by pillar extraction is a proposed modification of the
normal room and p111ar method to include recovery of the top coal (above
the 8-foot openings) in a specific sequence. Top coal would be recovered
on retreat by drilling and shooting its entire thickness in increments or
"falls" and loading the fall with a narrow drum-type continuous miner. The
minimum seam thickness for efficient use of the method is estimated to be

12 feet; it may be applicable to seams up to 40 feet in thickness.

Longwall Mining! s

Longwall mining utilizes conventional room and pillar continuous
mining equipment to develop panels of coal which may be a mile long, 600
feet wide and 4 or more feet high. A high-horsepower mining machine
removes the coal by shearing or plowing a slice of coal up to 30 inches
thick from the face of the panel.” The broken coal is moved to the head-
piece side of the panel by the face conveyor and out of the mine by the
. main haulage belt conveyor. Self-advancing hydraulic roof supports, lined
up parallel to the face, move up one by one as the shear or plow travels
. across the face. The overburden (gob) collapses behlnd the roof supports,
thus relieving the pressure on the coal face.

The eff1c1ency of the longwall technique has progressively improved
“through introduction of self-advancing supports and the flexible-armored
face conveyors. This fully mechanized version, using imported equipment,
was introduced to the United States in 1960. During the past several
years, equipment manufacturers, singly and in conjunction with European

-* manufacturers, have made several advancements toward improved product1v1ty

and safety.
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The increasing interest in longwall mining is attributable to the
following factors:

e Improved economics (lower cost per ton)

e Health and safety considerations (compliance with laws
and regulations; roof support, ventilation and dust .
requirements)

e Increased recovery of coal (present ovérall recovery
closely approximates the room and pillar rate with a
greater potential as new techniques and ‘equipment are
developed)

e Predictable subsidence
e Adaptability to thick and mu]tiple seams
e Capability to mine at greater depths

There are several constraints which cont1nue ‘to limit app11cat1on
of this technology:

o The non- fractur1ng and non-caving- . characteristics of
rock strata above the abundantly available shallow depth
seams do not permit mining by the 1ongwa11 method.

o Reluctance of miné operators to commit the large initial
capital investment, which can run as high as 10 million
dollars to 1n1t1ate operations. Mine size must be
larger than 1 million tons per year to Justlfy the
cap1ta] 1nvestment.

e Surface subsidence, although more predictable and
uniform, can only be tolerated in certaih unpopulated
areas.

Several DOE-sponsored studies are currently under way to identify
and eliminate problems which 1imit productivity and to increase the econo-
mic attractiveness of longwall mining. One such area for improvement is
decreasing the setup time for the equipment on each new face. Studies and
research projects are also directed toward automation techniques and toward
field trials anda demonstrations of improved longwall equipment and tech-
niques.

More work is also necessary on the mining of the thick western
lTow-rank coal seams. The practical limit on the longwall eduipment as
applied in Europe is about seven feet. Techniques such as multislice
longwall mining and longwall caving mining need to be further developed to
see if and how they can be applied to the thicker. western seams.®
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Shortwall Mining

Shortwall mining is similar to longwall mining and has been exten-
sively employed in Australia. The difference is the face length (typically
150 feet) and the face equipment (usually continuous miners and shuttle
cars). _This method is somewhat less capital intensive than longwall mining
because the same coal extraction and conveying equipment can be used in
mine development and production mining operations. Coal recovery is
comparable to the longwall method. Shortwall mining, 1ike longwall mining,
can be used only in areas in which subsidence is acceptable.

Underground Hydraulic Mining

Underground hydraulic mining of c¢oal 1involves.the use of high-
pressure (2000 psi) water jets to break the coal loose and convey it from
the face as a slurry, either in open flumes, steel pipes, or in flexible
hose pipelines. Hydraulic mining is especially applicable to steeply
pitched or unusually thick seams of coal because of the following:

e Conventional coal mining machinery cannot handle seams
thicker than about 10-12 feet (except through techniques
such as sublevel caving).

e Hydraulic mining moves the operator safely away from
rockfalls in the vicinity of the working face.

e Respirable dust generation levels are lower.

At the present time, hydraulic coal wining is not practiced in the
United States. In Canada, Kaiser Resources is presently operating a
400U-ton-per-day hydraulic mine in British Columbia; in the Soviet Union,
ten hydraulic mines are in operation in the Donets and Kuznetsk coal
basins. Hyaraulic mining is also practiced in the Federal Republic of
Germany. Demonstrations of hydraulic mining are being planned in the
United States. However, one potential problem is the availability of
sufficient water in the western locations.

3.2.3.2 Environmental Control Technology

The three principal environmental concerns associated with under-
ground mining are mine drainage, solid waste disposal, and subsidence. In
addition, underground mining is an especially hazardous occupation,

Mine drainage results from the infiltration of surface water
through the surrounding strata to the mine. Mine drainage must be pumped
back to the surface, where it is potentially a pollutant, to avoid mine
flooding, The composition of mine drainage varies with the specific
geologic area but is often acidic (although it has been reported basic in
some western operations) with high sulfate content, and high levels of
aluminum, calcium, magnesium, and manganese. Treatment of mine drainage is
site-specific and can be expensive. Treatment may require one or more of
the following:
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Neutralization

Aeration

Chemical treatment to precipitate dissolved solids
Removal of suspended solids

The requirement for treatment can be reduced in some cases by
preventing infiltration through water diversion, mine sealing, and surface
restoration to promote runoff rather than penetration.

Problems associated with solid mine waste disposal include dis-
charge of particulates, noxious gases, acid mine runoff, erosion and
landslides. The accepted practice is to lay down refuse in compacted
layers and to cover the pile with earth. This technique protects the
refuse from leaching by rainwater and allows vegetation cover to be estab-
lished. In a small number of cases, profitable use of the solid waste has
been achieved through backfilling of abandoned mines, the manufacture of
bricks and cinder blocks, the construction of secondary roads, and combus-
tion as a low-grade fuel for generation of electricity.

Subsidence is controlled by leaving pillars of coal in mined areas
to support the overburden. Pillars cannot be .removed in areas where the
‘resulting surface subsidence will damage buildings, farmland, groundwater
ana lakes or streams. Subsidence is of less concern in rugged areas with
few buildings or little farming. It is in such areas that fuller coal
recovery can be accomplished. '

The safety of underground coal mining is likely to be enhanced by
two aevelopments. The first of these is the fielding of the "miner-
bolter," a continuous mining machine with an integrated roof bolter. This
machine will aia the control of the roof in the immediate area of the
working face, the most hazardous area. The second development is the
implementation of coalbed methane degasification practices. Pilot projects
to drain methane from coal beds in advance of mining operations are now
under way. Should such practices become w1despread they will reduce the
probability of catastrophic mine explosions.

3.2.3.3 Effects of Low-Rank Coal Properties

‘As in the case of surface mining, the properties of the western
low-rank coal do not per se influence the type of underground mining to a
significant degree. However, thick seams, which are characteristic of
large portions of the western coal resources, do greatly 1nf1uence the
method of mining. Other important variables 1nc1ude
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° Amount of cover over the coal seam.

) Character1st1cs of the coal seam including: (a) the
“thickness of the coal seam; (b) the nature and location
of any impurities or irregularities; (c) the dip (or
pitch) of the coal seam; (d). the nature and direction of
any definite cleavage in the coal seam; (e) the hardness.
of the coal; (f) the structural strength of the coal;
and (g) the presencé and amount of explosive gas
(methane).

® Quantity of water likely to be encountered in the mining
operation.

e Naturc and strength of the roof and floor rock strata
surrounding the coal seam; in many western locations,
incompetent, unconsolidated rock tormations prevail.

® Any previous or concurrent mining in seams above or
below the coal seam to be worked.

For example, a recent study which examined seam height, methane
prob]ems and roof condition found 'that, contrary to what was becoming
industry practice, conventional room and pillar mining and blasting and
loading could be more productive than continuous mining in seams thicker
than 6 feet.® The study found that in terms of cost and productivity, .
conventional mining is much more sensitive to changes in seam height than
the continuous system.

3.2.3.4 Current Status

The Department of Energy 1is sponsoring several R&D- projects to
deve]bg and prove underground mining techniques for thick low=rank coal
seams.’ These include:

1. Longwall multilift methods - mine design planning will
soon be completed for the first U.S. application
tests.

2. Longwall in<steép1y pitching seams - field tests in
Colorado are under way.

3. Longwall in sublevel caving - development is continu-
- ing for construction and field testing of a prototype
machine for this method.

4. sublevel cav1ng with pillar extract1on - field trials
will be initiated soon.

5. Advanced mining systems, including high-volume hydrau-
lic jet mining; a variable wall miner for panel
mining; and a borehole mining system using high-
pressure water and a slurry pump.
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3.2.4 Underground Coal Gasification

3.2.4.1 Technology Description!

Underground coal gasification (UCG) technology development has been
conducted in various countries for over 50 years. Although it has been
shown to be technically sucessful in the Soviet Union on a commercial
scale, its economic feasibility in a free market under environmental and
societal restraints has yet to be proven. Prior to 1972, free-world
experimentation in UCG was technically and economically unsuccessful due
to the choice of what now are known to be unfavorable geologic settings
(i.e., thin bituminous coal seams).

UCG can potentially use coal which is economically or technically
infeasible to mine because the coal is too thick, deep, dirty (with non-
coal occlusions), high-ash or wet; because it has an excessive angle of
dip; or because it has unpredictable and poor overburden characteristics
that make mining unsafe. Conditions that favor UCG include: (1) thick
seams (5 feet minimum, over 10 feet preferred); (2) non-swelling, reactive,
relatively permeable coal (i.e., low-rank coal); (3) sufficiently thick
overburden to cap the underground reactor (about 200 feet minimum), pre-
ferably with an impermeable clay layer immediately above the coal seam; and
(4) good seam continuity (not highly faulted or fractured).

Coal is gasified underground by drilling boreholes into the seam
and injecting air (or oxygen and steam) into the underground reaction zone.
The coal is partially oxidized, producing low- or medium-Btu gas. The hot
gas is forced through the seam to the exit boreholes and is carried to the
surface where it is cleaned and upgraded for use.

The natural permeability of a coal seam is too low to sustain the
high gas flow rates required for gasification. Thus, a critical part of
the technology is the creation of permeable pathways, or links, in the coal
seam between the injection and production boreholes. These links can be
created by reverse combustion, directional drilling, or other techniques.?
For Tlow-rank coals, which shrink and disaggregate upon heating, it is
particularly important and effective to produce the links near the bottom
of the coal seam. Coal immediately above the gasification zone breaks away
and, in effect, creates an underground packed bed reactor. Gasification
then proceeds from the bottom to the top of the seam, utilizing nearly
all the cnal.

If a 1linkage channel is formed at the top of the seam, a much
smaller portion of the coal is gasified; in addition, the injected air
tends to bypass the gasification zone, causing production of very low
quality gas. Thus, the existence of a linkage channel low in the seam
ensures that the coal and air are effectively reacted, and that the
product gas has a high heating value that remains fairly uniform with
time.

a0ther linking techniques used or attempted in the past include
electrolinking, hydrofracturing, explosive fracturing, and pneumatic
pressure- fracturing. Explosive (shaped charge) or hydraulic drilling
techniques have been proposed and partially developed.?2
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These principles are illustrated in Figure 3.2.4.1 which shows a
side view of a gasification zone in a low-rank coal seam. The linkage path
has been formed at the bottom of the coal seam. As gasification proceeds
from right to left, coal falls into the gasified cavity and creates a
highly reactive rubble zone. As the system expands, the gasification zone
gradually encompasses the full thickness of the coal seam and moves in a
broad front towards the outlet well.

Figure 3.2.4.2 shows a plan view of a field development as applied
by the Soviets to a brown coal deposit near Moscow, which allows controlled
extraction of the entire coal resource. The dotted lines show the location
of the underground linkage channels formed in .the coal by reverse com-
bustion in preparation for gasification. The production phase of gasifi-
cation is carried out by forward gasification in the channels. A combi-
nation of convective and dispersive effects in a thermally evolving system
permits lateral movement of oxygen a considerable distance from the in-
jection wells, and accounts for the experimentally observed wide sweep
widths in Tow-rank coal. Commercially attractive well spacings are be-
lieved to be longer than the 75 feet shown in this figure; spacings of 100
to 150 feet would be more appropriate in the United States.

In steeply dipping coal seams, the same basic principles are
applied in a different geometric setting (see Figure 3.2.4.3). Gas
production boreholes are drilled at a slant from the outcrop to stay in the
coal seam. Air is injected through boreholes drilled to the seam through
the underburden or overburden (the former is shown in the figure, and has
the advantage of keeping the injection wells out of the subsidence zone).
The gasification zone advances updip, and coal rubble falls into the
channel; product gas flows to the surface through the slant-drilled holes
in the coal seam.

In many years of field work (starting in the early 1930's and
culminating in commercial scale operations in the 1950's), the Soviets
proved that underground coal gasification is technically feasible.3,4
Large-scale, continuous operations were successfully conducted with both
the flat-lying and steeply dipping configurations illustrated above. The
resource recovery efficiency (energy in clean gas to energy in coal) was
typically 40 to 50 percent, which was the product of a 70 to 80 percent
sweep efficiency and a 60 to 70 percent thermal efficiency. The Soviets
were able to maintain reasonably stable gas heating values and production
rates over periods of several years. Small-scale field tests in the United
States in the past 7 years have also shown the basic technical feasibility
of the process in low-rank coals; these field projects are summarized in
Section 3.2.4.4.

The key process operationé in underground coal gasification are

briefly discussed below. In Section 3.2.4.3, the effects of coal proper-
ties on these operations are amplified.
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Figure 3.2.4.1

Conceptual View of a Channel During Gasification
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Figure 3.2.4.2

Plan of a Shaft1e§s'Generator, MOSCOw‘Region Plant
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Source:

Figure 3.2.4.3

UCG In a Steeply Dipping Bed
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Site Characterization and Evaluation

Because the underground coal seam is the gasification reactor,
obtaining complete geologic and hydrologic information on the site is
critical to the success of the subsequent operations. Initially, it
is necessary to confirm that the coal seam meets the basic criteria such a$
continuity. This can be done through a combination of remote and downhole
surveying techniques (e.g.,. seismic surveying). Drilling, coring, and
logging is performed to develop the necessary geophysical and hydrological
data. In some cases, the conduct of air injection/production tests, and
possible reverse burn linking tests, would be considered part of the site
characterization and evaluation phase as well.

Linking

As described previously, it 1is necessary to provide links (air
flowpaths) between the injection and production wells; for efficient
gasification, these links must be located near the bottom of the coal seam.
The cheapest and most direct method known at present is reverse.combustion.
The wells are cased into the bottom portion of the coal seam, and air flow
is established between them. The coal is ignited at the production weii,
and the flame front propagates towards the injection well (thus the name
reverse combustion) at a rate of 6-10 feet per day. A channel with an
effective diameter on the order of 3 feet is formed between the wells.
This method is sometimes unreliable, because multiple linkage paths as well
as paths at the coal seam/overburden interface are sometimes formed.®

A more positive and reliable technique (but more expensive) is the
use of directional drilling, as illustrated in Figure 3.2.4.4. Once the
deviated borehole is completed, the vertical holes are connected to it, and
a very quick reverse burn step is used to enlarge the hole prior to gasifi-
cation. Improvements in directional drilling technology, particularly in
guidance and monitoring systems, will make this a more cost-effective
technique.

Both the Soviets and U.S. experimenters have successfully utilized
the two linking techniques described above. Because of the importance of
the linking step to the cost and reliability of a UCG plant, additional
techniques are being studied as well. These include the use of water jet
drilling and explosive "shaped charges."

Gasification

When the links are complete between the injection and production
wells, the air (or steam and oxygen) injection rate is increased and the
forward burn (gasification) phase is initiated (refer again to Figure
3.2.4.1). The primary considerations during gasification are to maintain
good control over the raw gas production rate and composition (heating
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. Figure 3.2.4.4

Elevation View of Directional Hole

£~ Diill rig : : ' Production Injection

Wil "

) - e

Deviated -100'- | -100’- ..
borehole 100 100 , 165’

Coal seam

Source: Reference 6

-62-



value). This is accomplished (assuming a well-placed link path) by main-
taining the oxidant injection rate at the proper level to control the rate
of water influx into the gasification zone.

- The design of a large-scale gasification system must take subsi-
dence into account. In essence, the layout of injection and production
wells can be established such that: 1) coal pillars.are left between
parallel channels to support the overburden and isolate each gasifier from
the other (analogous to room and pillar mining, with similarly low resource
recovery); or 2) no coal is left between the channels, and the intercon-
nected gasifiers advance in a broad front with subsidence occurring immedi-
ately behind (analogous to longwall mining). The Soviets appear to have
worked with both systems. Operations in this country have not reached
large enough scale to test either type of operation yet.

In the case of steeply dipping beds, very severe but localized
subsidence will occur due to the large vertical component of the coal being
. removed. The Soviets observed some massive subsidence when gasifying
steeply dipping coal seams, but this did not disrupt the operations when
the air injection was through the underburden (see Figure 3.2.4.5).

Product Gas Cleanup and Utilization

The operation of an underground coal gasifier is closely analogous
to the fixed bed gasifiers described in Section 3.5.3. The primary differ-
ences in the raw gas produced are: (1) typically, UCG product gas has
somewhat lower heating value because of system inefficiencies; (2) the
tar/water fraction, while similar to that obtained from a fixed bed gasi-
fier, tends to be less in quantity and lighter in quality (due to apparent
distillation effects in the product removal system); and (3) particulate
loadings, including some occasional large chunks, are greater in UCG.

Product treatment and upgrading systems that can be utilized in UCG
are essentially the same as those in surface-based gasifiers. Refer to
Section 3.5.3 for a discussion of the various options for producing SNG,
chemical feedstocks, or clean fuel gas.

Field Instrumentation and Monitoring

In a process development such as those currently being conducted
in the United States, the use of extensive arrays of surface and downhole
diagnostic instrumentation to observe the process is warranted. The most
useful of these systems to date have been downhole thermocouple arrays,
used in combination with a variety of other in situ and remote (seismic,
electromagnetic) measurements. -From these efforts, a reproducible model of
the process-is beginning to emerge.®> - :

In future commercial plants, cost considerations will dictate that
downhole instrumentation be utilized only in wells drilled for other
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Figure 3.2.4.5
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necessary purposes, if at all. Some remote sensing techniques.may be
developed to the point where they can provide useful diagnostic information
at a Tow cost. Otherwise, it will be necessary to rely primarily on a good
basic process understanding developed through on-site experience and
experiments.

Post-Burn Monitoring

Again, in a process development effort, extensive post-burn coring
or excavation is justifiea in some cases to determine the exact extent of
the reaction zone, etc. In addition, water quality and subsidence monitor-
ing should be continued for a significant period of time. In a commercial
operation, site monitoring will be generally restricted to the latter type
as required for environmental compliance.

3.2.4.2 Environmental Control Technology

The major environmental impacts associated with a large scale UCG
operation are:

1. Subsidence (in severe cases, accompanied by leakage of
process gas to the atmosphere).

2. Groundwater impacts - both disruption of aquifer flow
through subsidence, and contamination with by-products
of gasification (e.g., phenols).

3. Land use effects (drilling, wellheads, piping, etc.)

4. Air quality effects associated with the surface-based
process operations.

The first two items above are of great enough concern that they may
ultimately limit the large-scale development of UCG.

As mentioned earlier, the system design can determine, to a large
extent, the nature ana timing of the subsidence pattern. The seam thick-
ness, depth, ana dip, as well as the overburden characteristics, are also
critical variables. To date, no direct observation of surface subsidence
auring UCG has been made in this country due to the small scale of opera-
tions. (However, the surface has subsized shortly after completion of UCG
experiments at Hoe Creek, near Gillette, Wyoming.) Interpretation of
Soviet data, plus the ana]ogous experience gained from underground mining,
indicates that good engineering principles can be app]1ed to control the
subsidence pattern as desired.

Aquifer disruption problems are essentially the same as those

associated with surface or underground mining. Removal of the coal and
subsidence of overlying strata will, in most cases, disturb groundwater

-65-



systems, whether the coal is removed by m1n1ng or by gasification. The
solution to this generic problem 1ies mainly in proper site characteriza-
tion and selection.

The complementary problem of groundwater contamination through
contact with gasification products is, however, unique to UCG. Field data
on this problem are very limited to date. The data that do exist (sup-
ported %y laboratory and modeling efforts) indicate several interesting
facts:8» (1) the surrounding unreacted coal acts as an effective sorbent
for most of the bothersome organic species such as phenols (concentrations
fall off very rapidly both with distance and with time); (2) the inorganic
_ species (sulfates, etc.) that are leached from the ash left in the reaction
zone when grounawater flow is restored may be of greater concern.

Both the lana use and air quality effects associated with UCG are

essentially similar to those of surface-based gasification plants, and will
hOT. he n1<cusseu in deldil here,

3.2.4.3 Effects of Low-Rank Coal Properties

Since UCG is a combination extraction/conversion process, the
properties of coal that affect this technology include both the geologic/
geographic factors that affect coal extraction, and the chemical and
physical properties that govern the behavior of coal during combustion and
gasification. As a general conclusion, the combined effects of the factors
listed below cause low-rank coals to be the preferred resource for UCG.

Seam Thickness

Seam thickness is one of the most important parameters affecting
UCG. As far as is known today, process performance and economics improve
as seam thickness increases. For seams less than IV feet thick, the effect
is very pronounced; according to Soviet data, gasification of seams léss
than about b5 feet thick produces gas of unacceptably low heating value (see
Figure 3.2.4.6).% This is attributed to the excessive 1oss of heat to
the overburden and underburden, which reduces gasification efficiency
dramatically. This effect becomes relatively unimportant above seam
thicknesses of about 15 feet; however, very thick seams still have the
aavantage -that more coal is accessed per borehole, which has a direct
impact on gas cost. To date, most of the low-rank coal UCG experiments in
the United States have been conducted in seams 25 and 30 feet thick, with
generally gooa results. One test in a 100-foot seam obtained exce]lcnt
results (see Section 3. 2 4.4),

Hydrology

The rate of water influx to. the gasification zone is another
basic process variable. Figure 3.2.4.6 also indicates this effect, based
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on Soviet data. Over the range of water intrusion rates shown there, gas
quality declines as the water influx rate increases. Again, this is
attributed to excessive heat loss in the system (heat required to boil the
excess water). In theory there is an optimum water rate associated with
gasification, based on the chemistry of the steam/char reaction and others
(see section 3.5.3). In practice, coal seams which are dry enough to allow
operation near the optimum may be rare.

Positive control over the water influx rate is difficult to achieve.
The Soviets utilized dewatering pumps in some of their very wet locations.
Given the right site conditions, it should be possible to maintain some
control over the water influx rate by adjustments in air injection rate.
In large-scale systems experiencing subsidence, large quantities of water
could enter the gasification zone from overlying aquifers.

Figure 3.2.4.6

Effect of Coal Seam Thickness and Water
Influx Rate on Gas Heating Value
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Source: Reference 4

Seam Continuity

It is important that the coal seam be continuous over the area to
be gasified. Large faults, fractures, washouts, and other discontinuities
can interrupt the process advance. Inclusions in the coal seam, such as
shale stringers and partings, can also affect linking and gasification
operations.
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Depth

The effects of depth on the process have not been completely
characterized. It is necessary to have a positive seal between the surface
and the gasification zone, which translates to approximately 200 feet of
overburden. Beyond that, one known effect of depth is to increase the
drilling cost. In addition, the hydrostatic head increases roughly at the
rate of 1 psi/foot of depth, so that higher pressure operation is allowed
in deeper coal seams.

Dip

As described earlier, the process used for steeply dipping beds
(greater than about 30° angle of dip) is somewhat different than for
flat-1yinqg coal seams. The SDB process confiquration has some inherent
advantages, such as minimum drilling cost per ton of coal assessed, and the
ability to locate all boreholes out of the subsidence zone.

Permeability

The native permeability of the coal seam to gases and water is of
obvious importance. Low-rank coal seams have permeabilities that are
orders of magnitude higher than bituminous coal seams. It is therefore
significantly easier and less expensive to conduct UCG operations in
low-rank coal seams.

Caking/Swelling Characteristics

As bituminous coals are heated, they pass through a temperature
range in which they become plastic, swell to several times their initial
volume, and agglomerate to form a sticky mass. Low-rank coals do not have
this property; on the contrary, when air-dried and heated, low-rank coals
have a tendency to shrink and crumble. This is a very desirable property
for UCG, allowing the formation of a "packed bed" underground reactor with
excellent gas-solid contact and high coal surface area exposed for reaction.

Reactivity

Low-rank coals are highly reactive (both to oxidation and gasifi-
cation reactions) compared to higher-rank coals. This is another factor
strongly favoring low-rank coals for UCG. Ignition of the coal seam, which
can sometimes be a troublesome operation, is significantly easier in
low-rank coals. In addition, the char formed from pyrolysis of low-rank
coal is much more reactive than the char from high-rank coals (see section
3.5.4). This means that utilization of the injected air or oxygen should
be significantly better in a Tlow-rank coal seam, since it will tend to
react immediately upon contact with fresh coal or char, rather than bypass
the gasification zone to react with the product gas.
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Mineral Matter

The alkaline mineral matter in the U.S. low-rank coals is hypothe-
sized to have catalytic effects on gasification reactions. If true, this
would enhance the reactivity of the coal and favor more efficient use of
reactants to produce high-quality product gas.

Site Location

This factor, while not a property of the coal, can be treated
as such in considering UCG technology because the process is by definition
located where the resource is located. As in surface gasification systems,
the product options are: (1) low-Btu fuel gas produced by air injection,
~ which must be used on-site due to high transport costs; (2) medium-Btu fuel
or synthesis gas produced by steam-oxygen injection, which has a somewhat
wider range of transportability (several miles at least); (3) SNG produced
by upgrading item 2 to pipeline gas quality, for long-distance transmission
and substitution in conventional natural gas utilization systems; and (4)
liquid fuels or chemicals produced from synthesis gas (i.e., indirect
liquefaction).

Except in the case where SNG, liquid fuels, or chemicals are to be
produced on-site, it is very desirable that the coal to be gasified is
.located close to the user of the product gas. In-the U.S. low-rank coal
regions, there are relatively few locations where major energy markets
coincide with the coal (one such location is Texas; another may be Washing-
ton state). Thus it may be expected that UCG plants might first be located
in these areas. Alternatively, plants Tlocated in remote areas (e.g.,
Wyoming) would feed their gas to "minemouth" stations for production of
electricity, SNG, liquid fuels, or chemicals, which would then be trans-
ported to the markets.

3.2.4.4 Current Projects

" Most of the UCG field experiments conducted in the United States
have been under the auspices of the DOE R& program. However, a signifi-
cant number of industry projects are also being conducted, as summarized
below. .

DOE Program! -

There are four field projects in the DOE Program: .(1) low-Btu
gasification of low-rank coal, directed by the Laramie Energy Technology
Center (LETC), (2) medium-Btu gasification of low-rank coal, directed by
Lawrence Livermore Laboratory (LLL), (3) Eastern coal technology, directed
by Morgantown Energy Technology Center (METC), and (4) steeply dipping
beds, directed by Gulf R& Company. Sandia Laboratories is providing
diagnostic field instrumentation support to LETC and LLL. There also is a
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supporting laboratory program, including participation by LLL, LETC,
University of Wyoming, METC, University of Washington, West Virginia

-, University, Oak Ridge National Laboratory, Argonne National Laboratory, Los

Alamos Scientific Laboratory, University of Texas, and University of
Alabama.

Low-Btu Gasification of Low-Rank Coal (LETC)

Since 1972, the Laramie Energy Technology Center has been using
reverse combustion as -the linking technique in a series of successful
field tests at Hanna, Wyoming. :The subbituminous coal seam is 30 feet
thick. The performance parameters of these tests are summarized in Table
3:2.4.1. In the course of these field tests, 11 out of 12 reverse combus-
tion linkages were complieted successfully. The Hanna 2, Phase 2 test was
in many respects the most successful UCG test ever conducted; a constant
and high heating value ot product gas and excelient thermal efficiency were
obtained. This series of tests not only demonstrated process feasibility
but identified the important design and operational factors necessary for
successful gas production from a thick, flat-lying low-rank coal seam.

Table 3.2.4.1

Low-Btu Gasification of Low-Rank Coal Test Series
at Hanna, Wyoming

Thermal
Gas Produc- Effi- Tons of

Quality tion Rate Duration - ciency Coal
Test (Btu/scf) (scf/day) (days) % ‘Gasified
Hanna 1 126 1,600,000 180 - 4,000
Hanna 2-1 152 2,700,000 35 83 1,260
Hanna 2-2 175. 8,500,000 25 ‘89 2,520
Hanna 2-3 138 12,000,000 38 76 4,200
Hanna 3 138 10,000,000 38 - 76 2,850
Hanna 4A 90 - 13,000,000 80 :
Hanna 486 @~ -----ccmeeemcneno- not yet published---~--veccececncmanaaa-

Source: Reference 5

Meaium-Btu Gasification of Low-Rank Coal (LLL)

Since 1972, the Lawrence Livermore Laboratory has been studying
permeability enhancement (linking) techniques and steam-oxygen gasifica-
tion. LLL has completed three underground coal gasification tests at the
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Hoe Creek site near Gillette, Wyoming, as shown in Table 3.2.4.2. The
Felix No. 2 coal seam contains subbituminous coal and is about 25 feet
thick. Explosive fracturing was used to link Hoe Creek No. 2. An override
situation developed with Hoe Creek No. 2, but this was overcome by injec-
tion near the bottom of the seam, which allowed for 58 days of forward
gasification. A 2-day oxygen burn was executed with no safety or opera-
tional problems and produced a more efficient gasification than with air.
Successful new diagnostics used in this test included a suite of subsidence
measurements and high-frequency electromagnetic detection of the burn
front. Hoe Creek No. 3 was a steam/oxygen gasification test using a
directionally drilled channel to link the three process wells (refer back
to Figure 3.2.4.4). This test was recently completed (November 1979); data
had not been published at the time of this writing. ‘

Table 3.2.4.2

Medium-Btu Gasification of Low-Rank Coal Test Series
at Hoe Creek, Wyoming '

Thermal
Gas Produc- Effi- Tons of
4 Quality tion Rate Duration . ciency Coal
Test 4 (Btu/scf) (scf/day) (days) % Gasified
Hoe Creek No. 1 110 1,700,000 11 73 128
Hoe Creek No. 2 106 3,300,000 58 68 2,300

(oxygen test) (263) (2)
Hoe Creek No. 3  Directionally drilled link, steam/oxygen; completed 11/79

Source: Reference 5

Eastern Coal Technology

The Morgantown Energy Technology Center is attempting to develop a
viable underground gasification process for the recovery of energy from
swelling bituminous coal. Early work involved laboratory simulation
- studies, modeling support, and a low-priority field effort. In the field
effort at Pricetown, West Virginia, a directionally drilled well was
completed in the 6-foot thick Pittsburgh coal steam for a horizontal
distance of 500 feet. METC has recently completed Pricetown 1, a minitest
for investigation of reverse combustion 1linkage in swelling bituminous
coal. Successful operation was achieved, but data had not been published
at the time of this writing.
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Steeply Dipping Beds (SDB)

DOE signed a contract with Gulf Research and Development Co. in
September 1977 to conduct underground coal gasification in a steeply
dipping coal seam. The site near Rawlins, Wyoming has a subbituminous coal
seam with a dip of 64 degrees and an average thickness of 20 feet. Burn
No. 1 started in October 1979 and consisted of two process wells linked by
slant drilling (refer again to Figure 3.2.4.3).

Field Instrumentation Support

Diagnostic instrumentation and interpretation of the results of
field tests are vital to the understanding of the UCG process. Sandia
Laboratories has concentrated on the development of instrumentation and
process control techniques for the program.

Sandia's efforts have been primarily associated with LETC's experi-
mental program at Hanna, Wyoming. Major instrumentation efforts have been
fielded on the Hanna 2 and Hanna 4 experiments with over 600 channels of
information recorded from instrumentation wells and extensive surface
arrays (see Figure 3.2.4.7).

0f all the information obtained, the. thermal data have been the
most informative. They have delineated the location of the reverse combus-
tion 1link(s), outward and upward progress of the gasification zone, and the
utilization of the coal within the experimental area.

Detailed thermal analyses have contributed to process understand-
ing. On-site, real-time data reduction has allowed the constant monitoring
of test progress so that timely decisions on process control could be made.
Also, gas sampling techniques have been proven successful in obtaining
in situ gas compositions and gas pressure distributions.

Results from the remote monitoring techniques were also promising.
Passive acoustic monitoring has been used to locate the source of signals
occurring in the strata just above the coal seam, and correlations with
complete removal of coal and subsidence have been made. An induced seismic
method, based upon detecting changes in signals caused by the process from
borehole to borehole, detected the edges of the affected regions. The most
promising remote technique is based upon the large change in electrical
resistivity which occurs in the coal seam during the UCC process. Develop-
ment of remote techniques is vital because commercial operations will
requige less costly surface diagnostics rather than downhole instrumenta-
tion.

Supporting;Research]

The DOE field projects are supported by a broadly based laboratory
and modeling program to develop a better understand1ng of the process, as
summar1zed briefly below:
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Figure 3.2.4.7

Diagnostic Instrumentation Fielded at Hanna 2 and 4
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FOR DIAGNOSTIC INFORMATION

ON IN SITU COMBUSTION PROCESSES

Source: Reference 1
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Argonne National Laboratory - Steam-char kinetics

Oak Ridge National Laboratory - Block pyrolysis-
experiments -

~ LETC and University of Wyoming - Forward and reverse
combustion process models; economic parameter models;
laboratory block simulations of UCG

Lawrence Livermore Laboratory - Two-dimensional. coal
recovery model; product gas composition model; labora-
tory gasifier facility; laboratory, moae]1ng, and field
studies on UCG groundwater and air po]]ut1on, and
subsidence

West Virginia University - Coal conductivity measure=
ments; one-dimensional process model; thermo-mechanical
simulation model :

University of Washington - Laboratory work on stress/
mass transfer coupling; theoretical studies of reverse
combustion '

Un1vers1ty of A]abama - Physical propertles of char;
‘shrinking core model

University of Texas - Mathematical model of override
conditions; mechanical and ion exchange properties of
Texas lignite overburden

Science App11cat1ons, Inc. - Analysis and interpreta-
tion of METC's laboratory UCG s1mu1at10n data; subsi-
dence models .

SRI International - Market evaluation

Booz, Allen & Hamilton Inc. - Preliminary UCG pilot
plant design and cost estimate; coal resource summary

Ingustry Uca Projects!]

In the United States, private sectors and government have a h1story g
of cooperation in unaerground coal gasification.
in cooperation with the Alabama Power Company and Sinclair Coal Company,
performed a number of UCG tests near Gorgas, Alabama, from 1947 to 1959.
Following these tests, there was no act1v1ty in UCG until 1967, when a Ut
test was carried out by Cities Services 0il Company in Oklahoma bi tuminous
» and in 1969 when Gulf Research and Development Company performed a :

UCG test in a bituminous Kentucky coal seam.

-74-

The U.S. Bureau of Mines,



Following the encouraging results obtained in the DOE projects,
several energy companies, including the Resource Sciences Corporation,
Gulf, Exxon, The Atlantic Richfield Company and Texas Utilities Company,
began detailed internal studies. Gulf Research and Development Company and
a consortium including the Research Sciences Corporation, Rocky Mountain
Energy Company, Amoco, duPont, and Pacific Gas and Electric Company per-
formed critical reviews of the Lawrence Livermore Laboratory's medium-Btu
project at no cost to the government. Rocky Mountain Energy Company
donated the site at Hanna, Wyoming where LETC has conducted successful UCG
tests. Personnel from Gulf R&D Company and from Exxon cooperate with LETC
on a no-funds-exchanged basis to the benef1t of both government and indus-
try.

Three organizations have recently concluded 51gn1f1cant field
" tests; these are summarized below.

Basic Resourées, Inc. (A Subsidiary of Texas Utilities Co.)

In March 19475, Texas Utilities Company signed a license agreement
with Licensintorg of the U.S.S.R. for technical documentation and assis-
tance in UCL. A technological test was designed and executed in 1976 to
prove technical feasibility near Texas Utilities' Big Brown Steam Electric
Station in Freestone County, Texas. The test was classified as a success.
The experiments were then moved to the Tennessee Co]ony site in Anderson
County, Texas. A two-phase field test, including both air and oxygen/steam
injection, was carriea out from August 1978 to March 1979 in a multichan-
nel, multiwell conf1gurat10n. Reverse combustion was employed to link the
we]]s. The lignite seam is 7-1/2 feet thick at an approximate depth of 270
feet. The steam-oxygen feasibility field test was conducted in cooperation
with Air Products and Chemicals, Inc., in a four-well parallel operation.
Gas with a higher heating va]ue of up to 265 Btu/scf was produced during
the test and an average value of 230 Btu/scf was obtained during the main
portion of the burn. Steam-oxygen volumetric ratios between 0.5 and 4.0
were used.

Atlantic Richfield Company (ARCO)

In 1978 ARCO designed, fielded and executed a successful field
gasification test-in a 100-foot-thick subbituminous coal seam near Reno
Junction, Wyoming. The coal bed depth was about 630 feet with a 50-foot
shale overburaen and a hyarostatic head of 300 feet. The test included:
(1) reverse combustion/forwara gasification with air, (2) control of water
influx, ana (3) environmental monitoring. ~The DOE informally cooperated
with ARCO on process instrumentation and data handling. The DOE, through
the Lawrence Livermore Laboratory, formally supported the ARCO test with
high-frequency electromagnetic detection of the propagation of the burn
front.
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Ignition took place in September 1978. Two 75-foot reverse combus-
-tion links were propagated, the second during forward gasification.
Forward gasification lasted for a period of 2 months with air injection
flows of up to 3000 scfm. The average product gas higher heating value for
the test was over 200 Btu/scf, which is very high for air injection. The
test was terminated on November 20, 1978.

Texas A&M University

Texas A&M University, supported by a group of companies, conducted
a UCG test on University property in 1977. 1In cooperation with a consor-
tium, a second test was recently carried out near Rockdale, Texas. The
lignite is 14 feet thick at a depth of 235 feet. A reverse burn link over
a buU-foot aistance was completed and forward gasification was conducted.

In audition to thesc projccts, the Resource Sciences Corpordliun's
subsidiary, Williams Brothers Process Services, Inc., is actively involved
in client-sponsored studies of economics, cleanup and gas utilization for
UCG, including studies of air gyasification of Wyoming coal and steam/oxygen
gasification of Texas lignite. The Public Service Company of New Mexico,
together with the University of New Mexico and the Los Alamos Scientific
Laboratory, have been supported by DOE to initiate prospective UCG site
characterization studies in the San Juan Basin of New Mexico.

The natural gas industry provides formal, direct support to DOE via

the Gas Research Institute (GRI). GRI co-sponsors and co-funds the LLL UCG -
project for medium-Btu gasification.
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3.2.5 Selected References - Extraction

The following publications are particularly informative on the
subjects of coal extraction by surface mining, underground mining, or
underground gasification; or on the effects of low-rank coal properties on
those processes. Many other publications, as listed under References at
the end of each section, provide data on specific subjects within these
téchnical areas.

1. Cassidy, S.M. (Editor), Elements of Practical Coal Mining, AIME Mudd
Series, New York, 1973, 614 pp..

This book is designed as a tra1n1ng manual and reference for persons in
or expecting to enter the coal mining 1ndustny It is a beginner's
book on the elements of practical coal mining that is suitable for
.vocational schools, high schools, community colleges. etc. However, it
is also extremely comprehens1ve and informative on all.aspects of
surface and underground coal mining. tmphasis 1s placed un wmining
techniques and equipment, with numerous photographs, tables, and charts
to illustrate and clarify the material presented. Each of the 23
chapters was written by an expert with practical (rather than academic)
first-hand experience and knowledge of the subject.

2. Pfleider, E.P. (Editor), Surface Mining, AIME Mudd Series, New York,
1972, 1061 pp.
This book is an authoritative text on surface mining, intended for
use in mineral engineering schools and as a comprehensive reference
book for the industry. It is not limited to coal mining (although
there is a 60-page section specifically covering coal); rather, all of
the techniques and equipment utilized in the extraction of minerals by
surface mining are covered, including research and development efforts
and organizational/management aspects  of the technology. Eighty-four
individual authors, each a recognized leader in his particular field of
surface mining, contributed individual chapters. Extensive reference
lists are provided.

3. Grim, E.C., and R.D. Hill, Environmental Protection in Surface Mining
of Coal, EPA-670/2-74-093, October 1974, 276 pp.

This in-house EPA report is the result of information obtained from
a review of related literature and assembled by personal inquiry and
on-site examination of both active and inactive surface mining opera-
tions. Premining planning is emphasized and particular attention is
given to incorporating mined-land reclamation into the mining method
before disturbance. New mining methods that will maximize aesthetics
and minimize erosion, landslides, and deterioration of water quality-
are discussed. Blasting techniques and vibration damage controls are
recommended. Methods of land reclamation including spoil segregation,
placement, topsoiling, grading, burying of toxic materials, and revege-
tation are noted. Technology for the control of erosion and sediment
in the mining area is presented in detail. Guidelines for planning,
location, construction, drainage, maintenance, and abandonment of
coal-haul roads are included. Costs are given for different degrees of
reclamation and remedial measures for controlling pollution from
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surface mines. Reduction in costs through preliminary planning are
cited. Water quality change is discussed in detail. Preventive and
treatment measures are recommended. Research needs are listed as a
separate section of the manual. Extensive reference lists are provided.

Menchen, W.R., et al., Underground Coal Mining - An Assessment of

Technology, EPRI AF-219, July 1976, 457 pp.
This report was prepared by Hittman Assoc1ates, Inc. in association
with Pennsylvania State University and George Washington University,
to: provide government and industrial decision-makers with an under-
standing of alternative technologies available for increasing the
production of coal by underground mining in the time frame 1974-2000;
apply the methodology, techniques, and processes of technology assess-
ment to domestic underground mining of coal; identify advanced techno-
logies and systems for increased production of deep mined coal and
develop alternative R&D and institutional strategies that may make such
technologies viable; identify major' areas of uncertainty facing the
future of the underground coal mining industry, determine the sensi-
tivity of increased production to these uncertainties and formulate
strategies and timetables for the resolution of the uncertainties;
identify major alternatives for filling institutional gaps, if any,
between the various industries involved in the extraction and utiliza-
tion of underground mined coal; and determine alternative levels of
underground mine productive capacity by coal mining region in the
United States.

U.S. Department of Energy Underground Coal Conversion Program DescrlE‘

tion, DOE-ET-0T00, June 1979, 69 pp.
This report presents a summary of the DOE research program in under-
ground coal gasification, and was prepared by DOE's program management
team, including the major field and laboratory project managers. It is

- a useful reference in that it presents, in executive summary form (with

references), the current status of the technology, the major environ-
mental, economic, and institutional constraints and uncertainties, and
descriptions of the various industrial and government projects compri-
sing the DOE program. '

Proceedings of the * lInderground Coal Conversion Symposiumi

*Fifth - Alexandria, Va., June 18-21, 1979, 449 pp.

Fourth - Steamboat Springs, Col., July 17-20, 1978, 526 pp.

Third - Fallen Leaf Lake, Calif., June 6-9, 1977, 522 pp.

Second - Morgantown, West Va., August 10-12, 1976, 586 pp.
Together, these symposia proceedings constitute a massive and detailed
technical data base on all aspects of underground coal gasification
technology, with emphasis on the most recent work conducted in the
United States. Individual papers vary in their depth, precision, and
accuracy; however, no other single source of data on this subJect is
comparable. In addition to the large number of papers included in the
proceedings themselves, extensive reference lists are provided which
cover practically. the entire domestic and foreign 11terature on under-
ground coal gas1f1cat1on.
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3.3 TRANSPORTATION

3.3.1 Introduction and Summary

The transportation of western low-rank coal is affected by a very
high volume (or weight)-to-value ratio due to its low heating value. Be-
cause of this high ratio, transportation costs can represent a consider-
able fraction of the delivered cost.@ Bulk handling systems and/or
specialized transportation methods can be applied to obtain economies of
scale or economies of optimum design and utilization. A prime example of
bulk handling is the unit train concept, which combines the efficiency of
large scale "dedicated" shipments with specialized loading and unloading
facilities. Slurry pipelines are an example of a specialized transpor-
tation system. Barge and rail combinations (rail transport from mine to
barge) are examples of optimum utilization of low cost barge transpor-
tation. Within the mining area, large haul trucks and conveyor networks
are well suited for short haul transport, and offer extreme flexibility.

Al11 of the above-mentioned transportation methods are discussed in
the following sections, and the status of their development is summarized
below.

With the possible exception of slurry pipelines, the various
technical approaches to coal transportation are well established. Crit-
ical issues in transportation are legal and economic in nature -- two areas
known for their relative instability. For this reason, much of the ma-
terial presented under "current status" subsections is involved with
significant ICC rulings, and many issues are still pending. Therefore,
up-to-the-minute reviews of certain legal developments (e.g., ICC decontrol
of railroads, railroad mergers) are best obtained from periodical litera-
ture.

Railroad

The unit train concept has matured over the past two decades to
where, in 1977, over 178 million tons of coal were shipped by unit trains.
One-fourth of this tonnage was shipped out of western low-rank coal states
such as Montana, North Dakota, and Wyoming.Z Although shipments utiliz-
ing larger capacity rail cars and longer dedicated shipments (integral
trains) have been considered, the present combination of 100-ton hopper
cars and 100-car unit trains will most likely remain the typical mode of
long distance rail shipments of western coal.

dFor example, subbituminous coal from Colstrip, Montana (8600
Btu/1b) has a contract price of $8.50/ton FOB mines and a unit train
transportation cost of $11.12/ton delivered in Minneapolis, Minnesota, or
a transportation cost of 57 percent of the delivered price. Higher priced
coal (due to higher Btu content) would have proportionately lower tran-
sportation costs.!’ : '
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: Future coal movements will place a great reliance on unit trains.
The railroad industry possesses an extensive in-place network of tracks
reaching to most of the major energy-consuming sections of the nation.
This track system has the capability and flexibility to transport large
quantities of coal over long distances. Unit trains also appear to be a
relatively energy-efficient mode of transport. Of importance to the
western states is the relatively small amount of water required by rail-
roads as compared to the amounts required by slurry pipelines and mine-
mouth power plants. Western railroads will be a major beneficiary of
increased coal consumption. :

The greatest uncertainty affecting railroad movement of coal will
be the ability of the railroads to control operating costs and the problems
relating to vehicle traffic interference at grade crossings. There are no
apparent cost-cutting technological advances in the future that would be
comparable to the advent of the unit train. Large increases in rail rates
will particularly affect the long-haul markets for Western coal. This
may be a major driving force for the development of a Texas lignite mining
industry. High rates will also encourage the development of coal slurry
pipelines.

Barge

Transporting coal by barge is one of the most economical methods
available, providing both the coal origin and the destination are near
barge facilities. In the case of western low-rank coals, coal mines may be
500 to 800 miles from the nearest inland waterway.  Rail-to-barge shipments
(combining unit-train delivery of coal to barge loading facilities) are not
uncommon, and at least 12 million tons of Montana subbituminous coal are
delivered to barges and towed upstream to utilities near Chicago and
Detroit (by way of Lake Michigan).

- Barge transportation can move approximately 60,000 tons of coal in
one tow. Barge groups may contain as many as 45 barges at one time and
can be towed by one boat at speeds of about 5 miles per hour. Integrated
tows provide an efficient method of transporting large tonnages of coal
over long distances. Barge transportation becomes most efficient when few
or no locks are present on the route and when annual tonnages exceed
800,000 tons per year.3

As with unit trains, operating costs make up a large percentage of
"the total costs associated with a tow. Barge lines do not face increased
costs for roadway upgrading, as do the iailroads. In addition, the barge
industry is subject to less ICC regulation than the railroads, and has
more freedom to dictate rate structures. Therefore, future barge rate
increases should parallel the general rate of inflation, and shou]d become
increasingly attractive with respect to rail rates. :

Trucks and Conveyors

The technical state-of-the-art in truck and conveyor design.has not
changed dramatically over the past few decades. Trucks have increased in
size and capacity; conveyors are now using more durable belt materials and
are becoming somewhat more specialized in design. The significant changes
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occur in the application of these transportation modes within large
surface-mining operations. With the aid of computerized calculations,
surface mine planning has become both an art and a science, and more mine
operators are turning from trucks to conveyors for more efficient movement
of overburden and coal.

Although the number of different applications and combinations for
conveyors {(and truck/conveyor systems) is potentially unlimited, several
popular applications involve: continuous removal of blasted overburden
from deep surface mines; cross-pit transport (a significant improvement
over truck haulage in this application); load-matching with a bucketwheel
excavator; and loading and unloading operations paired with trucks,
trains, shovels, or dozers. :

Cunveyur syslems on the market today are available in self-pro-
pelled and shiftable models to facilitate rapid relocation and maximum
flexibi1ity. Almost any length of conveyor is available up Lo 3000 feet,
but special applications utilize single units 4000 feet in length.

Trucks are a very flexible means of transportation and will ¢on-
tinue to perform as vital links in the surface mine movement of coal.
However, as transportation fuel and other operating costs increase, more
use will be made of conveyor transport of materials, from simple one-sec-
tion operations up to elaborate networks of conveyors transporting material
over several miles.

Slurry Pipelines

The movement of coal by slurry pipeline has yet to become an
established transportation option. Slurry pipelines are subject to a
number of possible technical and legal problems:

1. Separation and cleanup of the slurry water at the
receiving end of the pipeline has not been adequately
demonstrated for all locations. At the Mohave power
plant (receiving end of the only operating coal slurry
pipeline in the U.S.), clarified slurry water from
thickener tanks is used in the plant's cooling system.
Previously, the unclarified water containing 5-20 per-
cent residual solids had been evapecrated in holding
ponds on the desert. These techniques may not be
acceptable at other locations. ‘

2. Small-scale tests of slurry transport of lignite in-
dicate it will produce excessive fines due to the
deterioration of particle size during transport. Fines
smaller than 40 microns are difficult to dewater at
the receiving end of the pipeline, and may have to be
disposed of in settling ponds as waste.
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3. If flow is stopped for any reason, the coal particles
will eventually settle out of suspension. Restarting a
settled slurry requires extremely powerful pumps to
overcome static pressures in the pipe, and the success
of completely re-suspending the coal has not been
established.

4, Pump wear and coal particle abrasion are items of
concern.

5. Obtaining water rights for slurry preparation needs is a
time consuming procedure and can possibly halt develop-
ment of a pipeline proposal. On the other hand, opera-
ting pipelines would consume 15,000 to 20,000 acre-feet
of water annually in western regions known for extended
droughts and limited water resources.

Slurry . pipelines are very capital intensive. In fact, about 70
percent of the pipeline shipping costs are related to capital expendi-
tures. Pipelines are thus economical only when shipping large quantities
and constant throughputs. When transport distances are greater than 500
miles and annual shipments approach 10 million tons per year, the slurry
pipe]ing shows an advantade over other competing forms of coal transpor-
tation.

Coal slurry pipelines, whether actually constructed or not, will
present a threat to the present unit train dominance in coal transpor-
tation. In Cadiz, Ohio, an inoperative coal slurry pipeline has been an
effective deterrent to rail freight rate increases. In light of recent
rate hike requests by railroads serving the western coal fields, it is
possible that western coal slurry pipelines may become a reality within the
next decade.

Tfansportation Costs Comparison

On a cost per ton-mile basis, barges remain the most cost-effective
mode of coal transportation, followed by unit trains and slurry pipe-
lines. Figure 3.3.1.1 compares each transportation option as a function of
distance. Slurry p1pe11ne costs are rough est1mates, since only one, the
Black Mesa p1pe11ne, is actually operating.

It is interesting to note that the energy efficiency of all three
major modes of coal transport is approximately the same. As shown in
Table 3.3.1.1, railroads have a slight ‘advantage. The steel wheel on
steel rail system produces the.least wasteful friction during transport,
surpassing the floating barge.
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Figure 3.3.1.1

Cost Comparison per Ton-Mile of
Various Coal Transportation Svstems
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Table 3.3.1.1.

Energy Efficiencies of Various Coal
Transportation Systems

. Transport Energy Consumption

System (BTU per ton-Mile)
Railroad 370
Slurry Pipeline 4104
River Barge 440
Truck 2500

aExcluding coal grinding

Source: Reference 3

Conversion Product Transportation

An alternative to the transportation of coal directly from the mine
to the user is the conversion of the coal to a more valuable and/or more
easily conveyable product. Examples of this conversion are minemouth
conversion of the coal to electricity and transmission of the electricity,
and the conversion of coal to a gas or a liquid and the transmission of
the product via pipeline. The economics and operations of pipeline and
electric transmission lines are well established. 1In addition, any
effects of low-rank coal properties on these technologies are observed in
the conversion operation rather than the product transport phase.

The decision of whether to transport the coal or the product is, of
course, a partial function of coal properties (primarily heating value);
many other site/route-specific variables are also important. Most energy
transportation studies have concluded that it is generally cheaper to
transport the coal than to transport electricity. Based simply on the
existing industry practice, the economic cutoff point between transporting
coal and utilizing it at the minemouth is currently somewhere between
subbituminous coal and lignite. Most lignite-fired power plants in the
U.S. today are at the minemouth. A Tlarge percentage of the subbituminous
coal is transported to demand centers; however, a number of minemouth
subbituminous coal-fired power plants which supply power to remote markets
exist or are planned.

Key Issues

The key issues in western low-rank coal transport arise primarily
from regulatory and environmental concerns. The technologies are well
established except for coal slurry pipelines. In the latter case, the
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necessary hardware has been developed for other industries; operational

problems that are still unresolved present the most significant technical
problems among all transportation modes(

‘Table 3.3.1.2. bresents a summary outline of identified key issues
in low-rank coal transportation. Detailed discussions of these issues can
be found within the following sections on each transport system.
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Page 1 of 2

Table 3.3.1.2

Key Issues in Low-Rank Coal Transportation

Railroad ’

Technical . - no significant issues.

Regulatory - current decisions by ICC and Congress regarding
rate hikes and less regulatory control. The
effects of these issues on future coa] traffic
are not clear.

Environmental -,socio-economic effects of increased unit train
traffic on small western towns.

Barge

Technical - no significant issues.

Regulatory - barge transportation is not significantly
affected by regulatory constraints. This
may change in the future as barges are re-
quired to absorb a larger fraction of water-
way maintenance. Price structures for coal
shipments by barge will be affected.

Environmental - no significant issues.

Trucks and Conveyors

Technical - no significant issues.
Regulatory - no significant issues.
Environmental - no significant issues.
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Slurry Pibe]ines

Technical

Regulatory

Environmental

Page 2 of 2

Table 3.3.1.2
(cont inued)

dewatering coal fines at the receiving end.

* on-site utilization of treated slurry water.

minimizing pipeline water requirements.

restart problems if slurry flow is disrupted.

freeze prevention of slow moving slurry.

maintaining coal suspension over long
transport distances.

obtaining right-of-way along pipeline route.

water acquisition rights.

treatment of slurry liquor after coal/water
separation at receiving end,

reduce water displacement from water-scarce
areas in the West.

minimize frequency and impact of ruptured
slurry pipelines.
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3.3.2 Railroad Transport

3.3.2.1. Technology Description 1,2

The unit train is the most efficient railroad transport mode being
used today for movement of large quantities of coal from western surface
mines to distant markets (utilities). Some coal is also moved by single
car (100 tons or less), multiple car (typically 1500 tons), and by train-
load (5000 tons or more) shipments. Each of these methods has distinct
operational characteristics, primarily in equipment use, which are reflect-
ed in rates. By definition, a unit train consists of dedicated equipment
‘(locomotives and cars) moving in continuously scheduled cycles between one -
loading point and one unloading point. A typical unit train carries 10,000
tons of coal. Automated loading and unloading facilities are integral
parts of the unil train transport system as well. Western subbituminous
coal mines lnad two to eight unit trains per day (2 to 4 hours per each
100-to-11%-car train), Lhus accomplishing a ncarly continuous flow ot ¢aal
from the mine to the customer.

The high productivity of a unit train results from the combination
of dedicated equipment, schedule operations, absence of switching en
route, and quick turnaround. Productivity or efficiency of the transport
system can be measured in a number of ways (all of which translate ulti-
mately into cost per ton-mile or Btu-mile). One measure is the tonnage
that a single car carries over the course of one year; a car in unit train
service generally carries five to six times the amount it would carry in
any other type of service.

A typical coal car has a volume of 3,600 to 4,000 cubic feet and
is rated at a nominal 100-ton net capacity. By Association of American
Railroads rules, a 100-ton car has a maximum weight, fully loaded, of
263,000 pounds on four axles. Modern cars have a dead weight (empty) of
approximately 60,000 pounds, so the actual load-carrying capacity of such
cars may be s]1ght1y in excess of the nominal 100 tons.@

The selection of a part1cu1ar type of car for a unit tra1n is made
in conjuction with the selection (or availability) of the unloading
facilities at the destination. Coal cars are of two basic types, gondolas
and hoppers. Gondolas are flat-bottom open cars (although coal cars with
hinged covers were introduced recently) and must be unloaded by mcans of
rotary dumpers which clasp and rotate the cars. Gondolas equipped with
rotary couplers at one end provide the shortest dumping cycles; otherwise
the cars must be uncoupled for dumping.

dThe bulk density of coal ranges from 47 to 67 1b/ft3, depend-
ing on the type of coal, lump sizes, and degree of compaction. Typical
bulk densities for 1ow-rank coals loaded into rail cars range from 50-55
1b/ft3; the effects of moisture content §dry1ng) and coal rank on bulk
densities are so small as to be negligible. >4,
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Hopper cars are equipped with sloping plate bottoms and gates that
open for a quick discharge. Triple-hopper cars are used most commonly,
but quadruple hopper cars, with higher discharge rates, are gaining wider
acceptance. For greatest rapidity in unloading, cars with longitudinal
discharge gates opening a substantial fraction of the bottom are available. .
They offer remote and automatic operation of the gates and facilitate the
simultaneous emptying of several cars over specially designed unloading
trestles or hoppers.

Hopper cars are the most common type in use today, but the Tighter
(and somewhat cheaper) gondola cars with rotary dump systems appear to
be favored for future use. Either type of car is compatible with loading
facilities at the mine, which are usually set up so that coal from a
continuously flowing, overtrack, pneumatically controlled surge hopper
fills the cars as they pass beneath it.

Unit trains require locomotives with high traction abilities, in
addition to motive power ranging from 1800 to 3600 hp per engine. Typical
locomotive requirements for a 10,000-ton unit train range from 3 to 5
3,000 hp units; up to seven power units may be required on routes with
steep grades.

Studies of the railroad transport requirements for western coal
are in general agreement that major technological changes are unlikely to
occur in the next decade.l!>¢ The trends of the previous two decades -
larger cars, more powerful locomotives, increased total tonnage per
train, and refinements in speed and automation of loading and unloading
facilities - are expected to continue to some extent, but not at the same
pace. Today's 100-ton capacity cars (132 tons total weight fully loaded)
have an excellent capacity-to-total-weight ratio, but impose severe
stresses on existing rails and roadbeds which generally are suffering
from years of deferred maintenance. Experience with 125-ton cars (157
tons fully loaded) has been very unfavorable from the standpoint of track
maintenance. Unit trains significantly longer than 100 cars (10,000
tons) have been proposed and may be used in a few cases, but consider-
ation of coupling gear strength and dynamics of long trains indicates that
the' 10,000-ton shipment will remain typical. Today's typical heavy-duty,
six-axle locomotive (rated at 3,000 hp net and weighing 200 tons) is well
adapled Lo the loads and speeds currently prevailing, and no major changes
are anticipated.

Forecasts of greatly expanded western coal production and transpor-
tation have been analyzed with respect to potential impacts or bottlenecks -
in the railroad system. Freight-car and Tlocomotive builders can meet
projected demands for new equ1pment (although temporary shortages may
occur) While most railway lines in the U.S. are underutilized, several
major coal-carrying routes are being operated near capacity, and may not
be able to support much heavier traffic without rehabilitation, moderni- -
zation of train-control systems, Tengthening and relocation of pass1ng
sidings, rail renewals, and, in some cases, electr1f1cat1on.
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The two anticipated developments in rail movement of coal are coal
-car leasing and pre-shipment coal drying. Of the two, the leasing of coal
cars is already an established option for anxious coal companies and
utilities frustrated by coal movement delays caused by shortages of rail
cars. The boom in coal car leasing has stemmed from the growing time lag
between increased coal development and improved rail service. Leasing,
as compared to actually purchasing the cars, avoids the responsibilities
of policing and maintenance of the cars by the coal company and/or the
power company.

Among many advantages of using leased coal cars is a reduced
freight rate charges from the rail carrier. The railroads pay a mileage
compensation when the shipper provides his own cars. This allowance is
paid to the leasing company and is passed on to the lessee through a
reduced lease cost. Thc compensation is based upon the type of car and,
somet;mps. its age. A typical coal car might be allowed 3.75 cents per
mile.

Although the reduction in shipping cost is attractive, a coal
company could not Justify leasing coal cars through mileage compensation
alone. The main objective of leasing cars is to assure a supply. ICC
regulations dictate that railroad-owned cars be allocated equally.
Therefore, when a shortage occurs all rail lines are shorted by the same
percentage. For example, during a 50 percent shortage, the railroad would
allot 25 cars to a company needing 50, and five to a company that usually
receives 10.

Railroad companies have mixed reactions regarding other companies
that lease rail cars. Railroads with strong capital backing say they can
keep pace with rail car demand without outside intervention. They see
leased cars robbing railroad companies of additional revenue. -Other
railroads, however, appear optimistic with the arrangement, since the
~financial burden and responsibility of maintenance is removed from the
raitroads.5

The actual savings Eea]ized from the use of shipper-owned (or
leased) cars are represented in Figure 3.3.2.1.

Generally, it costs 25 to 35 percent more to ship coal by railroad-
owned coal cars than with customer-vwned (leased) cars.®6 Regardless of
who owns the cars, costs per ton-mile decrease significantly with increas-
ing distances up to about 300 miles, then level off to between 0.7 and 1.3
cents/ton-mile. It is important to realize that freight rates for unit
trains are not fixed prices: the final rates are negotiated between
railroad and coal company représentatives, and are easily affected by the
immediate availability of other competitive means of transportation.

Drying low-rank coals prior to shipment is another possible
way to reduce transportation costs per unit of energy shipped. Deter-
mining the actual savings, however, encounters several interesting sit-
uations.
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Figure 3.3.2.1

Western Unit Train Rates
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Reducing the moisture content of lignite from 35 wt.% to 21 wt.%
results in an increase in heating value (per pound) of over 20 percent.
However, the difference in transportation costs may not necessarily justify
this value increase. The main determinant is that coal is shipped -
and rates determined - on a per-ton basis, not a Btu basis. In addition,
weights (per 1load) are generally based on bulk densities, which, when
coupled with the fact that moisture content has 1little impact on the bulk
density of low-rank coals, could result in a negligible reduction in per-
ton rates.

A further deterrent is that shipping rates are negotiable: rail-
roads may consider dried coal a "prepared" fuel product instead of a "raw"
fuel and charge a proportionally increased rate. This, however, was not
done for a shipment of solvent-refined coal (heating value of about 16,000
Btu/1b) from Tacoma, Washington, to Alabama. In this instance, the SRC
was shipped at a "raw coal" rate. Savings in shipping costs were thys
realized by 1)avoiding a higher shipping rate, and, 2) since the product
itself had a higher dollar value, shipping costs represented a smaller
fraction of the delivered price of the fuel. If this particular shipment
has established a precedent for future shipments of dried or cleaned coal,
the savings in shipping costs may be more readily realized.

The potential economic advantages of shipping dried coal are
illustrated by the following example. Transportation savings are realized
on a delivered-Btu basis: if each ton of shipped coal has a higher heating
value, then fewer tons are needed to satisfy the Btu requirements of the
consumer., Savings are realized not as a per ton-mile rate reduction, but
as a reduced shipment. For example, a 100 car unit train carrying 10,000
tons of lignite at 35 wt.% moisture contains the same Btu content as a
train carrying 5 wt.% Hp0 in 69 cars (6840 tons).

In different terms, a 1000 MW power plant needing 4.25 million
tons of as-mined lignite per year (35 wt.% moisture) requires 425 unit
train shipments annually. The same plant, if designed to accept a drier
coal, would need only 290 train loads (10,000 tons each) of 5 wt.% moisture
lignite. Assuming a drying cost of $2.66 per ton of as-mined lignited,
Table 3.3.2.1 illustrates the potential savings realized by drying lignite
prior to shipment. This example computes only the transportation savings,
and assumes a similar negotiated rate for the dried coal as for the.
as-mined coal. As determined in the table, over five million dollars could
be saved annually in transportation custs alone. In addition to these
savings, the dried lignite will command a higher price from the consumer
(utilities).

dEstimated incremental capital costs for drying
equiphment: ' $21.19 million
Incremental operating costs: $7.70 million

Capital costs amortized for 15 years at 15 percent interest for a handling
capacity of 4.25 million tons per year of 35 wt.% moisture lignite. Dried
lignite has a moisture content of 5 wt.% moisture. Data from Reference 7.
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Table 3.3.2.1

Cost Analysis of As-Mined vs. Dried Lignite
Transport By Unit Train.

As-Mined Dried

35 wt.% Ho0 5 wt.% Ho0

Basis

130 X 109 Btu/yr | 4.25 X 106 tpy 2.91 X 106 tpy

(For a 1000 MW electric (6300 Btu/1b) (9208 Btu/1b)

generating station) -

Number of annual

unit train shipments

(10,000 tons/train) 425 : 291

1000 mile transport . : |

@ $0.0125/ton-mile - $125,000 . - $125,000

Annual transportation

costs (millions) $53.1 $36.4

Cost of coal drying

@ $2.66/ton (millions) - $0.00 $11.3
Total cost per year ' $53.1 $47.7

(millions)
Net annual savings from : C
coal drying (millions) . , ' $ 5.4

Source: Reference 7
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Savings may be calculated for any freight rate and distance by the follow-
ing formula:

. Btu as-mined freight rate distance
Savings = 1 - Btu dried X ($/ton-mile) /) X \ (miles)

3.3.2.2. Environmental Control Technology

There are few environmental control problems unique to railroad,
shipment of low-rank coal. The most significant problems are due to
characteristic properties of low-rank coals and include problems such as
fugitive dust, spontaneous combustion, and freezing. These problems are
dicussed in more detail in the following section. Rail transportation, in
general, creates its own environmental concerns: exhaust from the large.
diesel enyines will emit typical combustion products (CO, (02, HC, NO
and particulates) and locally high noise levels; frequent unit train
traffic can effectively sever small western towns built around rail
lines. These problems can be rectified by routine engine maintenance,
pollution control equipment, and improved exhaust mufflers. Train tracks
can be routed around small towns (though at considerable expense) to avoid
disruption of vital municipal services. See section 4.3.2.1, Environmental
Analysis, Railroad Transport, for additional information.

3.3.2.3. Effects of Low-Rank Coal Properties

Low-rank coals have a higher moisture content and lower heating
value than bituminous coals, hence larger quantities of lignite and (to a
lesser degree) subbituminous coal must be shipped to provide an equivalent
amount of delivered energy. Even though low-rank coals are less expensive
than bituminous coal on a per-ton basis, the transportation costs, as a
percentage of delivered energy are significantly higher.2

The Grand Forks Energy Technology Center (GFETC) and Commonwealth
Edison of Chicago jointly conducted tests to evaluate _the transportability
of partially dried subbituminous and Tlignite coals.3 During 1974, 400
tons of each coal type were dried in a commercial scale dryer at Pekin,
I1linois, and shipped to Grand Forks, North Dakota, for stockpiling.
Tests were performed to: determine dried coal density; oxygen content
within the loaded cars; dust emissions during transit; moisture change
during transit; and the temperature change during transit. The lignite
was dried from 39 to 22 percent moisture, and the subbituminous coal from
26 to 16 percent moisture.

Results from the GFETC/Com. Ed. tests indicate that the bulk

dpresently, about two-thirds of the cost of mining and delivering
western (Wyoming) coal to an eastern (Texas) consumer is spent on transpor-
tation. '
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densities of dried subbituminous and lignite are comparable to as-mined
bulk densities. For both coals, the average densities increased during
transit due to settling: 50 6 to 56.0 1b/ft3 for dried subbituminous
coal, and 47.0 to 51.1 1b/ft3 for dried lignite.

Dried low-rank coals are extremely reactive and can increase in
temperature to the point of spontaneous combustion. Available oxygen
around the coal fragments increases the chances for combustion. As an
indication of the high reactivity, test results show that the oxygen
concentration in the void gases between particles in the loaded rail cars
decreases rapidly. Within one hour, the oxygen content of the void gas in
dried subbituminous coal decreased from 21 to 4 percent, and in dried
lignite, from 21 to 1 percent. If no additional oxygen (from air) reaches
the coal, internal pile temperatures remain relatively stable and hence
reduce the possibility of spontaneous combustion.

Air leakage did occur in some of the cars transporting dried
subbituminous coal. The bottom dump doors of some cars had become warped
from use and did not seat properly. At these openings, the coal eventual-
ly ignited during shipment, although only that coal within several inches
of the door closure actually ignited. Ignition also occured in the rail
car of as-mined (undried) subbituminous coal around similarly damaged dump
doors. No evidence of ignition was found at the tops of the cars. The
shipments of lignite experienced no ignition -problems because the bottom
doors were repaired and sealed prior to loading.

Dust emissions from the open hopper cars were three times higher
for the dried coals than for the as-mined coals. In each case, however, .
treatment of the dried subbituminous and lignite loads with oil coatings
(ranging from 2.1 gal/ton up to 6.1 gal/ton) suppressed dust emissions to
about half those from as-mined coal losses.

The dried coals did not regain appreciable amounts of moisture
during shipment, even though the subbituminous-loaded rail cars were
subjected to a two-inch rainstorm. Coal samples from the surface layers
showed a slight increase in moisture content immediately after the rain,
but the top layer returned to its previous dry level after two days of
storage.

A major problem encountered in rail shipments of low-rank coals is
agglomeration by freezing. Results from various experiments by GFETC
personne13’9 indicate that both undried and dried loads of low-rank coal
are susceptible to freezing. The GFTC/Com.Ed. tests point out that
the elevated temperatures of dried lignite (loaded directly from the
thermal dryer) caused a continued release of water vapor, which ultimately
condensed on the cold car walls and adjacent particles. This problem
could be minimized by cooling the coal to ambient temperatures prior to
loading. In addition, oil coatings reduced the reactivity and. hence
reduced increasing temperatures within the load.
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As-mined low-rank coal can freeze in the car because the freshly
mined coal particles have a higher vapor pressure of water than in the
adjacent void spaces. As a result, water vapor is released until an
equilibrium is established. 1In freez1ng winter weather, this vapor con-
denses and initiates a frost layer which continues to grow and agglomerate
the coal particles. Tests have shown that drying a portion of the lignite
and selectively placing it at the car walls effectively reduces the
degree of agglomeration of the raw lignite in the center of the car.?
The dried particles apparently absorb the moisture vapor released by other
particles and hence reduce frost formation.

3.3.2.4 Current StatuslO,1l

Current trends in the railroad industry do not indicate massive
expansion of rail lipes into new areas, but rather the accelerated business
mergers of formerly competing railroads. For example, the recently com-
pleted 116-mile section of rail built by Burlington Northern to serve the
coal fields in Wyoming's Powder River Basin is the longest stretch of new
rail built since 1931. The two dominant western rail carriers, Burlington
Northern and Union Pacific, are working to further extend their control and
their coal market network.2 The proposed end-to-end mergers will re-
portedly make more efficient use of rail company equipment and its mileage,
a]though the effect of such mergers on coal transportat1on and freight
rates is not clear.

A significant merger plan recently announced is the combination of
the Missouri Pacific Railroad (MOPAC) with Union Pacific (UP), which
would create a 21,200 mile railroad stretching from Chicago to the Gulf of
Mexico and from Seattle to St. Louis. UP also intends to acquire the
Western Pacific (WP) railroad, which would give coal-hauling carrier access
to San Francisco, adding to its Los Angeles and Portland outlets to the
Pacific. '

Although the aggressive moves by UP appear to give them a large
coal-hauling advantage, much of the coal UP carries already moves on the
lines of the MOPAC and WP railroads. The other two large coal-hauling
lines in the West, the Burlington Northern (BN) and the Santa Fe, should
now face some real competition. BN has effectively monopolized coal
shipments out of the Powder River Basin; now low-rank coal mine operators
and distant utilities may be offered a broader selection of shipment -
options.

Burlington Northern, however, is aléo entertaining merger pro-
posals. BN hopes to acquire the St. Louis - San Francisco Railway (Fris-
c¢o), which would enable BN to move coal from Wyoming directly to the
steel mills in Alabama and the Gulf Coast.

. aIn 1979, 80.2 million tons of coal were shipped by Burlington.
Northern, most of it from the Powder River Basin. Union Pacific shipped
- 24 million tons in the same year, much of it from southern Wyoming bitumi-

nous ﬁyrface mines. 1980 shipments by UP are expected to top 30 million
tons.? ' ' :
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-Another rail-related issue is the liquidation of the Chicago,
Milwaukee, St. Paul, and Pacific Railway, otherwise known as the Milwaukee
Road: The Federal Railroad Administration (FRA) hopes to keep the rescue
“of the Milwaukee in the private sector, and is willing to provide federal
assistance to private buyers, if necessary. The Burlington Northern and
Union Pacific railroads are interested in the coal-carrying segments of
the Milwaukee, as is the state of Montana, which wants to buy the lines
and then lease them to a railroad to make sure the BN does not have a
monopoly on coal carriage in Montana.

In the wake of recent deregulations of the airline and trucking
industries, the railroads have launched a strong Congressional campaign to
remove most federal controls on rail rates. The Senate easily passed a
rail deregulation measure, but the issue is meeting growing opposition in
the House. '

The deregulation bill would let railroads set rates without Inter-
state Commerce Commission intervention until they reach a point where the
ratio of revenue to variable costs is 200 percent. The proposed amendment
by utility, consumer, and other "captive" shippers, sets the ratio of 160
percent, triggering ICC rate review above that level.ll. At the time of
this writing (August 1980), the final results of this legislation are still
pending further debate. Rail deregulation, if approved, could significant-
ly increase what many coal buyers feel are :already high freight rates.
Delivered coal prices would increase and could pave the way for expanded
interest and development of alternative means of transport, such as coal
slurry pipelines.
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3.3.3. Barge Transport

3.3.3.1 Technology Description

The inland waterway system consists of the Great Lakes and 2500
miles of navigable waterways on the Mississippi-Gulf System, including the
Ohio and I11inois rivers.

Inland waterways are currently used to transport about 11 percent
of the annual U.S. coal production, and 25 to 30 percent of this tonnage
utilized other modes of transport (e.g., rail-to-barge shipments).l 1In
1976, domestic barges transported more than 129 million tons of coal over
inland waterways, which represents about 21 percent of all commodities
shipped by bar~ge.’2

Relatively little western low-rank coal is shipped by barge,
primarily because the navigable waterways are far from western coal
regions. Coal from western mines that does travel by water is transhipped
by rail from the mine to the barge. An example of rail-barge transport
involves the Burlington Northern, the Chicago and Il1linois Midland rail-
roads, and the Valley Line (barge) Company. Annually, about five million
tons of subbituminous coal leave Decker, Montana, by rail and are brought
to Havana, Illinois where barges tow the coal to Commonwealth Edison's
three electric generating facilities located near Chicago on the Il1linois
River.

River transport of coal is accomplished primarily by towboats
pushing rafts of barges. The towboats range in size from less than
1000-hp up to 10,500-hp, averaging about 5000-hp. Larger towboat designs
in the future are unlikely due to limited channel depths and lock sizes.

Most barges used for shipping coal are of the open hopper type.
The barge generally has a double skin construction with the cargo hold
being free of any obstructions to allow for easy unloading by clam shell
buckets or continuous bucket unloaders. There has been little standardi-
zation in the sizes of barges, except that due to the size of the existing
locks on the rivers. The size and number of barges used depends on the
size of the locks and width and depth of the river. The most common barge
is roughly 200 feet 1n length and 35 feet wide, and has a cargo capacity of
1500 tons. ‘

Actual towing operations involve lashing the flotilla of barges
together to form a single unit. Average tow speeds are on the order of 5
miles per hour. -A towboat may push a single barge or as many as 45 barges
at a time. When passing through lock systems, barge groups of 4-wide and
3-1ong or 3-wide and 4-long are used depending on the size of the locks
and the size of the barge. Integrated tows provide an efficient method of
transporting large tonnages of coal over long distances. As with the unit
train system, the integrated barge should be used to a single destination
so that the towboat and integrated barges will remain intact during the
entire transport cycle. This usually means that the tow will probably be
owned by the shipper or contracted out over a long period of time.
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A

Great Lakes coal 1is transported primarily in self-unloading dry
bulk carriers ranging up to 1000 feet in length with a capacity of 60,000
tons. As in indicator of the size of these carriers, the tonnage capacity
is roughly equivalent to six unit trains of coal.

-

3.3.3.2 Environmental Control Technology

There are no unique environmental concerns associated with barge
“transport of low-rank coals. Fugitive dust emissions during transport are
minimal because of the slow tow speeds (5 mph). High winds may pick up
quanitifiable amounts of coal dust, but the impacts would be considered
insignificant. Dust emissions are likely to occur during loading and
unloading operations. These releases can be controlled by the use of
conventional dust suppression and collection methods.

(ther possib]e environmental concerns from barge tranqpnrf include;
exhaust -emissions from tugboat engines; possible release of coal guant-
ities into waterway; and increased deterioration of river and canhal banks
due to waves. None of these concerns is a unique consequence of low-rank
coal shipments. :

3.3.3.3 Effects of Low-Rank.Coal Properties

Water transport of coal is affected in virtually the same manner by
the properties of low-rank coals as rail transport. Since shipping costs
are on a per-ton basis, potential savings could result from drying the
coal prior to shipment. Increased dust emissions, as in rail transport,
then become a more significant concern..

Western low-rank coals traveling on inland waterways must first be
transhipped by unit train from the mine to the loading dock. The addition-
al handling requirements aggravate the effects of excessive fines fractions
and accompanying dust emissions.

3.3.3.4 Current Status

The western coal fields, unlike those of the mid-western and
Appa]ach1an regions, do not have access to navigable waterways. However,
with coal moving as much as 800 to 1200 miles by rail, increased use of
rail-barge combinations is definitely feasible.

New interesting combinations are deve]op1ng on reasonably large
scales, -with western subbituminous coal mov1ng by rail to points on the
Great Lakes or the Mississippi and 0h1o rivers, and by barge to the final
destination.

Other possibilities less often considered are rail movement to

northern Great Lake points from mines of the Northern Great Plains and by
lake steamers to points south and east.
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In 1973, Decker Coal of Montana signed a contract with Detroit
Edison to deliver 180 million tons of coal over a 26-year period for use
at the St. Clair-Belle River plants. After careful analysis of data, a
rail-to-water route with the terminal serving as the supply buffer was
chosen. Although this route was 300 miles longer than an all-rail route,
studies showed that $6-$8 per ton could be saved. Congested urban rail
yards along the route coupled with the fact that no one railroad had
continual track rights were cited as major factors against an all-rail
route. Therefore, Burlington Northern Railroad hauls the coal 800 miles
from Montana to the terminal site where 1000-ft self-unloading dry bulk
carriers continue the journey across Lake Superior, through the Poe Lock
at Sault Ste. Marie and into Lake Michigan for delivery to Detroit Edison
plants.

The Hall Street Coal Transfer Terminal in St. Louis is another of
the more recently completed installations. Designed by Dravo Corp. in
conjunction with ACBL Western Inc., the 10-million tpy facility is the
first high capacity rail-to-barge transfer terminal to be built on the
western shore of the Mississippi River.>

Aside from geographical constraints and freezing, the use of the
waterways is subject to other problems. For example, waterways carry
other commodities (such as grain) and represent a pathway for boats (such
as pleasure boats) other than barges. This can lead to congestion and
delays at key locks, especially true if coal transportation by waterways
is increased. At the present time, eight locks on the waterway systems,
including Tock 26 on the Upper Mississippi, one lock on the Monongahela,
and one on the Kanawha rivers, have special capacity problems. Lock 26 is
of definite significance to rail-barge combinations because it has a
special impact on traffic from the Upper to the Lower Mississippi. It is
located in Alton, I1linois, to the north of St. Louis. Grain has been the
most important commodity moving through Lock 26. Should substantial
amounts of coal move downstream from points north of St. Louis, long
delays would undoubtedly occur.b

In addition to capacity constraint problems (which cause delays),
the barges are subject to disruption by strikes and disasters (such as
f]ooding. accidents, etc.). Although barges are quite energy-efficient,
the price of shipping would be subject to inflationary pressure due to
some fuel and labor inputs. In short, price stability cannot be guaran-
teed. ,

Irregardless of price stability, barges remain the most cost-effec-
tive way to move coal between points on inland waterways. The barge
industry for the most part is currently unregulated. (Only 15 percent of
‘the total ton-miles of barge commerce is regulated by the ICC. ) This-
gives the inland waterways more freedom of operation and price negot1a-
tion than is available to other transportation industries. A

Figure 3.3.3.1 shows the range of barge transport costs as a
" function of distance. Specific line-haul costs are difficult to obtain
due to the unregulated nature of the industry. Rates may be higher than
the range indicates due to general inflation of operat1ng costs, and the
possible future initiation of increased regulations.
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3.3.4 On-Site Trucks and Conveyor Belts

3.3.4.1 Technology Descriptionlszs

Truck and conveyor movement of surface-mined low-rank coals is a
relatively small, yet vital link in the overall coal movement system.
Haul trucks have increased in capacity over the past decade in efforts to
keep pace with larger dragline and shovel capacities. With the aid of
computers and the use of highly sophisticated stress-and-fatigue analysis,
it 1is possible to design surface-mining machines on an ever-increasing
scale. However, manufacturers report that the mining shovel, and the haul
truck, have probably approached their maximum size. The average capacity
for large haul trucks seems to be about 170 tons.l

Trucks used in western surface-mining operations are not used
outside nf the mining area. Those that could fit on rural highways would
not only severely damage the roadbed, but would immediately become an
uneconomical method for coal movement outside of the mine area.

The current transportation breakthrough within mine sites is the
efficient utilization of conveyor belt networks to move coal and overbur-
den. Operational and maintenance costs associated with trucks have been
high and continue to climb with fuel costs and inflation. Transportation
costs in the mine site can be significantly reduced and production in-
creased with the proper use of conveyors instead of trucks.

In addition to their other advantages, conveyors avoid pit conges-
tion. Truck traffic delivers intermittent loads over 100 tons each and
transport is affected by physical pit limitations (steep grades, indirect
routing) and inclement weather. On the other hand, conveyor sections can
be connected to create continuous, even delivery of coal or overburden over -
distances impassable by truck. The following examples illustrate the
varied and efficient applications of conveyor systems proven in use.

e A series of 48-inch wide conveyors made an
efficient system for transporting blasted over-
burden out of Bethlehem Mines Corporation's
Panther Valley anthracite mines, Tamaqu, Penn-
sylvania. As the pit deepened, 310-foot sections
were added to the 500-foot top section, making a
line about 1500 feet lang. OQOn the pit floor. 10
shuttle conveyors, each 100 feet long, are used
to reduce haul distance of the front-end loaders.
At the top of the ,pit, a traveling 120 foot
radial stacker-conveyor spreads the material for
final disposal by dozer. Total system length is
about 2500 feet, with a potential elevation
differential of 600 feet. The linear speed of
the conveyoE is 485 fpm, hauling about 1000 cubic
yards/hour. ‘
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o As an example of cross-pit conveyor systems, the
Jim Bridger mine near Rock Springs, Wyoming
combines the two most efficient coal/overburden-
moving systems: draglines and conveyors. The
system consists of two conveyor units, a mobile
hopper/feeder to receive overburden from the
dragline, and a mobile bridge conveyor that spans
the pit and deposits spoil at rates up to 4000
cubic yards/hour. Both units advance on se]f—
propelled crawlers as mining progresses.

e Conveyors are well suited for use with continuous
mining equipment, such as the bucketwheel excava-
tor (BWE). A large surface coal mine in south-
western Washington uses movable conveyors to help
a bucketwheel excavator move stripped overburden
from the highwall to the reclamation pit, located
over a mile away. The BWE discharges material
directly onto a mobile transfer conveyor, known
‘as a bandwagon. The bandwagon belt capacity is
matched to the BWE output and dumps the spoil
onto a 2500-foot shiftable conveyor. This in
turn feeds a 4000-foot conveyor which carries the
overburden away from the mining area to the
fourth and fifth sections of belt. After travel-
ing up to 9000 feet along five conveyors, the
freshly stripped overburden is stacked for future
use.

e Conveyor systems have also been successfully

- paired with shovels and dozers, and are also used
for loading spoil or coal (in addition to non-
coal commodities) into haul trucks or rail
cars.

3.3.4.2 Environmental Control Technology

Worker safety is more the issue than severe damage to the natural
environment. With both trucks and conveyors, high noise levels can be
minimized by proper maintenance and ear protection for mineworkers.
Falling objects from loading or conveying operations can be controlled by
belt guards and careful monitoring. Hard hats must be worn at all times
when around such equipment. '

Dust emissions are a significant problem during loading operations,
although the use of belt conveyors should reduce dust problems otherwise
associated with intermittent truck loading/unloading, and with the higher
speed movement of the large trucks over dusty mine roads. Conveyors do
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not operate at high enough speeds for dust emissions to become a serious
problem.

" Increased use of conveyors instead of diesel-powered trucks will

reduce the exhaust concentrations within the mine area, and should cut
down on traffic-related injuries and noise.

3.3.4.3 Effects of Low-Rank Coal Properties

The major effect of LRC properties on truck and conveyor transport
relates to fugitive dust emissions resulting from the generally higher
fines fractions found in LRC's as compared to bituminous coals. The high
reactivity and potential spontaneous combustion of low-rank coals should
not present any problems during truck and conveyor transportation.

3.3.4.4 Current Status

Conveyor systems are beginning to take the place of traditionally-
used haul trucks in large western surface-mining operations. Modern mining
plans are incorporating shiftable and self-powered conveyors designed to
work with conventional stripping and digging equipment. New mining ma-
chines now utilize built-in conveying systems, such as specialized excavat-
ing machines with continuously rotating cutters or bucketwheels with their
own feeding conveyors.

The evolution of truck design has produced a wide assortment of
capacities, with the maximum capacity haul truck now leveling off at 170
tons. Trucks will continue to play an important role in surface mining
operations, although skyrocketing fuel and maintenance costs will force
mine planners to reassess their present use of trucks and develop more
efficient transport operations.
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3.3.5 Slurry Pipelines

3.3.5.1 Technology Description

. The concept of moving coal by pipeline is not new. The first U.S.
coal slurry patent was granted in 1891 to Wallace C. Andrews, who also
exhibited a work1ng model of a slurry. pipeline at the Columbia World's
Fair in Chicago in 1890. Since then, two coal slurry pipelines have been
built in the U.S.: the Ohio Coal Pipeline, which operated successfully
for six years until 1963, when it was shut down after forcing a reduction
in rail rates for coal de11ver1es in that part of the country; and the
Black Mesa Pipeline in Arizona, which is operated by Southern California
Edison and has been in continuous operation since 1970.1

The Black Mesa Pipeline carries a coal-water slurry from the Black
.Mesa coal fields near Kayenta, Arizona, to the Mohave Generating Station
located near Laughlin, Nevada, 273 miles to the west. The (bituminous)
coal is pulverized at the mine, mixed with water in a 1:1 ratio, and
pumped throuygh Lhe 18-inch diameter pipeline at a rate of bbU tons of
coal/hour, at speeds near 3.5 mph (slightly more than 5 feet per_second).
At this rate a ton of coal completes the trip in about three days.

The effect of frictional resistance and elevation changes produce a
large pressure drop that must be overcome by the slurry pumping system.
In the Black Mesa Pipeline, the pressure drop can reach a maximum pressure
of 1500 psig. Several pumping stations along the mainline are used to
boost pipeline pressures as needed. Generally, booster stations are
required every 70-100 miles. :

Slurry received from the Black Mesa Pipeline is directed to a
battery of storage tanks; "active" tanks are equipped with paddle-type
agitators that provide continuous suspension of the slurry, while "inac-
tive" storage tanks allow the coal solids to settle. The inaclive storage
provides sufficient capacity for a 12 day supply of coal.

Slurry drawn from the active tanks is dewatered by 20 Dynacone
centrifuges per generating unit (for a total of 40 centrifuges). These
centrifuges are oriented so that-each coal pulverizer is directly fed from
two centrifuges. Dewatered coal leaves the centrifuges conta1n1ng a
moisture content of approx1mate1y 20 percent.

The separated slurry water has the appearance of a black slimey .
liquor, and is often referred to as "ink", or underfiow. Ink may not
legally be dumped into surtace water supp11es nor may it be pumped into
disposal wells unless the disposal site is effectively quarantined from
groundwater resources. Earlier reports indicated that the underflow
contained up to 20 percent solids, most of which were less then 40 microns
in s%fe. This underflow was discharged to a waste water evaporation
pond. ' '

Reports now indicate that the centrifuges are more effective in

dewatering the slurry solids; the separated slurry water now contains only
5 to 6 percent,soh’ds.4 Instead of ponding this effluent, the ink is
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fed to thickener tanks where the solids are chemically separated from the
water. The resulting sludge (underflow) is pumped to the boilers and
burned as supplemental fuel, and the clarified water is used in the
plant's cooling system.

Based on the limited operating experience of coal slurry pipelines
and development plans for future pipeline operations, several other poten-
tial problems have been identified in addition to the water separation and
cleanup problems. The major areas of concern, in roughly decreasing order
of significance, are: ‘

() water availability
e pipeline. rupture
e pipeline abrasion

o slurry freezing

Water Avaf]abi]ity

Even though sufficient water supplies could be made available in
the west for use in coal slurry pipelines, existing water rights account
for every available gallon in many states. Proposed slurry pipelines
transporting Powder River Region coal to destinations in Texas or Arkansas
may require up to 20,000 acre feet of water annually (approximately 6.5
billion ga]lons).5 During normal climatic conditions, this water repre-
sents a reduction in some present or future alternative use (e.g., agri-
culture, commercial growth); during extended drought conditions, water
tables may be depleted faster than they recharge, or, quite possibly,
insufficient water would be available for sustained slurry flow.

Water consumption by slurry pipelines can be minimized at the
downstream end by utilizing the separated water in other plant  proces-
ses. Such is the case with the Black Mesa Pipeline. Unfortunately, this
remedial approach still drains valuable water from typically water-short
regions. Water consumption of slurry pipelines is often compared to the
water needs of coal conversion plants and to minemouth power plants, which
indicates that pipelines require only one ton of water per ton of coal,
whereas combustion and conversion (gasification or Tliquefaction) require
approximately 7 tons and 2 tons, respectively. The point missed by these
comparisons is that when compared to other coal transportation options
(namely railroads), slurry pipelines represent the only significant water
consumer. No currently proposed pipelines include provisions for a return
water system, although this has been suggested as a possible method.

Pipeline Rupture
Pipeline failure is not a unique event. For examb]e, there were

1;373 failures of natural gas pipelines in 1975, an improvement over
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+ 1974's record of 1,477 failures.b. While natural gas leaks are more
dangerous than coal slurry leaks, coal lines are more difficult to restart.
There can be no guarantee against breakage. The Black Mesa Pipeline burst
in two places on February 8, 1977.7  Slurry escaped into the desert east
and west of Kingman, Arizona. The amount of escaped slurry was not report-
ed.

Pipeline ruptures, besides creating potentially significant en-
vironmental concerns, disrupt delivery of coal to the dependent utilities
downstream. In cases where coal is delivered solely by pipeline, power
outages could result within the utility service area if on-site fuel
storage is consumed before the damaged pipe can be returned to service.

Slurry Freezing

Pipelines that have a slowly moving slurry may be subject to
freezing in northern areas during periods of severe cold. Most of the
pipeline would be underground but some portions must be exposed. Heated
sections or heavy insulation provides a possible solution at an added
cost. If the slurry freezes, expansion would result in a pressure in-
crease of more than 300 psi. More importantly, a frozen section can act as
a plug. Even the presence of a "slush" may reduce pipeline slurry velocity
to unacceptably low speeds.

Estimation of the danger of pipeline freezing is probably similar
to that of estimating the probability of drought conditions.Z2 Given the
historical climatic variations for any particular region, the chance of,
say, a ten day period of sub-zero (or any arbitrary temperature) condi-
tions can be statistically computed and correlated with slurry flow disrup-
tions.

Pipelina ‘Abrasion

Inherent in pipeline movement is friction and the resulting abra-
sion of both the coal particles and the pipeline wall. While coal parti-
cles become smaller along the line, increasing the slurry viscosity some-.
what, the apparent lack of statistical data indicates that this may not be
a significant problem. Also, pipe surface abrasion is not normally a
problem when slurry moves at low velocities.

3.3.5.2 Environmental Control Technology

The principal environmental control concerns associated with coal
slurry pipelines include: treatment and disposal, or utilization, of the
coal fines and Tiquor remaining after slurry separation; potential rupture
of pipelines and the resulting spill; and the minimization of water
requirements for a slurry preparation, particularly in water-scarce areas
in the west.
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Of the three concerns, operating experience with the Black Mesa
Pipeline has demonstrated that slurry "ink" can be effectively treated by
chemical separation of the suspended solids and water.

The chance of pipeline ruptures can be reduced with thorough
monitoring and prompt maintenance. Spills will inevitably occur, though
the volumes of slurry released will depend on the flow rate, pressure,
pipeline burial depth, overburden density, elapsed time until detection
and pipeline shutdown, and the proximity of slurry holding ponds.>

Water use requirements will remain high unless future experiments
can successfully transport coal at water/solids ratios well below the
current 1:1 limit. Techniques which might reduce water requirements
include the use of additives and changing the particle size distribution.
Perhaps eventually, as the economic value of water becomes a more sig-
nificant variable, slurry pipelines may be required to recycle slurry water
back to the pipeline origin, thus operating as "closed loop" transport
media.

3.3.5.3 Effects of Low-Rank Coal Properties

The high inherent moisture content of low-rank coals constitutes
an economic disincentive to use of the slurry pipeline transportation
mode. In order to obtain a solid/liquid slurry ratio in the acceptable
range for pumping (on the order of 1:1), the total moisture content
(slurry water plus inherent coal moisture) can approach 70 percent.
Such a mixture has a low Btu value per pound for transportation over
long distances. Another significant low-rank coal property affecting
slurry pipeline transport is the tendency for coal particles to degrade
during handling. Lignite particles undergo more physical degradation than
subbituminous or bituminous coals. In a study of the economic feasibility
of hydraulically transporting Sandow (Texas) lignite, Lammers and co-
workers simulated coal slurry transport over various distances (34 to 114
miles), dewatered, then thermally dried the coal charges.8 Their results
indicate that in the micron size range, the lignite suffered significantly
more .degradation than a bituminous coal that was also tested. Table
3.3.5.1 illustrates the effect initial size consist has on degradation; for
each lignite type tested, the larger size particles (1/2 X 0 inch) produced
a higher percentage of fines. The effects of thermal drying on dust loss
and dry coal recovery are shown in Table 3.3.5.2 for eight different
. tests. Note that the raw Tlignite sample (no simulated transport), even
after thermal drying, lost only one percent of its weight as dust. The
bituminous sample exhibited much Tess dust production after thermal drying
than similarly transported lignites, and almost twice as much bituminous
coal was recovered after the tests than lignite.

, Size degradation of low-rank coal particles fed into a coal slurry
can actually improve the flow characteristics of the slurry. smaller
particles (fines) become more uniformly suspended in the slurry and have a
greater tendency to remain suspended over a wider range of flow rates.
Conversely, such degradation severely aggravates the dewatering problem at
the receiving end. Current dewatering practices, centrifugation and
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Table 3.3.5.1

Degradation Rates of Four Texas Lignites
In Simulated Hydraulic Transport

Texas Lignite Size B Increase in Percentage
Sample (Coun;y) _ (inch) of Minus-50 Mesh
Rusk 1/8 X 0 4.7 :

: 1/4 X 0O 27.8
1/2 X 0 38.0
Titus 1/8 X 0 31.8
A 1/4 X 0 52.8
1/2 X 0 61.6
Henderson 1/8 X 0 '17.9
1/ X 0 31.4
1/2 X0 37.8
Freestone 1/8 X0 20,0 .
1/4 X0 36.0
1/72 X 0 44.6

Source: Reference 8
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Observations During Thermal Drying of Hydrau]ically

Table 3.3.5.2

Transported Lignite and Bituminous Coal

Total Moisture,

Dry Coal Recovery,

Drier Feed Dust Loss,
Source Nominal | Miles % . - % of Surface- % of Surface-
Size Trans- | Before | After Dry Feed Dry Feed
In. ported | Dryer Dryer
Lignite
Test 1 1/2 X0 114 49.4 4.5 28.5 39.5
3 1/72 X 0 34 44.7 2.8 16.0 46.3
4 1/4 X 0 114 49.4 6.3 26.5 40.5
\5 1/4 X 0 72 49.4 5.3 14.8 46.9
6 1/2 X 0 71 47.2 5.3 17.0 45.7
Bituminous
Test 7 1/2 X 0 72 12.8 0.6 . 2.1 90.8
8 1/4 X 0 73 9.2 0.2 5.2 87.9
Raw Sandow|
Lignite 174 X 0 0 34.3 4.2 1.0 " 64.3

Source: Reference 8
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filtration, are strongly affected by the size distribution of coal parti-
cles, where increasing proportions of fines decreases efficiency. Data
from the Black Mesa Pipeline indicates that coal fines (<40 micron.size)
present a difficult dewatering problem, and that for every 1 percent
increase in <40 micron fines a 1 percent increase in filter cake moisture
is experienced.2 Considering the fact that the Black Mesa Pipeline
carries bituminous coal, it is anticipated that low-rank coal transport by
slurry pipeline will present a more serious dewatering problem due to
higher levels of entrained fines.

3.3.5.4 Current Status

The increased use of slurry pipelines to transport coal has been
_ successfully blocked by strong opposition trom western water concerns and
railroad companies, To date, seven coal slurry pipelines have been
proposed to supply fuel for the utility market. Of the seven, three plan
to carry low-rank subbituminous coal, all from the Powder River Region
near Gillette, Wyoming. These three routes are shown, along with the two
existing coal slurry pipelines, in Figure 3.3.5.1. One of these, a
Wyoming to Louisiana pipeline built by Energy Transportation Systems,
Inc.(ETSI), has reached the legal milestone allowing construction to
begin.

An important item for construction of a long-distance coal slurry
pipeline is obtaining the right-of-way. It is necessary to obtain permits
for crossing highways, rivers, canals, railroads, and public lands. Most
of these permits and easements are routinely acquired and pose few prob-
lems to the construction of a pipeline.

The major obstacle is the railroads, which historically have
refused crossing permits to competitors. Since 1875, the railways have
mounted large, well-funded opposition to repeated Congressional attempts
at eminent domain for pipelines. 1In 1978, the Coal Pipeline Act (H.R.
1609) recommended the issue once again to the House of Représentatives, but
intensive railroad opposition successfully defeated the bill. Even so,
progress was made over prior years in that the bill was at least brought to
a vote. Due to increasing national concern over energy, however, propo-
nents ?{ fhe legislation feel confident that Congress will eventually pass
the bill.

The planned coal slurry pipeline by Energy Transportation Systéms,
Inc. (ETSI)  is a landmark case where clever planning succeeded in obtain-
ing the necessary rights-of-way, and discovered that in many cases the
railroads are granted easements only and the subsurface rights are actually
owned by others. ETSI thus obtained subsurface rights-of-way from the
individual landowners and initiated litigation in federal and state courts
to assure the prevention of future railroad interference.l 0f the 65
lawsuits filed, ETSI officials_rcport that all have heen won, and construc-
tion planning can now proceed.10 ‘

Construction is scheduled to begin in 1982, and will reportedly
begin carrying up to 37.5 million tons of subbituminous coal in 1984. A
U.S. Bureau of Land Management environmental impact statement, as well as
a coal evaluation program, is scheduled for completion in 1981.
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Texas Eastern is proposing a pipeline to transport coal from the
Powder River Basin to power plants and industries along the Texas Gulf
Coast, primarily the Houston area. The 38-inch pipeline will stretch
some 1300 miles and carry up to 25 million tons of coal per year. To
supply the water necessary for slurry preparation, Texas Eastern proposed
to the Wyoming legislature that untapped surface water be diverted from
the Little Big Horn River, to be shared for state approved uses and the
slurry pipeline. (The governor, Ed Hershler, vetoed the bill.) 1In
addition to this action, Texas Eastern is obtaining key right-of-way
options along the proposed routes in states that do not have eminent
domain statutes. They are also maintaining contacts with present and
potential users of Powder River coal.

Texas Eastern officials hoge for construction to begin in late 1982
with operation scheduled for 1985.11 :

The Snake River Coal Slurry Pipeline Project was proposed .in early
1974 to meet an anticipated demand for coal in Washington, Oregon, and
Idaho. Subsequent demand analyses, however, have determined that the
earlier expectations of coal demand were too optimistic, and thus the
pipeline plan has been tabled indefinitely.

As proposed originally by Northwest Pipeline Co. of Salt Lake City
and Gulf Interstate Engineering Co. of Houston, the slurry line would have
utilized the right-of-way of Northwest's natural gas line for much of its
length.

The proposed pipeline route starts in the coalfields near Gillette,
Wyoming, and passes through other Wyoming mining areas en route to the
principal delivery points at Boise, Idaho, and Boardman; Oregon. In
addition to the many pick-up and delivery points, about three million tons
of coal would be shipped down the Columbia River from Boardman to indus-
trial users in Oregon and Washington.

The original economic projects tor the pipeline indicated that
during its first year the costs of transporting coal would be about equal
to rail transportation. Thereafter, the slurry pipeline would have an
economic advantage because of the escalating cost of rail.9

, Figure 3.3.5.2 presents cost analysis resulls for coal shipments in
slurry pipelines.  Four estimates.are shown according to the price of
water and the possible need for a slurry water return pipe. The use of a
water return system represents a major economic setback for slurry pipe-
line economics. Such a proposal is not anticipated, however, in the
development of first-generation pipeline systems out of the West.

Neglecting the obvious deleterious effects of right-of-way and
water acquisitions, coal slurry pipelines appear to be competitive with
rail car shipments over 800 miles. Slurry pipeline transport, when
operating properly, delivers a reliable, steady supply of fuel; trains
have a documented history of rail car shortages, derailments, labor
disputes, and possess the somewhat monopolistic power to vary freight
rates as they see fit.
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The latter point may repeat an interesting situation for pipelines:
the first coal slurry pipeline (in Ohio) was deemed economical (and hence
constructed) based on existing rail freight rates. After construction
and considerable legal action, the railroads reduced their rates and
effectively drove the pipeline out of business. The same situation could
occur in the West. ~The railroads are now losing battles over rights-of-
way to pipelines, and an economic decision such as rate reduction may
represent a final chance to preserve their transportation dominance.

The Black Mesa Pipeline has operated successfully and economically,
but is must be noted that no railroad line exists that could have provided
a similar service. The distance between the Black Mesa coal mines,
located 120 miles north of the nearest railroad, and the Davis Dam, 30
miles closer, gave the pipeline a 2:3 distance advantage. :
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3.3.6
1.

- Selected References

Rieber, M., S.L. Soo, and others, Comparative Coal Transportation

Costs: An Economic and Engineering Analysis of Truck Belt, Rail,

Barge, and Coal STurry and Pneumatic Pipeline, USBM/DOI/FEA,

‘Contract No. J0166163, August 1977, 8 volumes.
The comparative costs of competing transport modes are dealt with in
terms "of engineering/economic analyses of the facilities and operating
systems of each coal transport mode. The report is divided into two
main sections: (1) long distance coal transport and (2) gathering and
distribution systems. Within each section economic and technological
comparisons are made of the available modes. - These are used as the
basis for comparisons among the modes. Inter-modal compatibility is
studied with respect to both mixed trunk line shipment and with
respect to feeder to trunk- 1ine and trunk line to distribution sys-
tems. The enq1neer1nq and technological data form the bases for the
cost1ng and economic analyses.

The cost basis includes all necessary processing, loading, and uhloéd-
ing facilities needed for transport by each- mode. Emphasis is- placed
on ‘cost optimality and the ability to increase capacity.

Roe, D.E., A.W.Karr, K.R. Lemmerman, and J.E. Sinor, Solid Fuels for

U.S. Industry, Cameron Engineers, Denver, Colorado, March 1979,
3 volumes, 1017 pp.
This three-volume document discusses the techn1ca1 economical,
environmental, and legal aspects of coal ut111zat1on._ Specific

sections include: energy forecasts of fuel prices; coal resources;

transportation modes; industrial boilers; cogeneration; coal gasifi-
cation; and environmental constraints. The report is very useful for
its general, overview nature of coal transportation options. However,
data sources are not well documented or referenced.

Phillips, P.J., Coal Preparation for Combustion and Conversion, EPRI
AF-791, May 1978, 364 pp.

While the major emphasis is placed on coal preparation and bene-

ficiation, this study includes a well-organized section on rail and

barge coal transportation technologies and costs. Following the

examination of costs, the effects of coal beneficiation on trans-

portation modes and costs are quantified by an example.
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3.3.6

4.

- Selected References (Cont'd)

Pau]son L.E., S.A. Coo]ey, C.J. Wegert, and R.C. E]]man, Exger1ences

in Transportation of Dried Low-Rank -Western Coals, presented at
SME Fall Meeting, Salt Lake City, September 1975, SME/AIME
Transactions, Dec. 1976, 20 pp.
The Grand Forks Energy Research Center (GFERC) and Commonwealth Edison
of Chicago jointly conducted tests in which 400 tons of subbituminous
and Tignite coals were dried in a commerical scale dryer, oil. sprayed

-and cooled, then shipped from Pekin, I1linois, to Grand Forks, North

Dakota, and stockpiled. -Cars containing .raw coal and dried coal,
which had not been sprayed, were also-transported for comparative

~ purposes. During transit, observations were made of ‘changes in the
coals' moisture content, dust losses, and temperature.

Ellman, R.C., J.W. Belter, and L. Dockter, Freezeproofing Lignite,
USBM RI 6677, 1965, 28 pp.

The Bureau of M1nes 1nvestlgated the factors that cause agglomeration
of lignite by freezing during winter shipment and sought methods to
avoid it. Tests showed that lignite may be freezeproofed by removal
of the relatively small quantity of moisture involved in forming the
frost crystals which cement particles together, or by controlling the
crystal characteristics. Adding dried lTignite fines proved to be an
effective and superior freezeproofing method. Commerical adoption of
this method has been successful. : . ‘
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3.4 PREPARATION, HANDLING, AND STORAGE

3.4.1 Introduction and Summary

Coal preparation, handling, and storage encompasses a wide spectrum
of processes and procedures applied to coal between the mine and its final
utilization. These include numerous phys1ca1 chemical and thermal tech-
niques which can be combined in an ‘appropriate process1ng circuit to
produce the desired product. The technologies involved in coal preparation
can be separated into several categories as follows:

Comminution - This category encompasses all size
reduction techn1ques including pr1mary break1ng to
process run-of-mine coal to a minimum top size,
secondary crushing to produce a uniform size dis-
tribution suitable for a preparation circuit or
transportation, and gr1nd1nq to prepare the coal
for extensive clean1ng processes or for use 1in
combust1on

Mineral Matter Control - This category includes
all techniques and equipment for controlling
(usually reducing) various undesirable mineral
constituents of the raw coal such as sulfur com-
ponents, ash producing components (mine dilution
products or inherent minerals) and components
affect ing utilization (sodium).

Moisture Reduction - This category includes the
processes and equipment used to reduce the moisture
content of the coal. Processes include mechanicdl
techniques for separating solids from slurries
and reducing moisture retained on coal particle
surfaces, and thermal drying for removal of mois-
ture bound within the coal structure.

Briquetting and Pelletizing - These processes are
used to manufacture a solid fuel with superior
handling and combustion characteristics, primarily
for small industrial and commercial markets.

Storage - This category includes the techniques
and strategies for maintaining mined coal in
storage for long periods of time.

Blending - The process of combining coals of

differing physical and chemical properties to
obtain desired properties.
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Examination of this list of technologies reveals two fundamental
types: 1) those that are essential. steps in the normal utilization of
low-rank coal; and 2) those that are optional, and may be used to upgrade
the coal, improving its utilization characteristics. The economics of U.S.
low-rank coal extraction and utilization have dictated that no preparation
techniques are practiced except for those which are absolutely essential.
For example,. the only preparat1on techniques normally applied to low-rank
coals burned by utilities are primary crushing at the mine, storage, and
pulverization at the power plant.

In contrast, the majority of the bituminous coal utilized in this
country is beneficiated in coal preparation plants. Most commonly, these
plants employ physical separation processes that remove mineral matter from
the coal based on differences in specific gravity. Mechanical, and some-
times thermal, drying processes are incorporated into these plants to
reduce the surface moisture of the washed coal to an acceptable Tlevel,
Pyritic sulfur compounds are among the minerals partially removed in the
gravity separation processes; stricter standards on SO0> emissions have
fostered numerous process development efforts to improve the desulfur-
ization of high-sulfur eastern coals.

The primary reasons for the absence of these types of coal prep-
aration plants for low-rank coals are: 1) the typically low extraneous
mineral matter content of Tlow-rank coal; 2) the high inherent moisture
content of low-rank coals; and 3) the re]at1ve1y low sulfur content of
low-rank coals. In other words, the "washability" characteristics of
present]y mined low-rank coals are such that little or no improvement
in ash or sulfur content is obtained (while surface water is added) by
commonly used beneficiation processes. Whatever value is added to the
coal rarely exceeds the processing cost.

As energy costs rise and environmental standards tighten, the
economic attractiveness of low-rank coal upgrading options will tend to
improve. Some of the potential opportunities for the application of
technology not previously applied to low-rank coals include: 1) reduction
of coal moisture content to obtain improved transportation and utilization
economics; 2) reduction of sodium content in high-fouling low-rank coals by
ion exchange to reduce boiler operation and maintenance costs; and 3)
selective or general reduction of mineral matter content by physical or
chemical means, either for unusually "“dirty" low-rank coals or in prep-
aration for certain conversion processes. '

A number of key technical issues relating to the preparation,
handling, and storage of low-rank coals are currently of importance. Most
of these issues relate to potential future applications of coal upgrading
technology. A few issues involve improving techniques or solving problems
encountered in current practice. The key issues which have been identified
are listed below and discussed in the paragraphs that follow:
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1. Application of Moisture Reduction Techniques to Low-
- Rank Coals and Slurries

2. Applications of Ion Exchange and Chemical Cleaning
Processes '

3. Applicatioﬁ‘of Gravity Separation Techniques to Low-
Rank Coals

4, Application of Briquetting or Pelletizing Techniques to
Low-Rank Coals

5. Waste Disposal from Coal Beneficiation and Slurry
' Dewatering Plants

6. rine Coal-Cleaning
7. Fines Generation During Handling and Comminution

8. Handling of Dried Lignite

1. Applitation of Moisture Reduction Techniques

Slurry Dewatering

Removal of moisture, which is used as a transport medium in slurry
pipelines, is of critical importance to the utilization of low-rank coals
in this transportation mode. The total coal moisture content may be
considered the sum of surface and inherent moisture levels. Current
mechanical dewatering techniques (including filtration and centrifugation)
¢annot remove inherent moisture. Surface moisture can be reduced, but only
to approximately 10 weight percent by mechanical dewatering. This may be
acceptable for coals having inherent moisture contents of only 10 percent,
but in the case of low-rank coals, inherent moisture levels of 25 percent
and greater are common. After mechanical dewatering to 10 percent surface
moisture, a total moisture level of 35 percent or more could still occur
with low-rank coals. This may result in serious operational problems in
direct combustion or other utilization processes. Therefore, either
mechanical dewatering efficiencies must be increased, or thermal means must
be used to further reduce moisture levels at slurry pipeline destinations.

Currently, filtration and centrifugation are the two mechanical

dewatering techniques in use. The ultimate effectiveness of mechanical
dewatering is dependent upon the wettability of the coal and its surface
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area. Coals which are hydrophilic (very wettable) and have high surface
areas, do not perform well in mechanical dewatering systems. Unfortu-
nately, lignites fall into both of these categories. However, the theore-
tical limit to mechanical dewatering performace as a function of surface
area, wettability and other factors is not well characterized. Such know-
ledge w11] be req1ured to determine whether research is justified to
produce incremental increases in mechanical dewatering system performance,
or should be directed at other dewatering techniques.

Thermal Drying

In thermal drying processes, moisture reduction rates are generally
constant as a function of time at a given temperature, as long as surface
moisture exists. After surface moisture has been removed, the rate of
decline in moisture content drops substantially (see Figure 3.4.1.1).

In bituminous coals, where inherent moisture levels are less than
10 percent, further drying is not necessary for conventional applications.
For low-rank coals however, point A in Figure 3.4.1.1 corresponds to
approximately 25-30 percent inherent moisture levels. The costs of drying
substantially below this Tevel increase inversely with the decreasing rate
of moisture loss after point A.6 For the most part, drying applications
of low-rank coals are concerned with the "falling rate" region of the curve
in Figure 3.4.1.1, i.e., removal of inherent moisture. :

Optimal drying techniques may well depend on the end use of the
coal. For example, drying for coal liquefaction will require that a
minimum of deactivation (with respect to participation in liquefaction
reactions) occur during the process. Drying for preparation of slurries
will be aimed at maximizing the solids concentration in the slurry, -and
will therefore seek to limit moisture reabsorption in the coal. Similarly,
drying for rail transportation will be oriented at limiting moisture
reabsorption, but from vapor phase water instead of liquid water as in the
case of slurry pipelines. An understanding of the mechanisms operating in
each of these end uses will be important in making the proper choice of
drying technique, since different options will effect different chemical
and morphological changes within the coal matrix.

As an example, the Exxon Donor Solvent Coal Liquefaction Pilot
Plant facility is currently testing a hot o0il type dryer. The hot oil
technique contacts coal feed with a process generated solvent oil at high
temperature. Heat transfer from the oil vaporizes the coal moisture (which
is collected by condensation and would be available for water treatment and
process recycle in a full scale plant). The dried coal is thereby inti-
mately mixed with the slurrying agent, and ready to. be charged to the
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lTiquefaction reactor while suffering little or no deactivation. Another
alternative considered by Exxon (and others), drying with a hot inert gas,
avoids contact of the coal with atmospheric oxygen which is at least partly
responsible for the deactivation effects observed. However, drying with hot
inert gases was rejected by Exxon for several reasons. First, the heat
capacity of gases is realatively low, which results in a loss of
efficiency. In addition to greater energy requirements environmental
concerns require scrubbing of the dryer offgas to prevent particulate
emissions.

The primary concerns about the properties of dried low-rank coal
are high reactivity and dustiness (leading to handling and storage prob-
lems), and reabsorption of moisture. In a test conducted by the Grand Forks
Energy Technology Center,8 400 tons of Rosebud subbituminous coal and
Gascoyne lignite were partially dried in a commercial scale dryer, oil
sprayed, cooled and shipped by rail approximately 800 miles. After stock-
piling the coal, it was concluded that storage and handling requirements do
not appear to differ significantly from those required for as-mined coal
(although greater compaction has been needed). Furthermore, although more
than 4 inches of precipitation had fallen on the pile during the two year
test period, there was no indication of moisture penetration.

A clearer understanding of the tradeoffs between thermal drying
costs and reduced costs associated with transportation and utilization of
dried coals is needed before the applicability of thermal drying can be
considered. As part of such an investigation, several aspects of the
problem would require separate study: 1) the state-of-the-art of thermal
drying processes, including their effects on the physical and chemical
behavior of low-rank coals; 2) effects of (various) dried coal properties
on utilization process design and cost; 3) availability of freight rate
structures for raw and dried coal that would allow the increased heating
value material dried coal to be delivered at a lower cost per BTU; and
4) demonstration of handling, transport, and storage systems for this
very dusty and reactive material.

2. ‘Applications of Ion Exchange and Chemical Cleaning Processes

The reserves of North Dakota lignite are sufficiently large to
provide a reliable source of supply for electric power generation within
the state and in neighboring states. However, high sodium levels found in
lignite from many North Dakota mines have been shown to cause severe ash
fouling problems in utility boilers.]  Some Texas Tlignites, as well as
some Western subbituminous coals, also contain high enough sodium levels to
cause ash fouling problems.

The occurrence of sodium in these coals exists as a uniform dis-
tribution throughout the organic matrix. For this reason, and because the
sodium cations are chemically associated with the humic acids present in
the coal,2 physical separation techniques are ineffective for removing
sodium. However, due to their chemical state, the sodium ions may be
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"exchanged" or rep]aced by other positively charged ions, similar to the
operation of an ion exchange resin. Candidates for exchange of sodium in
this application must be plentiful and cheap, among those being considered
are jons of hydrogen (H*) and calcium (CaZ*).

. Bench scale experiments and process design studies have been
conducted at the University of North Dakota and the Grand Forks Energy
Technology Center.l A preliminary economic analysis of a system based
on sulfuric acid (H* cation exchange with sodium) has estimated a very
rough cost (excluding profit) of $1.30 per ton of lignite for a 1.58
million ton per year facility (1979 dollars). The process design was based
on a Beulah lignite feed containing 8.5 percent Na»0 in the ash, and
calls for a reduction to 4 percent in the final product (coals hav1ng
less than 4 percent NagO in the ash are not severely fouling coals).
may also be expected that reductions in other minerals will occur dur1ng
the process.

The costs associated with ion exchange beneficiation must be
rccoverable by ugters of the treated lignite through savings in capital
costs of facilities, reduction in boiler tube cleaning, improved heat
transfer (and efficiency), lowered downtime, and reduced purchase of
power to meet load requirements. The tradeoff between ion exchange costs
and resultant savings at the power plant has not yet been well defined.
One of the problems in this tradeoff analysis is determining the cost to a
utility of downtime or other problems caused by high-sodium coal.

. Due to the high reactivity of low-rank coals, investigators
working in the field of ion exchange must also be sensitive to undesirable
chemical and physical changes occurring within the coal as a result of
interactions with the ion exchange medium. Increases in moisture content
may affect transportation economics.

Chemical cleaning processes might also be applied to low-rank coals
to remove the trace quantities of uranium and other potentially hazardous
wastes that otherwise might be released to the atmosphere or leached from a
~disposal site. However, until some substantial cost is assigned to the
release of these materials to the environment, or cleanup is mandated, no
economic driving force will support the development of such processes.

3. Application of Gravity Separation Techniques t0 Low-Rank Coals

Gravity separation techniques for coal beneficiation have been in
commercial use for decades and are part of a well-established technology
for improving the quality of higher-rank coals. The topic encompasses
Jjigs, tables, hydroc]ones, cyclones and dense media techniques. Due to
their mechanism of operat1on these methods effect a physical separation on
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the basis of density differences and are therefore used for recovering coal
from mine overburden, ash, and pyrites. (It should be noted that froth
flotation, which effects separation of the coal from minerals by differ-
ences in surface properties rather than density, appears to be inappropri-
ate for most low-rank coals due to their unique forms of inherent mineral
matter.)

_ Due to the fact that western coals are inherently low in sulfur and
ash, and that they generally are surface mined from uniform thick seams
(resulting in inclusion of a minimum of mine overburden), these benefi-
ciation techniques are generally not applied to low-rank coals at the
present time. In addition, the wet processing involved in many gravity
separation techniques would increase the already high moisture content of
low-rank coals, compounding the transportation expense and utilization
problems associated with high moisture coals.

Currently, only two coal preparation plants exist in the western
states, and both are in operation due to unusual circumstances. Bituminous
coal from an underground mine in Hanna, Wyoming, required beneficiation
because of unacceptable amounts of refuse in the run-of-mine coal. The
other beneficiation operation is applied to a surface mine in Centralia,
Washington, where overburden and refuse are found in the subbituminous coal
due to thin, erratic seams.

In the future, some western coals will probably be beneficiated for
both local and eastern markets. Incentives for this practice will appear
as SO0» regulations tighten, and also as Tower quality seams are mined.
Beneficiation for local markets will become more common as more deep mines
are opened, and as more erratic seams are mined (generally in the Gulf
Coast regions).

The types of physical separation techniques that would be most
appropriate for Tlow-rank coals have not been determined. No technical
reasons are known that would prevent the application of conventional wet
gravity separation techniques such as Jjigs. However, washability data
(available only for a small percentage of low-rank coals mined) indicate
that relatively small improvements in mineral matter content will be
accomplished, even when the cleaning incorporates the more complex fines
washing techniques. Dry gravity ‘separation techniques (such as fluidized
beds) may have special appeal for western low-rank coals due to the low

-water availability in some regions and the undesirability of adding surface
moisture to a high-moisture coal.

: The extent to which gravity separation techniques come into use for
low-rank coals will depend on a number of site-specific factors, including
the answers to questions such as the following:

e Will lower quality low-rank coal seams be

opened, and how much mine dilution will be
added as a result?
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o What is the economic tradeoff between minemouth
sulfur removal and énhanced 502 scrubbing at
the end use po1nt7 :

o Is there an economic incentive for ash removal
at the mine rather than paying increased trans-
portation costs and disposal at the point of
use.?

o Are water supplies in western coal regions
adequate to support Tlarge scale coal cleaning
activities?

Handling and storage prob]ems associated with low-rank coals
include spontaneous heating, oxidative degradation and excessive dusting.
An opportunity to reduce or eliminate these problems as well as improve
transportation and utilization economics exists through the use of bri-
quetting or pelletizing processes. These processes are widely applied
to coal of all ranks throughout the world. However, the markets served by
this type of product tend to be very small in this country.

A]though low-rank coal briquettes of high mechanical strength have
been produced in Europe by hot and cold briquetting without the use of
binders, mechanical strength can be enhanced with the use of these agents.
Binder addition is generally no moré than 10 pércent by weight, and usually
consists of a pétroleum or coal derived distillate. Essentially all
experimental briquetting work that has been done on U.S. low-rank coals has
involved the use of binders. There is curréntly no significant production
of briquettes from low-rank coals in the U.S.

‘Binding may be accomplished without the addition of external agents
by subjecting some coals to pyrolysis or liquefaction conditions. Coal
retorting has been shown to produce a char product which may be pressed
(while hot) to strong, durable and smokeless briquettes: Because tar
productiofn from lignite pyrolysis is generally only 1 to 3 percent of thé
feed, aﬂg1t1ona1 coal distillates have beén used a$s supplementary
binderss .

Strength and wear resistance of finished br1quettes have also been
improved by the use of coatings on the finished briquettes. The use of
these polymeric or resinous coatings has also been shoWn useful for dust
prevention.

Briquette quality is strongly affected by coal moisture content,

particle size -and hardness. Lignite dried by the Fleissner .process or in
electrically heated rotary driers has optimum briquetting charactertistics
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at moisture contents of 10 to 16 percent. At a constant moisture content,
smaller particles (0-1mm) are superior briquetting feeds than larger
particles (0-2mm), as are softer coals.9 3

Due to the likely inclusion of moisture reduction as part of a
pelletizing or briquetting process, it has been suggested that sodium
removal from lignites by wet ion exchange techniques.'would be profitably
integrated in a briquetting process. 11 Moisture inclusion as a result of
aqueous ion exchange would be removed in.the pelletizing process to produce
a low-fouling, low moisture fuel with superior handling and storage prop-
erties.

5. Waste Disposal from Coal Beneficiation and Slurry Dewatering
Plants

If physical or chemical coal cleaning plants and slurry pipelines
are used in the future to upgrade and transport Tow-rank coals, one problem
common to all of these plants will be the proper treatment and disposal of
the concentrated waste streams. The types of materials rejected from these
plants will include:

1. Coarse and fine refuse from physical coal
cleaning processes, consisting primarily of
wet, concentrated mineral matter separated
from the coal; sludge from water clarification
circuits; magnetite from dense-medium processes;
and chemical reagents from froth flotation
processes.

2. Spent chemicals from ion exchange or other
chemical cleaning processes, contaminated with
various coal-derived organic and inorganic
species. '

3. "Ink" separated from the coal slurry at pipeline
terminals, which consists of very finely divided
coal - particles (20 percent smaller than 40
microns) suspended in water.

These solid or slurry waste streams will be subjected to increased
scrutiny as a result of the hazardous waste provisions of RCRA. Most of
the potential toxic elements contained in coal tend to be concentrated in
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- the waste streams from beneficiation plants. Investigations into the
chemistry of refuse disposal piles and the associated groundwater contami-
nation possibilities are at a very early stage of development. A problem
that has been noted in eastern bituminous coal refuse piles is high acidity
(from oxidative degradation of pyrite and marcasite), with pH Tevels often
falling below 2. At that level of acidity, many trace elements readily
dissolve. Various treatments for neutralization or isolation of these
acidic piles are being tested,5 Because of the lack of experience in
cleaning low-rank coals, it is not known whether the chemistry of the solid
waste is similar, or whether high alkalinity might be the problem.

For waste streams such as the ink from slurry pipelines, investi-
gations into the use of various surface-active reagents to aid in the
coagulation and separation of the fine particles should be pursued. In
addition to coagulants, the use of immiscible solvents our salts should be

explored. Basic studies of the surface properties of low-rank coal fines,
and applications of colloidal chemistry, would support the development of
possible processes to minimize the disposal problems and environmental
hazards.

6. Fine Coal Cleaning

The most common coal cleaning practice has been to separate the
run-of-mine coal according to size, perform a cleaning operation on that
fraction above a minimum size, and recombine the cleaned coal with the
fine. As such, fine coal cleaning is a relatively new procedure in eastern
coal c¢leaning -plants. However, although the technology is still develop-
mental, the trend is in this direction because the cleaning of coal fines
allows a cleaner final product. |

The issue of fine coal cleaning is germane to low-rank coal because
of the finely dispersed nature of the mineral matter in these coals. This
will require that large coal pieces be broken down below a maximum top size
to insure that- a sufficient amount of the total mineral matter is exposed
to the beneficiation agent. However, the exact top size which will allow
effective removal will depend both on the coal and the process. Quanti-
tative details such as this are not well characterized at the present, and
the general applicability of higher-rank fine coal cleaning techniques to
low-rank coals is still unknown.

Extensive programs in fine coal cleaning are currently being
sponsored by the Department of Energy and the Electric Power Research
Institute. Technology areas include magnetic separation, froth flotation
and particle agglomeration. Unfortunately, however, low-rank coals are not
Jincluded in these programs at present.
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Washability data indicate that mineral matter in  some low-rank
coals is evenly distributed among the various particle sizes. However,
insufficient data of this type exist, and a basic characterization program
on float-sink separations of low-rank coals would be useful. The presence
of a greater fraction of the mineral matter in the fines would add addi-
tional weight to the importance of fine coal cleaning for low-rank coals,
and their inclusion in the current test program.

7. Fines Generation During Handling and Comminution

The size distribution within a coal sample is important in de-
termining its storage characteristics, transportability, and performance
in direct combustion and other utilization processes. Low-rank coals
exhibit a dustier nature than higher rank coals and produce fines in
response to weathering and as a result of evaporation of surface moisture.
However, there remains uncertainty as to the specific handling and commin-
ution procedures that tend to generate excessive fines, or conversely, tend
to minimize fines generation.

According to one industry source;3 one cannot answer the question
without knowledge of the specific coal and comminution process. Another
source? claims that: 1) as-mined 1lignite and bituminous coals produce
approximately the same quantity of fines; 2) crushing dried lignite (less
than 30 percent moisture) creates more fines than as-mined lignite; and 3)
crushing as-mined east Texas lignite will produce more fines than as-mined
North Dakota lignite (testing done on Beulah lignite). The type of equip-
ment used in the crushing operation also affects the quantity of fines
produced. Three common crusher types are listed below in ascending order
of fines produced:

a. Rotary breaker
b. Double roll crusher
c. Single roll crusher

Unfortunately there are no published data  which provide comparisons of

low-rank and bituminous coal behavier during crushing. - In light of the
importance of the issue, a quantitative investigation is warranted.

8. Handling of Dried Lignite

Three principal problems can occur during the handling of dried
lignite - spontaneous heating, oxidation, and windage loss. All three
concerns are related to the generally finer particle sizes encountered with
dried lignites,  and spontaneous heating and oxidation are additionally
related to the high reactivity of low-rank coals. (Note that steam drying,
such as the Fleissner process, tends to produce a more stable lump of
lignite, for reasons that are not fully understood.)

-135-



Spontaneous heating may occur as a result of oxygen diffusion to a
coal surface, particularly when available surface areas and ambient temper-
atures are high. Occurrence of this phenomenon is particularly hazardous
in. storage conditions because the formation of "hot spots" within the coal
pile may lead to open burning. Even in cases where this is not an end
result, oxidation of the coal results in a degradation of fuel quality and
should therefore be avoided.

The chemical mechanism of spontaneous heating requires the presence
of water molecules, since atmospheric oxygen does not react directly with
carbon at these temperatures./ Combustion to CO and COo proceeds by
way of chain reactions where carbon reacts first with the more active -OH
radical. Thus, the danger of spontaneous heating is minimized at extremely
low coal moisture contents (<0.5%) as a result of this phenomenon, and also
at very high moisture contents due to the quenching action of water.

High rates of windage loss (dust entrainment) can occur with dried
lignite because of the breakdown of the physical structure that accompanies
drying of the coal. As is the case with spontaneous combustion or oxida-
tion, this problem can be controlled by the proper use of storage pile
compaction procedures, application of coatings, size segregation, and
closed storage or transport facilities. Briquetting or pelletizing might
also be considered as an alternative to handling dried lignite.:

The largest-scale testing of dried lignite handling done to date
has been the cooperative testing of railcar shipments by GFETC and Common-
wealth Edison of Chicago.8 There is a need for commercial-scale demon-
stration of handling and storage of dried lignite, including all oper-
ations from the drier itself, through live and dead storage, to the
boiler.

Qther Issues

A number of less important issues have been identified with respect
to the technologies for preparation, handling, and storage of low-rank
coals. These are listed below, and in general, information relevant to
these issues is incorporated in the appropriate sections of the report
which Tollow: :

1. Freeze Control
2. Control of Dust, Oxidation, and Spontaneous Combustion
3. Slurry Preparation Techniques
4. Magnetic Separation Techniques
5. Measurement Techniques/Indices for Comminution
6

. Comminution Equipment and Methods

7. Wet Grinding Techniques
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Basic Coal Characterization Needs

~Associated with many of the key issues discussed above are needs
for basic data on the properties of low-rank coals. Examples of the types
of information required to support the development of coal preparation
technologies applicable to low-rank coal are as follows:

1.
2.

Forms of Mineral Matter and Organic Salts in Coal

Characterization (Physical and Chemical) of Slurry
Components

Washability Data
Surface Characteristics of Fines
Variability Study on Coal Seams (e.g., sodium content)

Petrographic Characterization of Low-Rank Coals
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3.4.2 Comminution

3.4.2.1 Technology Description

Comminution is the generic name for the crushing and grinding
processes used to achieve controlled size reduction of coal. Crushing
processes begin with re]ative]y large coal top sizes (up to 10 inches) and
produce coal with top sizes as small as 1/8 inch. Grinding (or pulveri-
zation) processes begin with feed to top size of about 1/2 to 3/4 inch and
produce finely divided coal on the order of 75 microns.

The two basic reasons ‘for reducing the particle size of coal are:
1) to facilitate handling or cleaning processes, and.2) to meet the demand
for specific size distributions. ~ For example, fixed-bed gasification
processes require size distributions with a top size of about 2 inch but
with minimal fines less than 1/4 inch. Pulverized coal-fired furnaces
typically require that. about 70 percent of the coal pass through a 200-mesh
screen, which has open1ngs of 74 microns.

Crushing may be applied to coal at the mine to reduce the as-mined
top sizes to standard sizes for shipping or preparation. Crushers are also
used at powerplants where delivered coal is crushed from 2 inch top size to
1/2 to 3/4 inch for feeding to the pulverization equipment. Grinding
(pulverization) operations are always conducted at the point of utilization
due to the problems involved in transporting and handling pulverized coal
(e.g., dust emissions, explosion hazard).

Crushing and grinding technology is. as old as coal utilization
itself. Equipment is designed and selected to handle specific feed proper-
ties and produce the desired lump or particle sizes based largely on em-
pirical knowledge and experience. Design correlations (such as the
modified Hardgrove grindability index, discussed later) have been estab-
lished over a period of years for coals with unique physical properties,
such as the Tlow-rank coals. This evolutionary process has included the
"brute force" techn1que of building large safety margins into ear]y de-
signs, and using data from those operat1ons to reduce the margins in
subsequent designs.

- Theorz1

Coal breakage results from stress or strain being applied by the
action of some moving part of the machine. If the induced strain exceeds
the elastic 1imit of the material, breakage will occur and that energy is
released in the form of heat. If the induced strain does not reach the
elastic limit of the coal, the energy is released as energy of resilience.
Although the energy input to the breaking process is relatively straight-
forward to measure, it is very difficult to carefully account for the
disposition of that energy in the complex breaking process. Considerable
efforts have been made to obtain exact measurements of energy flows, but
none have been entirely successful.
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Two theories of comminution which have long existed and which have
been used with a varying degree of success are the Rittinger and Kick
theories. The Rittinger theory asserts that the useful work accomplished
in crushing and grinding is directly proportional to the new surface area
produced, and to the reciprocals of the new particle diameters. In other
words the useful work increases in geometrical ratio as the product par-
ticle size decreases. Gaudin has enlarged the Rittinger theory to include
the concept of surface energy. Essentially, Gaudin states that the effi-
ciency of a comminution operation is the ratio of the surface energy
produced to the kinetic energy expended.

The Kick theory states that the work required is proportional to
the reduction in volume of the particles concerned. Kick based this theory
primarily on stress-strain relationships for cubes under compression.
According to the theory, the work required for reduclion Lu different sizes
is proportional to (loq F/P)/1og 2. where F and P are the diameters of the
feed and product particles respectively.

Both of these theories are at least partially unsatisfactory
because crushing is known to be both surface and volume related. The
absorption of evenly applied stresses is proportional to the volume being
stressed; however, breakage is initiated at a crack tip, usually on a
surface where a concentration of stresses exists. Once a crack tip is
formed, all surrounding stresses are concentrated in the tip, which rapidly
extends throughout the particle. This splits the particle and results
in a break. The energy flow and stressed condition of the rock create
additional crack tips, resulting in a breakage pattern. Very little if
any additional external energy need be applied to brittle material to cause
the break after the first crack tip is formed. :

By using the concept of the formation of crack tips in a commin-
ution operation, Bond developed a new "Third Theory of Comminution." This
theory asserts that the total work useful in breakage which has been
applied to a stated weight of homogeneous broken material is inversely
proportional to the square root of the diameter of the product particles.
The theory also postulates that correlation between different materials
should be made by the use of a work index, Wi, which is the calculated kwh
per ton applied to reducing material of infinite particle size to 80
percent passing 100 microns. Thus the work index establishes relative
reduction resistance of a material in the size range tested and the rela-
tive mechanical efficiencies of different machines and processes. For any
values of F and P when W is the kwh per ton required to break from feed
particle diameter F to product particle diameter P, the total work input
Wy is proportional to 1//P and W is proportional to 1//P - 1//F. Thus

Wy - W {T%%VP{OO =0 or
W= W %ﬁw-ﬁ' g’V lgg
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Crushing

. Crushing operations take place in several stages between the mine
and final use of the coal. Primary breaking, which usually takes place at
or near the mine, reduces the coal top size to between 4 and 8 inches.
Secondary crushing reduces the coal top size to the 1-1/2 inch range, and
usually takes place place at the power plant upstream of the pulverizer.
For uses other than pc-fired boilers, screening crushers reduce the pro-
ducts of the secondary crushing process to the final commercial sizes, such
as 1 x 3/8 inch stoker coal.

Each lump of coal is broken by contact with other lumps or by
direct contact with the moving parts of the crusher. As the lump size
decreases, more contacts are required per unit mass. Consequently, the
capacity of a particular crushing machine is less for small sizes than for
larger sizes, since smaller particles must remain in the crfsher for longer
periods of time to sustain the required number of contacts.

Reduction is accomptished by machine action that involves various
principles, such as impact, compression, splitting, shearing, or attrition.
Impact is the sharp, instantaneous blow resulting from a moving body
striking another body. Compression involves the more gradual application
of pressure between two surfaces. Splitting is accomplished by penetration
of the coal. Shear is usually associated with the use of combinations of
several of these principles, such as impact and compression in single-roll
crushers. Attrition reduces a material by subjecting it to an abrasive or
rubbing action.l,7

There are many types of crushers available, each of which uses
some combination of these operating principles. Table 3.4.2.1 lists the
most common generic types of crushers utilized for coal. Coals typically
have crushing and grinding characteristics in the soft to semi-hard range
with respect to other rocks. Crusher designs utilized almost exclusively
for hard rock applications, such as jaw or gyrating crushers, are not
included in Table 3.4.2.1. Much more detailed descriptions of the differ-
ent crusher types, including schematic and photographic illustrations, are
available in references such as 1 and 7.-

Screening

An inherent part of coal comminution technology 1is screening or
sizing, which sorts the particles by sizé ranges. The principle of oper-
ation is quite simple: particles below a certain size pass through the
screen deck while the remainder pass over the deck. Despite this readily
observable screening action, the process contains too many variables and
interactions to be amenable to theoretical or analytical treatment (see
Table 3.4.2.2).

A screen installed ahead of a crusher may serve as a scalping
screen to remove oversize lumps, refuse, and trash, or it may permit
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Crusher

Single-Roll Crusher

Double-Ro11 Crusher

Rotary Breaker

Table 3.4.2.1

Types of Coal Crushers

Descript ion

.€aal .is squeezed .between a revclving

crusiing roll and a stationary
breacer “plate equipped with re-
newadle wear piates. The rcll

has .a series of .long teeth spaced
at intervéls, with various chort
teeth covering the entire crushing
surface.

Coal is crushed between two re-
volving ralls. Teeth are designed
1o nesh, and t1e spacing belween
rolls is adjustable. - Hawk-billed
teeth are -used for-primary-crushing;
pyremidal, comz=-shaped, .or cross-
tooth designs are used for secondary
cruching; smmoth or corrugazed rolls
can be usad for fine coal grinding
or pulverization.

foa. is fzd to a rotating par-
forated d-um. Small lumps Fall
—hrough tie parforations while
larger. lunps 3are raised by -adial
lif=ing shelvas and then dropped
as -he drum rztates. . Large rocks
and foreign msterial are carried

* through the drum-and-discharged
-out a refuse chute. ‘

Principles of Operation

The long slugger teeth act as feeders
and also penetrate the ldimps
(splitting). The smaller teeth

make the proper size reduction,

wtilizing mainly impact, shear,

and compression in their operation.

Meshing ‘teeth rely mainly cn
impact, -with a minimum.of ct-
trition or shear, to reduce the
material. Compression between

. the rolls is-undesirable and is

a sign of. improper maintenance
or adjustment.

Gravity impact breaks the ccal
as -it falls.

Page 1 of 2

Comments

One of the oldest,-and perhaps the
simplest type of crusher. Capable
of handling run-of-mine feed and
reducing it to 1 1/2 by 0-in. with-
out stalling. Operates at slow
speeds (40-60 rpm). Handles wet,
sticky, or frozen feed. Produces

a minimum of fines.

Ideally suited for- harder coals.
Provides high volume production,
accurate sizing, -and produces
a'minimum-of fines. Roll

speed is 115-150 rpm,

Used as primary breakers and cleaners
of run-of-mine coal. Very uniform
top size, and very low fines pro-
duction. Slow rotational speed
(12-18 rpm}. Problems have been
experienced with plastic or clay-
containing materials that tend to
plug the perforations.
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-Crusher

Hammer Mill

Ring Crusher

Impactor

_ Table 3.4.2.1 (continued)

Description

Rotating hammers deliver heavy

blows with tne aid of centri-

fugal force to the coal while it

is in suspension, driving it against
a breaker plate until it is suffi-
ciently reduced in size to pass
through the discharge. Grate bars
may be included in the discharge

~opening to fiix the maximum size.

Similar in design to the hammer
mill, with ring-type hammers sub-
stituted for the beater-type
hammers used in the hammer mill,
Initial reduction takes place as
the coal is compressed between the
rolling~-ring hammers and the
breaker plate. Final reduction
occurs as the lumps are broken

* between the rolling-ring hammers
“and the cage-screen bars.

Coal is dropped into the path

of high-speed rotating beaters.
The shattered particles are
driven against the impactor

side wall anvils. The cycle

is repeated as the particles
rebound into the beater circle.
The particles continue to shatter
under this high-velocity repeated
impact-rebound action until they

-are swept out the open bottom of

the impactor.

Source: Refzrences 1, 2, 7

Types of Coal Crushers

Principles of OpeEation

A combination of -impact and
attrition is achieved-impact
upon initial contact with
the hammers,. and attrition

as the material is caught
between the ends of the .
hammers and the cage bars

at the bottom of the crusher.

Compression is -the primary force
acting as the rings roll acros
the feed. Intense concentrated
pressure cracks and shatters

the coal with negligible

rubbing action.

Impact is the only significant
force acting. Shattering power
is applied in direct proportion
to particle size, thus utilizing
maximum power on large fragments
and wasting little on finished
particles.

\

Page 2 of 2

Comments

Among the most versatile crushers

.available. .Exceptionally large

capacity for their .size. Quantity
of fines produced is higher than
with most of the other types of
crushers. High rotational speed
{700-1800 rpmg.

Specifically designed to crush
bituminous coals for pulverizers
and stokers with a minimum of
overgrinding and a minimum of
fines. Commonly used in place

of rotary breakers where floor
space is limited. -

High rotational speeds.- Over-
grinding (fines production) is
very low. Production of a high
pecentage of closely sized material
js. possible. A cubed or granular
product s produced regardless

of rotor speed. .



Table 3.4.2.2

Factors Influencing the Passage of a Mineral
Particle through.a Screen Opening

Ratio between cross~section of particle and of mesh.
Percentage of screen open area.

Angle of incidence of feed.

Efficiency of spread of feed over screen area.

Kinetic energy of particle approaching screen opening.
Moisture of feed.

Stickiness of particle and of aggregated particles. :
Pressure of particles riding above those next to the screen cloth.
Blinding of screen apertures.

Corrosion of screefn material.

Electrostatic bunchiny.

Shape of particle.

Percentage of near-mesh particles in the feed.

Rate of feed.

Thickness of layer.

Tautness of screen.

Shape of screen apertures.

Orbit imparted to particle by screen vibration.

ONONPWNHOWUONOTOIWN -
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Source: Reference 1
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undersize particles to bypass the crusher and thus minimize fines content.
Installed after a crusher, a screen will separate the crushed product into
two or more size consists (if necessary) for subsequent processing on an
individual basis. '

Screens operate either dry (without addition of water) or wet.
Sizing below 3/8 in. is practiced primarily with wet screens, where water
sprays wash the fine particles through the screen openings and prevent

plugging.

Screens may be stationary or activated. Stationary screens, when
used to size raw coals, are installed at sufficiently steep angles to
permit oversize material to slide over the screen deck by force of gravity
alone. They are relatively inefficient and are used primarily for scalping
purposes. Activated screens supplement the force of gravity by mechanical
and/or electrical means. Their sizing efficiency can approach 100 percent,
although 85 to 95 percent efficiencies are commercially acceptable and more
cost effective.

Screen surfaces are constructed of abrasion-resistant materials
consisting either of parallel bars, punched plates, or wire cloths with
square, round, or rectangular openings. Rubber or plastic-lined screen
decks and other special constructions are receiving increasing considera-
tion because they offer reduced noise levels and other advantages.

Grinding or Pulverizing3,4,5

Grinding or pulverization processes convert crushed coal (top size
1/2 to 3/4 inch) to a fine powder (typically 70 percent through a 200-mesh
screen) suitable for feeding to suspension-type furnaces. In the future,
finely ground coal may also be utilized in certain coal cleaning processes,
slurry pipelines, and coal gasification or liquefaction processes.

As in crushing, the basic operating principles of grinding involve
the proper application of stresses to rupture the coal particles in the
‘most efficient manner. Grinding equipment differs fundamentally from
crushing equipment in that the mechanical elements touch one another,
except to the extent that they are prevented from doing so by the material
being ground. Impact, shear, and attrition (abrasive)forces produce large
quantities of fines, and are thus preferentially used in grinding equipment.

Also as in crush1ng, a number of different types of mach1nery have
been found to work well in coal grindino applications. The major types are
summarized in Table 3.4.2.3. When integrated into a pulverized coal-fired
boiler plant, all of these systems have several elements in common:

1. Feed properties (primarily grindability and moisture content)
significantly affect the capacity of a pulverizer. The Hardgrove grind-
ability index (ASTM Standard D-409) measures the relative hardness, or
pulverization difficulty, of a coal relative to a standard coal which has
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Grinder

Tumbling Mills:
BalT MiTT

Rod Mill

Impact Mills
Swing-Hammer
Pulverizer

Table 3.4.2:3

f;Typgs of Céal_Grinderé {Pulverizers)

Description

Coal is swept through a large
rotating cylinder containing
steel balls ranging in size

from. about 3/4 to 4 inches in
diareter. Tha replaceable

steel liner of the cylinder has

a wave pattern or other irregular
pattern to 1ift the balls up- thz
side of the cylinder as it rotates.
Best grinding is achieved at a
rotat ional speed about 75 perceit
of critical soeed (at which the
balls would b2 held against the
wall rather than valling),

Same as ball hill, except that

~ steel rods lying horizontally

along the. full length of the
mill are used instead of balls.

Same basic design as hammer mill
described in Table 3.4.2-1. Swing-
hamrer pulverizer incorporates a
cage assembly with closely spacad
screen bars to permit reductions

to minus 1/3 inch.

Principles of Operation

Impact and attrition forces are
generated by the steel balls,
both as they tumble into one
another and as they rotate with
respect to each other and the
cylindrical wall.

Same basic principles as ball
mill, but rod mill relies more
on compression and attrition
forces- than impact.

Impact and attrition forces are
generated by the contact of the
rapidly rotating hammers witk

the coal lumps; and the grinding
of the material between the ends

of the hammers and the cage bars.

Page 1 of 2

‘.

Comments -

Low rotational speed (€75 rpm). Can be
operated either wet or dry. Most
commonly applied as air-swept grinding
systems for producing pulverized power
plant feed. For a given capacity,
tumbling mills are generaily larger,
heavier, require more power, and are
less efficient in drying the coal than
the more modern high- or medium-speed
‘mills, However, they are dependable
and require- low maintenance.

Rod miils consume less power per unit
of work than ball mills, but are not
capable of grinding as finely.

High rotational speed (700-1800 rpm);
and high power requirements., Can
pulverize coal to minus 14-mesh, suit-
able for use as pipeline slurry.



Grinder -

lhpactor

Roller Mills:
Bow! M3l

“Lbl-

gall-and-Race
Nill

Table 3.4.2.3 (continued)

Types of Coal Grinders (Pulverizers)

Description

Same design as- described in -
Table 3.4.2-1. When operated -
in a closed circuit wita air
classifier, can pulverize coal
to minus 14-mesh or finss.

Coal is ground between a rotating
bowl and stationary rollers which
are -held. in position by mechanical
springs. Centrifugal force feeds
the coal between the raze and the
rollers. Ground coal spills over
the top of the bowl and is carried
out by circulating hot air. Coa}
fineness is controlled by adjusting
the entrance vanes to the classifier
and by adjusting the compression
springs to control the pressure of
the rollers on the coal.

Coal is ground by a row of large
metal balls that rotate between

" a spring-mounted stationary upper

race, and a rotating lower race
(Ball bearing principle). Air .-
circulates the coal through the
grinding elements where some of

it is pulverized in each pass
through the row of balls. Fine
particles are carried by the air
to the classifier, which returns
oversize material to the grinding
zone, .

Source: References 3,4,7

Principles of Operation

Free-air impact of coal particles
on rotating beaters and side wall
anvils.

Abras.ion (attrition) is the. primary
cause of breakage of the coal par-
ticles as they rub against each
oth$r between the rollers and’ the
bowl.

Abrasion (attrition) action is
applied to the coal particles
by the rotation of the balls
between the conformed circular

races.

Page 2 of 2

Comments

Somewhat higher capacity than swing-
hammer. units. Power requirements are
high. Susceptible to damage by foreign
material,

Medium rotational speed (75-225 rpm).
A number of variations on this basic:
design exist.

Medium rotational speed (75-225 rpm). High
load circulation is obtained through-the
grinding zone, which is very desirable

for effective drying and classification.



an index of 100. A lower index value indicates a more difficult coal to
grind, and in turn a lower capacity for a given mill, as illustrated in
Figure 3.4.2-1. For low-rank coals, a modified ASTM 409 procedure is used,
in which the grindability determination is made at several moisture levels.
On some lignites, even this modified procedure has proved inaccurate. On
coals without prior experience, grinding a large sample in an actual
pulverizer may be necessary to assure that adequate milling capacity is
designed into the new installation.3:5,

2. Drying of the coal prior to or during pulverization is required
to allow pneumatic circulation of the fuel. Most pu]ver1zed -coal boilers
use in-the-mill drying, in which preheated 6r1many air quickly dries the
coal as it is being circulated and ground.3,!

3. Classifying and recirculation of the coarse material to the
grinding zone is required hecause it is not feasible to grind all the
coal to the desired fineness in a single pass through the grinding ele-
ments. Proper operation of the classifier is crucial because over size
particles entering the furnace can cause slagging and emission of unburned
carbon.

Chemical Comminution®

Chemical comminution has been proposed as a potentially attractive
alternative to mechanical comminution plus cleaning of coal. In chemical
comninution, coal is exposed to low molecular weight chemicals, such as
gaseous or liquid ammonia, at modest temperatures and pressure. The
ammonia penetrates the coal along the natural fracture planes and disrupts
the forces holding the coal particles together. The impurities and coal
particles are separated from each other, with larger particle size distri-
bution than the same coal mechanically ground to achieve the same degree
of release. The ammonia has no chemical action on either the coal or
impurity fractions, and can be recovered from the fragmented product by
washing with water.

The wide var1ab111ty in the petrographic characteristics (maceral
forms and boundaries) and in the distribution of impurities in coal depo-
sits suggests that the response to chemical comminution treatment will be
variable depending on the coal. Bench scale tests on 15 coals have shown
that bituminous coals are most amenable to chemical fracture, with lignite
and anthracite exhibiting less susceptibility to treatment. The fact that
coal cleaning (for removal of high pyritic sulfur or ash contents) is not
generally practiced on Tlow-rank coals 1is another indication that this
technology is likely to be more useful for eastern bituminous coals.

A 50 tpd pilot plant facility has been proposed to test the essen-
tial elements of a chemical comminution process. An accurate assessment
of the technical and economic promise of the technology will be possible
only after sufficient data from a unit of that type has been obtained.
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Figure 3.4.2.1
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3.4.2.2 Environmental Control Technology

The primary environmental control requirement associated with coal
crushing and grinding operations is the control of dust emissions. This
problem is amenable to engineering solutions through the use of conven-
tional techno]ogy The degree of control installed in a part1cu1ar
facility is usually determined by the locally applicable standards. '

The design of an in-plant dust control system is a specialized
field, with a wide variety of equipment available to meet spec1f1c needs.
In genera] the design should include the following:

1. Hoods designed to prov1de effective dust control at the sources
with..a minimum air flow through the hoods and minimum power consumption.

2. -Ductwaork d951gnpd to transport the dust- 1aden air, collected
by the hoods, .to .the air c1eaner without ‘settling of dust therein and with
a minimum pressure loss.

3. An air cleaner selected which will efficiently remove par-
ticles from the air so the effluent in the discharge will conform with
air pollution ordinances. Applicable-devices include cyclones, baghouses,
ESPs, and wet scrubbers.

4. A fan and motor so selected as to provide the necessary air

volume at the static pressure (total system resistance) developed by the
system.

3.4.2.3 Effects of Low-Rank Coal Properties

~ Crushing for top size control at the mine, and pulverization for
feeding to suspension-fired boilers, are widely practiced on lignites and
subbituminous coals. (In fact, these are the only preparation steps
generally practiced on low-rank coals in the U.S.) Sufficient experience
has been accumulated so that design comminution equipmeént to accomodate the
unique characteéeristics of low-rank coals is no longer a significant
problem. ‘However, the standard laboratory test for grindability
(Hardgrove) has been shown to correlate poorly with actual grindability of
low-rank coals in pilot-scale or full-scale mills, as discussed below.

The properties of low-rank coals that affect comminution processes
are: moisture content, slacking behavior, reactivity, and grindability (as
determined in the laboratory and in actua] m1115) The effects of these
properties are briefly described below. A

Moisture Content

The high moisture contents of low-rank coals translate into higher
feed throughput requ1rements for given energy product1on rates. Because
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this moisture content is largely inherent (surface-mined low-rank coals are
not washed for removal of impurities and usually contain little or no
surface moisture), the coals actually appear dry and dusty during hand]1ng,
transportation, and use. '

The removal of moisture before or during pulverization has a
significant effect on both measured and actual grindability, as discussed
below.

Slacking

Lignite particles are fibrous, resilient, and tough; these proper-
ties are somewhat less pronounced in subbituminous coals. As moisture
evaporates from low-rank coal particles, the surface becomes brittle, and
particles.spall off without application of physical force. This process is
termed “slacking." This structural weakening is beneficial in pulveri-
zation if the coal is dried either before or during grinding.lz ‘ ‘

Slacking . behavior and the dry, dusty appearance of low-rank coals
have led to the popular misconception that a greater percentage of fines is
produced from comminution of low-rank coals than high-rank coals. This is
important, for example, in fixed-bed gasification processes, where large
amounts of coal fines cannot be tolerated. Wide variations in behavior of
coals are observed within all ranks, and some coals do produce excessive
amounts of fines under certain conditions. However, there are no data that
suggest a systematic difference in the fines fractions produced from coals
of different rank in crushing and grinding operations.

Reactivity

Low-rank coals, as fired in pc burners, are partially dried and
highly reactive. Because of their superior ignition characteristics,
low-rank coals need not be ground as finely as bituminous coals. The
difference is on the order of 55-65 percent through a 200-mesh screen for
lignites, compared to 70 percent for bituminous coal.”

Hardgove Grindability Index

The Hardgrove grindability index of North Dakota lignites has been
shown to vary in a characteristic manner as moisture is removed from the
‘lignite. As measured in a modified procedure (that directly weighs the
fine particle material and allows more satisfactorily for loss of moisture
during testing) developed at GFETC, the index indicates that the lignite is
relatively easy to grind at its native moisture content of 35-40 percent;
becomes more difficult as moisture is removed down to 20-25 percent; then
becomes more "grindable" again as even more moisture is removed. This is
illustrated in Figure 3.4.2.2.

Little success has been obtained in correlating the Hardgrove
grindability index to the actual performance_of pilot plant and full-scale
pulverizers using North Dakota 11gn1tes.9 3 Contrary to the indication
of the index, the actual grindability is lowest at the lignite's natural
moisture content, and increases steadily as moisture is removed.
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Figure 3.4.2.2.

Hardgrove Grindability Index Versus Moisture
Content of Two North Dakota Lignites
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Source: Reference 9
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Actual Grindability

Pulverization tests in several different types of pilot-scale mills
showed essentially the same behavior: as moisture is removed from the
North Dakota lignite, product fineness increases, capacity of the mill
increases, and power requirements decrease. Figure 3.4.2.3 shows a compi-
lation of data from a large number of tests at GFETC. The amount of
minus-200 mesh material produced per kilowatt-hour is seen to increase
dramatically as the lignite is dried. Figure 3.4.2.4 shows a similar
~compilation of data on the increase in mill capacity as moisture is re-
moved. It should be noted that the effects of moisture removal were
determined to be essentially the same when drying occurred before pulver-
ization as when drying occurred in the mill itself.9-13

It is reasonable to expect that other low-rank coals behave in a
simjlar manner in pulverizers, although data are unavailable. A1l existing
pc-fired boilers take advantage of the improved grindability of low-rank
coals at low moisture contents through the use of in-the-mill drying, using
preheated primary combustion air. ( For example, lignite as burned typi-
cally contains 25-30 percent moisture, versus 35-40 percent as mined.) In
no case has it proved economically attractive (yet) to pre-dry the coal and
obtain even higher grindability values (as well as less water passing
through the combustion chamber). The advantages do not outweigh the costs
of a separate drying step.

3.4.2.4 Current Status

Low-rank coals are almost exclusively surface mined. Typically,
coal is loaded into large trucks or rail cars and hauled to a primary
crushing plant at the mine where its top size is reduced for ease in
handling and transporting. A1l of the major types of crushers identified
in section 3.4.2.1 are utilized in these operations.

Low-rank coals are also almost exclusively used as fuel in utility
(and some large industrial) boilers. A very small fraction of these units
are stokers, and utilize sized lumps of coal from secondary crushing
operations. The remainder are pc-fired units which have grinding mills
integrated into their designs. All of the major types of grinders identi-
fied in section 3.4.2.1 are utilized in low-rank coal-fired power plants.
Essentially all of these units use preheated combustion air (600-7000F)
as the drying and transporting medium.

In general, the industrial designers of crushing and grinding
equipment consider the use of present day comminution equipment on low-rank
coals to be a question of design adaptation rather than one of fundamental
gaps in comminution science. Currently, there is almost no R&D work by DOE
or EPRI in progress on crushing and grinding technology; the majority of
the development work takes place in the private sector and consists of
efforts directed at site-specific applications.
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Figure 3.4.2.3

Pounds of Pulverized Lignite Produced per Kilowatt-Hour Versus Moisture

Content of Lignites. Pilot Plant and Commgrcia] Scale Test Results
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Figure 3.4.2.4

Effect -of Drying on Capacity of Pilot-Plant Pulverizers
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A single federally sponsored program directed at producing a coal
grinding handbook has been underway since 1976. This program is being
conducted by Kennedy van Saun Corporation and is entitled "Developing/Modi-
fying Coal Grinding Procedures and Equipment to Produce Predictable Size
Distributions During Coal Preparation."l4 The major motivation for this
program is the need for prepared coal that falls within specific size
ranges in order to optimize its utilization in advanced conversion and
preparation processes. Perhaps because of this emphasis, the project does
not include the testing of lignites, and includes only a single subbitumi-
nous coal from Wyoming.

-156-



References - Section 3.4.2

1.

10.

11.

12.

13.

Leonard, J.W., and D.R. Mitchell (Editors). Coal Preparation,
American Institute of Mining, Metallurgical, and,Petroleum
Engineers, Inc., New York, 1968.

Phillips, P.J. Coal Pkeparation for Combustion and Conversion,
EPRI AF-791, May T19/8.

Babcock & Wilcox Company. Steam/Its Generation and Use, New York,
1978. ‘

Spink, K. Comminution Methods and Machinery, Mining and Minerals
Engineering, February 1972, pp. 5-24.

Frisch, M., and Holder, G.C. . Correlation of "Grindability" with
Actual Pulverizer Performance, Combustion, June-Jduly 1933, pp. 29-34.

Higginson, G.W., and-H.R. Maddocks. Using Chemical Comminution

to Ease Solids Separation in Coal Liquefaction, presented at the
Fifth Annual International Conference on Coal Gasification,
Liquefaction,and Conversion to Electricity, University of Pittsbuigh,
August 1-3, 1978.

Roman, G.H. "Coal Crushers and Crushing," Coal Age, February 1967,
pp. 108-122.

Ellman, R.C., and J.W. Belter. Grihdabi]ity Testing of Lignites,
Bureau of Mines Report of Investigations 5167, November 1955.

Ellman, R.C., J.W. Belter, and L. Dockter. Lignite Pulverization:
A Status Report, in "Technology and Use of Lignite - Proceedings:

Bureau of Mines - University of North Dakota Symposium, Grand Forks,
ND, April 27-28, 1967," Bureau of Mines Information Circular 8376,
May 1968.

Ellman, R.C., J.W. Belter, and L. -Dockter. Effects of In-the-Mill
Drying on Pulverizing Characteristics of Lignite, Bureau of Mines
Report of Investigations 6074, 1962.

Ellman, R.C., and J.W. Belter. Pulverizing Lignite in a North Dakota
Powerplant, Bureau of Mines Information Circular 8032, 1961.

Dockter, L., J.W. Belter, and R.C. Ellman. Pulverizing Lignite in
a Ball Mill, Bureau of Mines Report of Investigations /010, August

1967 .

Eliman, R.C., L. Duckter, and J.W. Belter. Pulverizing Lignite in
a Ring-Roller Mill, Bureau of Mines Report of Investigations 7631,

1972.

-157-



References - Section 3.4.2 (continued)

14.

Luckie, P.T. Developing/Modifying Coal Grinding Procedures and
Equipment to Produce Predictable Size Distributions during Coal

. Preparation, Annual Progress Report for the period October 1977-

December 1978, Kennedy Van Saun Corp. Under DOE Contract No.

'EX-76-C-01-2475, FE-2475-26, January 15, 1979,

-158-



3.4.3 Mineral Matter Control

3.4.3.1 Technology Description

The purpose of mineral matter control is to upgrade as-mined coal
by reduction or alteration of its mineral matter content in order to obtain
improved performance in specific utilization processes. Historically, as
practiced on bituminous coals to meet product quality specifications, the
technology consists of coal cleaning (beneficiation) processes in which
extraneous mineral matter, including some pyritic sulfur, is separated from
the coal by washing in water. A number of other types of processes, such
as chemical cleaning and ion exchange, are being developed but have not
reached commercial status yet. In the future, if any mineral matter
control processes are applied to lTow-rank coals, these developmental
processes are perhaps more likely to be used than the traditional physical
coal cleaning techniques.

Essentially no mineral matter control is practiced on low-rank coal
in the U.S. today. The reasons for this include very low extraneous
mineral matter content, high inherent moisture content, and others dis-
cussed in Section 3.4.3.3. However, some growth of this technology for
low-rank coals may be anticipated, as evidenced by an increasing number of
economic tradeoff or scoping studies, small-scale research and development
efforts, and references to the problems and opportunities of low-rank coal
beneficiation in the literature. Some of the tradeoffs that are being
explored include the following:®

1. Coal cleaning to remove sulfur, combined with less severe flue
gas desulfurization, could reduce the total cost to a utility
of meeting the NSPS with certain low-rank coals.6,7 This
might be particularly true in cases where ash-alkali wet
scrubbing or dry sorption SO2 removal processes were unable
to consistently achieve 70 percent removal, but were able to do
so when combined with coal cleaning; the combination might
prove less costly and more reliable than conventional lime or
limestone wet scrubbing. One engineering study has estimated
that intensive cleaning of Montana Rosebud subbituminous coal
could reduce the requirement for SO» removal from the flue
gas to 58 percent, instead of 70 percent without cleaning.
(However cost estimates showed no economic "advantage for the
combined system under. the assumptions used.)

2. Coal cleaning to reduce the quantity and variability of min-
eral matter (or specifically sodium content), from high-fouling
Tow-rank- coals, could reduce the total cost to a utility of
fouling and slagging control, particulate removal, and ash
disposal. The cleaning techno]ogy needs further develo ment,

- and the cost tradeoffs need to be -better quantified, efore
the potential benefits in this area can be realized in prac-
tice.
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3. Coal cleaning might be used as a retrofit strategy by utili-
ties or industries seeking emission offsets in either SO2 or
particulate matter.

4. For low-rank coal being transported long distances, coal
cleaning might reduce overall shipping and handling costs per
BTU. However, moisture reduction (see Section 3.4.4) would be
likely to have a more important role than mineral matter
reduction, in terms of impact on low-rank coal transport
costs. '

In addition to these areas currently being explored, there is a
possibility that changes in mining practices and depletion of the highest
quality reserves will create a need for some low-rank coal cleaning in the
future.

The remainder of this section presents brief descripfions of
available and developing mineral matter control technology, arranged into
two generic areas as follows:

1. Physical Processes - these techniques rely on the differences
in physical properties between the coal and the mineral-con-
taining materials. The most important property difference is
specific gravity; another is the surface affinity to specific
reagents; a third area being explored is the magnetic proper-
ties of coal and minerals. Existing preparation plants use
physical processes almost exclusively.

2. Chemical Processes - these techniques utilize the chemical
characteristics of the coal and its constituents to effect the
the removal of undesirable materials. These processes, for
the most part, are in developmental stages.

Physical Processes

The vast majority of physical coal cleaning processes rely on the
differences in -specific gravity between coal and the extraneous minerals
mixed with it. In essentially all cases the impurities have higher speci-
fic gravities than the clean coal, as illustrated in Table 3.4.3.1. The
specific gravity range for coal itself depends largely on the amount of
ash bound within the coal particle. Any coal particle, independent of
size, contains both inherent and extraneous ash. Inherent ash is bound
within the structure of the coal and cannot be removed by physical means.
Extraneous ash is either contained as deposits within the coal and is
liberated by crushing, or consists of material that has been combined with
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Table 3.4.3.1

Specific Gravities of Coal and Impurities

Material ___Specific Gravity
Coal- | 1.12 -‘1.35

Bone coal? 1.35 - 1.7
Carbonaceous shale 1.6 -2.2

Shale 2.0 - 2.6

Clay 1.8 - 2.2

Pyrite 4.8 -5.2

@ Bone coal is coal with a high ash content.
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the coal during the mining process (e.g., overburden). The extraneous ash
contained within the coal particle can be removed only to the extent to
which the coal is crushed. Thus, the most intensive coal cleaning pro-
cesses incorporate steps in which the coal is finely ground and the fines
are washed.

The standard test to determine the specific gravity distribution of
the various components comprising the coal is the washability analysis.
This analysis is a laboratory procedure referred to as the float-sink test
that determines the weight percentages and chemical compositions of
materials collected from 1iquid baths of different specific gravities. The
material that floats at a particular spec1f1c gravity is called the yield
or product and the material that sinks is the reject. Data on the compo-
sition of these fractions usually consist of ash content, sulfur content,
and heating value. Washability analyses represent the theoretical 1imi—
tations of physical coal beneficiation <ince the laboratory tests are
performed under "ideal" batch conditions using pure heavy 1liquids that
are too expensive to use in large-scale continuous processes.

A wide variety of processes and equipment is utilized in the many
coal preparation plants that separate mineral matter from a large percen-
tage of the bituminous coal mined in this country. Some types of equipment
are best suited for cleaning the coarser size fractions of coal; these are
briefly described on Table 3.4.3.2." Other types of equipment are designed
for fine coal cleaning, and are described on Table 3.4.3.3. As indicated
- on Table 3.4.3.4, jigs and dense medium vessels are by far the most widely
used types of equipment, together accounting for 80 percent of the total
coal cleaned in the United States (1973 data).

A1l of these devices are described in considerable detail in
‘references 1-4, including schematic drawings and photographs, performance
curves, design and operating data, and cost comparisons. This detailed
information is not included here because of the almost total lack of
current Tow-rank coal applications for these processes.

In add1t1on to these widely used commercial processes, a few coal
cleaning techniques are being developed which may have future Tow-rank coal
applications. One is the Otisca process, which uses trichlorofluoromethane
(CC13F, one form of Freon) as a dense medium in place of the more com-
monly used suspension of magnetite in water. Claims for the process, based
on pilot plant results, 1nc1ude better ash and sulfur removal at a lower
cost per ton of coal.

Another novel dense medium process utilizes an air-fluidized bed of
magnetite as the dense medium. Tests in a 4-inch diameter unit have shown
the basic .feasibility of the process, as well as indicating the existence
of complex relationships among the process variables. The concept combines
the. good separating capabilities of high density medium with the advantages
of a dry process - advantages which are particularly applicable to western
Tow-rank coa]s.9
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Eguipment
- Jig

Dense Medium Vessels

Table 3.4.3.2

Types of Equipment Used for‘Coarse Coal Cleaning

Description

The coal bed rests in water on a
perforated screen plate. The water-
filled hutch compartment below the
screen is connected.to an adjacent
vessel where-pulses of air pressure
are applied (by valve as in the
Baum jig, or by plunger). The
pulses are traasmitted through

the water caus:ng an upward motion
through the screen. The jig box
is divided vertically into com-
partments separated by weirs which
control the flow of the float
strata. Float material feeds

from one compartment to the next
until it passec over a weir into

a delivery sluice for dewatering.
Sink material (refuse or middling)
is withdrawn by an ejector from
each compartmert. Adjustment of .
the refuse gate height, the ref- -
use withdrawal rate, and a float
control determines the refuse
separation.

Coal is fed to a vessel (cone,-
drum, or trough) containing the-
dense medium. Finely-ground and
dispersed magnetite in water is
the preferred medium because
the magnetite can be easily

Principles of dperation

A bed of coal particles is strati-
fied in water by pulsations.
Segregation by specific gravity

is achieved through:alternate ex-
pansion and contraction ‘of the bed.
As the-expanded bed settles back

into the compacted state, the higher
specific gravity particles (i.e., the
refuse) settle at a faster rate.

"A large-scale application. of the

principles of separation by specific
gravity used in the laboratory
float-sink procedure for preparing
washability analyses. Raw coal

is immersed in a fluid having a

Page 1.of 4

Comments

Most popular, simplest wet beneficiation
vessel. Handles full size range up to
8-inch, but only limited upgrading of
fine materials is obtained. Most
effective at separating gravities above
1.55 specific gravity, and with coal
containing less than 10 percent near-
gravity material. Relatively low cost,
high capacity per unit (up to 1,000
tph). Requires even feed distribution
over entire width of vessel, thoroughly
wetted coal, constant feed rate and
washability for best performance.

Affords very good control of sharpness
of separation, at specific gravities
that can readily be adjusted between
1.3 and 1.8. Handles all size consists
above 1/4-inch, with up to 25 percent
near-gravity material- in the. feed:
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Equipment

Dense Medium Vessels
(cont inued)

Concentrating Table

Table 3.4.3.2 (continued)

Types of Zquipment Used for Coarse Coal Cleaning

Description

recevered magnetically and resued.
Specific gravity is easly controllad
by the conceniration of suspendad
solids. Other media less frequently
used are sand in water, organic Vi-
quids, dissolved salts (calcium
and zinz chloride), and sand in
air {fluidized bed). In a cone-
type vessel, the feed enters the
top nea~ the center, and the fmat
material trawels to the periphery
and overflows a tangential weir.
Sink material is discharged frcm
the bottom of the cone, usually
via a central airlift tube. The
con2 geometry and large volume
create stabi ity and long resi-
dence time. Trough-type vesse.s
utilize either ctain conveyors

for removal of the float and sink
products, or an oscillating blade
for repoval of sink material.

Coa" ard refuse particles are spread
out over a ribbed, tilted, rhomboid-
shaped table to which a recipracazing
motion in th2 horizontal direciion is
imparted. As the feed flows diwn the
tatle, the combination of ‘forcas
stratifies tie coalbed behind the
riffles. The wash water carries the
light <oal particles over the riffles
to zhe bottam of the table where tney
are collected. as clean coal product.
The re“use a the bottom of the bed
is movad horizontally behind the
riffles to the end of -the tablz.

Principles of Operation

specific gravity intermediate be-
tween the coal and the reject
material. Less than perfect sepa-
ration is obtained due to practical
limits on particle retention time,
and the use of magnetite suspersions
in water, rather than pure fluids
used in the laboratory.

The differential notion imparted to
the table is such that is approaches
one end of its travel with greater
speed than the other. Thus bath

the retardation and acceleration are
greater at one end than at the other,
imparting to the table a conveying
action. The basic principle cf
separation is the difference in
specific gravity between coal and
refuse particles,

Page 2 of 4

Comments

Relatively high operating costs. Requires
des limed feed and a dense medium recovery
system.

Rarely used for coarse coal cleaning.
Poor sharpness of separation and control
of cutpoint. Used frequently for fine
coal cleaning (see Table 3.4.2.3).
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Equipment

Hydrocyclone

Pneumat ic Separator
(air concentrator)

Table 3.4.3.2 (continued)

Types of Equipment Used for Coarse Coal Cleaning

Description

Coal and water enter the side of the
conical vessel tangentially. Sink
material (refuse) is accelerated to
the outside and bottom of the cone,
and exits at the bottom through an
annular space created by a central
upward blast of air. Float material
is carried by the air stream up and
out a central tub2 called a vortex
finder. Hydrocyclones have been
used for coarser coals, although
they are most useful for cleaning
coals in the 3/4-inch x 100 mesh
range, and then preferably as
scalping units ahz2ad of other

benef iciat ion devices.

Coal and refuse particles are strati-
fied by pulsating air as they travel
acress an inclined surface. A layer
of refuse forms at the bottom of the
strata, and falls into pockets or
wells from which it is withdrawn by
screw conveyors. The upper layer
(clean coal) is removed at the end
of the incline. Dust created by the
pulsat ing air is sucked into an over-
head hood and is recovered in a dust
collection system (e.g., cyclone and
baghouse). The collected dust may be
recombined with the clean coal if the
final quality is acceptable. Alterna-
tively, it may be burned as fuel or
discarded as refuse.

Principles of Operation

An autogenous (self-creating) dense
medium is established through the
high centrifugal acceleration of
particles in water. Denser par-
ticles are accelerated to the

outer diameter of the cyclone.
Because of the squat conical con-
figuration used (small L/D), coarsest
and heaviest particles tend to orbit
in the lower cone region, forming

a barrier against the discharge of
coal through the apex orifice.

Air tables, or air jigs, utilize air
as a separating medium in much the
same way as coarse coal jigs utilize
water., A dry vibrating table is de-
signed so that its vibratory motion
segregates the particles according
to specific gravity, shape, and size.

Page 3 of 4

Comments

Simple design, low space requirements,
low maintenance, no medium recovery
system required. Relatively inefficient
when used singly. When used ahead of
concentrating tables, the combined
efficiency is greater than with tables
alone, particularly at lower specific
gravities. One-third to one-half the
feed is clean enough following the
hydrocyclone to bypass the table.

Not widely used commercially, but
receiving renewed development attention.
Possibly most advantageous for low-rank
coals because no water is required and
no surface moisture is added to the coal.
Unlike wet cleaning processes, dry con-
centration will not clean wet fine coal
efficiently, or eliminate dust as a
problem,
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Equipment

L aunder

Sources:

References 1-4

Table 3.4.3.2 [continued)

Types of Equipment Used for Coarse Coal Cleaning

Descript ion

Coal and refuse particles are
trancported dewn an inclined sur-
face by flowing water.. Stratifi-
cat ien of par:icles occurs parallel
to the inclined surface. The highar
specific gravity particles (refuse)
settle and moye more 'slowly than -
the clean coal particles dug ‘to
friction. Thase units are now con-"
sidered obsol=te

Principles of Operation

Boundary layer, frictional forces,

and the decreasing velocity of

‘water in a trough from bottom to

top are significant in creating
the velocity difference between
high specific gravity particles
(slow) and low specific: grav1ty
partlcles (fast)

Page 4 of 4

Comments

Paor sharpness of. separation and -control
of cutpoint. Relatively low cost when -

used in dual role as washer and conveyor. .

Net currently used in the U.S.



Equipment

Dense Medium
Cyclone
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Concentrating Table
(Deister Table)@

Table 3.4.3.3

Types of Equipment Used for Fine Coal Cleaning

Description

Dense medium.cyclones are generally
mounted nearly horizontal with only
a sufficient angle to facilitate
drainage. As in the hydrocyclone,
sink material (refusel is acceler-
ated to the outside and bottom of
the cone, and exits through the
apex. Float material is carried

up and cut the vortex finder.

Coal and refuse particles are spread
out over a ribbed, tilted, rhomboid-
shaped table to which a reciprocating
motion in ‘the horizontal direction is
imparted. As the feed flows down the
table, the combination of forces stra-
tifies the coalbed behind the riffles.
The wash water carries ‘the light coal
particles. over the riffles to the
bottom of the table where they are
collected as clean caal product.

The refuse at the bottom of the bed -
is moved.horizontally behind the
riffles to the end of the table.

Principles of Operation

Dense medium fluid is utilized as in
dense medium veseels,. but the separation
between the coal and the refuse is
accelerated by centrifugal force. Be-
cause of the forces acting on the mag-
netite in the medium, the density of the
medium in the underflow is heavier than
in the overflow. The specific gravity
of separation is always higher than the
specific gravity of the prepared medium.
Extremely high forces acting on the par-
ticles (up to 200 G's) increase through-
put and efficiency of separation-of fine
particles.

The differential notion imparted to the
table is such .that it approaches one
end of its travel with greater speed
than the other. Thus both the retar-
dation and acceleration are greater

at one end than at the other, imparting
to the table a.conveying action. The
basic principle of separation is the
difference in specific gravity between
coal and refuse particles.

Page 1 of 3

Coments

Generally processes the 1/4-inch x 28 mesh
size fraction. The larger units are 28
inches in diameter and have a capacity of
over 100 tph. Cone angles are commonly
about 20°. Good sharpness of separation
with up to 25 percent near-gravity material
in the feed. Very high cperating costs;
heavy medium recovery system required..

Generally processes 3/8-inch by 0 size coal.
Tables have a capacity of 10 to 15 tph.

Fair sharpness of separation with up to 10
percent near-gravity material in the feed.-
Low operating costs., Allows isolation of
pyrite. Specific gravity adjustment
(between 1.6 and 1.8) is accomplished by
adjusting the side tilt and longitudinal
inclination of the deck.



Equipment

Froth Flotation
Cell

-891-

Fine Coal Jig
(Feldspar Ji
or Batac Jig?a

Table 3.4.3.% (continuad)

Types of Equipment Used “or Fine Coal Cleaning

Description

Feec ccal slarry, conditioned with
suitable chenical reagents, enters

a cz11 where air is bubbled up
thrzugh the <lurry. Agitation and
aeratian are obtained by mechanical,
hyd-aullic, or pneumatic systems
(Wezco cells use a rotor-stator
device, and keyl and Patterson ceils
use submergec vortex chambersd).
Clean oal is skimmed off as a froth
(20-30% solics) at the top. Refuce
remains. suspended in the waters ard
passes From the cell into a static
thickenar.

Basically the same as the standarc
jig described in Table 3.4.2.2.
However, the screen plate is covered
by & bel of sized stones, usually
feldspa~, which prevent all but the
finest jarticles from sifting
through. In the Batac jig, air
pulsatians are produced directly
beneath the bed screen instead of
‘in a1 adjacent chamber. The refuse
particles sift down through the
larger “eldspar particles, while
the =lean coal is discharged at

the ond of the jig.

Principles of QOperation

Depends entirely on surface character-
istics of coal and refuse, not on
specific gravity differences. Flo-
tation relies on the selective ad-
hesion of air to the coal particles

and the simultaneous adhesion >f water
to the refuse particles, as fizely
disseminated air bubbles pass through
the feed slurry. Reagents can be
utilized to enhance the hydropiecbic
property of the coal without diminishing
th2 hydrophilic properties of -he minerél
solids.

As the beds of feldspar lift with

th2 pulsations, with feed material
passing above, the turbulent efect
on small particles is reduced.
Otherwise, the principles of aperation
are the same as for the standard jig,
relying primarily on specific gravity
di“ferences between the coal amd
resuse.

Page 2 of 3

Comment s

Optimum size range is 28 to 150 mesh.

Low volatile coals are easier to float
than high volatile coals. Lignites are
the least floatable coals, and the froth
flotation process is not believed to be
appiicable to lignites. Pyrites tend to
b2 floated with the clean coal, and thus
are not effectively separated. Operating
costs are relatively low. Chemical re-
ajents are required.

Fine coal jigs have a considerably smaller
capacity than conventional Baum-type jigs,
and poor efficiency when processing feed
sizes containing many particles smaller

than 28 mesh. Fair sharpness of separation

when processing feed with up to 10 percent
near-gravity material.
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‘Equipment

Hydrocyclone

Notes:

dReference to a company or product

Table 3.4.3.3 {continued)

Types of Equipment Used for Fine Coal Cleaning

Description

Coal and water enter the side of the
conical vessel tangentially. Sink
material (refuse) is accelerated to
the outside and botiom of the cone,
and exits at the bottom through an
annular space created by a central
upward blast of air. Float material
is carried by the air stream up and
out a central tube called a vortex
finder. Hydrocyclores have been
used for coarser cocls, although
they are most useful for cleaning
coals in the 3/4-inch x 100 mesh
range, and then preferably as
scalping units aheac of other

benef iciat fon devices.

Sources: References 1-4

Principles of Oberation

An autogenous (self-creating) dense
medium is established through the
high centrifugal acceleration of .
particles in water. Denser par-
ticles are accelerated to the

outer diameter of the cyclone.
Because .of the squat conical con-
figuration used (small L/D), coarsest
and heaviest particles tend to orbit
in the lower cone region, forming a
barrier against the discharge of coal
through the apex orifice.

-name does not imply approval or recommendation of the product.

Page 3 of 3

Comments

Rarely applied for fine coal cleaning,
Multiple stages required. Poor sharpness
of separation. High relative operating
costs,



Table 3.4.3.4

Distribution of the Coal Cleaned in
the United States By Method of Separation Used -

METHOD OF : PERCENTAGE‘OF-COAL PROCESSED
SEPARATION e A
' 971 1973
Jigs 43 48
Tables 13 12
Launders 2 3
Dense Medium - 33 32
. Pneumatic - 5 ' 0
Flotation | 3 5

Source: Reference 3
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A third cleaning process under exploratory development is high
gradient magnetic separation (HGMS), which is directed primarily at pyritic
sulfur separation. HGMS methods are currently used commercially to remove
impurities called colorbodies from Kaolin clay. The dispersed nature of
pyritic sulfur in coal combined with its paramagnetic distinction from
diamagnetic coal led to the initial investigations of HGMS processes
applied to coal cleaning. A large number of HGMS methods have been pro-
posed and are undergoing exper1menta] development. These include both wet
and dry processes which use various chemical and fhys1ca1 means to enhance
the weak paramagnetic properties of - pyr1te. Most of the current
developmental work is under EPRI sponsorship.

One of the Teading magnetic separation processes, called Magnex,
involves chemical pretreatment of the pyrite and mineral matter with
(gaseous) iron pentacarbonyl, ‘to enhance their magnetic susceptibilities.
Separation of these components (pyrite with some pyrrhotite-like material,
and minerals with crystallites of iron) is then accomplished from the coal
(which 1is unaffected by the Fe(CO)s pretreatment) by conventional mag-
netic means. This dry process has been successfully tested at the 200
1b/hr pilot plant level on a large number of bituminous coals. Because
of the important chemical pretreatment step, the process is usally classi-
fied as a chemical coal cleaning process, and thus is mentioned again in
the next subsection.

Chemical Processes

Processes which utilize chemical reaction systems to upgrade coal
quality are in various stages of development. In general, the objectives
of these processes are to remove sulfur, sodium, and/or mineral matter that
is bound within the coal structure, and thus not available to be removed by
physical separation processes.

In a sense, the SRC-I (Solvent Refined Coal) process might be
considered the ultimate chemical coal cleaning process, because it produces
an almost ash- and sulfur-free, high-BTU solid fuel from coal. (SRC from
Wyoming subbituminous coal contains daboul 0.2 percent ash, 0.1 percent
sulfur, and has a heating value of about 15,000 BTU/1b.) Some minor modifi-
cations are required at a coal-fired boiler to handle this prepared fuel,
such as 1arger dust control systems and water-cooled burners.13 Solvent
refined coal is prepared through a liquefaction process whose severity is
low enough that the product is a solid at room temperature (see Section
3.5.4). If it is viewed as representing an upper bound on the "reasonable"
cost of' a chemical coal cleaning process, then the figures of roughly
$4 5/106 BTU, or $120-160/ton of product, should be borne in mind.

-171-



, Many chemical cleaning processes are currently under development
for removal of both organic and inorganic sulfur from coal. The inorganic
sulfur compounds occur mainly as pyritic minerals, with small amounts of
sulfate minerals such as melanterite, jarosite, and gypsum. These are the
sulfur compounds that can be separated from the coal to some extent by
physical processes. The organic sulfur forms consist mainly of mercaptans,
sulfides, disulfides, and thiophenes. Their removal requires at least a
partial breakdown of the organic coal matrix. Chemical mechanisms that can
be classified into six major groupings as shown on Table 3.4.3.5. At this
time, the reduction mechanism (with hydrogen) has been shown to be the most
effective.l4, '

The technical and economic feasibility of a chemical coal desulfur-
ization process depend primarily on the properties of the reagent. The
desulfurization reagent must be selective and not significantly react with
other coal components. The reagent should be regenerable and be either
soluble or volatile so it can be recovered from the coal matrix. Finally,
the reagent should be inexpensive since a portion of it will certainly be
lost to either irreversible sorption on the coal matrix or by reaction.l4
Another very important factor is the extent to which the cleaning process
removes carbon values (BTU's) along with sulfur and ash. This can be a
significant problem with "deep" cleaning processes, which can result in
rejecting as much as 40 percent of the total energy value of the coal. 5

An EPA-sponsored assessment of chemical coal cleaning processes in
1978 identified 29 processes, of which 11 U.S.-developed processes were
classified as major processes.l® These are listed on Table 3.4.3.6,
along with some pertinent information on their methodology, sulfur removal
capability, stage of development, problems and cost estimates.

As a general rule, the development of all of these processes has
focused heavily on bituminous coals, rather than low-rank coals (which also
tend to be lower-sulfur coals). Therefore, very little pertinent data on
the effectiveness of the different types of processes in desulfurizing
low-rank coals are available. It is probably fair to say that processes
which remove only pyritic sulfur (such as the first four listed on the
table) are of little interest for low-rank coal applications. To illustrate
this point, Table 3.4.3.7 shows the sulfur reduction obtained on three
western low-rank coals by the JPL chlorinolysis process, which is one of
the processes that appears to be quite effective in removing both organic
and pyritic sulfur. The total sulfur removal obtained was: 39 percent for
the Zap (N.D.) lignite, which contains 1.22 percent sulfur as mined; 14-34
percent for the Carbon, Seam 80 (WY) subbituminous coal, which contains
1.23 percent sulfur; and 64 percent for the Big D Seam (Lewis, WA) subbi-
tuminous coal, which contains 3.36 percent sulfur as mined.2l
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Table 3.4.3.5

Organic Sulfur Removal Mechanisms

1. Solvent Partition R1
Syt ox-
R1SxR2 + X > R

2. Thermal Decomposition

R1SyR2 > R1R2 + Sx

RCHo CHp SH > RCH

CH2 + H2S

3. Acid-Base Neutralization

RSH + OH™ - | > RS~ + Hp0

4. Reduction

+

R1SxR2 + 4H > R1H + RoH + HaSy

+

R1SxR2 + 2R3H2 > RiH + RoH + HpSy + 2R3

5. Oxidation
H,0

R1SxR2 '————ZB;———> R1S03H + RpSO03H

SR10H + RpOH + 2HpSO4

6. Nucleophilic Displacement

R1SxR2 + Nu~ > R1SxNu + Ry~
R1SxR2 + Nu~ > R]Sx_jNu + Rp S
R1SxR2 + Nu- ,> R1Sx~ + RoNu
R2S™ + R1Sy-Nu > R1Sx-1R2 + NuS-

‘Sou rce: Reference 14
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Table 3.4.3.6

Summary of Major Chemical Coal C]eanl:ng Processes

v

Page 1 of 3

and Pressure

Stage Of ‘Annual Operating
Process & Type Sulfur Development Cost, $/Ton Clean
Sponsor Method Remnoved —{1978) ?roblems Coald
“Magnex", Hazen Dry Pulverized Cozl Ug to 90 Bench & 91 KG/Day D-sposal of S-Contain- 15.7
Research Inc., Treated with FE Percent (200 LB/Day) Pilot ing Solid Residues.
Golden, Colorado (CO)g Causes Pyrite Pyritic Plant Operated Centinuous Recycle of
To Become Macnetic. C@ to Produce FE
Magnetic Materials (€0)s Requires
Remaved Magneticaily Damonstration
"Syracuse" "Coak is. Comminuted 50-70 Bench Scale Disposal of Sulfur 12.0
Syracuse by Zxposure to NH3 Percent . Containing
Research Corp., ‘Vapcr; Convestional Pvritic Ra2sidues
‘ Syracuse, N.Y. Physical Cleaning
Sepzrates Coal/Ash
“Meyers", TRW Oxidative Leaching 90-95 8 Metric Tan/Day Dispcsal of Acidic 18.4d
Inc., Redondo Using FE2(S04)3 - Parcent POU for Reaction FESOg and CASOg, Sulfur
Beach, CA. Oxygen in Wazer Pyritic System. Lab or Extraction Step Requires
Bench Scale for Demorstration
Other Process Steps
"LOL" Kennecott Oxidative Leaching 90-95 Bench Scale Cisposal of Gypsum 21.9
Copper Co. Using 0y and! Water " Pe~cent €ludge, Acid Corrosion
Ledgemont, MA ® Noderate Temp. Pyritic cf Reactors
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Table 3.4.3.6 (continued)

Summary of Major Chemical Coal Cleénjgg,Processes

Page 2 of 3

Stage Of Annual Operating

Process & Type Sulfur Development Cost, $/Ton Clean
Sponsor Nethod Removed (1978) Problems Coald .
“PETC" (DOE) Air oxidation & +95 Percent Bench Scale 11 KG/Day Gypsum Sludge Disposal 26.6b
Oxydesulfurization Water leaching @ Pyritic; up (25 LB/Day) Continuous Acid Corrosion at
Bruceton, PA. High Temperature to 40 Percent Unit Under Construction High Temperatures

and Pressure Organic )
"GE" General Microwave Treatment —75 Percent Bench Scale Process Conditions 16.8
Electric Co., 0f Coal Permeated Total S Not Established.
Valley Forge, .with NAOH Solution Caustic Regenerat ion
PA. Converts Sulfur Process Not Established.

Forms to Soluble

Sulf ides
“Battelle” Mixed Alkali —95 Percent 9 KG/Hr (20 LB/Hr) Closed Loop Regenerat ion 30.9
Laboratories Leaching " Pyritic; Mini Pilot Plant Process Unproven. Residual
Columbus, Ohio —25-50 Percent and Bench Scale Sodium in Coal

Organic

"JPL" Jet Chlorinolysis In «—90 Percent Lab Scale But Environment al Problems 21.0

Propulsion

:Laboratory

Pasadena, CA.

Organic Solvent

Pyritic; up
to 70 Percent
‘Organic

Proceeding to
Bench and Mini
Pilot Plant

Conversion of HCL to CL2
Not Established.
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Table 3.4.3.6 (continued)

Summary of Major Chemical Ccal Cleaning Processes

Page 3 of 3

Stage Of Annual Operating
Process & Typ2 Sulfur Deve lopment Cost, $/Ton Clean
Sponsor Method Rz2moved (1978) Froblems Coald
"IGT" Institute Oxidative Prezreatmneat ~95 Percent Lab and Bench Low Btu Yield (<55%) 40.8
of Gas Technology Followed by Hydrodas.il- Pyritic; Up to Change of Coal Matrix
Chicago, IL. furization at 8000C 85 Percent
Or3anic

"Kv8", Inc., Sélective Oxidation ~63 Percent to Lab Scale 02 Concentration Exceeds 22 .5¢
Tustin, CA. in the Fresence of 89 Percent Explosion Limit for Coal

NOx, followed by watear Totals Dust. Nitrogen Uptake by

or caustic washing Ccal will increase NOy

Emrissions

"ARCO" Promoted Oxygen cxidation —95 Percent Lab Scale Gypsum Sludge Disposal NAE

Oxydesulfurization,

Los Angeles, CA.

and Hater Leaching
at High Temperatur2
and Fressure

Py-itic
~B-19 Percert
Or3zanic

Acid Corrosion at High
Tanperatures

Notes:

3Raw coal cost is not included.
D1979 cost estimates are $ 6-20/ton (Referznces 16,17).

XVB's estimate (1978) is $18.50/ton {Reference 18)

41979 cost estimates are $20-25/ton (Re“ersnces 19,20,21)
€1979 cost estimates are $27-39/ton for original design, and $17-19/ton for revised design (Reference 24).

Source: Reference 15
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Table 3.4.3.7

Laboratory-Scale Desulfurization of Three Western

Low-Rank Coals by the

JPL Chlorinolysis Process

Chlorination Residual Sulfur Analysis Sulfur Removal Dechlorination’
No. of Time (Wt. %) (%) . Residual C1 (Wt. %)
Runs (Min.) Organic Pyritic Sulfate Total Organic Pyritic “Jotal Before After
PSOC-086, Lignite, Zap, Mercer, North Dakota 6900 BTU/1b (as received)
RAW COAL 0.63 0.52 ~0.03 1.22 0.00
1 30 0.35 0.23 0.17 0.75 44 59 39 -- 0.33
1 60 0.32 0.35 0.06 0.73 50 37 39 8.00 --
PSOC-097, Subbituminous A, Seam 80, Carbon, Wyoming 10,665 BTU/1b (as réceived)
RAW COAL 0.84 0.38 0.01 1.23
1 30 0.70 0.31 0.05 1.06 17 18 14 -- 0.28
1 60 0.74 0.05 0.02 0.81 12 87 34 - 0.15
1 120 0.79 0.19 0.06 1.05 5 50 15 - 0.22
PSOC-240, Subbituminous B, Big D, Lewis, WA 8700 BTU/1b (as received)
RAW COAL 1.75 1.60 0.01 3.36 0.02
1 120 0.49 0.68 0.05 1.22 72 58 64 -- 0.26
Source: Reference 22



These are substantial reductions in coal sulfur content, particu-
larly .for the higher-sulfur Washington state coal. However, the amount of
relief that would be prov1ded by this type of deep coal cleaning to the FGD
S0z removal requirement in order to comply with the 1979 NSPS is rela-
tively small. This is illustrated on Table 3.4.3.8, where some assumptions
have been made (about coal heating value, comp]ete conversion of coal
sulfur to SO» in the stack and no loss of coal in the cleaning process)
to calculate estimated FGD system requirements, with and without coal
cleaning by the JPL process. As shown, cleaning the North Dakota Tignite
reduces the FGD design severity from 83 percent SO0z removal to 72
percent. The stack gas SO» removal requirements for the Wyoming subbi-
tuminous coal are 74 percent without JPL coal cleaning versus 61 percent
with cleaning, and for the Washington subbituminous coal are 90 percent
without cleaning and 72 percent with cleaning. Thus in each case a fairly
rigorous SO» scrubbing job 1is required, despite the substantial reduc-
tions in cual sulfur content achicved by the chemical cleaning process.

Some brief additional comments on the chemical coal c]ean1ng
processes that were listed on Table 3.4.3.6 are as follows:

1. The Magnex process was briefly described earlier under the
subject of magnetic separation. The use of iron carbonyl
presents some health and safety difficulties.

2. The Syracuse process was also briefly described earlier (in
Section 3.4.2) as a chemical comminution process. After
removing the ammonia which chemically comminutes the coal,
conventional physical cleaning steps are used to separate the
coal from pyrite and ash.

3. The Meyers (TRW) process is the only chemical coal cleaning
process developed to the 8 t/d pilot scale level. Thirty-two
different coals have been tested at bench scale, including two
western coals.

4. The Ledgemont oxidative leaching process has potential mate-
rials selection problems due to the presence of corrosive
dilute sulfuric acid; and potential disposal problems with
Time-gypsum-ferric hydroxide sludge, which may contain leach-
able heavy metals.

5. The PETC air and steam leaching process also has materials
selection problems due to dilute sulfuric acid which "is gener-
ated by the process, and is highly corrosive at the operating
temperatures and pressures.

6. The portiorn of the GE process which recovers the sulfur values
' and regenerates the NaOH is still conceptual.
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Table 3.4.3.8

Approximate Reduction in FGD System S0s Removal Requi}ementﬁ |
Obtained by Cleaning Low-Rank Coals using JPL .Process

- Zap ~ Seam 80 (Carbon . Big D (Lewis, WA)

Coal: ‘ (ND) Lignite - WY) Subbituminous A - . Subbituminous B
Sulfur - | . S "

in Coal, wt % 1.22 . 1.23 | N 3.36
Heating Value of Coal, , . .

Btu/1b. 6900 10,665 , . 8700
Uncontrolled SOp .
Emissions, 1b/106 Btu 3.54 : 2.31 4 . 7.72
NSPS Sulfur Removal |

Requirement, % 83 o 74 : 90
NSPS SOp Emission, . '

1b/106 Btu . 0.6 , 0.6 - 0.77
Sulfur Removed From -

Coal by JPL Process, % 39 34 : 64
Cleaned Coal SQ7 Emission : : |

With no FGD, 1b/106 Btu  2.16 1.52 2.78
Sulfur Removal Required , . R .

From Flue Gas by FGD, % 72 - 61 ) 72
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7. The Battelle process has two major technical problems: feasi-
bility of the closed-loop caustic regeneration feature in a
continuous process is not yet demonstrated; and the product
coal may contain excessive sodiuin residues, causing severe
furnace fouling and slagging problems.

8. The JPL process uses a trichloroéthane so]vent wh1ch is 11sted
‘by EPA as a priority pollutant.

9., The IGT process is in essence a hydro-pyrolysis process which
creates a low-sulfur char product but loses considerabie coal
to the offgas due to oxidation, volatilization, and gasifica-
tion. The process will only be cost-competitive if a satis-
factory utilization scheme for the offgas can be devised.

10. The KVB process requires oxygen concantrations in the treat gas
that exceed the explosion limits for coal dust, thus creat1ng
potentially hazardous conditions; some nitrogen may be incor-
porated into the coal structure from the NOx emissions from
combustion of the clean coal product.

11. The Arco Process has similar materials selection and sludge
disposal problems to the Ledgemont and PETC processes.

A different type of chemical coal cleaning process, specifical]y
targeted at high-sodium (high-fouling) low-rank coals, i$ the use of ion
exchange to reduce sodium content. Sodium has been found to be the prin-
¢ipal cause of fireside tube fouling at high load opération for North
Dakota lignite-fired power plants. Lignites with 0.4 percent or higher
Nap0 content on a dry basis (corresponding to about 4 percent Nap0 in
the ash) exhibit medium or high fouling rates. Sodium levels as high as
10 percent or more in the ash are also present in some Western subbitumi-
nous coals.

Removal or reduction of the sodium levels in pilot plant tests
has proven to be the most successful method of controlling fouling for
lignites. Since the sodium in lignites has been shown to be ionically
bound to the uniforinly distributed humic acids in the coal substances,
physical separation techn1ques are not effective. Sodium can be removed
from the coal, however, by ion exchange techniques. The éxchange mechanism
allows rep]acement of the sodium by ions of greater ionic¢ weight, of
higher valence, and/or of higher concentration. Therefore, sodium can be
replaced by potassium, calcium, iron, magnesium or hydrogen, dépending on
process conditions. Ion exchange studies to remove sodium from high
fouling lignites have progressed from experimental efforts, through the
pilot p]ant stage, to a recently completed concéptual design of a large
processing plant. The pilot process has been successful]y tested with
high-sodium lignite to produce a Tow-fouling product. 2
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GFETC pilot plant studies investigated the variables affecting the
removal of sodium from Tignite by ion exchange in a continuous counter-
current unit with a capacity up to 100 1bs/hr of solids.2/ Operational
variables investigated were particle size, effectiveness of various cations
in the exchange solution, solids and liquid residence time, and multistage
reusing of solids and liquids on the sodium content of the product.
Results indicate that exchange is most effective with small particle sizes
with a concentrated exchange solution. (However, under these conditions,
loss of product to waste water and required cleanup are the greatest.)
Another finding was that reducing the lignite's moisture content reduces
~the ion exchange potential, possibly by collapsing and sealing off the
capillaries.

Combustion tests were run on lignite whose sodium (Na»0) content
_in the ash was reduced from 7 percent to 0.5 percent. Ash deposits on the
fireside tubes were greatly reduced and equivalent to those obtained when
burning Tignite from the same mine having a natural sodium content of less
than one percent in the ash. In a commercial application, the sodium would
probab]y be reduced to 3.0 percent Naz0 in the ash, a level at which
excessive fouling is not generally observed.

During 1979, the University of North Dakota, under contract to
GFETC, completed a conceptual desi ég] and economic evaluation of an ion
exchange process to remove sodium. The design basis utilized com-
mercially available equipment to process 4000 tons per day of Tlignite
and reduce the sodium content in the ash from 8.5 percent (as Nap0) to 4
percent. The economic evaluation determined the overall cost to process
the coal would be $1.30 per ton. This very preliminary estimate is suffi-
ciently encouraging that further work on the process and its economics will
be pursued. An important part of this effort will be an evaluation of the.
costs of boiler downtime due to excessive fouling, as compared with the
costs to prepare a non-fouling coal.

In the conceptual design (Figure 3.4.3.1) the lignite feed is
crushed to 100 percent through 6 mesh with approx1mate1y 18 percent passing
28 mesh. Forty percent of the crushed 11gn1te is bypassed to the end of
the process line. The remaining portion is fed to the countercurrent ion
exchange system to be contacted with dilute HpSOq. Extracted lignite
is Lonveyed to a size separation and rinse step with the plus 28 mesh and
the minus 28 mesh material dewatered separately. The treated solids are
then combined with the bypassed lignite.

Liquid effluent from the ion exchanger is pumped to a solid-liquid
separation step from which recovered solids are returned to the dewatered
product and the clear liquid treated by reverse osmosis. From the reverse
osmosis step, the purified water is returned to the grocess and the concen-
trated brine is disposed of in an evaporation pond.

Ion exchange processing of lignite appears to represent a possible
option for eliminating a major problem in its usé in combustion applica-
tions. It may be expected that eventual commercial processes will incor-
porate other upgrading features such as moisture reduction by drying and
perhaps agglomerating gbriquetting) processes to improve handling and
storage characteristics.
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Figure 3

.4.3.1

Conceptual Flow Diagram of an Ion Exchange

Process to Remove Sodium from Lignite
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'3.4.3.2 Environmental Control Technology

The environmental control requirements associated with _the physical
coal cleaning processes may be briefly summarized. as follows:32

1. Solid waste resulting from separation processes includes coarse
refuse from jigs and dense-medium vessels; fine refuse from air
tables, dense-medium cyclones, wet concentrating tables and
hydrocyclones; sludge from water clarification circuits;
magnetite from dense-medium processes (0.5 1b/ton of feed
coal): and chemical reagents from froth flotation processes.
These processes, applied to medium and fine-sized feed coal
streams, generate on the order of 25 percent of their coal feed
as waste.

2. Contaminated water from wet separation processes.

The characteristics of process water are highly dependent upon
the characteristics of coal being processed and the particular
process or recovery technique utilized in the operation. The
principal pollutant present in process water is suspended
solids. Some minerals also are present as dissolved solids.
Among the major pollutant constituents or parameters identified
in effluents from coal preparation plants are:

Acidity or Alkalinity Total Suspended Solids
Total Iron Total Dissolved Solids
Dissolved Iron Sulfates

Ammonia.

Process water from dense media processes may contain magnetite;
water from froth flotation operations may contain potentially
toxic or noxious chemical reagénts. The quantities of water
used in processing range from 180 to 1800 gallons per ton of
coal processed. A major portion of the water used in coal
cleaning is recirculated.

3. Air Emissions from pneumatic coal cleaning consist of particu-
lates only, because ambient air is used to separate coal from
refuse. The quantity and pressure of the air used depends on
the size and kind of coal to be cleaned. For pneumatic clean-
ing of minus 3/8-inch coal, an average volume of exhaust air is
about 14,100 cu ft per ton of feed coal. The exhaust air
usually picks up about 65 to 70 percent of the minus 48 mesh
material in the feed coal, and about 20 percent of minus
3/8-inch coal is smaller than 48 mesh. Therefore, the
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uncontrolled exhaust air contains about 260 to 280 pounds of
dust per ton of feed coal treated or 128 to 138 grains of dust
per cubic foot.

4. Recently, the fate of potentially toxic elements in coal during
coal cleaning has received special attention. Coal has been
found to contain nearly every naturally occuring element. Coal
cleaning affects the distribution of these elements between
clean coal and refuse portions. Table 3.4.3.9 shows the
concentrations of a few selected elements in raw coal, clean
coal at 75 percent weight recovery, and in the resulting
refuse. The enrichment factor is defined as the concentration
of an element in the clean coal (or in the refuse) divided by
the concentration of the same element in raw coal. O0f 29
elements measured in this way by the I1linois State Geological
Survey, all but boron and germanium had higher concentrations
in the refuse than in the raw coal. Beryllium is distributed
approximately evenly between the clean coal and the refuse.

Reduction of trace elements is an added benefit of coal clean-
ing for reducing the environmental pollution from burning coal;
however, the concentration of trace elements in the solid waste
may increase the potential for environmental contamination from
this source.

Technologies for control of many of the pollutants mentioned are
well-known. For example, dust collection devices include cyclones, fabric
filters, electrostatic precipitators, and wet scrubbers. Gases and odors
can be controlled by wet or dry absorbers. Water treatment technologies
for suspended materials include filtration, sedimentation, and flotation.
Control of dissolved materials can be achieved by neutralization, absorp-
tion, ion exchange, reverse osmosis, freezing, and/or biological oxidation.

One alternative to the use of ponding, or dewatering and disposal,
is a selective oil agglomeration process that recovers coal fines from
cleaning plant reject waters.34 Another alternative is the use of
completely closed water circuits, which eliminates the need for coal refuse
ponds; a new U.S. Steel Corporation preparation plant is designed with a
totally closed water circuit.

A potentially critical environmental problem that has not received
sufficient attention until recently is the chemistry of refuse disposal
piles and the associated groundwater contamination possibilities. In
eastern coal disposal sites, it has been found that nxidative degradation
of pyrite and marcasite in the refuse produces acidic materials, which can
result in highly contaminated leachates with pH's often falling below 2.
At that level of acidity, many trace elements readily dissolve. Potential
preventive technologies that are being evaluated include: codisposal of
the refuse with 1ime or limestone (which neutralizes the acidity and
greatly reduces dissolution); codisposal with subsoils or alkaline waste
materials; surface -coatings and_cementing agents; calcining (an expensive
procedure); and water treatment.36
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Table 3.4.3.9

Enrichment Factors in Float-Sink Separation
of ITlinois Coals

Concentration, .

ppm (unless otherwise stated) Enrichment Factor

Element Raw Coal Clean Coal Refuse Clean Coal Refuse
S 4.4 9% 1.6 % 12.9 % 0.36 - 2.93
As 11.5 1.5 41.0 0.13 3.57
Be 3.0 2.9 3.3 0.97 1.10
Ge 6.7 8.1 2.3 1.21 0.34
Se 2.8 1.3 7.3 0.46 2.61

.. Source: Reference 33, as cited in Reference 32
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The preceding comments apply to the conventional physical coal
cleaning processes, with which there is ample operating experience. For .
the chemical cleaning processes which are under development, some of the
same concerns may be applicable. However, these processes will .also
involve some new and unique problems associated with the disposal of spent
chemicals, contaminated with various coal-derived organic and inorganic
species. An exhaustive treatment of these potential environmental control
problems is not possible at the present time because commercial processes,
including disposal or regeneration steps, have not yet been defined. As
promising processes reach -the large-scale pilot plant and prototype com-
mercial plant testing stages, relevant data will be gathered and control
technologies will be developed or applied as necessary.

3.4.3,3 Effects of Low-Rank Coal Properties

The net result of the effects of Tow-rank coal properties on the
applicability of mineral matter control technologies is represented by a
simple fact: in the United States today, there are no physical or chemical
lignite cleaning plants in operation; there is one physical coal cleaning
(jig) plant washing the subbituminous coal being strip mined near Cen-
tralia, Washington, which 1is highly contaminated with rocks, clay, and
s]ate.é There are only three reported lignite-washing operations in the
wor]d:37 one in the Federal Republic of Germany and two in the Soviet
Union.

Clearly, there is no incentive to clean low-rank coals under
current and past market conditions in this country. This is due to a
combination of interrelated factors. - Low-rank coals are essentially all
surface mined, and thus tend to contain very little extraneous mineral
matter - which is the primary material removed in the eastern bituminous
coal preparation plants. The mineral matter contained in low-rank coals
tends to be very tinely dispersed, and a substantial traction 1s in fact
organically bound. Thus little or no benefit is to be gained through the
use of common washing practices with these coals. The high inherent
. moisture content of low-rank coals tends to be a disincentive to utilize
. wet processes, which add a substantial amount of surface moisture that
further dilutes the coal's heating value. Low-rank coals tend to have low
sulfur contents, and quite often only a third of the total sulfur is
pyritic, which is the most readily separable form. Thus the use of physi-
cal or chemical coal desulfurization processes does not tend to have as
large a payoff with low-rank coals as it does with high-sulfur bituminous
coals. :

There are, of course, exceptions to these general statements. Some
Gulf Coast lignites tend to have higher separable mineral matter contents
than their counterparts further north. The highly contaminated Washington
state coals have already been noted; and other similar geologic conditions
exist, where highly faulted and fractured strata make mining of "clean"
low-rank coal difficult. In addition, economic and market conditions
change, as do environmental regulations and other relevant external
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factors. It is not unreasonable to expect that incentives for removing or
altering the mineral matter content of some low-rank coals will begin to
appear. For example, as the costs of environmental control technology
begin to dominate the capital and operating costs of coal-fired power
plants, the potential benefits of coal cleaning will probably become
more apparent (even if these benefits relate to such "non-environmental”
factors as ash fouling of boiler tubes).

For the purposes of this study, which include the identification of
unique technology requirements associated with low-rank coal development,
it is useful to assume that some or all of the mineral matter control
technologies described in section 3.4.3.1 will have a role in that devel-
opment. One question that then arises is, to what extent do the unique
properties of low-rank coals preclude, enhance, or alter the applicability
of those processes? Relevant data to answer this question are quite
limited. In general terms, addressing each of the major technology areas
in turn, it is apparent that:

T. The physical coal cleaning processes are not likely to be
affected in any dramatic way by the properties of low-rank
coal. While various low-rank coal properties may render parti-
cular equipment inappropriate for a specific application, this
will occur with any coal. In general, the maturity of mineral
matter control technology 1is such that differences in coal
properties are directly handled by design adaptations or slight
modifications in a process. Based on isolated statements found
in the literature, low-rank coals apparently are not suitable
for treatment in froth flotation cells due to their poor
flotability. However, through the use of appropriate flotation
reagents it is possible that effective flotation systems for
low-rank coals could be established.

2. The chemical coal desulfurization processes are also unlikely
to be dramatically affected by the properties of low-rank
coals. However, not enough is known about the precise forms of

. . (particularly organic) sulfur in different coals, and how

~ _differences that are rank-related (if any) might affect speci-
- fic processes.

3. The ion exchange process for sodium removal is one instance of
a technology that is applicable only to low-rank coals. The
incorporation of sodium ions into the salts of humic acids
found in low-rank coals is apparently a property found only in
the geologically younger coals.
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Washability Data on Low-Rank Coals

Not surprisingly, very little data is available on the washability
characteristics of low-rank coals. The few sources of such data that are
available are briefly summarized here. It should be noted that high
moisture content in coal has a considerable effect on float-sink testing.
Utmost care and special procedures are required in performing the test work
in order to preserve the inherent moisture and avoid the production of
misleading data on specific gravity, yield, and ash relationships.45
Certain low-rank coals, after being float-sunk, can give erroneously high
chlorine contents in the float products. If the fractions are immediately
washed with benzene after float-sink testing, then lower chlorine values
can be obtained.46

A 1950 Bureau of Mines report gives washability data on a lignite
sample from an underground mine, which has since closed, the Burleigh mine,
Wilton, N.D.38 The initial ash content of this sample was 7.8 percent.
The report states:

"The amount of 1.50 specific-gravity sink material, usually
considered to be extraneous high ash matter, is negligible. A
rejection of 50 percent of the raw feed as refuse would result
in an ash reduction of 1 percent in the clean coal. These
studies indicate that the 1lignitic coal is not amenable to
washing except for possible rejection of extraneous material
included with the lignite during the mining phase."

The same report contains washability analyses of subbituminous
coals from Rosebud, Montana, the Elkol mine, Wyoming (Adaville coal bed,
Ham's Fork region), and the Monarch mine, Wyoming (Monarch bed, Powder
River region). The Rosebud coal exhibited a small amount of separable
heavy mineral matter. The raw coal contained 11.5 percent ash (moisture-
free), while the float material at 1.5 specific gravity contained 6.8-8.8
percent ash, and yielded 89-97 percent of the oriyinal malterial, depending
on crush size. The Elkol mine coal was extremely low in ash (2.9-3.6
percent), and float material at 1.5 sp.g. was only slightly improved, to
2.5-2.8 percent ash. The Monarch mine coal was a similar case, with
4.5-5.3 percent ash in the raw coal, and 4.2-4.5 percent ash in the float
material at 1.5 sp.g. It should be noted that the purpose of this report
was to determine if U.S. coals could be cleaned to a level of 2.5 percent
ash for use in coal liquefaction; the coals examined were predominantly
eastern bituminous coals.

An extensive survey of the sulfur reduction potential of U.S. coals
contains washability analyses of 455 coal mine samples, of which 44 are
from the western U.S.39 These 44 samples include lignite, subbituminous,
and bituminous coals, but are predominantly bituminous. Sources of the
samples were as follows: Arizona-6; Colorado-11; Montana-5; New Mexico-9;
North Dakota-1; Utah-8; and Wyoming-4. The samples averaged 8.9 percent
ash, 0.68 percent total sulfur (0.23 percent pyritic sulfur), and 12, 437

-188-



BTU/1b (moisture-free). Figure 3.4.3.2 shows averaged data for the 44
samples on the ash and sulfur reduction levels obtained as a function of
crushing severity. Increased reductions in ash and sulfur contents
obtained at finer sizes would require substantial fines handling circuits
in the preparation plants.

A review of these data indicated that Rosebud (Montana) subbitum-
inous coal appeared to be a good candidate for washing, when the NSPS was
1.2 1b SO2 per 106 BTy.40 Washing that 1 percent sulfur coal, which
contains about 54 percent of its sulfur as pyritic sulfur, reduced the
sulfur content to 0.56 percent, which is equivalent to 0.95 1b S0/106
BTU. As shown in Table 3.4.3.10, essentially no additional ash or sulfur
removal is obtained by washing this coal at finer sizes than 1-1/2-inch top
size.

A Bureau of Mines report is also available on washability of the
subbituminous San Juan Basin coals of New Mexico and Colorado.4l
Eighteen samples were analyzed from 11 core holes. Ash content of the
samples ranged from 4.9 percent to 61.3 percent, and averaged 20 percent.
A1l of the samples were substantially upgraded by removal of the sink-1.50
or sink-1.60 sp.g. material. For example, at 1.5 sp.g., all but 6 of the
float fractions contained less than 10 percent ash; the average was 9.6
percent.

Recently, the same laboratory has published a report (under DOE and
EPA sponsorship) on washability characteristics of Arkansas and Texas
lignites.42  Four channel samples of lignite were obtained from Arkansas
and seven from Texas.

Only two of the samples, those collected from Dallas County,
Arkansas, could be upgraded to meet the prev1ous EPA new source performance
standard (NSPS) of 1.2 pounds S02/106. BTU. . The other nine samples,
although averaging only a little over 1 percent total sulfur were relativ-
ely high in organic sulfur (about 80 percent on the average) and could not
be upgraded by washing to meet the standard.

Physical coal cleaning of these samples, however, provided signi-
ficant reduction of the ash content. The raw coals averaged 17.0 percent
ash, ranging from 9.3 percent to 43.1 percent. For the 1 1/2-inch x 100
size composite, the float fraction at 1.30 sp.g. averaged 11.3 percent ash,
ranging from 7.1 percent to 19.2 percent. The percent reduction of ash
content at this specific gravity ranged from 4 to 55 percent, and on a
composite basis averaged 34 percent.

The weight-percent yields obtained at the 1.30 specific gravity of
separation for the material crushed to 1 1/2-inches top size were high,
except for one sample which yielded 42.8 percent. The other 10 samples
ranged from 75.9 percent to 96.7 percent yield. This high yield of float
1.30 material is attributable’ to the 1low specific gravity of lignite.
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Figure 3.4.3.2
The Effect of Crushing To 1:1/2 inch, 3/8 inch, and

Sulfur, Total Sulfur, and Pounds SO, Emission Per
Million Btu at Various Specific Gravities of Separation
‘ For the Western Region Coals
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Table 3.4.3.10

Cumulative Washability Data for Rosebud
Seam Coal, Rosebud County, Montana

RAW-COAL-DRY -BASIS

CLEAN COAL ANALYSES-DRY BASIS
% Recovery % Sulfur

: % Sulfur
% Organic & _ Specific
Ash - Pyritic Sulfate Total Btu Gravity Weight Btu Ash Pyritic Organic Total Btu
~ T-1/2 in. by 100 Mesh - ) .
1.30 59.3 61.8 5.9 0.06 0.48 0.54° 12,041
1.40 . 88.8 91.5 6.8 0.07 . 0.48 0.55 11,917
1.60 96.3 98.1 7.8 0.09 0.47 0.56 - 11,780
9.4  0.53 0.48 1.01 11,560
3/8 1n. by 100 Mesh
1.30 49.8 52.2 4.9 0.06 0.42 0.48 12,178
_ 1.40 83.8 87.1 5.7 0.08 0.43 0.51 12,068
: 1.60 95.4 97.9 6.8 0.09 0.43 0.52 11,917
9.0 0.54 0.44 0.98 11,615
14 Mesh by 0
1.30 19.7 20.9 4.9 0.08 0.40 0.48 12,178
1.40 75.1 79.1 - 5.6 0.10 0.42 0.52 12,082
- 1.60 - 94.5 97.8 7.1 0.10 0.42 0.52 11,876
10.0 0.46 0.42 0.88 11,478
Source: Reference 39



It was demonstrated that much of the sodium can be removed from
these Arkansas and Texas lignites by ion exchange. Analyses showed 37 to
91 percent sodium reduction after treatment with a solution containing
calcium ions. However, none of these lignite samples contained the high
sodium levels associated with severely fouling coals (i.e., more than 4
percent Na0 in the ash). The Nap0 contents in the ash of the
untreated lignite ranged from 0.08 percent to 1.13 percent; in the treated
lignite the Naz0 contents in the ash ranged from 0.04 percent to 0.37
percent.

Studies of the North Dakota 1lignite mineral matter on selected
samples at GFETCA3 have shown that mineral elements occur in three dis-
tinctive modes--15 to 20 percent occur as mineral matter separable by
CClgq float-sink techniques, 35 to 70 percent as organically bound ele-
ments, and 20 to 40 percent as finely divided nonseparable clay and Si03.
The float fraction ash has an analysis similar to the total ash. The
organically bound mineral elements (Ca, My, Na, S, and possibly some Fe and
Al) are present primarily as salts of humic acids and are ion exchangeable.
Frequently, more than half of the coal sulfur is present as organic sulfur.

Preliminary float/sink tests at GFETC to study the possibilities of
washing and float/sink for removing ash, sodium and sulfur from Northern
Great Plains lignite indicated that typically about 15 percent of the ash
and 30 percent of the sulfur (in the pyritic form) could be removed. 44
The sodium level was not reduced significantly since most of the sodium is
bound into the organic coal matrix. Subsequent tests on Western subbitum-
inous coals have indicated similar results. Tests on a Texas lignite from
Bryan showed more promising results with up to 57 percent reduction in ash,
35 percent reduction in sulfur and 68 percent reduction in sodium (from
0.38 to 0.11 percent in the dry coal).

A subbituminous coal from San Juan County, New Mexico, experienced
a 41 percent reduction in ash (from 22.8 to 13.3 percent and a 16 percent
increase in dry heating value. Conversely, the sulfur concentration stayed
relatively constant at 0.7 percent in the coal and the sodium in the coal
ash increased 70 percent (from 2 to 3.4 percent Nap0 in the ash). The
increase in sodium was somewhat offset by an increase in calcium (4.1 to
5.6 percent). Recent tests in the GFETC ash fouling test furnace indicated
a slight reduction in the ash fouling potential with the washed coal, but
both the raw and washed coals, had high deposit buildup on the probe and
wdlls,

A Texas lignite from Freestone County experienced a 46 percent
reduction in ash (30.6 percent to 16.4 percent), a 31 percent reduction in
sulfur (1.33 to 0.92 percent) with a corresponding 20 percent increase in
the dry heating value. An increase in the sodium in the coal ash from 0.2
to 0.4 percent was somewhat offset by an increase in the calcium from 4 to
6.7 percent. Although the raw and washed samples were obtained and tested
at different times, the raw-coal sample is believed to be essentially the
same as that used for the washing tests. The recent tests on the washed
lignite indicated that the ash fouling potential was still low and the
reduction in ash improved the ash deposit problem on the refractory walls.
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Minerals concentrated from lignite by float/sink technique using
carbon tetrachloride as the suspending medium and separated by hand-picking
under & microscope were identified as alumnio-silicates, pyrites, quartz,
calcite, and gypsum.44 Barium, which is a trace element in lignite,
appeared occasionally as barite. No minerals were found in which sodium
was a major constituent, and only trace amounts of sodium occurred in the
ash of the concentrated minerals. It is evident that float/sink treament
of pulverized 1lignite is relatively ineffective for concentrating the
finely-divided inorganic minerals in lignite.

3.4.3.4 Current Status

As discussed in the previous section, only one low-rank coal
preparation plant is active in the U.S. today. Investigations into a
variety of mineral matter control techniques are being pursued, some of
which will eventually be utilized in specific cases where they can be
Justified. Since the objectives and status of these technologies and
development efforts have been summarized in the preceding sections, they
will not be repeated here.
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3.4.4 Moisture Reduction

3.4.4.1 'Technology Description

Reduction of moisture levels in coal can be carried out by either
mechanical or thermal processes. Both approaches are used throughout the
coal industry, but generally the mechanical techniques are applied to
dewatering (the separation of the solid from a slurry for example).
Thermal methods are normally applied to drying (for example, to remove the
surface moisture from fines or the inherent moisture from coal). With
regard to low-rank coals, mechanical techniques might be utilized in the
futurc for thc dewatering -of coal pipeline slurries and wet physical coal
cleaning plant product streams. Thermal processes are the most 1likely
approach. to be ‘utilized in reducing the high .inherent moisture levels in
low-rank coals for transport and other utilization.

Mechanical Dewateringl,?2

The difficulty of dewatering increases with increasing surface area
of the coal particles to be dewatered. The finer the particle size distri-
bution, the greater the surface area available for the'adherence of water.
Dewatering difficulty also increases -as the desired moisture levels are
reduced. Numerous devices and techniques have been developed to address
both lower desired moisture levels and increased surface area. Figure
3.4.4.1 illustrates the many equipment types used for mechanical dewatering
as a function of size consist and final desired moisture levels. The.areas
of greatest concern are particle sizes less than about 1/4 inch and surface
moisture levels below about 2.5 percent.

the two potential applications for mechanical dewaterinyg syslems
tor Western low-rank coals will be in wét coal washing plants and in
pipeline slurry dewatering stations. Wet preparation plants will require
dewatering for the coarse stream; conventional equipment should be adequate
for this application. Conventional equipment will perform on the fines
streams as well, but the effectiveness of this equipment with Tlow-rank
coals 1is uncertain. Coal slurry pipelines dewatering needs will be for
- coal fines only. While the Black Mesa coal slurry pipeline currently uses
mechanical dewatering adequately, there is a desire to develop more
efficient methods.

The most applicable process categories of mechanical drying pro-
cesses are centrifugation and filtration. Centrifugal type dryers rely on
high rotational accelerations to dewater. For a typical 48-inch diameter
centrifuge rotating at 250 rpm, the centrifugal acceleration is greater
than 40 times the gravitational acceleration, resulting in a correspond-
ingly increased force acting to remove the water from the coal.: These
devices find application in virtually every wet coal washing plant for
dewatering coal from 1-1/2 inch and under. Products from centrifugal
dewatering devices tend to be uniform, consistent and easily handled.
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% MOISTURE

Figure 3.4.4

1

Dewatering Equipment in Common Use in the Coal Industry
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While centrifugal acceleration strongly affects the amount of
moisture that can be removed from the coal, it is not the final deter-
minant. Characteristics of the machine and the coal can play an important
role in the degree to which the coal can be dewatered.

Centrifuges are classified as perforate basket or solid bowl types
Perforate basket machines with transport devices are the most common type
found in the coal industry today. The vibrating basket machine is the
design being used in most new equipment, however.

Perforate basket machines with transport devices have two rotating
elements; an outside conical screen frame and an inside solid cone which
carries spiral hindrance tflights. Both rotate in the same direction, but
the screen element moves slightly faster than the cone. The wet coal
enters the machine at the top, falls on the apex of the cone and the
centrifugal force developed by the rotating cone throws the coal-water
mixture against the screen. The water passes through the perforations and
is collected in an effluent chamber. The flights spiral downward and, as
the screen moves relatively slowly around the flights in the direction of
their downard pitch, the solid material is gradually transported to the
bottom of the screen cone. Because of the conical shape of the perforated
basket, the coal and water are subjected to zones of increasing centrifugal
force.

Vibrating basket centrifuges employ vibrating as well as rotating
baskets. The vibrating movement causes the solids to flow through the
machine, and tends to loosen the material to aid the dewatering process.
Because of the low speed generally used in these centrifuges, the product
moisture is usually higher than the moisture produced by the transport type
machine. However, wear and horsepower are also low and coal degradation is
of minor importance.

The vibrating basket centrifuge can be used successfully to dewater
stoker size coal with minimum degradation because of its very low operating
speeds. It is not unusual for such a machine to produce 2-1/2 to 3 percent
surface moisture on 3/4 x 1/4 inch stoker coal. These machines can be fed
coal containing 60 percent moisture and single units can be designed to
handle up to 150 tph of solids. Surface moisture on well-screened 3/8 inch
by 1/2 mm sizes can be as low as six to seven percent.

The solid bowl centrifuge consists essentially of two rotating
elements. The outer element is a solid bowl in the shape of a fruncated
cone. Mounted inside the bowl and rotating at a slightly different speed
is a second element, a helical conveyor, which is shaped to follow the
contour of the bowl. Feed is introduced through a stationary pipe and
flows into the bowl proper. In the bowl the centrifugal forces cause the
solids to settle out of the liquid. The solids are conveyed to the small
diameter end of the bowl by the helical conveyor. The effluent of the
machine flows to the base end of the cone where it is discharged through
effluent ports.
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One of the principal advantages of this machine is that it can be
fed dilute slurries. For example, in Deister table plants no dewatering
screens are required between the table and the centrifuge as is necessary
when basket type machines are used. The solid bowl machine will, however,
require more horsepower because it must accelerate this water load as well
as the coal Toad. A decrease in required horsepower and a decrease in cake
moisture can be obtained if a fine opening seive bend is used to dewater
and remove fine solids from the feed to the machine.

The moisture contained in the solid bowl product and also the ash
content of the cake can be improved by the addition of a water rinse in the -
machine. By this expedient, fine, clay-like substances are washed from the
product and discarded with the effluent. Because of the raking action of
the helical conveyor, there is some degradation caused by this machine. It
ranks between the positive discharge basket type and the vibrating basket
types in degradation, with the vibrating basket type giving the 1least
degradation. ' '

Like centrifuges, filters process a suspension with a high solids
fraction and separate the water to produce a compact wet cake. This
process is accomplished by placing a filtering medium (cloth, screen,
porous medium) in the suspension and applying a suction to draw the water
and the solid to the filtering surface. Water passes through the surface
but the solids remain on the surface forming the filter cake. The filter
cake is removed by reversing the pressure on the filter surface and/or by
the use of mechanical scrapers.

Filtration theory has advanced significantly since filters were
first used for coal dewatering, but the technology remains more an art than
a science. The rate of water removal tends to: a) increase proportionate-
1y with the product of filtration area and pressure drop and b) decrease
with the viscosity of the suspension, the specific resistance of the cake,
and the weight of the cake per unit filtering area. Perhaps the most
important element of the solid material is its size consist. In all cases a
finer consist reduces the filtrate volume removal rate.

An inspection of the data obtained from numerous installations in
the field indicates that the minus 200-mesh fraction plus the amount of
clay or slimes in this fraction, exert a marked influence on filtration
rate characteristics of coal. It has been found that the best correlating
factor representing specific cake permeability is obtained by using the
square root of the percent minus 200-mesh fraction times the percent ash in
this fraction. Correlations for filtration rate based on this factor,
using actual plant results, are very dependable.

There are two filter designs currently in use in coal dewatering
applications -- discs and drums. The disc type design employs a succession
of filtration discs. The coal/water suspension spills into each successive
disc if the system is vertically oriented. In the horizontal position the
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discs dip into the suspension. The drum filter is~a cylinder around which
is wrapped the filter cloth. The drum dips into the suspension or the
suspension is fed from a top reservoir onto the drum. As the drum rotates
the filter cake - forms and the cake is removed either by mechanical scraper
or pneumatically.

The disc type filter is the accepted design for coal filtration.
Perhaps the only advantage of the drum filter is that more complete cake
discharge will result in cases where thin cakes are obtained. In coal,
however, the cake formed is relatively thick and no trouble is experienced
in discharging the cake from the disc as long as proper care is taken in
maintaining proper alignment of discs and scraper blades. Maintenance
costs are less on the disc and, in general, the disc filter is easier to
handle than the drum. :

Thermal Dewateringl»2,11

Current and projected coual economics have warranted the increased
utilization of minus 1/4 inch coal as a feedstock to coal preparation
plants. Where subjected to wet processing techniques, these fines tend to .
retain a higher fraction ot moisture due to the assuciated greater surface -
area than do the coarse fraction. Thermal dewatering has been applied in
many preparation circuits to treat the high moisture fines and bring their
moisture levels down to usuable levels. The benefits that can be obtained
from thermal drying procedures include:

1. Improved transport economics resulting from
- Improved heating values

- Reduced likelihood of fréezing problems during
adverse weather conditions; and

2. Improved utilization economics due to

- Increased boiler efticiency since waler need
not be evaporated during combustion

- Lower throughput requirements due to improved
heating value

- Increased pulverizer capacity due to low moisture

Essentially all industrial coal dryers are continuous direct
contact units that employ convection as the primary means of heat transfer.
Hot gases, generally consisting of combustion pruducts, are brought. into
direct contact with wet coal on a continuous gas flow - coal feed basis.
The hot gases evaporate the water retained on the surface of the coal
particle and remove the water in the vapor state.
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" Thermal drying of coal can be divided into two periods: an initial
constant-rate period in which the surface of the coal is entirely wet; and .
a final falling rate period in which the surface is partially dry. During
the ‘initial period the magnitude. of - the constant drying rate can be im-
proved by increased particle surface area; by increased differences between
the vapor pressure of water at the coal surface and the partial pressure of
water vapor in the atmosphere; by increased mass velocity of air; by
increased differences between the wet and dry bulb temperature of the
drying air; by decreased bed .bulk density; and by decreased thickness of
bedding. :

Drying during the final period progresses at a decreasing rate as a
result of the decreasing wetted evaporation surface area. The nature of
the coal substance and its characteristic release of moisture at various
temperature gradients become the major factors in this phase of drying. In
addition to these coal-specific factors, drying time during the falling
rate period will be reduced by: reduced bed bulk density; reduced average
particle diameter; reduced differences between the moisture at the begin-
ning (critical moisture) and end (equilibrium moisture) of the falling-rate
drying period; increased bed drying area; increased mass velocity of drying
gases and- increased differences between particle surface temperature and
air temperature.

Different types of convective direct contact coal dryers can be
classified as fluidized bed; entrained flow (suspension or flash); multi-
louvre; vertical tray or cascade; continuous carrier; or drum.

The fluidized-bed dryer employs hot drying gas (usually air) that
is forced through a constriction plate upward through the bed of material
to be dried in such a manner that the material is suspended or fluidized
above the plate. The fluidized material exists in a state of dynamic
equilibrium in which the bed is rapidly mixing in both the horizontal and
vertical directions. Corresponding to the turbulent environment are very
high heat and mass transfer rates which greatly improve the drying capacity
of the unit. The coarse dried material typically discharges from the
dryer through a motorized conveyor-airlock. The fines which are suspended
in the gas stream are collected in a dry dust collector and are usually
recombined with the coarse material discharged from the dryer, producing a
product with minimum dust loss.

Entrained flow dryers operate on the entrained flow principle where
coal particles are continuously introduced into a turbulent gas stream that
carries the particle through a prespecified distance within which the
moisture is removed. In one typical design, drying gases are produced by a
stoker-fired furnace and directed into the drying column. The drying column
and the furnace capacity are carefully matched to ensure that coal parti-
cles will be carried up the drying column to the cyclone which separates .
the ‘¢coal: from the gas. Residence time in the drying column is about 1/2
second. Inlet temperature of the gas is about 12000F and outlet temper-
ature is approximately 2000F.
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The essential feature of fluidized or entrained drying is, there-
fore, the mixing of fine coal with hot gases in such proportions that the
resultant mixture reaches a temperature of 2750 to 3250F. The coal
must remain in this environment long enough to be heated to about 2500F,
at which temperature 90 to 95 percent of the inherent moisture is eva-
porated. Approximately 50 seconds is required for particles of 1/4-inch by
0 size. The size of the drying chamber and the velocity of the gases
traveling through the system are selected to provide the optimum residence
time of the coal in the system. Operation of a given drying unit will vary
with different coals containing more or less moisture, because the heat
required for drying varies almost directly with the moisture in the coal
and the capacity of a drying unit varies inversely with the heat
required.4 .

The multi-louvre dryer is adapted to handling large capacities and
is applicable to those materials requiring rapid treatment, operating on a
comparatively short retention time. It is extremely flexible, being
effective as a dryer or a cooler, or a combination of the two. The moving
clement in this machine consists of specially designed flights attached to
and carried by two strands of roller chain. These chains are away from the
air stream and do not contact the material. The material is carried up in
the flights and then flows downward in a shallow bed over the ascending
flights, It gradually moves across the dryer, a little at each pass, from
the feed point to the ‘discharge point. One advantage of this type of
machine is the gentle flowing action of the material, which exposes all
particles to incoming air and results in minimum degradation of the
particles. .

The cascade dryer consists of a series of shelves ~mounted 1like
stairs which vibrate the coal as it cascades down through them.. The dried
coal is collected in a conveyor at the bottom for evacuation. Adjustment
of shelf pitch provides for variation in speed of travel of the coal. Hot
gases, which are ordinarily generated in a coal-fired furnace, are fed to
the back of the dryer and are drawn upward through and between the wedge
wire shelves. As the coal is fed into the dryer at a determined rate, it
{8 subjected to the temperature best suited to start moisture evaporation.
Inis temperature is controlled automatically at all times through the
control circuit. If a small excess of coeal of higher moisture percentage
enters the dryer, these controls compensate by letting a greater volume of
gases flow through the dryer. In a continuous carrier dryer, coal travels
through the machine on screen decks and is subjected to both thermal and
mechanical drying. Hot gases are drawn through the coal on the screen
decks. The gas flow is automatically alternated each second between two
sections. This brings the full force of flow on one screen section at a
time, resulting in gas pressure so strong that the coal is clamped to the
deck and excess water is squeezed from it. When the pressure is relieved
and the reciprocating throw of the screen section loosens and moves the
coal forward, the hot gases are sucked into the coal bed enveloping each
suspended particle of coal. A rapid heat exchange occurs with resultant
evaporation of moisture. Each particle of coal is subject to an average of
50 of these drying cycles during its passage through the drier,
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The drum-type dryer cons1sts of a solid outer cy11ndr1ca1 shell,
and an inner shell composed of full length louvres. This inner shell of
overlapping Tlouvres, which supports the bed of material, increases in
diameter in the direction of flow. The material gently travels toward the
discharge end as the drum slowly revolves, in similar fashion to a kiln. In
operation the heat transfer medium, introduced through the louvre openings,
permeates the bed and intimately contacts every particle.

In addition to the convective thermal drying processes described
above, there are a number of drying processes that utilize conduction
and/or radiation heat transfer modes as the method of drying. One example
of this, which was discussed in Section 3.4.2 (comminution), is in-the-mill
drying that commonly occurs while coal is being pulverized for feeding to a
furnace.

Another technique involves transporting the wet coal through a
trough by a hollow screw. The heat transfer fluid, usually oil, flows
through the screw and usually through an annular space around the trough.
Heat conducted to the coal evaporates the moisture which is carried away by
a minimal air flow over the coal. The major advantage to this type of
drying arrangement is that dust entrainment is minimal since coadl is
conveyed mechanically rather than pneumatically.

Steam filtration has as its objective the reduction of water
content by heating water in the filter cake to lower interstitial surface
tension and increase fluidity. This increased flowability of the water
facilitates its removal in the filtration process. The process was devel-
oped in Europe as a means of increasing the efficiency of a disk filter.
It is based on the fact that the application of superheated steam to the
filter cake results .in significant additional moisture removal. Steam
filtration operational and equipment costs have been determined to be
strongly competitive with conventional thermal drying systems.

The steam filtration method basically involves the covering of a
vacuum filter with suitable hooding, and the application of steam within
the hood. The steam condenses, when pulled through the coal cake by the
vacuum system and consequently releases latent heat which raises the cake
temperature. At the resultant higher cake temperature, the water viscosity
is reduced, which greatly facilitates additional water drainage from the
filter cake. Several advantages are achieved with steam filtration when
compared with conventional thermal drying practices in addition to opera-
tional and equipment cost benefits. The advantages include:

1. Fine flotation coal, dried by steam filtration, can be
by-passed from a thermal dryer, resulting in a simplified
thermal dryer -design and operation. The most stringent of
final loaded coal moisture levels can be obtained by this
approach.
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2. By keeping the fine flotation coal out of the thermal dryer,
the dustiness of the loaded coal can be eliminated and thermal
dryer fire and explosive dangers can be greatly reduced.

3. In some cases, steam filtration of the total product normally

dried in thermal dryers is sufficient to attain certain final
loaded coal moisture specifications.

Steam Drying3

The term steam drying is used to denote water removal brought about
by treatment of low-rank coal at pressure with saturated steam. This °
treatment causes shrinkage, removes water and stabilizes the lump, thus
improving its handling and weathering properties. Some evolution of gases
occurs due to the thermal destruction of carboxylic acid groups to yield
carbon dioxide. Some of the water is removed non-evaporatively, i.e. as a
liquid, and some i3 flashed when the vessel containing Lhe coal is depres-
surized. If energy recovery is practiced the process is more efficient
than evaporat1ve drying and the mass of steam required to remove a un1t
mass of water is fractional,

The process has been operated commercially in Europe since 1927 in
the form of multivessel batch process known as Fleissner drying. At
present there are three or four Fleissner plants operating in Eastern
Europe and Turkey, the largest handling about 600,000 tpy of raw coal.
Patents have been taken out for Fleissner plant operation in the U.S.A. as
well as Europe. The difficulty of handling solids into and out of batch
pressure vessels has made the process economically unattractive.

Pilot plant work on the Fleissner process has been conducted at the
University of North Dakota and at GFETC.256  Wide variations were noted
in release of liquid water from different lignites, and were attributed to
possible differences in capillary shrinkage and/or colloidal properties of
lignite as a function of temperature. The most recent information to
appear is a description of coal thermal properties, the heat transfer rate,
and the kinetics of water removal in a steam system for Victorian
(Australian) brown coal.’ :

In addition to the beneficial effects on the volume and surface
properties of lignite, steam drying has beén noted to remove approximately
half the Na* and C1 from Australian lignite at 2000C, and almost all at-
3000C.3  Thus this type of treatment may be an a1ternative to removal
of sodium from high-fouling coals by ion exchange.

The Koppelman process is a proprietary continuous steam-drying
process that has been claimed to produce an upgraded lignite product
containing 12,000 BTU/1b that will not reabsorb moisture.8 ~ A coal-water
slurry is pumped into a 1500 psig tubular reactor and the coal is pyrolyzed
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in steam at 10000F. Offgas with a heating value of 400-500 BTU/scf is
expanded and burned for power production. The dried lignite is discharged
through lock hoppers to a cooling system. TestS are reportedly being done
in a pilot plant with a continuous input of 180 to 400 1b/hour.

3.4.4.2 Environmental Control Technology-

Very 1little information has been found in the literature on the
environmental control problems associated with coal moisture reduction
processes. For the mechanical dewatering processes which remove surface
moisture, the primary apparent problem is the proper treatment and disposal
of the separated water. 1In all modern coal preparation plants, this water
is recirculated to the washing units and does not represent an effluent.
The thermal processes drive off the moisture as steam which creates no
environmental problem; however, high dust loadings are produced in many of
the thermal drying units, which require conventional collection systems
such as cyclones, baghouses, and ESPs. The steam drying process would have
similar environmental control requirements.

3.4.4.3 Effects of Low-Rank Coal Properties

The properties of low-rank coals that have the greatest impact on
technology for moisture reduction are: 1) the high inherent moisture
content, and 2) the physical properties of dried Tow-rank coals.

Moisture Content

Removal of moisture from low-rank coals is a complex process (at
the microscopic level) due to the various ways in which water may be held
in, and released from the coal. Water in coal may be obtained from (1)
decomposition of organic molecules which is sometimes called combined
water, (2) surface absorbed water, (3) capillary condensed water, (4)
dissolved water and (5) water of hydration of inorganic constituents. There
is no method of distinguishing between the amounts of water in coal in
these various ways.

Lower rank coals contain more natural bed moisture than higher rank
~coals; the inherent moisture progressively decreases with rank. As the
coalification process proceeded from peat to lignite and coals of higher
rank, there was a continual decrease in the capillaries of all sizes in the
-coal particle but -especially in the large ones. Thus, the pore volume
decreased -progressively from peat to bituminous. A freshly mined lignite
loses moisture very rapidly on exposure to air because much of the water is
loosely bound. The vapor pressure of this moisture is normal. Upon
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further loss of moisture, the vapor pressure decreases, apparently from
the water beginning to evaporate from the capillaries. During the drying
of lignite, a physical change occurs through shrinkage, causing a collapse
of some of the capillaries. Thus, the dried lignite cannot absorb as much
water as it originally held. This phenomenon of hysteresis has been
studied by many and the theory of collapsed capillaries is the most
accepted one.9

Because of the high moisture content and different drying
characteristics of low-rank coals, the material capacity of a given
thermal drying system is substantially reduced when compared to the drying
of a bituminous coal.l0 The throughput of these devices tends to be
Timited by the water evaporation rate, and thus the (dry) coal throughput
is roughly inversely proportional to the feed coal's moisture content.
Other than this, however, no substantial differences or operating
difficulties have been noted when low-rank coals have been tested in
conventional thermal driers.11,12,13,14

Mechanical dewatering will not be directly affected by high
inherent moisture contents of low-rank coals, since this moisture is not
what is being removed. Mechanical dewatering will be used for dewatering
coal water slurries from pipeline transport and from beneficiation plants.
The objective will be to reduce the surface moisture to the greatest extent
possible. High inherent moisture will indirectly affect this technology by
increasing the need for more effective mechanical moisture reduction
processes. For example, current mechanical dewatering may reduce a slurry
pipeline coal to 15 percent surface moisture. This may be acceptable if
the inherent moisture of the coal is 5-10 percent; however, in the case of
western Tow-rank coals where the moisture levels are 25-35 percent, a 15
percent surface moisture may not be acceptable.

Physical Properties of Dried Low-Rank Coal

It was noted above that the process of moisture removal causes
physical change in a low-rank coal through shrinkage and collapse of the
pore structure. Accompanying these changes are some desirable and
undesirable physical properties, which affect the systems required for
handling and utilizing dried low-rank coals, and their costs. Also, the
properties of dried low-rank coal are reported to be significantly
different depending on whether the drying is done by air or by steam.

Air-dried Tow-rank coals do exhibit a pronounced slacking tendency,
and thus any handling of the dried coal reduces the size of particles and
crcates dust. The extent of this process is rclated to the degrec of
drying, the original size of the particle, and the petrographic structure
of the coal.

Air-dried low-rank coals are also reported to be more reactive
particularly to oxygen, than as-mined coals. Studies at GFETC have found
that the reactivity of freshly dried test samples of lignite to oxygen does
not vary significantly with the moisture content. This suggests that
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the degree of moisture reduction is not a major consideration in respect to
product reactivity. A major factor in respect to reactivity of lignite
under any given sample condition is temperature. A process in which dryer
product is cooled and exposed to air was found to be very effective in
reducing reactivity towards oxygen. In general, dried subbituminous coal
was somewhat more reactive than dried lignite. At elevated temperatures,
reactivity of dried subbituminous coal was found to be greater than that of
the as-received coal tested at the same temperature.l4

Reaction with oxygen of void space air produces an initial temper-
ature rise in dried coals during transport or in stockpiles. The rate of
heat transfer in dried coals is slow. Little cooling can be accomplished
in an enclosed bin or stockpile within reasonable time periods without
benefit of a suitable conductant mechanism or procedure.l

Dried low-rank coals will regain only a portion of the moisture
removed if exposed to saturated air conditions. The lower the initial
moisture content of dried coal, the lTower will be the final moisture
content after exposure. In no case does the moisture content return to
original moisture content. A period of 3 to 4 days of continuous exposure
is required for the reabsorption process to be completed.l4

The bulk density of dried low-rank coals without a vibration or
settling treatment is greater than that of as-mined coals. A vibration or
settling procedure was found to increase bulk density of dried coals but to
a lesser degree than that which occurred for the as-mined coal. Results
suggest that volume requirements for handling and storage of a given weight
of dried low-rank coals are not greatly different than those required for
as-mined coals.l4

With regard to the reactivity of dried low-rank coals, it should be
noted. that the liquefaction reactivity of these coals is greatly reduced by
the collapse of the pore structure that occurs upon air drying. The slurry
drying technique utilized in the Exxon Donor Solvent process, in which the
moisture is driven from the combined coal/recycle solvent stream in a
high-temperature stirred tank, apparently avoids this loss of reactivity.

The properties of steam-dried low-rank coal are somewhat different.
In fact, the original purpose of developing the process was to retain the
Tump size of coal. Steam-dried lignite exhibits some surface cracks but
not the light, flaky appearance of air-dried lignite. The exterior sur-
faces are tougher, and breakage tests have shown considerably less degra-
dation with steam-dried lignite than with air-dried lignite. However, some
conflicting results have been reported that appear to indicate significant
temperature effects. Steam-dried coal will not reabsorb moisture from the
atmosphere to the same extent as the air-dried equivalent.3
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'3.4.4.4 Current Status

No commercial moisture reduction facilities are in operation in
this country on low-rank coals, with the exception of the surface moisture
reduction steps in the Centralia coal washing operation, and the Parry
driers at Sandow, Texas which have been operating for 25 years. A number
of pilot and prototype commerc1a1 dr §1ng tests have been conducted during
the past four decades, 3,4 and the prospect of an upgraded,
transportable fuel continues to §t1mu1ate a low level of activity.

A detailed description of the unique combustion characteristics
of dried Texas lignitc at the Sandow plant was given in a 1959 paper.
As a result of the extensive development work undertaken by the Texas Power
and Light Company and the USBM to adapt the Parry carbonization process to
Texas lignite, and through the efforts of Dr. V.F. Parry and others,4 the
Aluminum Company in 1950 made a decision to construct a primary aluminum
smelter on the site of one of the Texas lignite fields. A 300-megawatt
steam power plant was to supply the smelter, using carbonized lignite as
the basic fuel.

The carbonizing process was planned for two stages of development,
the first stage consisting of a drying operation to reduce moisture content
from the 28 to 35 percent of the raw lignite to approximately 3.6 percent
in the dried product. The second stage would carbonize the dried lignite
to extract low-temperature tars, while producing lignite char as the
power-plant fuel.

The size degradation of 1ignite upon heating permitted the use of
the concept of suspension burning in a conventional slagging-type furnace.
The development of this steam-generating unit was primarily centered
around handling a product which was originally coarse ground and dried or
carbonized to permit degradation to a relatively small size. The high
reaction rate of the dried lignite and lignite char, its relatively small
particle size, and the possibility of further size degradation on entering
thé combustion zone permitted the elimination of the convent1ona1 pulver=
izer in the fuel-burning system.

The dried lignite exhibited very. high abrasion when transported
in suspension. The original pneumatic transport between the driers and
storage silo eroded rapidly and was replaced with a mechanical conveyor
system. Some unexpected ash fouling and slagging problems were encountered
- and largely solved through design modifications. From the description in
the paper, these problems appear to be typical of those now considered
normal in burning as-mined lignite.:
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3.4.5 Briquetting and Pelletizing

3.4.5.1 Technology Description

Briquetting and pelletizing are processes which convert a low-grade
solid fuel into one of superior quality. Lignite or subbituminous coal can
be converted from a somewhat friable material with a high water content
into a hard, compact briquette or pellet with an increased heating value
and better handling and storage properties. (Similarly, bituminous coal
fines can be converted into lumps of acceptable size.) The coal may be
carbonized (pyrolyzed) prior to briquetting to yield smokeless coke bri-
quettes of still higher quality; or the briquettes made from raw coal may
be carbonized for the same purpose. A binder may or may not be required to
give the briquette adequate physical strength, depending on the properties
of the coal.

The process of briquettingd which is applied to many materials
in addition to coal, consists of applying pressure to a mass of particles
(with or without the addition of a binder) to form a compact or agglom-
erate. The important and complex physical/chemical interactions involved
are the cohesive forces between solids, the adhesive properties of binders,
and the rheological behavior of the coal particulate masses and agglom-
erates. The process has been utilized commercially for a least 240 years,
and has been developed to a high level of maturity largely through empir-
ical practice rather than the application of basic physical and chemical
theory. The age and maturity of the technology are indicated by the fact
that the classical textbook¢ on the subject was qritten by G. Franke in
Germany in 1910 (a 1930 edition is also available).

Because the technology is so well developed and so widely reported
in the literature (244 older references are cited in Reference 1 (1953) and
59 recent references are cited in Reference 4 (1979), for example) only a
very brief overview of the technology is included here. An attempt has
been made to limit the information in this review to that which is perti-
nent to U.S. Tow-rank coals. However, this is difficult because of the
international scope of the literature and the technology, as well as the
fact that the literature specifically dealing with briquetting of U.S.
coals is quite sparse. Because of the largely empirical nature of the
technology, the optimal techniques, product qualities, and costs of bri-
quetting a specific coal can only be determined through intensive testing
of that coal.

An additional reason for limiting the description of briquetting
technology in this study is that the production and sale of low-rank
coal briquettes in this country are not limited by lack of adequate
technology, but rather by market demand for the products. Briquettes
are manufactured and used in . other areds of the world where adequate

. dThe term "briquetting" is used throughout this section as a
general descriptor for the various coal agglomeration processes, in-
cluding pelletizing and extrusion.
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or superior substitutes (coking coal, petroleum products, or natural gas)

~are not locally available at competitive prices. To the extent that these
types of market forces develop in this country in the future, known bri-
quetting technology will be applied to coals of various ranks and the
demand will be satisfied, as is the case today.

The essential steps in the briquetting process are (not necessarily
in the order listed): ‘

1. Crushing and grinding to a typical top size of about 4 mm, with
about 50 percent below 1 mm. (The presence of excessively fine
material is undesirable.)

2. Drying to an optimum moisture content, which is generally
between 12 and 18 percent for low-rank coals. It is very
important that the moisture be distributed evenly through the
coal particles. (In the pelletizing process, the dryiny step
is applied to the pellets (greenballs) which are manufactured
at 40-42 percent moisture.®)

.3. Mixing and heating of the coal and the binder (if any), which
is the most important step in the process. European plants
predominantly use coal pitch -as the binder; American plants
generally use bitumen (asphalt) derived from petroleum. The
fraction of binder varies, but is generally 5-10 percent of the
product by weight.

4, Tempering the mixture (generally, cooling) to the optimum
temperature for pressing, which is generally 100-1500C for
low-rank coals. This step also allows time for the moisture to
becomé evenly distributed throughout the coal particles (i.e.,
moisture is transferred from the larger particles to the
smaller ones).

5. Pressing the mixture to form the briquette, and cooling and.
loading the briquettes. The Exter press which is an extrusion
device, is used to produce more than 90 percent of the world's
output of brown coal briquettes. Many different types of
presses are used for bituminous coal briquetting, but the
rotary-table and the double-roll types are the most common.

The higher the rank of coal, the harder it becomes, and the more
difficult it is to briquette without a binder, To summarize a great deal
of literature, brown coal.and bituminous coal are members of .an essentially
continuous series, and the transition in properties from one to the other
is a gradual one. It is considered unlikely that the nature of the cohe-
sion between brown coal particles is fundamentally different from that
between bituminous coal particles.
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The methods which succeed in making hard briquettes are those which
-aim to bring the particles close together. With bituminous coal, which is
harder than brown coal, this is achieved by the adoption of one or more of
the following conditions: (1) the use of high pressures; (2) the introduc-
tion of sheer strain under load; and (3) the preparation of the coal by
fine grinding, by addition of a binder, and by briquetting at the appro-
priate temperature so-that it is in its optimum state of plasticity.

3.4.5.2 Environmental Control Techno]ogy

The primary environmental control requirement in a coal briquetting
plant is the control of dust emissions in the.raw coal storage, drying,
comminution, and handling systems. Also, a small water effluent stream may
be created in the drying step which requires treatment prior to discharge.

A

3.4.5.3 Effects of Low-Rank Coal Properties

Brown coal briquettes are generally manufactured without the
addition of binder.l  However, the lignites and subbituminous coals of
this country are somewhat higher in rank than the foreign brown coals, and
most investigators have found that U.S. low-rank coals produce superior
briquettes when a binder is used.3 Essentially all commercial briquette
manufacturers in this country utilize binder; the preferred type of binder
is bitumen (or asphalt) derived from petroleum.l In 1943, Parry
reported that "coal is being briquetted to some extent without binder in
the United States and.Canada," but that: ' .

"Binders are used in virtually .all American briquetting plants. By
employing binders in the raw-coal briquetting mixes, it is possible
to employ moderate compacting pressures that contribute to lower
maintenance costs than do high pressures. Probably this accounts
for the limited work on the briquetting of low-rank coals at high
pressure without binder.

Low-rank coals briquetted with binder have better weathering
properties than raw coal because of the sealing action of the
binder, which repels water and retards loss of moisture. The
. ability to withstand transportation shock is also generally im-
proved. Achievement of desirable burning properties depends to
some extent upon the choice of binder, but even the best binders do
not eliminate deterioration in the fuel bed. During combustion the
binder should not contribute much additional smoke to that produced
by the coal, and it should be of such a nature as to retard disin-
tegration of the briquet into fine coal during combustion."
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In his investigation of briquetting of raw and steam-dried
(Wyoming) subbituminous coal, Parry3 also manufactured some briquettes
for comparison purposes from Pocahontas No. 4 (bituminous) coal. Although
the briquettes manufactured from the subbituminous coal (both raw and
steam-dried) were of satisfactory quality for commerical use, ‘Parry con-
cluded that there were:

"... fundamental differences between briquets made from the two
ranks of coal. The results indicate that it is impossible to make
briquets from subbituminous coal equal to those made from
low-volatile bituminous, even when more binder is employed. Any
investigators attempting to make briquets from lignite or subbi-
tuminous coal should remember this. Briquets made from Pocahontas
coal improve with age, whereas subbituminous-coal briquets deteri-
orate; furthermore, so-called good subbituminous-coal briquets do
not hold up while hurning."

In a more recent (ongoing) experimental effort sponsored by DOE's
(formerly Bureau of Mines') Pittsburgh Mining Technology Centir, atisfac-
tory pellets have been produced from North Dakota Tlignite.%s Binders
have been used in all tests; the best quality pellets have been made with
an asphalt binder (actually an emulsion of 25 percent asphalt, 4 percent
starch, and 71 percent water). The ingredients (90-95 percent raw lignite
or char, 5-10 percent asphalt binder) are crushed, ground, mixed, and then .-«
pelletized in a 24-inch diameter by 10-inch deep inclined balling disc at
40-42 percent moisture. The greenballs are nominally 1-inch diameter, and
are dried at 1109C to an optimum moisture between 10 and 16 percent.
Extensive mechanical strength and simulated weathering tests have been
performed with encouraging results. Significant reported findings from
this first phase of the project were as follows: 4,

1. Pellets of good mechanical strength and weathering resistance
can be made from lignite and lignite char with asphalt emulsion
binders. Satisfactory pellets may be made with asphalt levels
as low as 5 percent. That conclusion, however, is subject to
the establishment of standards of quality for lignite pellets.

2. The mechanical properties of the lignite pellets are enhanced
when the moisture content of the pellets is maintained at
maximum permissible levels.

3. Gilsonite is a potentially effective binder; but, under the
conditions employed in this program, yiclded more brittle
pellets than did the asphalt hinder. This may be due to the
gilsonite having a higher softening temperature or higher
degree of penetration to realize its full potential as a
binder.

4, Pellets made from lignite char appear to be equivalent in
mechanical properties to pellets made from lignite. In terms
of weathering resistance the char pellets appear to be somewhat
better than the raw lignite and appear to have great potential
as a smokeless fuel.
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A fine grind, such as -200 mesh that is required for iron ore,
is not required for pelletizing lignite. A satisfactory size
consist appears to be -10 mesh with about 50 percent within the
-10 +50 mesh range and 20 percent at -200 mesh.

Drying lignite pellets with about 40 percent greenball moisture
first increases and then decreases compression strength upon
drying to zero percent moisture. Maximum strength is not at
zero percent moisture. This is unique because in most pellet-
izing applications the highest strength is achieved at or near
zero percent moisture. Pellets at 10 percent moisture are
significantly stronger than pellets .at zero percent moisture.

Slow drying generally results in stronger pellets than quick
drying. o : .

Lignite tars produced by pyrolyzing lignite at temperatures
within the range 700 to 10000F are not good binders for
lignite pellets. A commercial grade of lignite tar obtained
from a North Dakota plant likewise is not a good lignite
binder.

In addition to pelletizing, lignite can be agglomerated by
briquetting and by extrusion.

In térms of . product quality and processing cost, extrusion
appears to be slight]y better than briquetting.

The second phase of the project, currently underway,
consists of:d

Confirmation. of laboratory results on successively larger scale
pelletizing equipment.

AEXp]oratioh of optimum lignite crushing and pellet drying
equipment.

Production or larger quantities of product for evaluation and to

‘ demonstrate consistency and repedtability of results.

Based on data from the pilot work, the design of a 4,000 T/D
lignite pellet plant.

Analysis of the capital and oberating costs of the 4,000 T/D
plant together with the results of the pilot scale work.
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3.4.5.4 Current Status

Briquetting of 1low-rank coals has been a widely used commercial
technology since the 19th century. 1In 1919, over 32 million tons of coal
briquettes were produced worldwide (almost all in Europe), approximately
2/3 of which were produced from brown coal. In 1958, worldwide production
had grown to almost 94 million tons (including 955,000 tons in the U.S.),
with the proportion of brown coal briquettes still about 2/3 of the total.
At that time, East Germany was by far the largest producer, with over 53
million tons of brown coal briquettes.l

The market for this product is primarily the small solid fuel user,
who requires a stable, easy-to-handle substance that burns cleanly and
(preferably) without smoke. For example, 80 percent of Lhe 1958 briquette
production in Germany went to the domestic market, and the remainder was
sold to industry.l \

In the United States at the present -time, there are only two
known commercial briquetting operations using low-rank coals. Husky
Corporation manufactures charcoal briquettes from lignite in North Dakota,
for home barbeques. The FMC Corporation has a briquetting operation in
Kemmerer, Wyoming, in which briquettes are made from subbituminous coal
char for metallurgical use.

The process scheme in the Husky briquetting plant at Dickinson
includes carbonization in two Lurgi carbonizers, followed %y pyrite
separation, grinding, mixing, briquetting, drying, and bagging. During
the winter (prior to 1964), pitch and asphalt binder were added in the
mixing step to produce fue] briquettes. The Komarek Greaves briquettes
press handled the wet mix at a rate of 18 tons per hour. During the
rest of the year, barbecue briquettes were made by mixing the char with
starch binder and water. Since that time, the market for fuel briquettes
decreased to the point where the plant now produces barbecue briquettes
only. _

The FMC coke process is a continuous process for producing form '
coke of uniform size and quality that is_well- su1ted for metallurgical
uses from e1ther coking or non- coking coals.”/ .

In 1960 a demonstration plant was erected near Kemmérer, Wyoming,'
approximately one mile from the Elkol mine. The plant produces about
200 TPD of coke from mine run coal.

The product from this plant has been tested in electric ele-
mental phosphorus and calcium carbide furnaces and in both pilot and
commercial pig iron blast furnaces. The pilot blast furnace test was
made during a joint venture arrangement with U.S. Steel Corporation.
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During the early operation of the plant. numerous mechanical and
some process scale-up problems were experienced. These problems were
solved, proving the process operationally sound. ‘

Although a plant of this size is too small for economic operation
for merchant coke, the plant is currently being operated to supply part
of FMC's coke demand for phosphorus. Conditions peculiar to this phos-
phorus p]ant make the operation justifiable.

Ground coal is pyrolyzed in a fluidized bed reactor at successive-
ly higher temperatures under controlled atmospheric conditions. The
purpose of the various steps is to destroy any coking and agglomeration
tendency, to expel tar which is recovered for use as binder, and to produce
a calcinate with Tess than 3 percent volatile matter.

The briquettes formed from calcinate and air blown tar are heat
treated in an oxidizing atmosphere at about 4500F on a traveling grate.
The reaction is a combination of polymerization and dehydrogenation re-
actions that result in a binder carbon in the finished coke having about
the same chemical reactivity as the calcinate and, therefore, permitting
the coke to be consumed in any application without disintegration of the
briquettes.

The cured briquettes are devolatized in a shaft kiln at a temper-
ature of about 16000°F to reduce the volatile matter content to about 3
percent. The remaining volatile content in the finished coke consists of
hydrogen, carbon dioxide, carbon monoxide and nitrogen. The coke contains.
no condensables.

. The overall residence time of the coal in the process amounts to
about six "hours, excluding intermediate storage between the pyrolysis and
the br1quett1ng section.

More than f1fty different coals from throughout the world have
been eva]uated in FMC's bench-scale or pilot plant equ1pment These coals.
have ranged from anthracite to lignite. With anthracite it is necessary to
use -a binder from an outside source and with lignite the reactivity of the
calcinate is so great that very spec1a1 precaution has to be taken in
curing and coking steps. However, with medium volatile bituminous coals to
high volatile subbituminous coals FMC has demonstrated that adequate tar
can be obta1ned to produce a strong form coke.
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3.4.6. Storage
3.4.6.1 Technology Description

Coal is stored at several points between the mine and its eventual
use: at the mine loading terminal, at rail/barge transhipping terminals
and at the offloading terminal, wh1ch is often a powerplant. Coal storage
acts as a buffer against various potential forces that cause fluctuations
in supply such as:

1. Transporation Modes - larger shipments are delivered

" less frequently and from greater distances. Disrup-

tion of a single shipment could stop plant operation
without proper storage.

2. Adverse Weather - severe weather conditions may
cause interruption in transport of coal to user.
Sufficient storage allows plant to continue opera-
ting.

3. Labor  Strikes - effects of mining or transporation
industry strikes can be nnn1m12ed via satisfactory -
long-term storage.

4. Price Fluctuations - while this element may not
affect continuity of supply, storage capabilities
can help allow purchase of coal at best prices.

In general, tranport mode and weather-related problems can be
addressed in a matter of days, thus requiring only minimal storage.
However, the storage capacities required to adequately address the prob-
lems of labor disputes are significantly greater than the capacities
required by common operational problems.

The amount of coal that is stored is strictly an economic decision.
In the case of a powerplant, the decision must be made between the cost of
storing the coal and the potential cost of shutting down the plant and
purchasing electricity elsewhere. The cost of storing coal has several
elements including .the cost of the raw coal, cost of storage facilities and
equipment, cost of product degradation and the opportunity cost of capital
tied up in the coal. Cost elements of shutting down the plant and purchas-
ing electricity elsewhere depend on a large number of plant factors as
- well as the availability and spot price for electricity when it is needed.

Coal can be stored in stockpiles exposed to the elements or it can
be stored in silos or bins completely or at least partially protected from
the environment. Stored coal is termed either "live" or "dead" storage.
Live storage refers to the portion of the stored coal that is used within
a relatively short time to. smooth out supply variations. Dead or long-
term 'storage is coal that is only used as a source of supp]y in the event
of emergency supply problems.
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The objective of any coal storage system is to minimize to the
greatest extent possible product degradation and spontaneous combustion.
Product degradation results from oxidation, weathering, slacking and
windage loss or any combination of the above. Stockpiling techniques are
formulated to minimize these occurrences.

Spont aneous combustion results from local oxidation rates exceeding
heat dissipation rates so that local temperatures exceed ignition points.
Techniques to avoid spontaneous combustion are ajmed at sealing the inter-
jor of the pile from available oxygen. These techniques are genera]]y
similar to those that address product degradation.

Stockpiles

There are three basic types of coal stockpiles; conical-shaped,
wedge-shaped, and kidney-shaped. The most common stockpile is the conical-
shaped configuration. The pile is stocked by a fixed cantilevered boom
conveyor that feeds a telescoping chute. The purpose of the chute is to
minimize dust emissions. The pile can be constructed on flat ground and
the coal used as dead storage; or it can be constructed above an under-
ground reclaiming facility, in which case part of the pile is used as live
storage and part as dead storage.

One of the major disadvantages of the conical-shaped pile is that
only -about 20 percent of the total can be used as live storage when a
single reclaim chute at the center is used. Live storage can be increased
to about 55 percent by placing a reclaim device across the entire diameter
of the pile rather than only at its center.

Generally, compaction procedures are not practiced with this type
of storage pile. f Since the pile is generally used in the part live,
part dead storage configuration, spontaneous combustion does not tend to be
a problem. For low-rank coals, this pile configuration may well present
spont aneous heat ing prob]ems, especially if it were used for dead storage
only. Where a pile is formed by allowing unsized coal to fall, roll or
slide, a natural size segregation occurs. The larger sizes fa]] to the
outside and bottom, and the fines collect in the interior and the top. Air
moves easily through the coarse lumps and begins react;nq with the fines in
the interior. With highly reactive coals, there is a tendency to exper-
ience local "hot spots" where the heat generated by the oxidation reaction
is greater than the local heat d1ss1pat1on

The wedge-shaped stockpile has the greatest capacity of any config-
uration. There are basically two types of wedge-shaped stockpiles: 1)
that used for short-term storage (i.e. part live, part dead), and 2) that
used for long-term storage (i.e. all dead). In the first type of stock-
pile, relatively little compaction is carried out because nearly 60 percent
of the coal is live storage. Another use for the wedge-shaped pile with
multiple reclaim chutes is the storage of different’ grades of coal along
the length of the pile. By selective opening and closing of the reclaim
chutes various coal blends can be obtained. Use of this type of pile is
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found primarily in shipping terminals where large quantities of coal must
be reclaimed in short time intervals to load a unit train or barge.

The second.type of wedge-shaped stockpile is generally employed by
the end user for long-term dead storage. These storage piles are care-
fully compacted and sealed for protection against deterioration and
spontaneous combustion. This 1is accomplished by spreading - the coal in
approximately 1-foot deep layers at a time, and thoroughly packing each
layer to eliminate air spaces. The top is slightly crowned and symmetrical
. to permit even runoff of water. With bituminous coals, the sides and top
are covered with a 1-foot compacted layer of fines and then capped with a
1-foot layer of sized lump coal. It is not practical to seal low-rank coal
piles with coarse coal, since it will weather and slack to small size in a
short period of time. Instead, the top and sides of the pile are compacted
with slack-size coal. Drift (snow) fences are often installed on the
piles to avoid drifting of fines, and the top and sides of the pile are
periodically trimmed.9

Regardless of the coal stockpiled, the use of material, such as
asphalt, for airtight sealing is not recommended. Capping methods de-
scribed above have proved effective. Sealing with asphalt or road-tar
coating may be conducive to self-ignition in those areas near breaks that
could cause a "stack effect." Also, the materials are an additional
expense, and they may prove difficult to handle or pulverize when the
stockpile coal is used. '

A third type of stockpile is the kidney-shaped pile. This type of
pile is built by a radial stacker that rotates about a fixed point. The
kidney-shaped stockpile can be built above T reclaim facility that maxi-
mizes the live storage. portion of the pile. Another method of reclaim-
ing is through the use of ‘a rotary bucket stocker-reclaimer. This device
is essentially a radial stacker with a rotary bucket attached to the end of
the boom.. For reclaiming, the bucket is activated and coal is recovered
from the pile and deposited on the conveyor belt whose direction has been
reversed. While this type of stockpile can be used for dead storage, this
is generally not done because the capital cost of a radial stacker cannot
Justify long periods of idleness. '

Enclosed Storage

It is sometimes desirable to use an enclosed bin or silo rather
than an open stockpile. . The advantages of enclosed storage are:

1. reduced fugitive dust emissions
reduced product degradation

reduced spontaneous combustion

S W N

reduced hand1ing problems -Aespecialiy frozen.cqal;
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Enclosed storage facilities are used primarily by shipping terminals to
speed loading procedures. Coal storage bins and silos are constructed of
either steel or concrete although, in the large sizes, steel structures
have not proven as economical as concrete. The dimensions of concrete
silos have responded to demands for larger capacities and to developments
in the state of the art in construction techniques. The jump form is used
when building silos up to 45 ft. in diameter, whereas silos up to 70 ft. in
diameter use slipforms. The capacity of a 70 ft. silo, depending on its
height, 1is 10,000 to 15,000 tons.. Storage silos can be classified as
either mass-flow bins, or funnel-flow bins. In mass-flow bins, all the
solid is in motion whenever any of it is drawn out; the solid is utilized
in a first-in, first-out sequence.

Most existing bins are of the funnel-flow type. The solid flows
toward the outlet though a channel extending upwards from the feeder or
grate. The channel expands from the outlet to a circular shape and is
surrounded by non=flowing solid. As the solid flows out, layers of the
non-flowing solid fall into the dropping channel. Such a pattern leads to
a first-in, last-out sequence of flow because the solid which was first
deposited at the bottom of the bin around thée c¢hannel does not discharge
until the bin is finally emptied out. Funnel-flow binds are acceptable for
coarse, free-flowing, chemically stable solids which do not segregate.

3.4.6.2 Environmental Control Technology

Control of fugitive dust emissions from coal storage facilities is
accomplished as a routine part of the operation. Dust control depends on
the use of proper compaction techniques, covered or hooded transfer points,
water or oil sprays, and other such techniques.

3.4.6.3 Effects of Low-Rank Coal Properties

A Several properties associated with low-rank coals may have a
distinct impact on the storage of these coals. These properties are:
1) high reactivity; 2) size consist; and 3) moisture content. Despite the
difficulties imposed by these coal properties, both lignite and subbitumi-
nous coals can be stored for long periods provided proper procedures are
followed in preparing and maintaining the stockpile.Z It 1s in the
"live" storage or short-term storage of coal, where compaction and sizing
practices are not used, that low-rank coal properties can have their
greatest impact.

High Reactivity

The strong tendency of low-rank coals to oxidize in conmparison
to bituminous coals can result in extensive product degradation, and
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possibly in spontaneous combustion, during storage. Figure 3.4.6.1 shows
the tendency of low-rank coals to oxidize at higher rates than coals of
higher rank. These curves were generated under laboratory controlled
conditions. As shown, the Tlow-rank coals heat considerably faster. 1In
addition (for all coals), the rate of oxidation (slope of the curve)
increases with increasing temperature.

Thus if adequate oxygen is supplied to the low-rank coal surface,
oxidation will take place at rates appreciably higher than those found for
bituminous coals. If oxygen is supplied to the coal surface and the heat
generated by the exothermic reaction is not dissipated at an equal rate,
the local temperature will begin to rise resulting eventually in spontan-
eous combustion.l

Figure 3.4.6.1
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Size Consist

The slacking nature of low-rank coals tends to exacerbate the
potential fugitive dust emissions and the product degradation via surface
oxidation resulting from newly exposed surface area.

The dustier character of low-rank coals increases the concerns that
must be given to dust control. Fugitive dust emissions were minimized in
one long-term storage test by constructing a drift fence perpendicular to
the prevailing wind direction.2 This approach may or may not prove
adequate for future storage sites depending on local emission regulations.
Dust emissions are a particularly important element of live storage, since
the coal is generally scheduled for more movement and handling. One
attempt at reducing dust emissions used No. 6 oil as a spray coating and
experienced signiticant reductions in dust generation,

An additional potential problem resulting from the slacking ten-
dency of low-rank coals is that oxidation can be increased by the genera-
tion of new surface area. If the slacking occurs in a region where oxygen
is readily available to the coal surface, oxidation will undoubtedly
result. The tendency of a coal to self-heat has been shown to be directly
proportional to its exposed surface area.®

Moisture Content

Spontaneous heating in storage piles is believed to be affected by
moisture content of the coal, although specific functional relationships
have not been formulated. One laboratory investigation showed that oxi-
dation rates between 25 and 959C are maximinum near the equilibrium
moisture content of about 20 percent for lignite dried in an inert atmos-
phere. The rates at 5 and 36 percent coal moisture were about half that at
20 percent moisture. The heat of condensation of enough water to raise a
piles moisture content from 3 to 4 percent can also cause a 300F rise in
temperature in the pile.?

3.4.6.4 Current Status

Storage of western low-rank coals has been approached by industry
in a very positive fashion. Although some technical problems exist as
discussed in the preceding section, the understanding of their basic
mechanisms is sufficient to design and operate satisfactory storage
fafi]ities. A few examples of typical low-rank coal storage systems
follow:
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The 400 MWe San Miguel Power Plant in Atascosa County, Texas, was
scheduled for initial operation in December 1979. Live storage is con-
tained in a 14,000 ton stockpile and in two mass flow-type concrete silos
with a capacity of 28,000 tons, or about two days operating requirements.
The silos have been carefully designed to eliminate common flow and storage
problems such as bridging, rat-holing, and spontaneous combustion. Dead
storage will contain 250,000 tons, sufficient for about 18 days coal

supply.6

The 440 MWe Big Stone Plant in South Dakota will receive lignite
via unit train consisting of specially designed covered gondola cars.
Figure 3.4.6.2 shows a simplified schematic of the unloading and storage
configuration. As shown, live storage will be in a pit with an integral
reclaim system. Dead storage sufficent for 30 days operation §or 265,000~
tons) can supply either the live storage or the plant directly.

The Coal Creek Station is a two-unit 1100 MWe minemouth plant in
Central North Dakota. About 125,000 tons of lignite will be kept in live
storage piles in addition to another 50,000 tons live storage in three
storage silos. Dead storage of 1 million tons (about 60 days supply) will
be maintained for emergency supply interruptions. Both storage piles will
use combination stacker/reclaimers under normal circumstances. However,
emergencg recovery hopper systems are installed for use in extreme circum-
stances.
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Figure 3.4.6.2
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3.4.7 Blending

The blending of two or more coals to achieve a specific end product
is commonly practiced. .For utility applications, low-sulfur western coals
have been combined with high-sulfur eastern bituminous coals to produce a
blend whose sulfur content meets prevailing regulations. The steel indus-
try is perhaps the most familiar with coal blending to produce higher
quality coke. While blending may be practiced for a number of reasons, the
general objective is to impart some characteristic(s) to the end product
by blending two or more coals that do not separately possess that charac-
teristic. Various characteristics or qualities that might be desired as
a product of blending might be minimum variability in physical or chemical
properties such as:

1. Minimum property variation

2. Mineral matter {(sulfur, ash or sodium)
3. Grindability

4., Heating Value

5. Ash-fusion temperature or slag viscosity

Coal blending is accomp]1shed by an organ1zed control of coal
mining, monitoring and recovering so as to produce the desired end product.
Equipment that is used for blending is comprised of standard stacking and
reclaiming systems currently used extensively in storage yards. The best
illustration of a modern blending operation is given through example.

The Navaho mine in the Four Corners area of New Mexico supplies
all coal to the Arizona Public Service Company's Four Corners Power Plant.
The strip mine, owned and operated by Utah Construction and Mining Company,
supplies the plant annually with approximately 2-1/2 million tons of
subbituminous coal that contains an average heat content of 9,000 Btu/1b.
Because of conditions within the mine, the quality of the run-of-mine coal
can vary between 7,000 and 10,200 Btu/lb. This variation in calorific
content would cause serious operational and economic problems to the power
plant and had to be avoided.

The answer was found in an extensive, fa1r]y sophisticated, and
highly automated coal blending system which handles all coals, after they
are crushed at the mine to a -3/4 inch product. The blending system
includes ten separate storage piles arranged so that each completed pile is
approximately 800 ft. 1long, 90 ft. wide, 32 tt. high, and accommodates
30,000 tons of coal. A pile is built by means of a double-wing stacker
wh1ch continually travels the length of the pile while depos1t1ng in
horizontal layers a.continuous stream of coal received from the mine over
the conveyor system. To control the quality of blended coals, a mine
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engineer at the mine schedules the two loading shovels in the pits in an
effort to have one shovel in a face where the calorific value is higher
than average and the other shovel in a face where it is lower than aver-
age. As a pile is being built, a running inventory is kept of the grade.
If the grade varies too much from the 9,000 Btu/1b average, the engineer
can revise the loading schedule or direct the coal into another pile.
Once a pile has been built, it can be scheduled for reclaiming at the
convenience of the plant. Because of climatic conditions and the reactive
nature of the coals, the practice has been to reclaim each pile not later
than two weeks after its completion. This practice has circumvented the
problem of fires caused by spontaneous combustion, yet it allows for a
"live" storage capacity of up to 240,000 tons of coal. This storage
capacity represents a ten-day supply if all generating units operate ‘100
percent.

The reclaiming is accomplished by either one of two bridge-type
bucketwheel reclaimers, each equipped with two 25 ft. diameter bucketwheels
supported from and transversing on an inverted triangular-shaped truss that
is carried by propelling trucks moving on rails paralleling each side of
the blend piles. A1l movements of the reclaimer, such as wheel rotation,
traverse, and advance, are automated and adjustable over a wide range.

- The coal delivered to the Four Corners Power Plant must meet
specifications covering: minimum calorific value, maximum volatile
matter, maximum ash, maximum moisture, maximum alkalis, maximum grind-
ability, and maximum ash-fusion temperature. Experience has shown that
regulation of the Btu -content will cause all other specifications to fall
substantially within specified 1imits. Carefully kept records between 1964
and 1969 indicate that the average fluctuation of daily heating value of
the blended coal was only about 1.7 percent (150 Btu/1b) with some rare
excursions up to 5.5 percent.

Another example of coal blending to meet user specifications occurs
in Hanna, Wyoming, where Energy Development Company's. new 180 tph prepa-
ration plant cleans the entire production of an adjacent underground mine
“and subsequently blends the cleaned product with surface mined coal. The
cleaning and blending operation improves the underground coal by increasing
its heating value by up to 500 Btu/lb and decreasing the ash content to
1.2 percent or less. The product is then shipped to Iowa Public Serv1ce

Company where it makes up 30 percent of their coal needs.
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3.4.8 - SELECTED REFERENCES

The following publications are particularly informative on the
subjects of coal preparation, handling, and storage in general, or on
the effects of low-rank coal properties on those processes. Many other
publications, as listed under References at the end of each section,
provide data on specific subjects within these technical areas.

1. Leonard, J.W., and D.R. Mitchell (Editors). Coal Preparation, Ameri-
can Institute of Mining, Metallurgical, and Petroleum Engineers,
Inc., New York, 1968.
This is a comprehensive text and reference manual on all aspects
of coal preparation technology, with individual chapters written
by recognized experts in the field. Both theory and practice are
covered in detail, supported by extensive use of photographs, tables,
and charts. Essentially all the data and discussions pertain to
the use of bituminous coals.

2. Phillips, P.J. Coal Preparation for Combustion and Conversion,
EPRI AF-791, May 1978, 364 pp.
This report covers the technology of steam coal preparation by
stressing topics of particular interest to the electric utility
industry. It covers the full scope of coal processing, from mine
face to post-combustion stack gas clean-up, and provides essential
information -for assessing the potential contribution of physical
(as opposed to chemical) coal beneficiation to a utility's fuel
procurement and utilization strategy. A methodology is presented
for quantifying direct costs corresponding to six different levels
of preparation, ranging from mere rubbish removal from ROM coals
to intensive beneficiation of crushed and sized coals in prepared
media. Some data are provided relative to low-rank coal preparation.

3. Ellman, R.C., J.W. Belter, and L. Dockter. Lignite Pulverization:
A Status Report, in "Technology and Use of Lignite - Proceedings:
Bureau of Mines - University of North Dakota Symposium, Grand
Forks, ND, May 27-28, 1967," Bureau of Mines Information Cir-
cular 8376, May 1968, pp. 29-39.

The history of commercial 1lignite pulverization is reviewed, and
comments are made concerning past and present problems. Research
at the Grand Forks Coal Research Station (now Energy Technology
Center) is summarized, including grindability studies and pilot
plant scale as well as commercial sized equipment tests. Variations
in pulverization within and between seams are noted. The techniques
of predrying or increasing the degree of in-the-mill drying increase
the capacity of pulverizers and reduce power requirements.
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Rogers, S.E., and A.W. Lemmon, Jr. (Editors). Proceedings: Symposium
on Coal Cleaning to Achieve Energy and Environmental Goals,
Hollywood, Florida, EPA-600-7-79-098a and b, September 1978.

The proceedings document a total of 49 presentations covering the

physical and chemical coal cleaning programs of EPA, DOE, the Elec-

tric Power Research Institute, and numerous industrial organizations;

European and Soviet plans for the future; and problems of ongoing

operations. The proceedings include the following topics: coal

characteristics, coal cleaning overview, physical coal cleaning
technology, environmental assessment and pollution control technology,
and chemical coal cleaning technology. The first three topics are

covered in Volume I; the last two, in Volume, II.

Paulson, L.E., and R.C. Ellman. Reduction of Sodium in Lignite By

Ion Exchange: A.Pilot Plant Study, GFETC/RI-79/1, 1979, 50 pp.
The report documents the results of pilot plant tests on the vari-
ables 1in removing sodium from lignite by ion exchange. A continuous
processing vessel with countercurrent flow of lignite and treating
solution was used -to simulate a possible commercial technique. Data
show that sodium was reduced in 1/Z2 by U-inch lignite from 7/ peéercent
(as Nap0 in ash) to 3-4 percent by contact with a CaClp solution for
several hours; sulfuric acid was also used successfully as the treat-
ing solution. Boiler fouling tendencies using ion-exchanged lignite
were markedly reduced.

Duzy, A.F., et al. Western Coal Deposits; Pertinent Qualitative
Evaluations Prior to Mining and Utilization, in "Technology
and Use of Lignite, Proceedings" Grand Forks, North Dakota,
May 18-19, 1977, pp. 13-42.

Coal exploration programs and analytical techniques for evaluation
of Western U.S. coal deposits are discussed. Included in the pro-
grams are drilling density, desirable analyses, testing of coals and
impurities, potential coal beneficiation, and problems associated
with evaluations for efficient utilization. The discussion of po-
tential coal beneficiation provides an excellent overview of the
problems specific to low-rank coals.
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Handling Characteristics of Dried Low-Rank Coals, in "Technology
and Use of Lignite; Proceedings,”" Grand Forks, North Dakota,
May 9-10, 1973, Bureau of Mines IC 8650, 1974, pp. 49-75.

The report documents a program in which rail car quantities of 1lig-

nite and subbituminous coal were dried, transported, and then stock-

"piled for several years. Character1st1cs of the dried coals are

described, and techniques for proper shipment, storage, and handling

of the dried coals are defined. ,

Rhys Jones, D.C. "Briquetting," in Lowry, H.H. (Editor), Chemistry
of Coal Utilization; Supplementary Volume, John wiley & Sons,
Inc., New York, 1963, pp. 675-753.

This is a comprehen51ve art1cle on the technology of coal briquetting

as practiced throughout the world. The different techniques utilized

for bituminous coals and brown coals are described in detail. A

small amount of information is included on the briquetting of U.S.

low-rank coals. '
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3.5 PROCESSING AND UTILIZATION

3.5.1 Conventional Combustion

3.5.1.1 Introduction and Summary

The direct combustion of coal currently accounts for the’largest
consumption of coal in the United States, and will continue to do so for
some time to come. The primary use of this energy source is for steam
generation, which is used directly and indirectly in industrial processes,
and by utilities for electric power generation.

_ The three primary methods of .burning coal are pulverized coal
firing, cyclone firing and stoker firing. Pulverized coal furnaces are in
widest use among utilities and represent the most modern .design for this
application. Cyclone furnaces were introduced because of their ability to
burn coals having low ash fusion temperatures and to recover a high per-
centage of the coal ash as slag instead of allowing it to escape the
combustion section and form deposits on boiler tube surfaces. The high
operating temperatures required in c¢yc¢lone furnaces favor the formation of
nitrogen oxides and, largely for this reason, no cyclone units have been
installed in recent years. Stoker firing is generally limited to smaller
applications of less than 100,000 1b/hr steam. A1l three combustion
techniques represent established technology and are therefore referred to
as methods of conventional combustion.

Environmental control technology is a major area of importance in
conventional combustion. A considerable portion of the capital cost of new
electric utilities is devoted to systems which maintain emission controls
over stack gases, wastewater, solid waste and fugitive emissions. Stack
- gas cleaning methods are oriented toward 1imiting emissions of particulate
matter, sulfur compounds and nitrogen oxides.

The special properties of low-rank coals influence virtually all
aspects of direct combustion.  Of primary importance are the high moisture
levels (low heating values) and alkaline contents typical in low-rank
coals. High sodium levels in low-rank coal ash exacerbate the ash fouling
of boiler tubes by creating hard, tenacious deposits. The sodium tends to
volatilize in the high temperature zone of the furnace and acts as a
fluxing agent tor other ash constituents, causing them to melt and deposit
on tube surfaces. Coals having high sodium contents also tend to produce a
fly ash fraction rich in sodium sulfate and having a very small particle
size.

The high silica levels found particularly in Texas lignites cause

or aggravate a number of problems. The abrasive characteristics of silica
accelerate erosion rates of coal feeding systems and furnace burners.
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High-silica coals promote rapid deterioration of fabric filters. When
combined with high sodium levels, high silica contents can result in
hard, massiye deposits on boiler heat transfer surfaces.

Some minerals found in low-rank coals are beneficial to power plant
operation. High calcium and magnesium levels tend to mitigate the effects
of sodium fouling. In addition, the low sulfur levels typically found in
low-rank coal reduce the extent of flue gas desulfurization problems,
especially when coupled with the high alkalinity of low-rank coal fly
ash. Alkaline fly ash scrubbing systems have been installed on a number of
commercial utility boilers using low-rank coals. Disposal of the scrubber
sludge may be a problem due to the tendency of some of the materials to be
leached when contacted with ground waters.

The higher reactivity of low-rank coals aids combustion but can be
a problem because of its tendency to spontaneously ignite during transport
or storage. Another useful characteristic of low-rank coals during
combustion is that they do not agglomerate as do many higher rank coals.
This -allows a larger particle size while still being able to assure
complete burnout. The inherent high resistivities of some low-rank coal
fly ashes make collection of these ashes with electrostatic precipitators
difficult, although coals with high sodium levels produce ash with much
Tower resistivities. These problems, together with the 1979 NSPS, are
forcing utilities to lean towards use of baghouses, fly ash conditioners,
or new concepts in control techniques to meet particulate standards.

The high moisture content of low-rank coals necessitates the use of
hot primary air for drying in the mills prior to combustion. High surface
moisture also can cause problems in the coal feed systems.

~A major disadvantage of Tlow-rank coal is its low heating value.
This increases the tonnage of coal pulverized and burned for a given power
output as compared to higher-rank coals. Hardware changes, such as more
and larger mills for pulverization and larger furnaces for combustion, are
required. Additionally, the handling capacities for coal transport and
stack gas cleanup must be correspondingly larger. Retrofit of boilers from
higher-rank coals to lower-rank coals usually means a significant derating
of output.

Currently, there are over 29,000 megawatts of generating capacity
in the U.S. based on low-rank coals. The vast majority of these plants are
pulverized-coal-fired with a very small number of cyclone and stoker units.
Most of these plants utilize electrostatic precipitators for their par-
ticulate removal requirements, and those that require sulfur removal
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primarily use limestone wet scrubber systems. Most planned units or those
presently under construction are pulverized-coal-fired units. Their modes
of environmental controls have shifted somewhat, however. A much larger
number of baghouses will be seen and sulfur removal techniques are be-'
ginning to shift to ash alkali and dry scrubber systems. The use of
low-rank coals for electric power generat1on will doub]e by the mid-to-late
1980's.

From study of the special problems relating to combustion of
low-rank coals, a number of key issues have been identified for RD&D work.
These issues have been subdivided into two sections; those that pertain to
the combustion process and those that pertain to environmental control
technology.

Key Issuec in Combustion Processes -

1. Increase overall boiler availability by increased un-
derstanding of ash fouling and slagging.
2. Substitute coal for o0il by direct ignition of coal.

3. Improve stoker furnaces for small scale operations.

Ash Fouling and Slagging

Ash fouling of heat transfer surfaces is the most serjous oper-
ating problem of boilers fired on low-rank Western U.S. coals. 1" Problem
coals cause rapid ash deposition which can force repeated unscheduled
shutdowns. During difficult operating periods, the capacity of the boiler
can be lowered by as much as 10 to 20 percent, the thermal efficiency
reduced by 10 percent, and 1 perceht of the steam generated may be used to
operate on-line cleaning devices.” The number of operating days per year
can be reduced by 10 percent. The economic penalty for forced outage of a
large bhoiler is very severe, amounting to over one hundred thousand dollars
per day in lost revenue for a 500 MW unit. These costs have prompted
extensive research on ash fouling, starting in the 1950s and continuing
today. Extensive work has been done on high-fouling coals in the United
States, Canada, Australia, England, and Germany. Substantial pruyress has
been made in understanding ash fouling. However, the phenomena involved
are complex, and more research is Pequ1red to achieve control of the
problenm,

The ash fouling process is determined mainly by the properties
of the coal ash. However, the instantaneous fouling rate is influenced by
numerous operating variables, not the least of which is the cleanliness of
the boiler resulting from previous operation under fouling conditions. To
the observer, the progress of fouling often seems erratic because all the
determining factors cannot be closely followed.
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For a constant boiler load and uniform fuel quality, the course of
fouling after a complete boiler cleanup is typically represented by a
slowly accelerating fouling rate. Deposits are cyclically built up and
partially removed by soot blowers, but there is a slow net accumulation.
As accumulation proceeds, temperatures in the boiler are increased. The
fouling rate in turn increases a]ong with the temperature, so that the
process is accelerated and fouling is moved up and out of the furnace
proper and through the convection sections of the boiler. At some point,
the temperature of the surface of the ash-laden furnace walls may exceed
the fusion temperature of the ash, and heavy slagging will occur.

Any furnace variable that affects the burning rate of the coal
can also influence fouling. For example, a coarse grind in a pulverized
coal fired boiler will cause the larger coal particles to continue burning
as they are carried up through the furnace, thereby increasing both tem-
perature and fouling in the convection section. Changes in the tilt of
burners, the amount of excess air, and the air/fuel distribution can have-
similar effects, which raise potential concerns in regard to the changes in
bo11er design that are proposed for reducing NOyx formation.

The factors that control the proportion of ash appearing-as fly
ash will also influence fouling, particularly in wet bottom or cyclone
boilers. Occurrence of low slag viscosity in a cyclone burner would, for
example, increase the carry through of coal particles that are burned in
suspension, causing higher dust loadings and higher temperatures at the
furnace outlet.

Boiler load has a very pronounced effect on the rate of fouling,
and dropping load is the usual practice for extending boiler operation
after severe fouling has commenced. Intensive on-line cleaning is also
used in an endeavor to improve the condition of the boiler at low load. If
severe fouling becomes a chronic problem, a generating unit may be derated -
to provide more dependable service below its nameplate rating. Derating is
a very costly solution, since it results in idle capacity for the turbine-
generator and all auxiliaries to the boiler.

There are a number of methods available or being developed to
control ash fouling. These include:

e Boiler design
e Soot blower design

® Restriction of sodium level in the coal by
_selective mining, blending and upgrading

o Use of additives
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The general approach to improving the reliability of boilers
intended for high fouling coals is to, in effect, derate the boiler when it
is designed, thereby matching a conservatively designed and thus more
expensive boiler to the inherently more reliable. turbine-generator and
auxiliaries. Boilers for fouling coals are designed with considerable
furnace height and with a large furnace volume (low volume heat release
rate) so as to allow ample time for burnout of suspended coal particles and
to produce a low gas temperature at the furnace exit. A conservative
volume heat release rate for a high-fouling lignite is 7200 Btu/hr-ft3
about half that for a low-fouling coal. Furnace exit gas temperature would
be about 19000F at rated load. Other special features include ample
spacing between burners, wide tube spacing and shallow tube bank depth in
the convection section, steeply sloping floors under the superheater
pendants for shedding deposits into the main furnace, and large numbers of
soot blowers. The inclusion of these special design features has been
reportegoto add about 15 percent to the capital cost of the steam gen-
erator,

On-1ine cleaning devices (soot blowers) have been improved and
the numbers installed greatly increased.41 Since the capital and operating
costs of these devices are substantial, it is not uncommon for boilers to
be built with a minimum of soot blowers, and for more to be added later as
required. Soot blowers are normally located to act on furnace walls,
convection surfaces, and the air heater. Steam blowers of fixed and
retractable design for removing hard deposits are designed for steam
pressures up to 250 psig (17.0 atm) and with relatively large nozzles for
high impact. Air blowers are also used, particularly in arid regions where
water costs would be prohibitive. Since about 1968 in the U.S., water
blowers pioneered in Germany and Australia have been installed on furnace
walls to provide improved removal of slag by imparting thermal shock as
well as inertial impact. Water blowers have been very effective, but they
are used only where needed because of a reduction in the expected life of
tubes resulting from repeated thermal shock.

The rate of ash fouling for U.S. Tlignite and subbituminous cual
has been found to be predominantly a function of the sodium level. Fouling
increases sharply as sodium content in the ash increases. The percent of
ash in the coal is also a major factor in fouling. High calcium content in
the ash has a favorable effect, acting to decrease fouling. Because of
these effects, various means to reduce the sodium content of the coal can
be used, such as selective mining of low-sodium portions of the coal seam,
blending with low-sodium coal, or removal of sodium and/or ash by chemical
cleaning of the coal.

It has been determined that fouling can be reduced from a high
level to a low level by washing high-sodium coal with hard water to ex-
change calcium for sodium. Further research on a laboratory scale is not
required to prove this remedy, but substantial development would be re-
quired to establish the practicality and economic feasibility of a
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commercial process. Serious problems can be envisioned in dewatering fine
coal (particularly lignite) and in disposing of or treating large volumes
of sodium-laden wash water.

The near-term emphasis in research on remedial methods will be
directed toward a search for an effective boiler additive for reducing
fouling. Additives containing calcium and magnesium have been tested
in the past. Calcium and magnesium compounds are expected to act by re-
ducing the fluxing tendency of the matrix parent. Aluminum compounds
which react with sodium to form high-melting products will also be tested
in an attempt.to tie up sodium in a harmless form.

Direct Spark Ignition Using Low-Rank Coal

Growing concern over 0il usage in the country has increased inter-
est in the possible use of pulverized coal for ignition systems in coal-
fired plants rather than the present oil method. There is a potential for
significant savings of oil if coal spark ignition systems are adopted. A
base load plant could save 18,300 gallons of oil per year. A cycling plant
could save about 234,100 gallons per year and a two-shift plant, as much as
1,816,000 gallons per year. It is unclear whether lTow-rank coals could be
utilized in this spark ignition role. With proper upgrading, however, they
may well be able to be used in this manner. Work should be done to examine
. their usefulness in this area and establish any treatment that may be
required.

Small Scale Stoker Furnaces

Very little work has been done in the past 20 years to develop

« or improve small stoker furnaces to burn low-rank coals. There are,

~ however, many potential applications for these small furnaces in res-

idential, commercial, and small industrial facilities. It may therefore

be beneficial to develop and demonstrate the use of these small stoker
furnaces.

In addition to furnace develnpment.,, fuel improvement for these
systems is desirable. Development of a high grade fuel that burns effi-
ciently and incorporates an absorbent (such as limestone) to control sulfur
dioxide emissions will allow implentation of these sytems in an environ-
mentally acceptable manner. This may entail refining briquetting or
pelletizing techniques to meet the requirements for these furnaces.
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Key Issues in Environmental Control Technology

¢ ‘"Integrated systems assessment" of environmental control
techniques for low-rank-coal-fired power plants

e Performance of ESP on low-rank coal

e Analysis of fabric filter applications .and problem areas
(e.g., fabric life, flow distributions, air to cloth
ratio). :

o Collection of data on SO02 removal efficienéy of ash-
alkali scrubbing for various coals, and on other factors
such as scaling and oxidation state

o Effectiveness of spray drvers or dry sorbent injection

o Collection of data on emissions of hydrocarbons and
trace elements from power plants

o Evaluation of new particulate removal devices or con-
cepts

) Opportunities for utilizing solid waste (as an alterna-
tive to disposal)

e NOy control techniques

e Evaluation of chemical treatment processes for fixation
and disposal of FGD sludge

o Minimization of powerplant water requireménts

Integrated Systems Assessment of Environﬁenta] Control Techniques

_ : Environmental control systems are becoming the dominant problem in
both .designing and operating coal-fired power plants. EPRI has estimated
that approximately 40 percent of the capital cost of a typical new coal-
tired unit is used to meet environmental control requirements for air,
" water, and solid wastes; by 1985, ECT's share could rise to 50 to 60
percent.38 The tendency to add control systems in series (e.g., combus-
tion modification for NOy, scrubber for S02, ESP for particulate) adds
to the complexity of plants, and is likely to have a compounded negative
effect on unit availability, heat rate, permissible rate of load change,
complexity -of startup and shutdown procedures, and other plant operations.
EPRI has initiated a research project on integrated environmental control
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that is intended to optimize and simplify overall powerplant designs.39
Testing of skid-mounted pilot-scale cleanup systems arranged in various
configurations will be conducted at the Arapahoe test facility. [Initial
studies will consider interface and compatibility problems among various
units, such as:

a. Effects of ammonia carryover from postcombustion NOy
control processes - e.g., air preheater deposition/
corrosion; conversion of SO to SO3; NH3 stack emis-
sions and potential visible plume;, baghouse blind-
ing; effects on fly ash resistivity; impact on SO2
scrubber chemistry and solid wastes.

b. Alternative process configurations for particulate and
S02 control - e.g., baghouse or ESP downstream of wet
or dry SO2 scrubber. .

c. Use of cooling tower blowdown as scrubber makeup, and
use of solid wastes from cooling tower sidestream treat-
ment as SO02 scrubber reagent makeup.

The EPRI project is illustrative of some of the kinds of R&D
required to develop integrated environmental control systems for low-rank
coals. The overall problem is very complex, for two reasons: (1) the
properties of low-rank coals affect the selection, design, and operation of
individual control units in unique ways that have not been completely
characterized or embodied in optimal systems; and (2) as new or improved
individual control techniques are developed, the criteria for effectiveness
of “upstream or downstream units can change significantly. For example,
selection of a spray dryer or dry sorbent injection system for SO2 con-
trol might suggest the selection of a baghouse for particulate control
. because of the efficient gas-solid contact obtained (as opposed to an ESP

~ which is designed to minimize flue gas-particulate contact).

‘ The "systems integration" function that is required to deal with
this complex issue is illustrated in Figure 3.5.1.1. . Examples of indi-
vidual environmental control tcchnologics are shown at the top of the
flowchart. These technologies are the subjects of a continuous array of
RD&D work, ranging from basic scientific investigation and new concept
_development to statistical evaluation of commercial performance. In
general, each technology is pursued within relatively narrow bounds in
order to optimize performance of some specific function such as SO0 re-
" moval from flue gas. Interactions with other system components are not

excluded from consideration; however, they are definitely not the main
thrust of the research effort.

, The integrating function consists of a more limited array of tech-
nology evaluation and testing, from the point of view of optimizing the
overall system. This involves the identification of both synergistic
effects and incompatibilities created by certain combinations of systems.
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- Figure 3.5.1.1
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Between these extremes, the objective is.to evaluate the overall system in
terms of process variable studies and cost tradeoffs. This is supported by
pilot and field testing of combined sytems to the extent that data cannot
be reliably derived from operations of these individual units by them-
selves. The output from the systems integration work represents feedback
to the individual RD&D projects, primarily through the setting of new or
revised objectives or performance targets for individual components.

Performance of Electrostatic Precipitators

" Control of particulate emissions has become one of the most diffi-
cult environmental regulations to meet. Initially, cyclone systems were
used to collect particulate matter from combustion sources. At the time,
the combustion units were relatively small and particle sizes from the
units were fairly large. The cyclones operated at a suitable efficiency
for these size distributions to meet their objectives, which were primarily
to protect -induced draft fans from erosion. As combustion units increased
in size, pulverized coal systems became predominant. Electrostatic precipi-
tators (ESP's) then came into use and were effective on most eastern coals,
but some western coals presented a problem due to high resistivities and
fine particles produced from low-melting alkali metals. These early ESP's
were low-cost units, underdesigned by today's standards, and were -intended
only to obtain better collection efficiency than cyclones and to meet local
objections.

During the 1970's, much more stringent design criteria were imposed
on ESP's by the Clean Air Act emissions standards. The current NSPS of
0.03 1b/million Btu is presenting a major problem .to utilities. Electro-
static precipitators have a difficult time collecting high-resistivit¥
submicron-size particles, making their usefulness somewhat questionable. 4

There are five major techniques available for overcoming the high
resistivity fly ash problem. They are: 14

¢ Brute force

¢ Flue gas conditioning

® Source conditioning

° Operating at elevated temperatures

e Operating at depressed temperatures

The high resistivity of fly ash reduces the effectiveness of ESP's
by disrupting the electrical conditions within the unit. The brute force

method counters this effect by use of a sufficiently large precipitator to
provide the desired result. The advantage to this method is that no
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particular or unusual operating procedures are required for the precipi-
tator.14 - It is not useful when a problem is occurring at an existing
station-and it is difficult to determine the exact size requirements before
actual operation begins.

Flue gas conditioning is a technique in which a chemical is intro-
duced into the.gas stream to interact with the ash to reduce its resis-
tivity. One such conditioning agent is_sulfur trioxide. The use of
conditioners has met with mixed results.!3 Public Service Company of
Colorado has had considerable success with sulfur trioxide;1% however,
they warn that its effectiveness is very dependent on the type of ash and
should only be used in retrofit operations. Tests with ammonia and tri-
ethylamine as conditioning agents to improve collection efficiency have
been inconclusive.!®6 The lime content of the ash appears to be one influ-
ential factor but additional research is required to fully characterize the
problem. One_must also consider the environmental impact of the condi-
tioning agent.

Source conditioning 1s a technique utilized to modify the chemical
compos1t1on of the fly ash.° The objective of .this approach is to reduce
the chemical durab111t¥ of the ash and/or increase the number of available
charge carrying ions. Sodium is an example of a source conditioning
agent. Very little work has been conducted in this area and uniform
conditioning of the flue gas stream may be a problem.

Another option is to change the operating temperature of the ESP.
At typical stack temperatures (300°C), the ash resistivity-is at a maximum
and can be lowered either by cooling the flue gas before the precipitator
or by placing the ESP in a hotter region such as before the air preheater.
The preferred option has been the latter. At hot-side temperatures,
resistivity is lowered primarily by means of sodium ions. However, the
precipitator may also-experience a loss in efficiency_because of electrical
characteristics similar to the back corona effect.!” For coals low in
sodium as well as low in sulfur, use of hot-side techn1ques may not solve
loss of collection efficiency problems associated with variations in coal
types. Two other problems develop when this technique is applied: the
volume of gas handled is about 50 percent greater than cold-side, and
thermal expansion problems are increased.!4

The resistivity can also be reduced by operat1f%at reduced temper-
atures. Tests sponsored by the Montana Powecr Company'©® showed the resis-
tivity to drop by a factor of about 30 between operat1on of their ESP
at 300°F and at 200°F.
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From this discussion it is evident that the most effective method
for improving ESP collection efficiencies is going to be dependent on- the
- chemical characteristics of the fly ash. It will therefore be necessary to
determine which constituents of a given fly ash are limiting with respect
to available control techniques. It is, however, still not clear whether
any of these methods will consistently produce removal efficiencies suf-
ficient to meet 1979 NSPS. Some units have met these standards and shown
good results.!9

Performance of Fabric Filters

Recent revisions in the part1culate control standards are beginning
to shift control techniques from the use of precipitators to fabric filters
(or baghouses) especially when dealing with high-resistivity western coals.
A study by the Chemical Engineering Department at Manhattan CollegeZ0
concluded that when the sulfur content of the coal drops below 1 percent,
baghouses are more economical than electrostatic precipitators. A similar
study by EPRIZ1 showed the economics for baghouses to clearly surpass ESP
units at 1979 standards and in fact improve if future standards are tight-
ened. This is due to the rising cost on ESP units as more stringent
standards are imposed while the cost of baghouses remain relatively con-
stant due to their inherent high efficiencies.

Experience with baghouses in the utility industry has been somewhat
limited, however, and some mixed results have been noted. The Cameo
Station in the Public Service Company of Colorado System and the Martin
Drake Plant in Coloradg Springs have both had relatively good results with
their baghouse units. Success stories _have been reported elsewhere at
Holtwood, Kramer and Sunburg stations.23  These were relatively small
units; some problems have been observed .at larger ones. The Harrington
Station in Texas has experienced problems, both with high pressure drops
due to cleaning problems and with bag deterioration.24 Similar bag
problems have occurred at the Montecello plants in Texas. Bags expected to
last 2 years had at one point been replaced -twice within an 8-month peri-
0d.25 This is thought to be due to the high silica and abrasive nature
of the Texas lignite. .

These examples point out two areas requiring further attention.
One will be advanced cleaning methods to handle the very large total
quantity of particulate matter collected in large power plants. The other
area will be development of fabrics capable of dealing with the high
abrasive mineral content of ash from some western coals.

Ash-Alkali Scrubbing for SO» Removal

Traditionally, the control of particulate and SOp emissions have
been treated separately with particulate controlled by electrostatic
precipitators or baghouses and S02 controlled by wet scrubber systems.
Wet scrubbers operate with a reactive alkali medium, usually a lime or
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limestone slurry, and precipitate sulfur out of the flue gas stream as a
sulfite or sulfate. A characteristic of western coals is that they
contain high levels of alkali such as calcium, magnesium and sodium. This
fact initiated the possible use of these alkalis inherent in the flue gas
stream of plants fired by western coals to perform the sulfur scrubbing,
eliminating or reducing the need for an external alkali source.

This idea was developed and these alkali species can be leached out
of the fly ash stream for use in flue gas desulfurization wet scrubbers.
At present, there are nearly 2,600 MW of generating capacity in the
western United States that utilize either fly ash or fly ash supplemented
with lime or limestone. An additional 3,500 MW of western generating
capacity which will use alkaline fly ash are being planned or are in
various stages of construction.26

The use of fly ash alkalis benefits the overall environmental con-
trol system by reducing the volume of particulate matter to be controlled.
By passing the flue gas stream first through a venturi scrubber to leach
out the alkalis, then through a sprayer system to scrub the sulfur, the
particulate load in the stream is greatly reduced. At its cooled tempera-
ture, the flue gas is now prepared for a cold-side precipitator. This is
only one of a number of system designs for use in ash alkali systems, but
most provide a number of overall economic benefits:27/

e Elimination or reduction of alkali costs
® Reduction in initial capital investment
® Reduction in waste solids handling and disposal cost

e Improved system reliability

Whether addition of lime or limestone as a supplement to the ash
alkali will be required depends on its ability to remove sulfur to meet
NSPS. The 1979 standards require 70 percent removal of sulfur for most low
sulfur western coals (see Section 3.5.1.2 - "Flue Gas Desulfurization").
Most plants at this-time either use lime or limestone as supplement or have
it available if required.26 Removal efficiencies from these plants have
varied from about 50 percent into the upper 90's; however, their ability to
remove 70 percent consistently without supplemental alkali is questionable.

Spray Dryers and Dry Sorbent Injection

The use of a spray dryer system for flue gas desulfurization is an
attractive alternative to wet systems for a number of reasons. Spray
dryers are very simple and have been used for many years in the chemical
and food industries. In these systems an alkali slurry such as lime is
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pumped into a drying chamber as a fine atomized mist. The sulfur dioxide
present in the flue gas is then absorbed into the water droplets and reacts

with the alkali. . The water droplet then vaporizes in the hot flue gas
;eaving the reacted particle to be collected by a particulate control
evice. .

The major advantages proposed for the spray dryer system com-
pared to wet scrubbers are:¢9

¢ Reduced waste handling
@ No scaling or plugging problems
® Low cost construction

e Significantly lower operation and maintenance require-
ments

® Reduced energy requirements
e Lower particulate loading

e Lower water consumption

Spray dryer scrubbing has been demonstrated in Japan for a number
of years using caustic soda as the reactive material.30 Application in
the United States has been slow due to lack of abundant alkali material.
There are only a few geographic areas where reactive material, such as
nahcolite, 1is available.. In late 1977, however, a pilot spray dryer
scrubber was installed at the Neal Station of Basin Electric Power Coop-
erative for the purpose of investigating the spray dryer scrubber concept
with Time and other alkali materials.

The tests at Neal Station concentrated on the use of lime as the
reactive material. Promising results were obtained with S02 removal
efficiencies climbing well above 90 percent. It was observed that the gas
temperature leaving the reactor has a strong influence on the removal
efficiency. The closer this gas temperature is to the saturation tempera-
ture of water, the better the removal. Unfortunately the station lacks the
flexibility for changing conditions and feeds readily and more pilot plant
data would be useful.

Three spray dryer units are being installed in large low-rank coal
utility plants presently: the Otter Tail Power Company Coyote Station, the
Basin Electric Company Antelope Valley Station and the Laramie River
Station.

More data are required before the usefulness of these systems can
be completely assessed. Spray dryer systems have received considerable
attention up to now but investigations with packed beds and granular
filters would also be useful. Further analysis into the effect of ador-
bent particle size, injection temperature, injection technique, and alkali
material should be conducted to more fully understand the problem.
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Another concept that has been experimented with in the past is
the injection of dry sorbents into the furnace or into the flue gas stream
upstream of a particulate collector. Reaction kinetics tend to limit
S02 sorption, and the injected dry material can cause operating problems
in the plant. However, this method does have promise as a retrofit tech-
nique that could be used effectively in certain special situations.

Effects of Trace Elements, POM and Radiological
Elements Emitted From Coal-Burning Power Plants

Little information is known about the environmental and health
effects caused by trace elements in atmospheric pollution. Lim31 writes
about trace elements from coal combustion: "Coal combustion is neither the
only nor the most important source of trace metals . . . but the extent to
which coal combustion may be raising the tatal health hazard in the envi-
ronment ought to be known." .Lim cites some possible effects of trace
elements as:

o Deposition of trace elements and their compounds in
plant equipment may reduce the overall efficiency of the
plant.

o Trace elements may interfere with catalytic activity in
coal conversion.

o Some trace elements are toxic to humans, animals and
plants when they exist above certain concentrations.
Others may be carcinogenic. Therefore, a potential
danger to the environment may exist as a result of the
effluent streams.

‘Studies in these areas wou]d be beneficial to ascertain the nature and
extent of these problems. . ‘

The formation and transformation of po]gcyc]1c organic matter (POM)
from coal combustion was studied by Natusch. This study showed that
adsorption of vapor phase POM will be preferent1a11y concentrated in
particles whose aerodynamic size falls in the range which can remain
airborne for several days and which is capable of being deposited in the
pulmonary region of the human respiratory system when inhaled. Further
work should be done to determine the health hazards of inhalation of
POM. 4

McBride, Moore, Witherspoon and Blanco33 have shown (using a
theoretical model) that radiation doses from airborne effluents of a
coal-fired plant may be greater than those from a nuclear plant. The major-
pathway of exposure for the radioactivity in the emissions was ingestion of
contaminated foodstuffs. It was concluded that the public health signifi-
cance of the computed doses was relatively minor compared to the health
effects associated with airborne releases of nonradioactive material
(particulate, NOy, SO2 and so on).
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A major problem encountered in dealing with organic and trace
element "emissions is the lack of accurate sampling and analytical proce-
dures to determine the exact nature and extent of the problem. Techniques
must be developed to both monitor the emissions and verify that monitoring
is providing an accurate characterization of the emissions. Many present
practices have produced questionable results and there have yet to be
developed techniques to determine many of the trace element and organic
constituents.

Advanced Particulate Removal Systems

To meet 1979 NSPS for particulate control, advanced designs are
being developed having high collection efficiencies for small particle
sizes and high resistivities. The Environmental Protection Agency formed a
branch in 1973 to investigate new devices and designs to assess their
usefulness in advanced particulate control.3% They have tested a .number
of devices and some have shown excellent results even for very small
particle sizes. Most of these are hybrids between electrostatic and wet
scrubber designs. '

Most electrostatic devices may be broken into two_groups: those
that isolate the charging process and those that do not. 1 The purpose
of isolating the charging process is to use high fields or AC fields for
more effective charging. Collection of particles is accomplished in a
separate zone where the current can be kept small to avoid back-corona
problems. This approach has been called the two-stage precipitator.
Changes in precipitator design not associated with separate.charging
sections usually involve modification' of the electrodes. Some of these
devices use a third, nondischarging electrode to maintain the field for
collection while the voltage through the collected dust layer has time to
decay before reaching back-corona levels.

Although many of these devices show promise, the testing must be

conducted in the field on Tow-rank coals before their usefulness to fly ash
col]ect1on can be accurately assessed.

Upportunities for Utilizing Solid Waste

. Increased interest is being focused on utilizing fly ash waste from

coal-burning power plants. Ash is hardly ever recognized as a mineral raw
material but recent studies have been oriented toward classification of ash
constituents.

Manz35 is doing work at the University of North Dakota to quan-

t1fy the physical-chemical properties of ash in an effort to expand its
use. At present, ash is being used in the fo]]ow1ng ways: B
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e Mixed with cement

»0 Partial replacement of cement in concrete

e Stabilizer for road bases, parking areas, etc.
e Fill material for roads, construction sites

e Filler for asphalt mixes

e 0il we]].cementing

The use of fly ash for these purposes is proceeding at a relatively low
level. However, the future will almost certainly see its expanded use.

Investigations into the feasibility of making bricks from tly ash
has invelved fly ash and clay mixtures. In the proper proportions the
mixture can be extruded from a die as a stiff mud. Most brick plants
currently use this process to produce bricks, therefore the utilization of
fly ash as another ingredient would not involve much capital investment.

Other work being done on low-rank coal fly ash utilization is:

o The Texas Transportation Institute, Texas A&M University,
College Station, Texas, has completed a study involving
the production of a synthetic aggregate from lignite fly
ash.

e Manitoba Hydro, Winnipeg, Manitoba, Canada, under the
direction of K.A. Lenz, Concrete Engineer, conducted a
thorough laboratory investigation of both a lignite and
subbituminous fly ash for possible replacement of cement
in concrete to be used in a hydro dam project.

Continuing work in these and other areas may provide beneficial
alternatives to fly ash dumping. Many possible applications still require
considerable further development, however, and research funding should be
continued. '

NOyx Control

" Nitrogen oxides are produced by reaction of oxygen with both
nitrogen present in combustion air and nitrogen inherent in the fuel
source. There are a number of combustion modification techniques available
to reduce NOy production in the furnace. They accomplish these reduc-
tions generally in one of two ways:36 (1) by making less oxygen avail-
able in the burner zone where fuel nitrogen is volatilized, or (2) by
causing combustion to be extended over a longer time and space so that heat
losses reduce the peak temperature.
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It appears at this point that meeting 1979 NSPS with pulverized
coal combustion will not be a problem for western coals by using combustion
modifications and low NOy burners. Advanced burners should be developed
as standards tighten and forecasts indicate it will be late in the 1980's
before alternative control techniques such as flue gas treatment will be
required.

Chemical Treatment and Disposal of FGD Sludge

There are two primary solid waste streams resulting from coal-
fired utility plants, fly ash from particulate control devices and scrubber
sludge from SO2 removal systems. The primary methods of disposal cur-
rently in use are ponding and sludge fixation with subsequent landfill or
mine disposa1.29 Chemical fixation has been employed in many sludge
operations to attempt to provide an environmentally acceptable disposal
method by lowering permeability, increasing strength properties, and
reducing compressibility. Fixation techniques have been successful to some
extent; however, problems Hhave been encountered in trying to correlate
laboratory data with field results.

Ultimately, it would be desirable to develop a method to predict
for each type of waste:38

e The materials handling problems associated with sludge and
sludge/ash mixtures

e The long-term physical behavior of such material dispersed
in the field

o The effect that leachate from such materials may have on
surface and groundwater

The most pertinent disposal criterion is .the EPA's "Alternative Waste
Management Techniques for Best Practical Waste Treatment." This criterion
is restricted to impact on the quality of groundwater and surface water
affected by waste material, and to- the structural quality of the waste
materials as it relates to the actual disposal site. This means ground-
water concentrations shall be limited to the maximum levels given in the
National Interim Primary Drinking Water Regulations or the United States -
Public Health Service drinking water standards, whichever is less.

Most sludge studies deal with sludge produced by 1ime or limestone
systems. However, the chemical characteristics of these are much different
than those encountered in fly ash alkali systems. Also these sludges vary
for the different coal sources, operating conditions and supplemental
alkalis used in each case. Much work is still required to characterize
these types of sludge. Work is also required into determining the best
mode of ultimate disposal, whether it be underground mines, landfill or
other techniques.
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Minimization of Powerplant Water Requirements

One major problem facing expanded low-rank coal utilization
in western states is adequate water supplies for plant operation. Methods
to reduce water requirements are presently being developed and some are
being applied at the present facilities. Two major water consumers in
plant operations are cooling water for the steam supply system and now
wastewater from wet scrubber systems. Use of dry cooling towers is one
method for reducing the volume of cooling water requ1red for routine plant
operat1ons.

A new source of water consumption is flue gas desulfurization
systems. Previously, most western plants could avoid this water drain by
use of "compliance coal" that required no sulfur removal system. The 1979
NSPS will, however, require sulfur scrubbing on all new plants. This new
.drain on already limited water resources may cause significant problems in
some areas. This will -increase emphasis on the deve]opment of spray dryers
and dry sorbent injection systems. Rapid development in these areas may be
crucial to expanded use of coal-fired systems in western states.

-254-



References - Section 3.5.1.1

1.

10.

]].

]2.

Sondreal, E.A., P.H. Tufte, and W. Beckering, 4Ash Fouling in the
Combustion of Low-Rank Western Coals, Combustion Science and Tech-
nology, 1977, Vol. 16, pp. 95-110.

Gronhovd, G.H., A.E. Harak, and P.H. Tufte, Ash Fouling and Air
Pollution Studies Using a Pilot-Plant Test Furnace, 1969 Lignite
Symposium, U.S. BuMines IC 8471, 1970, pp. 69-88. '

Honea, F.I., S.J. Selle, and E.A. Sondreal, Factors Affecting Boiler
Tube Fouling from Western and Gulf Coast Lignites and Subbituminous
Coals, Paper No. 73, International Corrosion Forum, Atlanta Georgia,
March 12-16, 1979.

Basin, J.A, Experience with High Sodium Lignites, paper presented at
University of Newcastle, August 1979.

Baker, B.K., and W.H: Gardiner, Modification of Ash Behavior in
Lignite Fired Boilers, Symposium on Technology and Use of Lignite,
Grand Forks, N.D., May 1977, GFERC/IC-77/1, pp. 74-81.

Lundberg, R.M, Combustion of Western Coal, American Institute of
Chemical Engineers, San Francisco, CA, November 25-29, 1979, Paper No.
146.

Boelter, W.A., R.C. Austin, R.C. Herrick, K.D. Pollins, Conversion of
St. Clair Power Plant to Subbituminous Coal, 2nd International Coal
Utilization Conference, Houston, Texas, November 1979.

Moore, G.F. and R.F. Ehrler, "Western Coal Laboratory'Characterization
and Field Evaluation of Cleaning Requirements," Journal of Fluids
Engineering, ASME, August 1973. ‘

Honea, Frank, GFETC, Persona] communication concerning f1e1d trip to
visit various Texas ut111t1es.

Honea, F.I., S.J. Selle, E.A. Sondreal, The Effects of Overfire and
Low Excess Air on NOx Emissions and Ash Fouling Potential for a
Lignite-Fired Boiler, for presentation at the American Power Confer-
ence, Chicago, I1linois, April 24-26, 1978.

Hall, R.E., David G. Lachapell, Status of EPA's Coal-Fired Utility
Boiler Field Test Program for Controlling Air Pollutant Emissions,
Proceedings, Second NOx Control Technology Seminar, July, 1979,
prepared by Electric Power Research Institute.

Johnson, S.A., P.L. Cioffi, T.M. Sommer, M.W. McElroy, The Primar
Combustion Furnace System - An Advanced Low-NOx Concept for Pulver-
ized Coal Combustion, Proceedings, Second NOyx Control Technology
Seminar, July 1979, prepared by Electric Power Research Institute.-

-255-



13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

4.

25.

Abbott, J.H. and D.C. Drehmel, Control of Particulates from Combus-

tion, presented at Third Nat1ona1 Conference on the Interagency
Energy/Env1ronment R&D Program, U.S. EPA, June 1 and 2, 1978.

Nichols, G.B. and R.E. Bickelhaupt, Electrostatic Collection of Fly
Ash from Western Coals: Some Special Problems and the Approach to

Their Solution, Southern Research TInstitute, Birmingham, Alabama.

Green, G.E., Operating Experience with Particulate Control Devices,
Public Service Company of Colorado, April 19/3.

Southern Research Institute, Flue Gas Conditioning for Enhanced
Precipitation of Difficult Ashes, FP-910, October 19/8.

Drehmel, 0.C., Recent Developments in Particulate Control for Coal-
Fired Power Plants, 72nd Annual Mecting of AIChkE, November 25-29,

1979.

Berube, D.T., Low Gas Temperature Solution to High Resistivity Ash
Problems, Symposium on Electrostatic Precipitator Technology, Birm-

ingham, Alabama, February 24, 1971.

Young, D.G. and K.N. McConnell, Precipitator Operation on a Western
Fuel, presented at the 2nd International Coal Utilization Conference

and Exhibition, Houston, Texas, November 6-8, 1979.

Glaubinger, R.S., "High Rating for Baghouses," Chemical Engineering,
February 11, 1980.

Sterns-Roger Incorporated, Economics of Fabric F11ter Versus Precip-

itators, EPRI FP-775, June 19/8.

Drehmel, D.C., Recent Developments in Particulate Control for Coal-

Fired Power Plants, presented at 72nd Annual Meeting of AIChE, No-
vember 25-29, 1979.

Frederick, E.R., "Fabric.Filtration for Fly Ash Control," JAPCA 29
(1): pp. 81-85, January 1979.

Perry, J. and G. Cammack, A Case Study of Utility Baghouses, presen-
ted at 2nd International Coal Utilization Conference and Exhibition,
November 6-8, 1979.

Honea, F.I. and E.A. Sondreal, Ash Properties and Combustion Charac-
teristics of Gulf Province Lignites, presented at SME-AIME Fall

Meet ing, October 19/9.

-256-



26.

27.

28.

29.

30.

31.

32.

33.

. 34,

35.

36.

37.

38.

Ness, H.M., P. Richmond, G. Eurick, and R. Kruger, Power Plant Flue
Gas Desulfurization Using Alkaline Fly Ash from Western Coals, presen-
ted at USEPA Flue Gas Desulfurization Symposium, Las Vegas, Nevada,
March 5-8, 1979.

Johnson, C., "Fly Ash Removes S0p Effectively from Boiler Flue
Gases," Power Engineering, June 1979,

Tufte, P.H., E.A. Sondreal, K.W. Korpi, and G.H. Gronhovd, Pilot
Plant Scrubber Tests to Remove S02 Using Soluble Alkali in Western
Coal Fly Ash, Symposium on Technology and Use of Lignite, Grand
Forks, N.D., May 1973, BuMines IC 8650, 1974, pp. 103-133.

Ness, H.M., S.J. Selle, and 0.E. Manz, Power Plant Flue Gas Desul-
furization for Low-Rank Western Coals, Symposium on Techology and
Use of Lignite, Grand Forks, N.D., May 1979, DOE GFETC/IC-79/1,
pp. 117-146.

Hurst, T.B., Dry Scrubbing: A New Concept for Flue Gas Desulfuriza-
tion, presented at 2nd International Coal Utilization Conference and
Exhibition, November 6-8, 1979.

Lim, M.Y., Trace Elements from Coal Combustion - Atmospheric Emissions,
IEA Coal Research, May 1979. -

Natusch, David F.S., Formation and Transformation of Polycyclic
Organic Matter from Coal Combustion, Progress Report, Contract #EE-
77-5-02-4347.

McBride, J.P., R.E. Moore, J.P. Witherspoon, R.E. Blanco, "Radiologi-
cal Impact of Airborne Effluents of Coal and Nuclear P]ants," Sc1ence,
December 8, 1978, Vol. 202, Na 4372.

Abbott, J.H., Advanced Techniques for Fine Particulate Control,
Particulate Technology Branch, EPA, Research Triangle Park, N.C.

Manz, Oscar E., Utilization of Lignite and Subbituminous Ash, Sym-
pos ium on Techno]ogy and Use of Lignite, Grand Forks, N.D. May 1973,
BuMines IC 8650, 1974, pp. 204-219.

Selle, S.J., F.I. Honea, and E.A. Sondreal, Direct Use of Lignite for
Power Generation, presented at IGT New Fuels and Advances in Combus-
tion Technology Conference, March 26-30, 1979,

Mason, H.B., K.G. Salvesen, A.B. Shimizu, N. Concion, - Utility Boiler
NOx Emission Characterization, presented at Second NOyx Control
Technology Seminar, EPRI FP-1109-SR, July 1979,

Yeager, K.E., C.R. McGowin, and S.B. Baruch, Potential Impact of R&D
Programs on Environmental Control Costs for Coal Fired Power Plants,
Fossil Fuel Power Plants Department, Electric Power Research Institute,

June 1979,

-257-



39.

41.

'_ p. 43.
40.

Giovannia, D., "Integrated Environmental Controlp" Fossil Fuel and
Advanced Systems Division R&D Status Report EPRI Journal, May 1979,

Nelken, H.H.. and J.G. A]tman Design Considerations for Modern
Utility Bo1]ers, Presented at the American Power Conference, Chicago,

I111no1s 1975.

‘Buckley, W.R., R.F. Ehrler, J.R. Hayman, and G.F. Moore, Select From

Air, Steam and Water For Removing Boiler Fireside Deposits, Power,
July, 1974, pp 19- 26 .

-258-



Selected References - 3.5.1.1.1

The references and abstracts listed below are considered comprehen-

sive sources of information on their selected topics. The list is provided
only as a recommended starting point for research into these various
areas.

].

Sondreal, E.A., P.H. Tufte, and W. Beckering, Ash Fouling in the
Combustion of Low-Rank Western Coals, Combustion Science and
Technology, 1977, Vol. 16, pp. 95-110.

This paper gives a complete review of experimental, theoretical

and operating data concerning ash fouling of boiler tubes by Tlow-

rank coals. The results of many years of research into this prob-
lem at the Grand Forks Energy Technology Center are summarized.

Lundberg, R:M., Combustion of Western Coal, American Institute of
Chemical Engineers, San Francisco, CA, November 25-29, 1979,
Paper No. 146.

As a representative of Commonwealth Edison Co., the author describes

incentives behind the company's shift from high sulfur I1linois coal

to western coals, and the changes required in the power production
facilities to accommodate the new coal. Provides an excellent utility
viewpoint

Honea, F.I., S.J. Selle, E.A. Sondreal, The Effects of Overfire
and Low Excess Air on NOy Emissions and Ash Fouling Potential -
for-a Lignite-Fired Boiler, for presentation at the American
Power Conference, Chicago, I1linois, April 24-26, 1978.

Some uncertainties remain as to the effect on the operation of lig-

nite-fired powerplants of efforts to reduce NOy emissions using

currently available technology. The uncertainties are greatest for
units burning high-sodium Northern Great Plains lighites. These units
experience aggravated boiler-tube ash fouling problems during periods

-of high coal sodium content. In an effort to study the effects of

NOx control on ash fouling potential, the Grand Forks Energy Re-
search Center (GFERC) of the Department of Energy conducted two weeks
of testing on a tangentially fired boiler burning a high-fouling North
Dakota lignite. Ash fouling rates were studied under conditions of
both overfire air and low excess dir. The report presents experi-
mental results and examines the tradeoffs between NOy production and
ash fouling.

Nichols, G.B. and R.E. Bickelhaupt, Electrostatic Collection of Fly
Ash from Western Coals: Some Special Problems and the Approach
to Their Solution. _

The electrostatic precipitator is the primary air pollution control
device for removing particulate material from effluent gas streams
from coal-fired power boilers. The operation of this device is
dependent upon three steps in the process of collection: particle
charging, particle collection, and the removal and disposal of the
collected material. These three steps must be performed at near
optimum conditions for the efficient operation of the device.
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Although electrostatic precipitation theory is not covered, factors
affecting the problems are discussed together with ideas for potential
solutions.

Drehmel, D.C., Recent Developments in Particulate Control for Coal-
Fired Power Plants, 72nd Annual Meeting of AIChe, November 25-29,
1979.

The need to limit both SOy and particulate emissions has provided a
double challenge to conventional coal-fired power plant control
technology. Lower particulate emissions require more efficient
devices. Lower SOy emissions achieved with low sulfur coal combus-
tion are coupled with poor electrostatic precipitator performance. To
solve these problems, possible solutions include use conditioning,
"hot-side" precipitators, or novel precipitators. Examples of novel
precipitators are the Buell Trielectrode Electrostatic Precipitator,
the University of Denmark Pulse Generator/Precipitator, and the Cold
Electrode Electrostatic Precipitator. Also under development are two
stage precipitators using novel charging sections such as the Southern
Research Precharger, the APS High Intensity lonizer, and the Univer-
sity of Tokyo Boxer Charger. As an important alternative to electro-
static precipitators, baghouses have shown general success in control-
ling coal-fired powerplants. The various control technologies are
discussed in relation to their preferred application 1in different
situations.

Sterns-Roger Incorporated, Economics of Fabric Filter Versus Precip-
jtators, EPRI FP-775, June 1978,

The reTative economics of electrostatic precipitators and fabric
filters were studied for a variety of U.S. coals. The economic
selection in each case was found to be dependent on the particulate
emission 1limit to be met, the physical and chemical characteristics of
the coal and fly ash, and the bag replacement schedule of the fabric
filter. The studies were based on a 500-MW (net) pulverized-coal-
fired powerplant provided with a well-designed fly ash collector
system of high reliability.

Ness, H.M., P. Richmond, G. Eurick, and R. Kruger, Power Plant Flue
Gas Desulfurization Using Alkaline Fly Ash from Western Coals,
presented at USEPA Flue Gas Desulfurization Symposium, Las Vegas,
Nevada, March 5-8, 1979.

A characteristic of western coals is that they contain high lavels of

alkali such as calcium, magnesium, and sodium. These alkali species

can be leached from powerplant fly ash for use in flue gas desulfur-
jztaion (FGD) wet scrubbers in lieu of lime or limestone. At present,
there are nearly 2,600 MW of generating capacity in the western

United States that utilize either fly ash or fly ash supplemented with

lime or limestone. An additional 3,500 MW of western generating

capacity which will use the alkaline fly ash are being planned or are
in various stages of construction. This report describes the western
alkali ash FGD systems.
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Tufte, P.H., E.A. Sondreal, K.W. Korpi, and G.H. Gronhovd, Pilot
Plant Scrubber Tests to Remove S0» Using Soluble Alkali in Wes-
tern Coal Fly Ash.

Sulfur dioxide emission from powerplants has become the subject of

much recent legislation and extensive engineering study. The most

fully developed process for reduction of sulfur emissions is the
lime-throwaway wet-scrubbing process. The present study utilizes an
adaptation of the basic principles of lime and limestone scrubbing in
that the necessary alkali is the calcium oxide in fly ash derived from
western coals. The process under consideration combines the known
capability of wet scrubbing to remove a high percentage of fly ash
from flue gas with the potential of the alkali in some coals to remove

a significant portion of the SO2 in the flue gas. Fly ash alkali

could be augmented with lime (for additional SO» removal) if required

to meet emissions regulations.

Manz, Oscar E., Utilization of Lignite and Subbituminous Ash.
The United States and Canada are on the threshold of making signifi-
cant progress in the utilization of lignite and subbituminous ash.
Total ash production is growing rapidly, and there is no indication
that the growth rate will diminish during the next few years.

The paper examines production rates for various ash materials, possi-
ble uses, and test and analysis results.
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3.5.1.2 Technology Description

, The primary method for coal utilization at this time is through
direct combustion. Direct firing in utility and industrial processes is a
well-known technology encompassing many applications including steam
boilers, kilhs, furnaces, and heaters.

There are two basic methods of burning coal: in suspension or in a
fuel bed. In fuel bed firing, coal is fed onto a grate and the type of
burning is determined by the direction of flow of the fuel and air. This
type of device is known as a stoker. - Fuel beds have historically provided
the most economical method of firing in almost_all industrial boilers rated
at less than 100,000 pounds of steam per hour.

Suspension burning occurs in pulverized-coal (pc) and cyclone
furnaces, and fluidized-bed combustors (FBC). These types of firing
systems result in thorough mixing of coal particles and air for rapid
release of energy. A pc-fired furnace burns finely pulverized coal fully
entrained in the turbulent flow of combustion air. A cyclone furnace burns
1/4-inch by zero crushed coal by swirling it with the pr1mary air . into
horizontal cylindrical burners. The larger coal particles in the cyclone
furnace are trapped and burned in the molten layer of slag lining the walls
of the burner, and smaller particles burn by entrainment. FBC units burn
coal in a boiling bed of noncombustible particles suspended by an upward
flow of air but not entrained out of the combustor. Pulverized-coal and
cyclone systems are generally economical when capacities are in excess of
100,000 pounds of steam per hour.!

3.5.1.2.1 Pulverized Coal

: The function of a pu]verlzed -coal system is to pulverize the coal,
deliver it to the fuel-burning equipment, and accomplish complete combus-
tion with a minimum of excess air. This method 1s used primarily in
utility steam pboilers and to some degree in large industrial applications.
The coal must be pulverized to a size small enough for combustion to be
completed before reaching the cooler section of the furnace.2 This type
of firing allows combustion of virtually all types of coal.

(.nal Pulverization

The extent and type of coal pu]ver1zat1on is influenced by a number
of factors 1nc1ud1ng

apulverized coal specifications usually reqdire 60 to 90 percent
by weight to pass through a 200 mesh screen in a standardized test.
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o reactivity
e moisture content
) heatfngAvaTue

e grindability

(] abrasidn poténtiai

The: delivered coal. size determines the need :for crushing before
. pulver12at1on Coal can have a top size no greater than 2 inches to ensure
smooth passage through the feeders to the pulverizer.

, “During pulverization, a stream of hot air is used to dry the coal,
remove the fines, transport the coal to the burners and supply primary air
. for combustion. Excessive moisture can 1limit -pulverizer throughput .by
exceeding the drying .capacity of the hot air source. Also, an excess of
surface moisture coupled with a large percentage of fines impedes coal flow
in the conveyor systems, bins, and coal feeders.?

The heating value of the coal will directly determine the quantity
of fuel that must be pulverized and burned. For a specified unit energy
output, the lower the heating value, the greater the quantity of pulverized
coal required.  This effect can be so severe that lower rank coals usually
require both larger, and more, mills in order to maintain the necessary
throughput.3

Pulverizer capacity is also affected by variations in the grinda-
bility of coals. The Hardgrove grindability index is a measure of the
amount of fines produced by a standard laboratory pulverizer operation.
Table 3.5.1.1 shows grindability and other coal preparation factors for
selected coals of various ranks. The grindability index must be considered
in the design of the milling system. The grindability is affected by a
number of factors including moisture, mineral makeup and other physical
properties.

On low-rank coals, a modified Hardgrove procedure has been de-
véloped to help predict the actual pulverizer performance. In this modi-
fied procedure, several prepared samples are dried to different moisture
levels and the grindability index is determined for each level. The
grindability value selected is the one at the moisture level expected of
the coal around the grinding elements. On some lignites, this modified
procedure is inaccurate. Grinding samples in an actual pulverizer may be
necessary to assure that adequate milling capability is designed into new
insta]lations

“The m111 must deliver coal to the fuel nozzle at the proper
part1c1e sizing and moisture condition at tonnages required to produce the
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Table 3.5.1.1

Pulverizer Requirements
(Nominal 600-MW Unit Qf = 5400 x 100 Btu/hr)

Northern
Eastern Midwestern Sub- Texas Plains
Bituminous Bituminous Bituminous Lignite Lignite

Hardgrove 55 56 43 48 352
Grindability
Ener?y content ' 10,500- 10,500- 8,500- 6,000- 6,000-
(Btu/1b) (moist, 14,000 14,000 10,500 8,500 8,500
mineral-matter-
free)
Typical mill
selections
Number required 6 6 6 6 7
Nominal capacity 50 63 85 92 100
(T/hr)

Primary air 525 640 725 750 750
temperature f8r .
drying coal (- F)

dModif ied Hardgrove grindability.

bMi11 selection based on one full spare with remaining mills at
0.9 x new capacity.

Source: Reference 2.
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desired heat input. Varying degrees of fineness are required with differ-
ent ranks of coal to assure flame stability and to minimize unburned carbon
losses. The degree of pulverization required for each fuel represents a
balarcing of physical and chemical influences to produce the desired
results.

Furnace Design

Proper sizing of the furnace is one of the most important design
considerations for a steam generating unit. The arrangement of burners,
location and extent of convective heat transfer surfaces, and number of
sootblowers are all influenced by coal properties. A properly proportioned
furnace must be used to ensure proper retention time for the gaseous
combustion products. The furnace outlet temperature at the entrance to the
convective section must be below the critical fouling temperature of the
lowest quality coal to be burned to prevent slagging and fouling on convec-
tive surfaces yet still sufficiently high to afford good heat transfer from
the flue gas to the steam.4

In the design of a boiler, important parameters are the combus-
tion heat release rate per unit of furnace volume and per unit area of
radiant surface, which are dependent on coal characteristics. To achieve
good plant operability, the furnace size for the design coal must be
established based on the combined effects of the heating value, moisture
content and ash properties. Figure 3.5.1.2 shows relative furnace dimen-
sions for typical coals from various regions, and indicates the order of
magnitude penalty that must be paid to effectively burn high-fouling
low-rank coal.

After the furnace has been sized properly, consideration must be
given to the arrangement of the superheater, reheater and economizer
heating surfaces located in the upper portion of the furnace and in the
convection pass. In locating the various sections within the unit, a
proper balance must be sought to maintain a temperature difference to
transfer heat from gas to steam without raising metal temperatures to a
level that will promote wastage of the tubes. The corrosion properties of
Tow-alloy hoiler tuhes typically limit steam temperature to 1050 or 1100°F.
Also, the -velocity of the flue gas must not exceed reasonable Tlimits in
order to minimize tube erosion from fly ash. Depending upon the ash
quantity and quality, the velocity is generally designed for the range of
60 to 70 feet per second.” For coals yielding a hea%¥ loading of erosive
ash, the velocity may be limited to 50 ft/sec or less.

Burner type and firing configuration are also important design
parameters. There are two commonly used types of firing configurations for
large utility boilers as shown in Figure 3.5.1.3. In horizontal firing, as
the name implies, the coal-air mixture is blown horizontally into the
furnace. One of the most common methods of combustion in this mode is the
horizontally opposed design. Here coal-air mixtures are blown in on
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Figure 3.5.1.2

Effect of Coal Rank on-Furnace Sizing '

© WxD 1.08Wx1.06D 1.16Wx1.080 1 29Wx1.26D

! . 1 am
1 I - { J— 1.45H |

W | ] 1ose | 1.07H 4 i
. 1 |
1 |
JL___:ESL/// ______EE\J// -L___;EESJ// ]
Eastern ' Midwestern Texas Lignite Northern
Rituminaus Bituminaus Rlains
Subbituminous : . . Lignite

Source: Reference 2.

-266-



Figure 3.5.1.3

Two_Commonly Used Suspension Firing Methods
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opposite sides of the firebox and impinge on one another near the center of
the furnace. This type of combustion produces high flue gas temperatures
and high carbon burnout but has the disadvantage of producing high NOy
levels due to the high flue gas temperatures.

In tangential firing, burner nozzles project the streams of coal
and air along a line tangential to a small circle, lying in a horizontal
plane, at the center of the furnace. With this type of firing, combustion
is rapid and flame lengths are 1ong.] Temperatures tend to be lower in
these furnaces, causing NOy production levels to be less than other pc-
fired furnaces and cyclone units.

Combustion Characteristics

The two properties of coal that have a dirert influence on combus-
tion rate and carbon burnout are the agglomerating properties and particle
reactivity.

Agglomerating coals are those that soften and melt when heated to
the extent that they transform into a molten mass. Subbituminous coals and
lignite are nonagglomerating (the particles do not go through a melting
stage) and consequently do not require as fine a pulverization to assure
burnout since surface area to mass ratios do not decrease during combustion
as with the agglomerating coals.

Differences in combustion reactivity from one rank to another
have been explained by changes in the level of organically bound oxygen.
Organically bound oxygen is considered to be that which is an inherent part
of the coal structure exclusive of water and mineral matter. As rank
decreases, organic oxygen increases by a factor of 5 or 6. Some feel3
that, when the fuel is heated, a portion of this oxygen becomes available
for the oxidation process. Lower rank coals are therefore more reactive
than bituminous and _do not require the same degree of fineness to ensure
complete combustion.d

Slagging and Fouling Properties

The quant ity and nature of the mineral matter in coal determine the
degree to which the heat transfer performance in boilers is reduced as a
function of time. Accumulation of slag and fouling deposits, accelerated
surface wastage by corrosion and erosion, and particulate emissions are all
a resylt of mineral matter content. Some of the ash properties of concern
to slagging, fouling, and corrosion are:

e Fusibility temperatures

o Base-to-acid ratio
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e Iron-to-calcium ratio

e Total alkalis

e Sodium content

o Ash quantity

e Silica-to-aluminum ratio

The ASTM ash fusion temperatures are a very approximate measure
of the melting performance that can be expected from ash during the com-
bustion process. The ASTM ash fusion test defines three characteristic
températures for the melting of a cone of ash: (1) initial deformation,
(2) softening or hemisphere point, and (3) fluid point. The temperature
differential between initial deformation and fluid temperatures gives an
insight to the type of slag formation to expect on furnace wall surfaces.
A small temperature spread from initial deformation to fluid temperatures
indicates that the wall slag will be thin, running, and tenacious. This
type of slag is extremely difficult to control by sootblowing. As the
range from initial deformation to fluid temperature increases, the result-
ing slag deposit will build up to thicker proportions before the surface
becomes sufficiently liquid to run. The tube-ash bond is less adhesive and
therefore responds to removal by sootb]owing.3

Ashes with the combination of high ash fusion temperatures and
a wide temperature range from initial to fluid are the more desirable for
design and performance purposes in dry-bottom firing systems. With proper
design, however, units are operating successfully with initial deformation
temperatures as low as the 1900-20000F range.

The composition of coal _ash varies depending on inherent and ex-
traneous mineral contributions.!3  There are characteristic differences
between high-rank and low-rank coals. A decrease in rank is usually
associated with increased concentrations of Ca0, Mg0, Nap0, and SO3,
with reduced concentrations of Si0p and A1203. Usua]]y the higher rank
coals exhibit a higher content of extraneous ash which can be removed
in part by physical separation methods such as is done in commercial
cleaning plants.

Despite differences in composition, the range of fusibilities
of ashes from U.S. lignites does not differ significantly from that for
bituminous coals. However, the ?ffect of changes in ash analysis on
fusibility is greatly different. 3 Lignite ash is high in the major
basic constituents calcium, magnesium, and sodium and relatively low in
the acidic constituents silica and alumina. The fusion temperature of
lignite ash is lowered by increasing silica content and is raised by
increasing calcium and magnesium contents. Bituminous coal ash, by con-
trast, is high in the acid constituents, and the effect of changes due
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to variations in major individual constituents tends to be reversed. A
regression equation on the individual oxide constituents in lignite ash
expresses the ASTM softening temperature as follows: 12

ST(OF) = 2326 - 6.9 Si0p + 0.1 A1,03 - 4.3 Fep03
-128 Ti0p + 8.5 Cad + 14.9 Mg0
- 8.7 Nag0 + 80 K20 - 5.1 SO3.

A similar equation for bituminous coal ash is:

ST(9F) - 1164 + 12.1 Si0p + 18.8 A1,03
+ 7.2 FepO3 + 83 Ti0p + 2.0 Cad
- 11.6 Mg0 - 13.7 Nap0 - 22.3 K»0.

These equations, because of their simple linear form, 1illustrate
the generally opposite influence of elemental constituents in lignite-type
ash versus bituminous-type ash.

A typical ash deposit structure for a U.S. low-rank coal, consists
of three distinct layers which differ in physical character but are quite
similar in analyses. The first thin "white layer" of very fine powdery ash
is deposited all around the tube, apparently by a diffusional process.
This layer, which is usually enriched in sodium sulfate, is always observed
during the early period of operation after boiler cleanup. Therefore, its
occurrence is not a distinguishing feature of low or high fouling rates,
and it is not felt to be important in the overall deposition process.

. Next, an "inner sinter layer" a few millimeters thick ‘begins
to form by initial impaction on the upstream face of the boiler tube.
Particles in this deposit are bonded together by surface stickiness. As
this layer grows, its outer edge is insulated from the relatively cool
boiler tube, thus causing the temperature of the surface of the deposit to
increase and approach the temperature of the flue gas.

Given a sufficiently high gas temperature and the presence of
sufficient sodium to flux the remainder of the fly ash material, a melt
phase will begin to form at the leading edge of the deposit. This melt
material collects particles that impact on the deposit and binds them
together into a strong bulk deposit which is designated the "outer sinter
layer." The delineation of an ash fouling mechanism to explain the occur-
rence of severe fouling in burning low-rank coals centers on the factors
which influence the formation of this melted matrix material, which is
essential for the occurrence of large, high-strength deposits.

Numerous studies have been made of the physical and chemical
phenomena which have been ‘proposed to explain ash ‘fou1ing.]3 ~ Studies
of fly ash formation performed by capturing -partially burned coal particles
have shown that fly ash beads are formed at the surface of the honeycombed
burning coal particle. These beads may grow separately or may collect to
form larger. particles. The molten fly ash particles may experience some
intermixing in a turbulent flame by repeated coalescence and redispersal.
Other studies have been concerned with the volatilization, gas phase
reaction, and subsequent condensation of ash constituents, notably sodium
and silicon, ’
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Suggested mechanisms for the transfer of ash material from the gas
stream to the tube surface include: (1) vapor phase diffusion, (2) thermal
diffusion of small particles, especially in the formation of the inner
white layer, (3) electrostatic attraction, and (4) inertial impaction.
Because the major buildup occurs on the leading surface of boiler tubes,
inertial impaction is evidently the prime mode of deposition in forming the
bulk of the deposit, which is comprised of the outer sinter layer. Reten-
tion efficiency, which is influenced by particle size, geometry, and
melting behavior, is obviously as important as the frequency of impaction.
Fluid dynamic forces tend to counteract inertial forces and thereby tend
to keep the particle moving along the flue gas stream-lines around the
boiler tube. As a practical application of this, it has been suggested
that finned tubes might be useful in altering the fluid dynamics in a way
that would be favorable to reduced fouling.

Strength and cohesion in the fly ash deposit may be determined
by a combination of van der Waals' forces, liquid film effects, retention
in a liquid or solid matrix, or retention by geometric shape, for example
by whiskers. The occurrence of a partial melt phase within the deposit
depends on the fusion temperatures of the many individual particles of fly
ash, the flue gas- temperature, the boiler tube temperature, and the extent
of prior ash deposition. The melting behavior of fly ash particles depends
on the distribution of their analysis and the phase melting diagram ac-
counting for all ash constituents. Some.phase diagrams are available for
ash slag and for ceramic materials. Statistical correlations of the ASTM
fusion temperature versus ash composition may also have some value in
predicting the melting behavior of individual fly ash particles. 1In the
presence of a melt phase, liquid phase diffusion may also play a role in
determining deposit growth and hardness. 13

Despite the numerous factors which affect the.fouling process, it
is essential, when looking for the controlling factor, to return to the
fact that the deposition process for Western coals is determined over-
whelmingly by the role of sodium in fluxing deposits. It is instructive to
compare fouling deposits produced by a high sodium coal and a low fouling
depos it produced by a low sodium coal. High sodium deposits have a con-
tinuous melt phase that envelops and connects. particles into a strongly
bonded network. Low sodium deposits have no continuous melt phase, and the
particles are held together by weak particle-to-particle surface bonding.
It is because of this important difference that the investigation of the
melt phase and the reactants which produce it have been major objectives of
the study of fouling mechanism at GFETC. Hereafter the continuous melt
phase will be termed "matrix," and the fluxable subfraction of fly ash from
which it is produced will be termed "matrix parent."

The organically bound sodium in Western coals is partially vola-
tilized in the combustion process. In tests at GFETC, reheating either
fly ash or laboratory ash has resulted in substantial loss of sodium above
24000F, Volatilization from the organic structure of the coal would be
expected to occur more easily than revolatilization from glassy fly ash
particles. The specific chemical species of sodium existing in the high
temperature zone is not known; thermodynamic calculations may not be
predictive because of the likelihood of "frozen equilibrium" over the very
short period spent in the high temperature region of the flame. The

-271-



sodium may exist for a short time as atomic Na or NapO; these react to
form NaOH because of the presence of water vapor; and at lower temper-
atures, reaction with CO2, SOp, 02, and SO3 occur to form NapCO3 and
NapSOq. Sodium sulfate is the predominant specie in the presence of the
sulfur oxides.

The sodium that is not volatilized in the flame is retained in
the complex ash particle produced from non-volatilized inherent ash. The
portion of sodium retained and not volatilized is not known, but it is
believed to be significant. Below 18000F, the volatilized sodium is
condensed into the entrained fly ash in a manner which causes the finer
fraction of the fly ash to be substantially enriched in sodium. Sodium
enrichment also occurs in deposits which are formed at lower temperatures
rather than higher temperatures. In the end, the roles of the volatilized
sodium and the retained sodium are the same, since both react to flux the
-ash and worsen fouling.

The form of the sodium entering the combustion process has not
been found to significantly alter the severity of fouling in burning
Western coals. Changes in level of sodium by ion exchange (which alters
the amount of Na held on the coal structure) and by addition of NaCzH302,
NaOH, NaCl, NapC03, or NapSO4 have had essentially the same effect on
the severity of fouling. The water soluble sodium in lignite does not
correlate with fouling.

Slag tap furnace designs (such as cyclone furnaces) operate at
temperatures in excess of the ash fusion temperatures and depend on the
molten ash particles to form liquid slag deposits on the furnace walls. An
equilibrium slag deposit is formed as the molten substance flows to the
furnace tap hole. Continuous tapping of the slag occurs. This design is
beneficial in reducing the amount of particulate in the flue gas stream.
As much as 70 percent of the coal ash can be removed %y way of the slag tap
while the remainder exits as entrained particulate. No new orders for
wet-bottom pc-fired or cyclone furnaces have been made recently due to the
design's inherently high NOx production and other operating problems. It
appears the utility preference will remain with the dry-bottom pc-fired
units.

Industrial Process Heating from PC-Fired Units

Currently, pulverized coal firing in the process industries is
essentially limited to cement and lime calcining kilns. Other process
heating applications that fire pulverized coal on a limited basis are
copper smelting, ceramic kilns, and glass melters,

The major piece of heating equipment in the cement and 1ime cal-
cining industries is the rotary kiln. The rotary kiln is a refractory-
Tined horizontal cylinder rotating at about 1 revolution per minute. These
kilns range up to 300 feet in length and up to 25 feet in diameter. The
cylinder is slightly inclined to maintain product flow through the length
of the kiln. Firing takes place at the discharge end. Fuel is introduced
through a burner pipe and combustion takes place in the kiln as it mixes
with combustion air. Flame control is not considered to be an important
element 1in product quality control and as such is not given the priority
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afforded it in boiler furnace design. The important element of cement
calcining is the time-temperature history in the kiln.

Product quality and equipment 1life are important factors in the

design of pulverized-coal-fired calcining kilns. Coal property ranges
recommended by users are shown in Table 3.5.1.2.

Table 3.5.1.2

Calcining Kiln Fuel Quality Limitations

Coal Property Range Impact

Total sulfur 1.5% maximum Product quality
deterioration

Ash fusion temperature 25000 F minimum Product quality
deterioration

Exit gas oxygen content 0.5-1.5% Product quality
deterioration

Nap0, Vanadium, SO3 Low Refractory attack

3.5.1.2.2 Cyclone Furnace

The cyclone furnace was developed in the mid-1940's by Babcock and
Wilcox Company as a high-temperature, high-turbulence combustion device
that operates separately from the heat transfer sections of the boiler.
The high-temperature turbulent, slagging environment promotes complete
combustion prior to entering the heat transfer sections of the boiler.
Although the furnace was originally developed for low fusion temperature
central Illinois coal, it has been applied successfully to all ranks of
coal. The current primary application of the cyclone furnace is with
western Tow-rank coals. It is applicable to coals having a slag viscosity
of Tess than 250 poise at 26000 F provided the ash analysis does not
indicate excessive formation of iron or iron pyrites. Cyclone firing,
where applicable, is considered to have the following advantages:4

¢ Reduction of fly ash content in the flue gas

. -Savings in the fuel preparation, since only crushing is
required instead of pulverization

® Reduction in furnace size

A cyclone furnace is a water-cooled, refractory-lined horizontal
cylinder in which crushed coal is combusted. Air enters the cylinder
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tangentially and imparts a whirling (cyclonic) motion. Coal (95 percent-4
_mésh) and primary air are introduced at the burner end of the cylinder..
. The coal particles are entrained in the high velocity stream and thrown
against the furnace wall by centrifugal force where they are held in the
slag layer. The high-velocity tangential {(secondary) air supplies combus-
tion oxygen to the coal particles and removes the products of combustion.
Molten slag drains to the bottom of the furnace and is discharged. Gaseous
products of combustion flow from the discharge end of the furnace directly
into the radiant heat transfer section of the boiler, as shown in Figure
3.5.1.4.

Figure 3.5.1.4

Cyclone Firing Method

SECONDARY
AlIR

PRIMARY
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Source: Reference 1

In contrast to pulverized coal furnaces, the burner region heat
release rates (and consequently local temperatures) in cyclone furnaces are

~ extremely high. In particular, the temperature is high due to relatively

low heat absorption rates in the furnace 1tself. Furnhace temperatures in
the 3000 F range are sufficient to fuse most coal ash on the refractory
walls of the cyclone furnace. As with wet-bottom pulverized coal firing,
. cyclone operation reduces the quanti%y of fly ash carryover as compared
with typical pulverized coal furnaces. »10 ‘
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Cyclone furnaces, unliké pulverized-coal furnaces, have limited
design flexibility with respect to major alteration of furnace volume and
~ heat transfer ratés. Accordingly, the application of a cyclone furnace to

a specific coal is dependent on the properties of the coal. The most
- important fuel characteristics are shown in Table 3.5.1.3.

Table 3.5.1.3 b

Coa] Characteristics for Suitability to Cyclone

Characteristics Range

Ash 6-25% wt.

Volatile Matter 15% wt. minimum
" Fey03

———— ] Ash vs. Sulfur Variable (see Figure 3.5.1.5)
Ca0 + MgO

Slag Viscosity 250 poise @ 2600° F maximum

Source: Reference 6

. Ash content is 1mportant to provide a layer of slag on the furnace
walls. Volatile content must be high enough (>15 percent) in order to
maintain a rapid combustion rate. Moisture content is also an important
parameter, but the maximum allowable level is variable depending on coal
rank, secondary air preheat, and preparation equipment.

Coals high in sulfur or having a high ratio of iron to calcium plus
magnesium are unsuitable to the cyclone furnace because they have a ten-
dency to form iron or iron sulfide, both of which adversely affect the
cyclone. Figure 3.5.1.5 shows the suitability range based on the tendency
~to form iron and iron sulfide.

' Another important coal characteristic is the viscosity of the slag.
"The viscosity must be sufficiently low so as to permit slag flow at normal
furnace operating temperatures. Slag will just flow on a horizontal
surface at a viscosity of 250 poise. Slag viscosity has been shown to be
-primarily a function of the silica content of the ash but is also influ-
enced by Fep03, Ca0, Mg0 and other ietallic oxides.

-275-



Figure 3.5.1.5

Coal Suitability to Cyclone Furnaces Based
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3.5.1.2.3 Stoker!,4

In a stoker furnace, coal is placed on a grate in the high tempera-
ture region of the furnace. As air is forced up through the coal bed on
the grate, the fresh coal is heated, volatiles in the coal are distilled
off, and a coke or char is left on the grate. The coke or char then burns
to form carbon dioxide and carbon monoxide, leaving ash material at the
bottom of the bed.

Gaseous volatile matter distilled from the coal and carbon monoxide
produced by partial combustion of the coke are burned above the fuel bed
with unconsumed primary air and with secondary air which is injected above
the fuel bed. Approximately 40 to 60 percent of the total heat liberated
in the furnace is produced by combustion of these gases.]

A successful installation requires the selection of the correct
type and size of stoker for the fuel to be used and the desired rate of
heat release. Where applicable, stlukers exhibil a good operating range,
the capapility of burning a wide range of solid fuels, and low power
requirements. Almost any coal can be burned on some type of stoker.

Stokers can be divided into two general classes depending on the
agirection from which raw coal reaches the fuel bed: (1) overfeeds, in
which the fuel comes from above, and (2) underfeeds, in which it comes from
pelow. The overfeed group includes spreader, chain and vibrating grate
stokers. Types of underfeed stokers are single retort and multiple retort.
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The grate area required for a given heat release in a stoker is
determined from allowable fuel burning rates established by experience as
shown in Table 3.5.1.4. These rates are based on using coal suited to the
stoker type in each case.

The spreader stoker is most generally used in a capacity range up
to 100,000 1b of steam per hour. It responds rapidly to load swings
and can burn a wide range of fuels. Underfeed stokers of the single
retort, ram-feed and side ash discharge type are used primarily for space-
heating and for small industrial boilers supplying less than 30,000 1b of
steam per hour. Larger size underfeed stokers of multiple retort, rear ash
discharge type have been largely displaced by spreader stokers and by water
cooled vibrating grate stokers in the intermediate size range. Chain and
traveling grate stokers also are gradually being displaced by the spreader
and vibrating grate types. Characteristics of the various types of stokers
are listed in Table 3.5.1.5.

Spreader Stokers!s4

Spreader stokers are widely used in industry today because they are
capable of burning a variety of coals ranging from eastern bituminous coal
to lignite. These stokers throw coal into the furnace over the fuel bed
with a uniform spreading action, which permits burning of the fine fuel
particles. The larger pieces, that cannot be supported in the gas flow,
fall to the grate for combustion in a thin, fast-burning bed. This method
of firing allows quick response to load fluctuations because ignition is
almost instantaneous when the firing rate is increased, and the thin fuel
bed can be burned out rapidly when it is desired to decrease the rate.
Turndown capability normally extends from maximum capacity to 20 percent of
full load, but minimum load can be designed for as low as 12.5 percent of
max imum.

Underlying the active fuel bed is a layer of ash. This, together
with the flow of air through the grate, serves to keep metal parts at
allowable operating temperatures. For this type of stoker, combustion air
can be preheated to 300-5000F for .increased efficiency without creating a
grate maintenance problem.

A typical spreader stoker installation consists of feeder-distri-
bution units (in widths and numbers as required to distribute the fuel
uniformly over the entire grate), specifically designed air metering
grates, forced draft fans for both undergrate and overfire air, dust
collecting and reinjecting equipment, and combustion controls to coordinate
fuel and air supply with load demand.

The size consistency of coal fed to a spreader stoker has a direct
bearing on boiler efficiency and on the tendency of the installation to
discharge particulates. Coal segregation is a problem with any type of
stoker, but the spreader stoker can tolerate a small amount of segregation
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Table 3.5.1.4

Max imum A]]owabTe Fuel Burning Rates

Type of Stoker

Btu/sq ft-hr -

Underfeed - Single Retort

425,000
Underfeed - Multiple Retort 600,000
Water Cooled Vibrating Grate 400,000
Chain Grate and Traveling Grate 500,000
Spreader - Stationary & Dumping Grate 450,000
Spreader - Traveling Grate - 750,000
Spreader - Vibrdal ing Grate 400,000
Source: Reference 4 A
Table 3.5.1.5
Stoker Characteristics
Chain and
- Traveling
Design/Operat ing Parameter Spreader Grate Underfeed
Quick response to load change . Excellent Fair Fair
Minimization of carbon loss ‘Fair Fair Fair
Prevents coal segregation Fair Poor P.oor
Utilizes wide variety of coals Excellent Poor Poor
Burns extremely fine coals Poor Poor Poor
Permits smokeless combustion
at all. loads Poor Good Good
Minimizes fly ash discharge Poor Good Good
.- Minimizes maintenance Good Good . Fair
Minimizes power consumption Good Good Good
Handles ash easily Excellent Good Fair

Source: Reference 1
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because the feeding rate of the individual feeder-distributors can be
varied. Size segregation, where fine and coarse coals are not distributed
evenly over the grate, produces a ragged fire and poor efficiency.

When boiler load is re]atively constant, and the fuel has 30-40
percent volatile matter, coal ranging from O to 3/4 inch is recommended,
with not more than 20-30 percent passing through a 1/4-inch round hole
screen. The remainder should be fairly well d1str1buted between 1/2 inch
and 3/4 inch at the stoker hopper.

When load varies significantly or drops substantially, a range from
0 to 3/4 inch is recommended, with .at least 40 to 45 percent passing
through a 3/4-inch screen. When a relatively high combustion rate- is
maintained, coal with size up to 1-1/4 inch maximum is permissible. A
con51stently good size distribution -between 1-1/4 top size and 3/4-inch-
screenings must be maintained.

The suspension burning produced by a spreader stoker, while it
helps combustion efficiency, has the disadvantage of causing a .greater
carryover of particulate matter in the flue gas than occurs with other
types of stokers. Because much of the carryover is unburned carbon,
installation of a carbon reinjection system is necessary to return the
unburned fuel to the furnace. Reinjection of this material can generally
increase furnace efficiency by 2-3 percent.

Chain or Traveling Grate!»4

These stokers are constructed of assembled 1inks, grates or keys,
joined together in an endless belt arrangement that passes over sprockets
or return bends located at the front and rear of the furnace. Coal is fed
from a hopper onto the moving assembly and enters the furnace, where it is
heated by radiation from the furnace gases. Hydrocarbon and other combus-
tible gases are driven off by the distillation (pyrolysis) of the coal.
The fuel bed is ignited and continues to burn as it moves along; the bed
grows progressively thinner as combustion continues. At the end of the
grate travel, ash falls off the end of the grate into the ash pit. Al-
though there are structural differences, the operation of the chain grate

“and other trave]1ng grate types is similar. Generally, these stokers use
furnace arches to improve combustion by reflecting heat onto the fuel bed.
‘However, a chain grate stoker has been developed which eliminates the need
for a furnace arch by utilizing two rows of overfire air jets located in
the front wall. These air jets are effective in completing the combustion
ot the volatile gases over the first two compartments. These compartments
maintain heat release rates higher than is permissible with an arch.

Chain and traveling grate stokers can burn a wide variety of fuels
including peat, lignite, subbituminous, free-burning bituminous, anthracite
and coke breeze. When burning bituminous coal, proper size distribution is
important so that there is passage of sufficient air throiigh the fuel
bed.
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On a natural draft stoker, the coal should be sized to pass through
1-1/4- to 2-inch screens. Forced draft systems require smaller coal sized
to pass through a 3/4-inch to a 1-inch round hole screen. Approximately 25
to 30 percent of the feed should be under 1/4 inch.

Because of their high content of volatile matter, subbituminous
coals ignite easily and burn freely. = For that reason, the maximum sizing
can be somewhat larger than for bituminous coals. Since the average
moisture content of subbituminous coal is between 18 and 23 percent,
tempering to achieve the desired heat release rate when burned may not be
necessary, unless considerable moisture l1oss occurs during transportation
and storage.

Even though lignite has a very high moisture content, this fuel
burns. well on mass burning stokers. The maximum size for this fuel should
be 1-1/4 inches. with all the fines resulting from crushing left in the
fuel. Lignites, having a high moisture content ranging from 36 to 40
percent, are more difticult to ignite and the maximum size should be in the
3/4-inch to 1-inch range. '

Underfeed Stokersl %

As the name implies, underfeed stokers introduce coal into the fuel
bed from below. The coal is pushed along in a feed trough, or retort, by a
reciprocating ram. Under pressure from the ram, the coal rises in the
retort and spills over onto the bed at either side of the trough. As the
fuel rises in the retort, it is subjected to heat from the burning fuel
above, and volatile gases are distilled off. The gases are mixed with air
introduced through tuyeres, which are openings in the grate section adjoin-
ing the trough. The volatile mixture burns as it passes upward through the
incandescent zone, sustaining ignition of the rising fuel. Burning con-
tinues as the upcoming raw coal continually forces the fuel bed to each
side. Combustion is completed by the time the coal reaches the side
dumping grates. Ash is intermittently discharged to shallow pits, quenched
and removed through doors at the front of the stoker.

There are two types of underfeed stokers: single retort and
multiple retort. Single retorts utilize different methods of feeding coal
and difterent grate designs. Feeding methods include the reciprocating ram
mentioned earlier, and a retort with a sliding bottom having pusher blocks
for advancing coal into the retort. Single retorts generally utilize
moving grates to provide fuel-bed agitation and to assist movement of the
coal to the dump grates at the side. Because of the agitated bed, these
designs handle highly caking coals well.

Multiple retort stokers consist of a series of inclined feeding
retorts extenaing trom the rear ot the boiler, with tuyere sections between
them. Rams push coal into the retort and up into the fuel bed. Incoming
coal gradually pushes its way up under the fire and secondary pushers move

-280-



the whole mass slowly to the rear where combustion is completed and the ash
drops into the ash pit. The multiple retort stoker was a logical extension
of the single retort design and works best with caking coals. However,
very few units are now sold and the method has been displaced by newer
stoker methods.

The size of the coal furnished to underfeed stokers has a marked
effect on their capacity and efficiency. The most desirable size consists
of 1-1/4 inch by zero nut, pea and slack in equal proportion. A reduction
in the percentage of fines helps to keep the fuel bed porous and extends
the range of use to coals with a high free-swelling index.

Water-Cooled Vibrating Grate Stokers!,4

The water-cooled vibrating grate stoker was originally designed and
used in Europe. It has had wide acceptance in the United States since its
introduction in the middle 1950's because of its simplicity, low fly ash
carryover, and very low maintenance.

In a vibrating grate stoker, the entire structure is supported by a
number of flexure plates allowing the grid and its grate to move freely in
a vibrating action that conveys coal from the feeding hopper onto the grate
and gradually to the rear of the stoker. Ashes are automatically dis-
charged to a shallow or basement ash pit.

Vibration of the grates is intermittent, and the frequency of
vibration is regulated by a timing device. Timing is regulated by the
automat ic combustion control system to conform to load variations, synchro-
nizing the fuel feeding rate with the air supply.

The water-cooled vibrating grate stoker is suitable for burning a
wide range of coals from bituminous to lignite. Even with coals having a
high free-swelling index, the gentle agitation of the fuel bed tends to
keep the bed porous without the formation of large agglomerates. A well-
distributed, uniform fuel bed 1is maintained without blow holes or thin
spots.

The furnace design for this stoker should include water-cooled
walls to prevent slag formation adjacent to the stoker. A rear arch
extending over approximately one third of the stoker length directs the
gases forward to mix with the fuel-rich volatile gases released in the
ignition zone. A short front arch is adequate for most bituminous fuels.
The use of high pressure air jets - from 27 to 30 inches of water (gauge) -
through the front arch provides turbulent gas mixing and promotes combus-
tion. 'In rare cases, with extremely low-volatile fuels, some refractory
facing of the front water-cooled arch may be desirable to increase the
temperature over the ignition section.

Burning rates of these stokers vary with different fuels but, in

general, the maximum heat release rate should not exceed 400,000 Btu/sq
ft-hr. In this range, carbon carryover is held to a minimum.
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Water-cooling of the grates makes this stoker especially adaptable
to multiple-fuel firing, as a shift to oil or gas does not require special
provision for protection of .the grates. . A normal bed of ash left as a
cover g1ves adequate protection from furnace radiation. .

The strategic placement of burners in this type of furnace configu-

ration may, in many cases, permit operation with a bare grate without
exceeding safe limits for metal temperature.
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Selected References - 3.5.1.2.4

The references and abstracts listed below are considered comprehen-
sive sources of information on their selected topics. The list is provided
only as a recommended starting point for research into these various
areas.

1. Hensel, R.P. and D.A. Harris, Properties of Solid Fuels and their
Impact on Boiler Design and Performance, ASME-IEEE-ASCE Joint
Power Generation Conference, Dallas, Texas, September 10-13,
1978. :

Since the world has recognized that reserves of gas and oil are
inadequate to meet our long-term demands for energy, fuel .prices have
continued to rise higher and higher. Consequently, there has been a
renewed and increased emphasis on the use of lignite, subbituminous
and bituminous coals for the generation of power. Although coals
represenl uver 65 percenl ul 411 U.S. eneryy reserves, other materials
considered as a potentially supplemental source for heat energy are
municipal wastes, wood and forest products, peat and anthracite.
While solid wastes and wood may be classified as solid fuels for
electric generation, they are usually considered as fuels to be fired
supplemental to coal. Since coals are and will continue to be the
main source of solid fuels, this discussion is confined to coals and
the application of coal properties to furnace design and operation.

2. Sondreal, E.A., P.H. Tufte, and W. Beckering, Ash Fouling in the
Combustion of Low-Rank Western Coals, Combustion Science and
Technology, 1977, Vol. 16, pp. 95-110.

This paper gives a complete review of experimental, theoretical and
operating data concerning ash fouling of boiler tubes by low-rank
coals.” The results of many years of research into this problem at
the Grand Forks Energy Technology Center are summarized.

3. Duzy, A.F., M.P. Corriveau, R. Byrom, and R.E. Zimmerman, "Western
Coal Deposits Pertinent Qualitative Evaluations Prior to Mining
and Utilization," Technology and Use of Lignite, Grand Forks, ND,
May 18-19, 1977.

The purpose of this paper is to demonstrate how coal deposits in the
western United Sttes are (or should be) evaluated, with the objective
being focused on their efficient utilization. tvaluation of a coal
deposit for physical development of a coal mine includes a complete
coal exploration program, together with a mining feasibility study;
each of these areas, including other than quality considerations, would
require a very lengthy paper and, thus, will be discussed only briefly
for purposes of illustration.
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Sondreal, E.A. and R.C. Ellman, "Fusibility of Ash From Lignite and
Its Correlation with Ash Composition," Grand Forks Energy Re-
search Center, RI-75-1, 1975,

Fusibility of ash from Northern Great Plains lignites was correlated

with the oxide constituents in a 10-component analysis. The correla-

tions developed established methods and guidelines for predicting the
fusibility of ash in these coals and adjusting it for boiler fuel use
or other conversion processes.

Compared to ash from bituminous coals, lignite ash has higher propor-
tions of Ca, Mg, S, and Na. Indices useful for predicting ash-
softening temperature of bituminous coals are not satisfactory for
lignites. The need for improved indices for lignites was a principal
Justification for this study.
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3.5.1.3 Environmental Control Technology

Increasingly stringent environmental standards are causing control
technologies to become a major element in the design specifications and
cost of new coal-fired power plants. These changing performance standards
(see Table 3.5.1.6) are forcing utilities to attack the problem on an
overall plant scale, integrating furnace design, particulate control, SO7
scrubbing and other control measures together to produce a reliable system
that meets the standards at minimum cost.

The primary areas of environméntal concern are:
e Stack gas cleaning

¢ Solid waste management

e Wastewater effluents

® Fugitive emissions of particulale mdller

Recently, increased attention has also been given to trace element and
organic emissions.

The following sections discuss standards for performance, control
technologies, and design strategies to meet proposed or existing require-
ments. : ‘ '

3.5.1.3.1 Stack Gas Cleaning

Gaseous emissions from coal-fired plants can be broken into four
major categories:

e Particulate

o Sulfur dioxide

e Oxides of nitrogen

e Trace eTement and organic emissions

The first three areas are presently covered by New Source Perfor-
mance - Standards and hence have received the bulk of the development work
and operating experience, Trace element and organic emissions are receiv-
ing increasing interest due to concern over possible carcinogenic and other
toxic effects. Very 1little work has been performed in this area, however,
and all implications are not comp]etely understood. Also, this study does
not address the problem of CO2 emissions and the environmental effects it
may cause.
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New Stationary Source Performance Standards

Table 3.5.1.6

For Electric Utility Steam Generating Units, December 1971 and June 1979

December 1971
Standards

1.2 1b/106 BTU

0.1 1b/106 BTU
20%

0.70 15/106 from the combustion
of coals except lignite.

0.80 1b/106 BTU from the combustion
in a cyclone furnace of any fuel con-

" taining more than 25 percent, by weight,

lignite which has been mined in North
Dakota, or Montana.

Combustion of a fuel containing more
than 25 percent, by weight, coal refuse
is exempt from the NOy standards and
monitoring requirements.

0.60 1b/106 BTU from the combustion of
lignite except as stipulated in (ii)

- above.

(1)

(i1)

(i)

(iv)

June 1979
Standards

1.2 1b/106 BTY (based on a
30-day rolling average)

90% when emissions are 0.6 1b/
106 BTU or greater

70% when emissions are less
than 0.6 1b/106 BTU :

0.03 1b/106 BTV
20% (based on a 6-minute average)
Based on a 30-day rolling average:

0.50 1b/105 BTU from the combus-
tion of subbituminous coal, shale
oil, or any solid, liquid, or
gaseous fuel derived from coal.

0.80 1b/106 BTU from combustion in a
slag tap furnace of any fuel containing
more than 25 percent, by weight, lig-.
nite which has been mined in N. Dakota,
S. Dakota, or Montana.

Combustion of a fuel-containing more
than 25 percent, by weight, coal
refuse is exempt from the NOy
standards & monitoring requirements.

0.60 1b/106 BTU from the
combustion of any solid fuel
not specified in (i), {ii),
or (iii) above.

These stendards apply to electric utility steam generating units capable of combusting more than 73 megawatts heat input (250

Pollutant
50z: Emission limit
Reduction in
potential emissions
ParticulateA Emission limit
Matter:
Opacity of emission
NOy: Emission limits (i)
(ii)
(i1i)
- (iv)
Notes: 1.
. million ETU/hour) of fossil fuel.
2.

A major difference between the Deceﬁber 1971 and June 1979 NSPS is in-compliance testing. The June 1979 NSPS require continuous

stack monitorirg and a 30-day rolling average for the SO and NOy emissions.

The December 1971 required that emission

monitoring only be performed at the beginning of plant operation and thereafter when the EPA deemed it necessary.



Particulate Control

Control of particulate emissions from coal-fired plants is a major
problem due to the composition, mineral matter content of the coal, and
high removal requirements. This problem is aggravated by the presence of
combustion-generated fine aerosols resulting from condensation.

Development of a particulate control startegy is dependent on
several factors: total particulate loading, size distribution of particles,
and degree of removal required. Table 3.5.1.7 provides a general size
distribution for particulate matters from the primary coal-fired furnace
types,] which is plotted in Figure 3.5.1.6. Because of the differences
in feed size requirements, stokers produce larger fly ash particles than
pc-fired units, with correspondingly lower carryover rates. In addition to
the effects of furnace design, the total loadings and size distributions
vary somewhat with the rank of coal. Figure g.5.1.7 shows how size distri-
butions can vary for different types of coal.

The degree of removal required is dependent on the federal or state
regulations controlling particulate emissions. Until June 1Y/Y, the
Federal standard was 0.1 1b/100 Btu heat input (~99.0 percent removal*);
the current New Source Performance Standard is 0.03 1b/106 Btu heat
input (~99.7 percent removal*). (This June 1979 NSPS applies to new or
modified electric utility steam generators capable of combusting more than
250 million Btu/hr of fossil fuel.#) New Mexico has a specific regula-
tion limiting fine particulate of less than 2 microns in diameter to less
than 0.02 1b/106 Btu.

Once required removal efficiencies, particulate loading and size
distributions have been established, the specific control device can be
selected. Figure 3.5.1.8 gives the approximate removal efficiency as a
function of particle size for an assortment of particulate control devices.

. In small scale industrial boilers where stoker furnaces are used,
the choice of control device may be made from a number of candidates due to
larger particle size. However, in large utility boilers (pulverized-coal
or cyclone furnaces) where particle sizes are small, the choice of control
device is limited to fabric filters, electrostatic precipitators (ESP's),
or venturi scrubbers to achieve the re<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>