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PREFACE 

This is volume three of a six-volume 11 Low-Rank Coal Study.i• Over­
a 11 , the report presents a comprehensive· analysis of the techni ca 1, en­
vironmental, and economic constraints to expanded development of u.s. 
lignite, subbituminous coal, and peat resource~. The primary objective of 
the study was to propose a comprehensive national research, development, 
arid demonstration (RD&D) program focusing on technology development for 
enhanced utilization of these resources. The report is organized as 
follows:a 

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), which has the lead mission within fhe Department of Energy for 
technology .. applications for low-rank coals ... G. H. Gronhovd (Director) 
and E.A. Sondreal (Deputy Director) of GFETC provided technical direct;v;-: 
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 suiMlarized 
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 
cont ri but ions to the qua 1 ity and direction of the study were highly s i g­
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 a 11 of 
the document: G.H. Gronhovd, E.A. Sondreal, W.G. Willson, and H.H. Schobert 
of GFETC; W.R. Kub~ 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 Electric 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 University of Texas 
at Austin; and P. Averitt (retired) of the U.S. Geological Survey. 

a Volumes 2 through 5 address lignite and subbituminous coal; 
Volume o addresses peat; and Volume 1 summarizes the conclusions and 
recommendations of the total study. 
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ABSTRACT 

Technologies applicable to the development and use of low-rank 
c·oals 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 conta1ns 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 
coiTillerci a l status of the technology and/or current RD&D· projects relevant 
to low-rank coals. 
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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 uti-lization method 
c.u1~rently accounting for the largest use of coal is direct combust·ion in 
pulverized coal and stoker type furnaces. Fluiuized bed combustion is an 
emerging technology which appears to offer a number of advantages over the 
conventional coal burning techniques, while still being considered a type 
of direct combustion. The t;Ombined result Of rhdng crud~ oil prices and 
research in coal gasification, liquefaction, and pyrolysis ind1cate that 
these technologies will become increasingly important as means for sup­
plying the country's energy needs. In 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
dynami.cs, 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 large enough 
market to warrant detailed consideration in this report. 

Dur1 ng and fo 11 owing ut11 i zat ion of the co a 1, severa 1 forms of 
environmental control are gem!r'dlly neccs!;ary, although 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 
·coa 1 s. T nvest i gat ion 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. 
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Extract fon 

As the first link in a chain of coal utilization steps, coal 
m1n1ng 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 techno logica 1 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 likely 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 equ.ipment 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 
reduct ions 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 c1ppears Lube most applicable to 
Lhick · continu·o·us coal seams of high gaseous permeability and reactivity. 
Such format ions are abundant in western low-rank co a 1 deposits. Severa 1 
key technical issues are already being addressed, including: 1 imitation of 
pquifer 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 se~m characterization 
and process monitoring. 
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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 transportat1on i:; another !;tep to r:nill utilization in which 
delays or undercapacity can potentially impact all users regard I ess of 
technology employed. Western coal is currently transported vi a rail, 
waterway, and on-site truck and conveyor systems. The absence of a water­
way system in the West requires that low-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 is very little 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 inc 1 ude: the separation, treatment, and proper di sposa 1 of 
slurry water from the finely divided coal at the receiving end of a pipe­
linr; reduct1on of the total water t:onsumption in slurry pipelines located 
in arid regions of th~ west; am.l vlil"ious quce:tions rP.latinQ to the re­
liability of pipeline flow. 

In general, no major technjcal hurdles stand in the way of in­
creased low-rank coal tramq..~ur-tation. HowQver) rP.c:ent steep increases in 
rail rates illustrate the need tor 1mpr·uvements in transport.i!t ion ec;onom­
ics~ Through the application of technology, two basic approqches to this 
problem can be taken. First, bulk handling systems and/or specialized 
transport systems can be applied to obtain economies of scale or economies 
of optimum design. This approach is exemplified by slurry pipelines and 
the unit train concept.· The second appr-oach to improved tra.nsport econom­
ics is to upgrade the quality of the coal prior to transport. An example 
of this approach is mi nemouth 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. 
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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 alsa 
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: l) reduction of moisture content to obtain improved trans­
portation and utilization economics; 2) reduction of sodi urn 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 effor·Ls should focus on moisture 
reduction techniques for low-rank coals and slurries, applications of ion 
exchange (and other chemical cleaning processes) to low- 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. 
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Briquett ing and pelletizing techniques are potentially va lu able 
in expanding the utilization of low-rank coals because of their superior 
handling, storage; and utilization characteristics. A better understanding 
of . briquette or pellet . format ion and subsequent phys ica 1 and chemica 1 
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 extract ion, 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 
produr.tion, although fluidized bed combustion, gasification and lique­
fact1on wnl likely become lniportanl c...onsumer:; of low-rank r.oal in future 
decades. Low-rank coal properties will uniquely affect the l.lesign and 
application of these technologies to western coals. 

Conventional Direct Combustion 

Conventio·nal 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 st111 operating on North Dakota lignite. Stoker firing is 
generally 11m1ted to smullcr applications of less than 100,000 lb/hr 
steam. 

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

Low heating value~ increase the tonnage of coal required for 
a given power output i·n comparison to higher rank coals. This imposes a 
requirement for greater capacities in coal transport equipment, handling 
equipment, pulver-izers, stack gas cleaning devices and disposal efforts. 
~etrofit of bituminous coal boilers to burn low-rank coals also means a 
significant derating in output. 
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High. sodium le'vels found in the mineral matter of some low-rank 
coals (par:ticularly 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 s lagging, and into the control of these 
problems through the use of additives or other means, would. be worth­
while. 

The high re·act ivity and nonagglomerat ing characteristics of low­
rank coals allow for a larger particle size during c<;>mqustion.while still 
assuring complete burnout. In addition, these properties provide an 
opportunity for development of direct co a 1 i gn it ion systems for low-r.ank 
coal ·utility boilers, which would replace the oil-ignition systems cur­
rently utilized. 

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 contra 1 systems. The tendency in the uti 1 ity 
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 flu.e gas desulfurizat ion necesst~ry 
to meet envil'onmenta 1 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 S02 scrubbing systems have high potential applicability to 
low-rank coals because of their chemistry. Improvement of ex.ist ing 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 part icu­
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 samp 1 ing, analyt ica 1, and contra 1 methods for very fine particles 
are not well developed. 

Three other key ECT areas exist for low-rank coal combustion in 
which regulations, rneasurement techniques, relevant data, and control 
technology are just hP.ginning to evolve. These are: 1) the reduction of 
nitrogen oxide ~m1ss1ons; 2) disposal and/or util1zat1nn of sul-id was~es 
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 combust ion (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 
offers lower NOx emissions, in situ sulfur recovery, increased combust ion 
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 
re 1 itt ive ly low and uniform combust ion temperature, and the comparatively 
lnng solid residence times in the b~d withuut a long 1 incar flow path 
requirement. The use of low-rank coals 1n fluid bed combustor!; also offerc; 
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 ~-egard 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 
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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 b 1 a de · damage in PFBC app 1 i cations. 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 1 i quef action. Direct 
1 i quefact ion processes react co a 1 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 the coal is concerned. Cual 1s f1rst gasit·ied (with oxygen) 
to produce a synthesis gas which is then catalytically reformed to produce 
a spectrum of liquid fuels and oxygenated chemical products. 
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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 1 ow-rank coa 1 s (particularly 1 ignite) 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 
var1ables is ill-defined. 

The alkali and alkaline earth components of low-rank coal mineral 
matter may catalyze liquefaction reaGtions, 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 limiting the 
scope of use for this product. Several feasible solutions to th~ 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 ~est possible ways 
of exploiting these advantages, while dealing with possibly greater re­
quirements for reducing gas and high~r 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. Therefore, the poten-

·tial for low-rank coals as liquefaction 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 less~r 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 bi tum1 no us chars. Furthermore, thP. chars from 1 ow- rank co a 1 s 
are more reactive (in some cases pyrophoric) and may therefore be uniquely 
suited to certain applications. The low sulfyr advantage held by many 
low-rank coals is als9 retained in the char. 
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As is the case in 1 i quefact ion, the pyrolysis of 1 ow- rank co a 1 s 
requires different process conditions to achieve optimal results ·than 
those used for higher rank coals. 

Because of the importance of the trade-off between low raw ma­
terial cost and low pyrolysis yields, an engineering/economic study of this 
issue should be made before undertaking any significant research programs 
in low-rank coal pyrolysis. · 

Summary 

It is ~lear that low-rank coals haVe tremendous potential for 
fi 11 i ng future energy needs in the· United States·. Their unique properties 
indicate that they are preferred feedstocks· in 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 requir·ed to exploit the full potential of 
this valuable national resource. · 
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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.a 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 i~ market conditions 
permit. Therefore, this study addresses all three of these coal extraction 
techniques. 

Surface m1 n1 n~ tP.c:hnul ugy i ~ not ~reat ly ilffcctcd by the char~r.tt:-r­
istics of the coal itself, although the intrinsically lower heat1ng value 
of low-rank coal compared to bituminous coal restricts extraction opera­
tions to those with very low cost J,Jer 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 c;:oal extraction technologies are currently of importance. 

aT his wi 11 apparently cant i nue to be the case for at 1 east the 
next decade. For example, of the 11 Planned New Coal Mine Development and 
~Xpilnc;inn 1979-1988 11 in Montana, North Dakota, New Mexico, Texas, and 
Wyomin~, 98.1 percent of the expected coal production will be· surface 
mined. . . 

bAnother important factor constraining the competitive cost of 
1 ow- rank co a 1 extraction is the 1 arge distance that often separates the 
reso1,1rce from its markets, which result~ in significant contributions to 
the price of deliverP.d coal by transportation costs. (This contribution is 
magnified by the low heating value of the fuel.) 
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Lignite 

Subbituminous 

Total 

Table 3.2.1.1 

Total u.s. Low-Rank Coal Resources, 
Strippable Reserve Base, and Production Estimates 

(billion short tons) 

Identified St ri ppab 1 e 
Resources a Reserve Basea 

543.8 40.8 

546.1 67.9 

1,089.9 108.7 

1977 
Productionb 

0.028 

0.083 

o. 111 

aFar 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 mer~ 
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 whic~ have been identified are listed 
below and discussed in the paragraphs that follow: 

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 laboratory core analysis 

d. Cost reduction through Operations Research and 
Systems Engineering 

e. Dewatering of mine area and groundwater control 

2. Underground Mining: 

a. Techniques for mining th1ck sedul::, 

b. Techniques for. mining under unconsolidated over­
but·den 

c. Dewatering of m1 ne area and groundwatei' control 

3. Underground Coal Gasification: 

a. Control of aqu1fer dist·upt1on and groundwater 
contamination 

b. Control of subsidence and gas leakage 

~· 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 land stabilization, and 
re veget at i on. 

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 plant 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 li-ke lime, fertilizer, treated fly a·sh, 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 s~edlings, 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 productiv~ croyland, and ten 
years are required to return it to productive range land. Substantial 
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 reduc~ costs. Specialized 
geneticall.v 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 wi 11 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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lb. 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 11 COnventional 11 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 11 pit 11 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.4 

lc. Techni gues for Opt imi zing Egui pment Specifications Base·d on 
Laboratory Core Analysis · 

Surface mines utilize many different types of equipment in essen­
tiJlly every conceiv~hle combination. This large earth-moving machinery is 
so expensive, and its efficient operation is so important Lu the 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 a1d in this process. 

During the premining planning phase, a three-dimensional 11 picture 11 

of the r·esouf'ces is obtained through the use of mapping, coring, laboratory 
analysis, {lnd geophysical logging techniques, combined with computer1zed 
interpretation of the data. Factors such as seam quality, th·ickness, 
depth, continuity, and characterfstics 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: (l) equip­
ment design, and ( 2) overall mine opt i mi zat ion or more innovative mine 
development schemes. An example of the first type would be the selection 
of optimum boom length, 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. 

ld. 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: (l) 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 11 theoret i ca 111 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: (l) The time required to gSSemblP. cirag lines 
ic; considerable (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 
1 ess than predicted by bucket capacity of the drag 1 i nes 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 

des i.gn and computer-aided operations (being i nt rqduced in many other 
industries as well) will make it progressively less expensive for coal 
mining companie~ to practice ongoing innovation. When properly integrated~ 
the digital output fr·om the "design" programs can serve as direct input to 
the "operations" ,programs, streamlining the process of improving m1ne 
productivity. 

le. D~watering of the Mine Area and Groundwater Control 

According to the Sur.face Mining Control and Reclamation Act of 
1977, hydrologic effects of surface and underg~o~nd 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; 1solated 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, C03, HC03, S04 (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 ::;ummer and wint.P.r flows. Associated with. 
alkaline mine drainage are elevated levels of dissolved solids and such 
constituents as sulfate. 

The principal sources of water in the mine area are surfdce 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 pr9blems 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 
possible area for research is to study the feasibility of sealing aquifer 
zones in coa 1 strip-mining areas to prevent or reduce d.i scharge of ground-
water to excavations and halt dewatering of aquifers. · · 

Post-mining restoration of coal-seam aquifers is a difficult 
problem which (like 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 tabl.es 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 artifici~l aquifers in places where coal se~ms 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.5,6 

2. Undergrdund Mining 

2a. Techniques 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 extr.1ct coal fron1 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 
techniqu~s. 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 Overburden 

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 \'fith 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 
hori zan for the rock bolt and the density of roof supports. The closest 
competent bed determines the anchor· horizon, and, consequently, the length 
of bolt. requ·i red. The search for the competent bed depends on the height 
of the roadway and the length of bolt tht~t can be installed. Where a 
competent bed is absent, provisions must be made for additional conven­
tional 5upport. 

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 is· practically nonexistent· at some mines and 
causes severe problems at others. Mine drainage can be either from surface 
runoff or infusion from um.Jer-·ground uquifers. 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 attr~ctive from 
a conceptual standpoint, but invariably proves economically i"nfeasible.9 
Water removal 1'rum existing undergrounrl 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 11 Sealed, .. preventing further air and/or water infusion. 

In general, the control of water during mining is a centuries-old 
problem; the technologies have been "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 cost 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 fie 1 d and the 1 aboratory to 
indicate that as the contaminated water flows through surrounding unreacted 
coal, the organic species· are absorbed by the coal within a relatively 
short distance and time.9 The fate of the inorganic constituents is less 
clear. 10 

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
opme·nt 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 fr.om 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 
sub.sidence occurring irrunediately behind (analogous to longwall mining). 
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The Soviets appear to have worked with both systems. Operations in this 
country have not reached 1 arge enough scale to test either type of opera­
tion yet. 

In the case of steeply dipping beds {SDB), very severe but local­
ized 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. 11 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 Jost revenues. Environmental proh1ems wuuld includt;: surface depres­
sions, and {in some areas depending on the nature of the overburden) 
unpredictable subsidence events over a period of years folldwing the 
gasification operation. Leakage of syngas would have a nrinor 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 links .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 
linkage paths have been observed, as well as paths at the top of the coal 
seam. 12 This 1 atter prob 1 em 1 eads to an. i neffi ci ent operation in which 
the qasification zone .. overrides .. the coal seam, recovering only a portion 
of the coal and producing ·low-quality gas. Uirect1onal dr1ll"lny is d u10i'e 
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 Character1zation and 
Process Monitoring 

Because the underground coal seam is the gasification reactor, 
obtaining complete geologic and hydrologic fnformation 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 site 
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.l2 

In future commercial plants, cost considerations will dictate that 
downhole instrumentation be minimized. Some remote sensing techniques 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 i nvo 1 ves: ( l) remova 1 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"l,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 oil 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 ne~ds 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 
cocsideration 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 

Following the preliminary economic and environmental evaluations 
that result in a decision to develop a mine, mini~g engineers and reclama­
tion specialists work together with management to design a detailed mining 
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I 
N ·a. 
I 

Regiona 1 
Apprai sa·l 
(Stage #1) 

0-Geologic compilation 
for 11market i ng 11 

area* 

Table 3.2.2.1 

Typica·i Search for a New Coal 
Deposit· in ~Jestern lLS;A. 

Detailed 
IRec·Jnnai ssance 

( 5tage #2) 

F-Field check of 
sections contain­
ing coal seams* 

F-Reconnaissance 
:dril 1 i ng for 
·stratigraphy and 
co a 1 thickness 

F-Che11ical and 
calorific check of 
Jutcrops or drill 
samJles (not badly 
bur7led) 

Detailed Surface 
Investigation of 

Target· Area 
(Stage #3) 

F-Detailed ·mapping o·f 
outcrops · 

F-Detailed stream s:di­
ment and/or geochemical 
survey 

Legend: 0 =office study; F = Field investigation; L = Laboratory tests 
* = ac1;ivity or meth:>d "'hich is indispensable 

Source: Reference 1, pages 22-24 

Detailed Three­
Dimensional 

Physical Sampling 
of Target Area 

(.Stage #4) 

·F-Dril 1 ing*-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* 
0-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 



and reclamation plan before m1n1ng 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.a 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 techniques,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 min.ing 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.6 

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.c The average overburden ratio for all low-rank 

acontour m1n1ng (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 
Gennany. 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 coa 1 closely approximates the quantity cubic yards/ton. 
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Figure 3.2.2.1 
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coal surface mines which reported overburden removed in 1977 was about 4.4. 
Averages for i ndi vi dual states ranged from about 2 for A 1 ask a 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, with 
individual state averages ranging from about 10 (Georgia) to 28 {Alabama).6 
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 limitations, but rather economic or market limits. This is 
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 increa-singly stringent environmental standards. 

Equipment Selection 

Proper selection and design of the giant earth-moving equipment 
used in surface mines is 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 

d The c r it e r i a u sed t o de f i n e e a c h s t at e • s 11 s t r i p p a b 1 e reserve 
base, 11 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 tharr 1 percent of the strippable reserve base. Also, 
Averitt has suggested that within the lift 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.7 
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the overburden; thickness of the coal seam and depth of overburden; and 
reclamation requirements.2 

Some of the factors which favor the respective types of excavators 
are listed belqw. The final choice must be made to use the type of machine 
which can best meet all the req~irements of any particular mine. 

Dragl i nes: 

• H~ve great fl exi bi 1 ity and range in handling overburden 
and in movement about the area. 

• Can handle much deeper overburden than a shovel of com­
parable si?.~. 

t Are capable ot d1gg1ng a much deeper box cut than a 
shovel of comparaple size. 

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

• Weigh less than shovels of comparable bucket capacity 
and have much better flotation characteristics. 

• Are capable of handling material with poor stacking 
stability. 

• Have lower initial cost per cubic yard of bucket capac­
ity, especially in larger machines. 

• Have better operatinq time. 

t Require less maintenance. 

Shovels: 

• Operate on the coal, reducing roadway costs. 

• Require less .surface and high~all preparation and less 
drilling and blasting. 

• Have lower power cost per cubic yard. 

• Are capable of moving larger pieces of material. 

• Have 1 O\'ter rope cost per cubic yard of bucket capacity 
than draglines. 
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Excavating Wheels (Bucket Wheel Excavators): 

• P r o vi de con t i n u o u s. ex c a vat i on of h i g h w a 11 mat e r i a 1 • . . · 

• Can move material much greater distance from highwall to 
spoil than either dragline or shovel. 

• Must have unconsolidated highwall material to be used 
effectively. 

• Reduce reclamation cost. 

Crawler Tractors and Rubber-Tired End Loaders: 

1 Are highly mobile. 

1 Are diesel powered, requiring no power distribution 
system. 

1 Are capab 1 e of moving overburden. any distance required. 

1 Are capable of doing reclamation work simultaneous with 
stripping. 

In present mining situations, the application of crawler tractors 
and rubber-tired end-1 oaders 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 
tn the chara~ter 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 l~rger 
machines~ Dragl i nes now exist with 220-cu-yd buckets, and shove 1 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 
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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 11 in place 11 where most 
low-rank coal is 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 p'lanning of a surtace mine 1ncludes a deta'lled r·et.:ldllld­
t ion p 1 an in the predeve 1 opment 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 landscape. · 

Important steps in all su~face mine reclamation efforts are:8 

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

2. Proper shaping and topsoil i ng of the spoil material. 

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

~. Seeding or planting at the proper timP, rl~pth, and 
rate. 

5. Proper fert i 1 i zat ion as determined by soi 1 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 potentia 1 en vi ronmenta 1 impacts of a surface mining operation 
are site-specific, but can be categorized in general terms as follows: 

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

2. Potential slope inst'ability associated with spoil 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 of the factors 1 i sted. 
Major attention is being given to these problems, and PL 95-87 establishes 
a program to reso 1 ve them as western co a 1 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 accomp 1 ish contour grading, the spoi 1 from the first cut is 
graded so a~ 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. A 11 nf the 
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diversions and terraces must be constructed according to sound engineering 
p·rinciples 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. 

Severa 1 states require the operator to separate topsoil from the 
subsoil 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 erosion. Some operations remove the topsoil and immediately spread 
it on areas recently graded, thus handling the material only once. This 
provision ensures that the besl ::.un fo1· plant growth is nn top and not 
indiscriminately mixed with subsoils, which often contain 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 r·un 
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 hi ghwall. 

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 relatively low sodium ~ontent. 
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 low-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 cnt~l reserves are listed 
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below. In the following section on current m1mng 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 th.e 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 req~ire the us~ 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 mountai n-buil ding 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. coai 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 1 ow- rank coa 1 -
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 
produci hg subbitumi nous coal and 1 ignite in the United States. As shown, 
the typical size of these operations is several million tons/year, with the 
Amax Belle Ay.r mine in Wyoming leading the list 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. 

Wyomingl4 

'With vast and diverse resources of subbituminous coal, Wyoming has 
a large and growing number of surf~ce mines which utilize all major mining 
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w 
0\ 
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Surface 
Mine 

State Count 

Alaska 1 

Arizona 3 

Colorado 20 

Montana 8 

New Mexico 5 

North Dakota 10 

Texas 6 

Washington 2 

Wyoming 16 

Total 71 

Table 3.2.2.2 

Surface Mine Production Statistics for 
Lew-Rank Coal-Producing States, 1977 

O·o~erbJrden 
S·~.rface Production, 1,000 Short Tons R.:ttio,Cubic Acres Acres 

Lignite Subbituminous Bituminous Tota· '{ards/Tonb Minedb Reclaimedb 

328 

12,0£8 

15,865 

28,221 

705 

11,059 

11 751 5,953 

26,898 

9,198 1,145 

5,040 

28,6'54 

83,305 

17 

23,839 

705 

11 ,059 

7,704 

27,226 

10,343. 

12,023 

15,865 

5,057 

45,378 

135,365 

2.02 93 180 

3.84 459 483 

6.52 778 1,085 

2.38 549 586 

6.17 512 1,017 

3.97 665 1,774 

8.00 1,593 1,784 

6.66 93 203 

3.30 1,653 1,483 

4.42C 6,395 8,595 

aMuch of the Uyoming coal is in tte 11 0verlap 11 rank cantegory (1C•,SOO-H,500 Btu/lb moist, mineral 
matter-free) in which the subbituminous A ard high-volatile C bituminous coals fa,l. Although this 
production is classified as bituminous cocl in reference 6, other sources such as reference 18 classify 
these coals seams as subbitu~incus. 

bNot a 11 mines report ti';.ese data; however, for the states listed, the quar'lt it i es shown represent 
between 80 and 100 percent of t~e total production. 

CQuantity shown is tne ~verage. 

Source: Reference 6. 



Table 3.2.2.3 Page 1 of 2 

Major Lignite and Subbituminous Mines in the United States 

Wyoming 
Amax 
Arch Mi nera 1 
Arch Mi nera 1 
Arch Mineral 
Big Horn 
Bridger 

Company 

Carter Mining 
Carter Mining 
Glenrock Coal 
Resource Exploration 
Rosebud Coal Sales 
Sunaco 
Thl!nder ~qsin 
W,yodak Resources 
Kemmerer Co&l Company 
FMC Corporation 

Montana· 
· ·-Decker Coa 1 Company 

West~rn E.nergy Company 
Knif~ Riv.~r Coal Mining Company 
Westm,pre~~nd Resources 
Pea~ody Cqal Company 

Texas 
Alcoa 
I.C.I. 

I 

T~xa~ Utilities 
Texas Ut i1 it i e.s 
Texa~ Utilities 

Mine Name 

Belle Ayr 
Semi noe 1 
Seminoe 2 
Medicine Bow 
Big Horn 1 
Jim Bridger 
Rawhide 
Caballo 
Dave Johnston 
Hanna Basin 
Rosebl;(d 
Cordero 
Black Thunder 
Wyqdak 
Elkol-.Sorenson 
Skull Point 

Decker (W and E) 
Rosebud 
Savage 
Absalok·a 
Sig Sky 

· Sandow 
Parco 
Big Brown 
Mont icelln 
Martin Lake 

Rank 

Su.b 
Subb 
Subb 
Subb 
Sub 
Subb 
Sub 
Sub 
Sub 
Subb 
Sub~ 
Sub 
Sub 
Syb 
Sub. 
S~bb 

Sub 
Sub 

Lignite 
Sub 
Sub 

Lignite 
Lignite 
L.,ignite 
~ignite 

~ignite 

Production 
(1978) 

(Short tons) 

18,065,664 
2,500,000 
2,800,000 
3,100,000 
2,838,862 
5,175,540 
2,620,000 

144,510 
3,358,899 

900,000 
2,86~,048 

3,800,000 
1,983,334 

850, 19oa 
4,061 ,794 

893,000 

9,073,592 
10,576,000 

300,001 
2,554,201 
2 .• 064 ,886 

2,008,198 
271 ,381 

5,298,285 
6,966,46U 
5~971, 750 

_,_.,..,.....,..,.....-,_..,~-....,..,.....---.,....,..,....--....,...-..,----..,....,.......,--,-~-___,-~T.. •··-.. ~. ,..,..,, . .,-.............. "!'"e •• ~__,..,-...,..._...:.-.._........, 

.. a197i 'production. 
bHe.ating value of this eoal is between 10,500 and 11,500 Btu/lb 

(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 

· Production 
( 1978) 

Company Mine Name Rank (Short tons) 

· North Dakota 
Bauko 1 Noon a ri Int. 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. Fal kirk Lignite 142,308 
Husky lm.lu::.li"i e~ . Minr;- Nn. 2 Lignite 135,000 
Knife River Mining Co. Gascoyne L1gnitl::! 2,071 ,839 
Knife River M1n1nq· Co. Beulah · Lignite 1,887,267 
North American Coal Corp. I m.l i M1 I lead .. Lignite Qll,743 

New Mexico 
Pittsburgh & Midway Coal McKinley Sub 2,992,958 

Mining Company 
Utah Jnternational lnc. 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 Coai Company Kayenta Subb 6 '771 '768 

Colorlldo 
Sigma Mining Company Canadian Strip Sub 148~GGoa 

Kerr Coal Company Marr Str1p Nu. 1 ~ub 500,000 
Colowyo Coal Company Colowyo Sub 1,000,000 
Empire Energy Company Wi 11 i ams Fork Sub 242,096 

Strip No. 2 
Utah International Company Trapper Sub 345,948a 

Washington 
Washington Irrigation & Centralia ·Sub 4,700,000 

Development Company 
--~-

a1977 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 l mile wide. Overburden is ~tripped 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, l 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, forhs, and tre·es. 

Area 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 
combinations, draglines, and scraper-dozer combinaUons. Drag11nes 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 dragl i ne. 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 st~te 
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pennits were required to start the operation. During the mine's life, 
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 wi 1 dl ife. Spoi 1 cannot be cast over the 
outcrops containing these nesting areas. 

The truck-shovel team is usea to remove the first bench of the 
overburaen, which is initially haulea to out-of-pit disposal areas. The 
oray 1 i ne then moves in to open up the box cut with amp 1 e room to p 1 ace 
spoil. Once the <lragline begins spoiling, the trucks dump their loads 
between the peaks of the aragline spoil, finishing the contour. After 
the dragline completes the first cut, it continues to take a series of 
parallel, successively <leeper cuts until the cutoff aepth of 130 to 150 
feet is reachea. ~eyona th1s t'IPpt.h, rehanul·ln~ ~pw.:ril b~<;omes a problem. 
Pit lengths range from 1 to 4 miles. 

Overland conveyors are bci ng i m;talled 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 tothe· unit-train loading facility. 

~lantana 14 

Four large subbituminous coal surface m1mng 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 usea in the Midwest until West­
moreland Resources assembled a 110-cu-yd <lragline at the Absaloka mine in 
1979. The two aragl i nes at that mine remove overburden from a suite of 
four subbituminous coal seams which total 58 feet thick. Front-end loaders 
dig the coal ana loaa 1t 1nto 100-tun-CdiJdCity haulage trucks. 

At Western Energy Co.'s Rosebud mine, a 23-foot subbituminous coal 
seam is exposed by two walking araglines of tiO-cu-yd capacity. Overburden 
is luu feet thick. Three shovels loaa the coal into haul trucks. 

All lignite mines in Texas (except one) are supporting minemouth 
electric power generating stations and hence requ1re large ared mirn:!~ Lu 
meet fuel needs. lhe lana topology is gcn!:!r'dlly flat 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 ana mine haulage. 

The mines are prestripped using doters and/or scrapers. The over­
burden is then handled by sidecasting with a dragline. Stripping is per­
fanned 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 bas is. When more than one 
seam is encountered, more complex open pit methods are applied. 

Lignite is commonly excavated using 12-to-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 probably 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 Lake. 

In general, the overburden is mixed and it is not necessary to 
handle topsoil separately to revegetate mined 1 ands. 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 Dakotal5 

In North Dakota, locating the first strip pit on a lignite bed so 
that only commercial quality lignite 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 line on the lignite bed where the first pit 
should be located so that only high-quality lignite is exposed when the 
overburden is removed. Ordinarily, this is accomp 1 ished by first dri 11 ing 
test holes and determining the actual limits 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 lignite 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 el~vation of the surface usually increasing 
. toward the center of the bed. · Pits are normally 1 ocated 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 ana lyses 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 least part of this top layer by cleaning the bed with bulldozers 
and scrapers immediately after exposure by stripping. A 11 materia 1 1 oos­
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 1 oaders and self-1 oadi ng scrapers. A few years 
ago, a practice was inaugurated of sweeping the surface w"ith mechanical 
brooms just before drilling, blasting, and loading. 

One severe problem faced by the 1 ignite 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 snm<~ 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 s.hovel from 
sinking into the bottom. 

Material shortages and long delivery times often plague expansion 
efforts in the industry. Also a shortage of skilled labor in the area 
cr~ates problems with new developments.l6 

Reclamation problems are receiving considerable attention at this 
po·int.l7 One of the most severe concerns currently facing recl~mation 
deals with differential subsidence and piping erosion. In general, this iS 
caused by the slumping and settling of reshaped spoils, and erosion along 
subsurface cracks which result in cavities beneath the spoil surface. 
These problems seem amplified when spoils are sadie 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. ~ecause 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 establishmen~ of vegetation can 
greatly reduce er9sion losses. 

Even though the replacement of suitable plant growth material over 
sadie and saline spqils has greatly reduced the problems associated with 
reclamation of these spoils, concern still exists for controlling salts. 
~igh 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 sadie spoils and replaced surface soil. These 
problems are especially important in areas where very liJTiited amounts of 
s~itable s~il materials are av_ailable for stockpiling and replacement. 

Another major concern of reel amati on is 1 ong-term sustained pro­
duction of annual and perennial crops. Observations available at present 
are basea on only a few growing seasons. The time factor in .evaluating the 
success of reclamation has not been adequately determined. R~search 
currently in progress is designea to monitor production of reclaimed land 
for several ·years over a variety of weather cycles. Only by such eval ua~ 
tion can long-term proauctivity of reclaimed land be estimated• Closely 
alliea 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 species, ana species adaptability to reclaimed 
lands. 

New Mexicol3 

Strip mining of coal in New Mexico is carried out on terrain that 
ranges from relatively flat surfaces to rolling hills, and in many places 
amid 11 badlands 11 formed by steep-walled gullies separated by ragged rock 
ridges. · · 

Natural vegetation 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 original soil or on 
reclaimed spoil banks. 

~lost strip mining there is performed using the 11 box cut11 method. 
J.\fter the mining is completea, the terrain looks like knobby ridges anq 
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 Mexico coals are iow sulfur; 
thus no problem with acia water arises. · 
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The overburden in many parts of New Mexico includes hard sandstone 
. that requires blasting .for removal'. Walki'ng dra·glines 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 
succ~ssful in northwestern New Mexfco. At best, artificial reseeding 
pro vi des a tefl1)orary 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 m1n1ng in 
the United States today. Vast quantities of western low-rank coal resour­
ces 'lie at depths beyond the· current economic 1 imi ts for surface mfni ng. 
Some ·of these resources may be extracted by underground mining in . the 
future; thus ·a brief synopsis of the ·relevant technology is prese'nted here. 
Application of underground mining techniques to U.S. 1 ow-rank coals wi-ll 
require new or adapted techniques to deal with the thick seams and uncon-
solidated overburden encountered in·many areas. · 

There are three different types of underground· mines, depe.ndi ng on 
the manner of making the opening from the surface to the coal seam: drift 
mines, shaft mines, and slope mines. These three method~ of accessing the 
coal seam are illustrated in Fi g.ure 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 controls the circulation 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 hois'ting cable, from the surface to the coal 
face. Miners usually enter and leave th~ 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 
reached where it is more economical to use shafts for men, supplies, and 
equipment. 
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F-igure 3.2.3.1 
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RQom and Pillar Miningl 

The room and pillar system of underground coal m1n1ng leaves 
undisturbed blocks of coal in a regular grid to prevent collapse of over­
head rock strata. Approximately one-half of the coal is nonnally left 
behind in pillars to prevent subsidence. (In some cases, rooin 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: (l) 
Undercutting; (2) drilling; (3) blasting; (4) loading; (5) transporting and 
(b) 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" oreaks 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 aoout Hs feet, is limited by the length of the machine, so as to 
keep the operator under supported roof at all times. Efforts have been 
made, with varying success, to mount roof bolting equipment on continuous 
miners. Where· this has been successful, the advance per cut is 1 imi ted 
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 underground mines (bituminous) is taken by continuous 
mining machines. 

Upon retreat from the face, the pillars can be partially or totally 
extracted depending. Qn surface subsidence problems. Total extraction 
results.1n ~oof coll~pse and major subsidence. 

Partial extraction can be accomplished in a number of ways. 
Diagonal. cuts can be. made in the pillar; an auger drill can be used to 
extrac~ the coal.;· or. sophisticated equipment, specifically desi~ned for 
pillar robbing, suc;h .as the 11miniwall 11 system from Ingerso~l-Rand can be 
employed to increase the yield of coal extracted from the mine. 

Sublevel Caving by Pillar Extraction3,4 

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 b~ some to be a reasonable upper limit). 
Sublevel caving by ,pillar extract1on is a proposed modification of the 
nonnal room and pillar 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 
11 falls 11 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 Mfn~ngl ,5 

Longwall min·ing utilizes conventional room and pilla.r 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 si.de 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 behin'd the roof supports, 
thus relieving th~ pressure on the coal face. . 

· The effic.iency of the lo.ngwall technique has progressively improved 
.:through introauc'tion of iilt-aavancing support,. and the flexible-annored 
face conveyors. This fully mechanized version, using imported equipment, 
was tntroduced 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 productivity 

' and ·.safety. · 
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The increas1ng interest in longwall mining is attributable to the 
following factors: 

• Improved economics (lower cost per ton) 

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

1 Increased recovery of coal (present oye~all recovery 
closely approximates the room and pillar rate with a 
greater potential as new techniques and ·equipment are 
developed) · 

• Preaictable subsidence 

• Aaaptability to thick and multiple seams 

• Capability to mine at greater depths 
. . . 

There are several constraints which continue 'to limit application 
of.this technology: 

• The non-fractur.i ng and non-caving· . characteristics Qf 
rock strata above the abundantly available_shallow depth 
seams do not permit mining by the 1 ongwa 11 method. 

• Reluctance of mine operators to commit the large initial 
capital investment, which can run as high as 10 million 
dollars to initiate operations. Mine· size must be 
1 arger than 1 mi 11 ion tons per year to_ justify the 
capital investment. · 

• Surface subsidence, a 1 though more predi ctab 1 e and 
uniform, can only be tolerated in certain unpopulated 
areas. 

Several DOE-sponsored studies are currently under way to identify 
ana eliminate problems which 11m1t proauctivity and to increase the econo­
mic attractiveness of longwall mining. One such area for improvement is 
aecreasing the setup time for the equipment on each new face. Studies and 
research projects are also directea toward automation techniques and toward 
field trials ana demonstrations of improved longwall equipment and tech­
niques. 

More· work is also necessary on the mi ni'ng of the thick western 
low-rank coal seams. The practical limit on the longwall equipment as 
applied iri 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.5 

-51-



Shortwall Mining 

Shortwall mining i~ 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 ~nd conveying equipment can be used in 
mine development and production mining operations. Coal recovery is 
comparable to the longwall method. Shortwall mining, li~e longwall mining, 
can be usea only in areas in which subsidence is acceptable. 

Underground Hydraulic Mining 

Underground hydraulic mining of coal 1nvolves. the use of high­
pressun::: (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 becau.se of the following: 

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

• Hydraulic mining moves the operator safely away frQ(Il 
rockfalls in the vicinity of the working face. 

• Respirable oust generation levels are lower. 

At the present time, hyarau11c.: coal nrining is not practiced in the 
Unitea States. In Canada, Kaiser Resources is presently operating a 
4UUU-ton-per-aay hydraulic mine in British Columbia; in the Soviet Union, 
ten hydraulic mines are in operation in the Oonets and Kuznetsk coal 
basins. Hyaraulic mining is also practiced in the Federal Republic of 
l:iermany. 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 environment~l concern~ associated with under­
ground mining are mine drainage, solid waste disposal, and subsidence. ln 
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 are~ 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 b~ expensive. Treatment may require o_ne or more of 
the fo ll owi ng : 
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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 
1 ands 1 ides. The accepted practice is to 1 ay 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. Pi 11 ars 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 accomplishea. 

The safety of unaerground 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 
implementati9n of coalbea methane degasification practices. Pilot projects 
to ora in methane from coal beas in advance of mining operations are now 
under way. Should such practices become widespread, 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 mi~ing to a 
significant degree. However, thick seams, which are char~cteristic of 
l~rge portions of the western coal resources, do greatly influence the 
method of mining. Other important variables in~lud~: 
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• Amount of cover over the coal seam. 

• Characteristics 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 presence and amount of explosive gas 
{methane). 

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

• Nature and strength of the roof and floor ror.k strata 
s~rroundi ng the coal seam;. in many western 1 ocati ons, 
incompetent, unconsolidated rock tormat1ons preva11. 

• Any previous or concurrent mining in seams above or 
below the coal sedm to be worked. 

For example, a recent study which examined seam height, methane 
problems and roof condition found ·that, contrary to what was becOJiling 
industry practice, conventional room and pillar mining and blasting and 
loading could be more productive than continuous mining in seams thicker 
than 6 feet.6 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 is sponsoring several R&D· projects to 
develog and prove underground m1n1ng techniques for· thick low-rank coal 
seams.'l These 1nclude: 

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

2. Longwall in steepl.v pitching seams - field tests in 
Col or ado are under way. 

3. Longwall in sublevel caving - development is cont1nu-
1ng for construction and field test1ng of a prototype 
machine for this method. 

4. Sublevel caving with pillar extraction - 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 Descriptionl 

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 unpredi ctab 1 e 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.a 
For low-rank coals, which shrink and disaggregate upon heating, it is 
particularly impor.tant 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, uti 1 i zing nearly 
i'!ll thP. coal. 

If a linkage 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. 

aother linking techniques used or attempted in the past include 
electrolinking, hydrofracturing, explosive fracturing, and pneumati.c 
pressure. fracturing. Explosive (shaped charge) or hydraulic drilling 
techniques have been proposed and partially developeq.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 low-rank coal. Commercially attractive well spacings are b'e­
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-sea 1 e, con~ i nuous operations were successfully conducted with both 
the flat~lying and steeply dipping configurations illustrated above. The 
resource recovery efficiency (energy in c 1 ean gas to energy in co a 1) was 
typically 40 to 50 percent, which was the product of a 70 to 80 percent 
sweep efficiency and a 60 to 70 percent therma 1 effi ci'ency. 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 surrmarized in 
Section 3.2.4.4. 

The key process operations 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 3.2.4.3 

UCG In a Steeply Dipping Bed 

!i 

Source: Refer~nce 1 



Site Characterization and Evaluation 

Because the underground coal seam is the gasi fi cation reactor, 
obtaining complete geologic and hydrologic information on the site is 
critical to the success of the iubsequent operations. Initially, it 
is necessary to confirm that the coal seam meets the basic criteria such as 
continuity. This can be done through a combination of remote and downho1e 
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 is 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 wei~, 
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 methoa is sometimes unreliable, because multiple linkage paths as well 
as paths at the coal seam/overburden· interface are sometimes formed.5 

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 verti~al 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 moni tori.ng systems, wi 11 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 linkfng 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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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: l) 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).7 

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 surfac~ 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.5 · · 

In future commercial plants, cost considerations will dictat~ that 
downhole instrumentation be utilized only in wells drilled for other 
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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 low 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 justitiea 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.~.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 associ a ted 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 mentionea earlier, the system design can determine, to a large 
extent, the nature ana timing of the subsidence pattern. The seam thick­
ness, depth, and dip, as well as the overburden characteristics, are also 
critical variables. To date, no direct observation of surface subsidence 
auring UCG has been maae in this country due to the small scale of opera­
tions. (However, the surface has subsi:~d shortly after completion of UCG 
experiments at Hoe Creek, near Gillette, Wyoming.) Interpretation of 
Soviet data, plus the analogous experience gained from unoerground mining, 
indicates that good engineering principles can be applied to control the 
subsidence pattern as desired. 

Aquifer aisruption problems are essentially the same as those 
associ a ted with surface or underground mining. Removal of the coal and 
subsidence of overlying strata wi 11 , in most cases, disturb groundwater 
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systems, whether the coal is removed by mining or by gasification. The 
solution to this generic problem lies 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 b.Y laboratory and modeling efforts) indicate several interesting 
facts:~,9 (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 
spec.ies (sulfates, etc.) that are leached from the ash left in the reaction 
zone· when groundwater flow is restored may be of greater concern. 

Both the 1 ana use and air quality effects associ a ted with UCG are 
essentially similar to those of surface-based gasification plants, and wi"l·l 
raoT. hP. n1scusseu 1 n d~ Ld i 1 her--e, 

3.2.1.3 Effect5 of Low-Rank Coal Properti~s 

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 affecti hg 
UCG. As far as is known today, process performance and economics improve 
as seam thickness increases. For seams less than IU teet thick, the effect 
is very pronounced; accoroing to Soviet data, gasification of seams less 
than about b feet thick produces gas of unacceptably low heating value (see 
Figure 3.2.4.6).4 This is attriouted to the excessive loss of heat to 
the overburden and unaerburaen, which reduces gasification efficiency 
dramatically. This ~fiect becomes relatively unimporta~t above seam 
thicknesses of about 15 feet; however, very thick seams still have the 
aavantage that more coal is accessea per borehole, which has a direct 
impact on gas cost. To date, most of the low-rank coal UCu experimertts in 
the United States have been conductea in seams 25·ana 30 feet thick, with 
generally gooa results. On~ test in a lUO ... foot seam obtained excellent 
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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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. 

As described earlier, the process used for steeply dipping beds 
(greater than about 30° angle of dip) is somewhat differe nt than for 
flat-lyinq coal seams. The SOB 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 co a 1 seams have permeabil it i es that are 
orders of magnituqe 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 low-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: (l) 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 desiraple 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 i~ Texas; another may be Washing­
ton state). Thus it may be expected that UCG pl ant.s might first be located 
in these areas. Alternatively, plants located in remote areas (e.g., 
Wyoming) would feed their gas to 11minemouth 11 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&D program. However, a signifi­
cant number of indu~try JJrojects are also being conducted, as summarized 
below. 

DOE Programl · 

There are four field projects in the DOE Prog.ram: .(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 Livennore Labor·atury (LLL), (3) Eastern coal technology, directed 
by Morgantown Energy Technology Center (METC), and (4) steeply dipping 
beds, directed by Gulf R&D 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) 

Si nee 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 completed successfully. The Hanna 2, Phase 2 test was 
in many respects the most successful UCG test ever conducted; a constant 
and high heating va·lue ot product gas and ~xcellent thP.nna1 effh;ll::!uCy wer·e 
obtained. This series of tests not only demonstrated process fe.asibility 
but identified the important design and operational factors necessary for 
successful gas production from a thick, flat-'Jying low-rank coal seam. 

Test 

Hanna 1 
Hanna 2-1 
Hanna 2-2 
Hanna 2-3 
Hanna 3 
Hanna 4A 
Hanna 4B 

Source: 

Table 3.2.4.1 

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

Gas 
(Jual i ty 

(Btu/scf) 

Produc­
tion Rate 
(set/day) 

Duration 
(days) 

126 1,600,000 180 
152 2,700,000 35 
175· 8,500,000 25 
138 12,000,000 38 
138 10,000,000 38 

90 . 13,000,000 80 

Thermal 
Effi­

ciency 
% 

83 
89 
76 
76 

Tons of 
Coal 

Gasified 

4,000 
1,260 
2,520 
4~200 
2,850 

------------------not yet published--------------------

Reference !:i 

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

Si nee 1 ~72, 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
t ion 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. 

Test 

Table 3.2.4.2 

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

Gas 
Quality 

(Btu/scf) 

llO 
106 

Produc­
t ion Rate 
( scf /day) 

1,700,000 
3,300,000 

Duration 
(days) 

Thermal 
Effi­

ciency 
% 

ll 73 
58 68 
( 2) 

Tons of 
Coal 

Gasified 

128 
2,300 

Hoe Creek No. 1 
Hoe Creek No. 2 

(oxygen test) 
Hoe Creek No. 3 

( 263) 
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 gas if icat ion 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 r-ecently completed Pricetown 1, a minitest 
for investigation of reverse combust ion 1 ink age 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 (SOB) 

DOE signed a contract with Gulf Research and Deve 1 opment 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 
Laooratori es has concentrated on the deve 1 opment of. instrumentation and 
process control techniques for the program. 

Sanoia 1 s efforts have been primarily associated with LETC's experi­
mental program at hannat Wyoming. Major instrumentation efforts have been 
fielded on the Hanna ~ and Hanna 4 experiments w1 th over 600 channels of 
information recorded from instrumentation wells and extensive surface 
arrays (see Figure 3.2.4.7). 

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

Detailed therm(ll 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 
require less costly surface diagnostics rather than downhole instrumenta­
tion.~ 

Supporting Research 1 

The UOE field projects are supported by a broadly based laboratory 
and modeling program to develop a better understanding of the process, as 
summarized briefly below: 
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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, modeling, and field 
studies o~ UCG groundwater and air polluti~n; and 
subsidence 

• Wc:::t V1rg1n1a Univ~r&ity - Coal conductivity measure .. 
ments; one-dimensional process model; thermo-mechanical 
simulation moael 

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

• University of Alabama - Physical properties of char; 
·shrinking core model 

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

• Science Applications, Inc. - Analysis and interpreta­
tion of METc•s laboratory UCG simulation data; subsi­
dence models 

• SRI International - Market evaluation 

• Booz, Allen & Hamilton Inc. - Preliminary UCG pilot 
p 1 ant aes i gn and cost es ti rna te; coa 1 resource summary 

Inaustry UCl:i Projectsll 

In the United States, private sectors and government have a h.i story 
of cooperation in unaerground coal ·gasification. The u.s. Bureau of M1nes, 
in cooperation with the Alabama Power Company and Sinclair Coal Company, 
performed a number of UCG tests near Gorgas, Alabama, from 19.47 to 1959. 
Following these tests, there was no act'ivity in UCG until 1967, when a UCG 
test was carried out by Cities Services· Oil Company· in Oklahoma bituminous· 
coal, and in 1969 when Gulf· Research and Development Company perfonned a · 
UCG test in a bituminous Kentucky coal seam. 
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Following the E!ncouraging 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 incl_uding 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 ben~fit of both government and indus­
try. 

Three organizations have recently concluded significant field 
tests; these are summarized below. 

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

In ttlarch l!:17b, Texas Utilities Company signed a license agreement 
with Licensintorg of the U.S.S.R. for technical documentation and assis­
tance in UCll. A technological test was aesigned and executed in 1976 to 
prove technical feasibility near Texas Utilities• Big Brown Steam Electric 
Station in Freesto~e County, .Texas. The test was classified as a success. 
The experiments were then moved to the Tennessee Colony site in Anderson 
County, Texas. A two-phase field test, including both ai.r and oxygen/steam 
injection, was carriea out from August 1978 to March 1979 in a multichan­
nel, multiwell configuration. Reverse combustion was employed to link the 
wells. 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 value 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 betweefJ ·0.5 and 4.0 
were used. 

Atlanti<;;, R.ic.hJjela Company (ARCO) 

In 1~7~ ARCO aesignea, fielded and executea a successful field 
gasification test· in a lOU-foot-thick subbituminous coal seam near Reno 
Junction, Wyoming. The coal bed depth was about 630 feet with a 50-foot 
shale overburaen ana a hyarostatic head of 300 feet. The test includea: 
(1) reverse combustion/forwara gasification with air, (2) control of water 
influ);(, ana (;:s) environmental monitoring. The DOE informally cooperated 
with ARCO on proc·ess instrumentation ana data handling. The DOE, through 
the Lawrenc~ Livermore Laboratory, formally supported the ARCO test· with 
high-frequency electromagnetic detection of the propagatio.n of the burn 
front. 
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Ignition took place in Sep.tember 1978. Two 75-foot reverse combus-
tion li·nks 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, 197B. 

Texas A&M University 

Texas A&M University, supported by a group of companies, conducted 
a UCl:i test on University property in l<j77. In cooperation with a consor­
tium, a secon<l test was recently carried out near Rockdale, Texas. The 
lignite is 14 feet thick at a depth of 23b feet. A reverse burn link over 
a !>U-foot <li stance was completed and forward gasification was conducted. 

Iu audition to these projects, the Resource ')C1;:>nr.P.~ r.orpurdl.iun·~ 
subsidiary, Williams Brothers Process Services, Inc., is actively involved 
in client-sponsored studies of economics, cleanup and gas utilization for 
UCG, includ;ng stua1es of air yas'if·ication 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 
chara~terization st~dies 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 c9-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 
technical 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 training manual and reference for persons in 
or expecting to enter the coal mining industry~ 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 comprehensive and informative on all. aspects of 
surface and underground coal mining. Hnphasis 1s plac.:eu u11 111irl'ing 
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 pract i ca·l (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 organization a 1 /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 reclamati.on into the mining method 
before disturbance. New mining methods that will maximize aesthetics 
and minimize erosion, landslides, and deterioration of water quality 
are d1scussed. Blasting techniques and vibration damage controls are 
recommended. Methods of 1 and rec 1 amat ion inc 1 ud i ng 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 abandorunent 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 pre 1 imina ry p 1 anni ng 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. 

4. 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 Associates, 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-
1 ogi es and systems for increased production of deep mined co a 1 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; 
ide.ntify major alternatives for filling institutional gaps, if any, 
b~tween 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. 

5. u.s. Department of Energy Underground Coal Conversion Program Descrip-
tion, DOE-ET-0100, 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. · · · · 

6. Proceedings of the * Underground Coal Conversion Symposium: 
*Fifth -Alexandria, Va., June 18-21, 1979, 449 pp. 
Fourth- Steamboat Springs, Col., July.l7-20, 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 d.ata on this subject is 
comparable. In addition to the large number of papers included in the 
proceedings themselves, extensive reference lists are provided whiGh 
cover practically.the entire domestic and foreign literature on under­
ground coal gasification. 
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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.a 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. 

All 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.2 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. 

aFar example, subbituminous coal from Colstrip, Montana (8600 
Btu/lb) 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.1· · 
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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 d·istances. 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 railr.oads will be a major beneficiary of 
increased coal consumption. 

The greatest uncertainty affecting rail road movement of co a 1 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 m1n1ng 
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 tran$portation 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 .ailroads. 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 should become 
increasingly attractive with respect to rail rates.3 

Trucks and Conveyors 

The techni ca 1 state-of-the-art in truck arid conveyor design. has not 
changed dramatica I ly 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. 

Conveyor· sysLe1i1s on the mat'ket today are available in self-pro­
pelled and shiftable models to facilitate rapid relocation and maximum 
flex1b111ty. Almost any length of conveyor is availdbl~ uJJ to 3000 feet, 
but special applications utilize single units 4000 feet in length. 

Trucks are a very f·lexible means of transportation and will con­
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 f·rom 
thickener tanks is used in the plant•s cooling system. 
Previously, the uncl arifi ed water conta1 n1 ng 5-20 per­
cent residual solids had been evaporated in holding 
ponds on the desert. These techniques may not be 
acceptable at other locations. 

2. Small-scale tests of slurry transport of 11gn1te in­
dicate it wi-ll produce excessive fines due to· the 
deterioration of particle size during transport. Fines 
smaller than 40 microns are difficult tn·dewat~r at 
the receiving end of the pipeline, and may have to be 
di spo·sed of in sett 1 i ng ponqs as waste. 
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3. If flow is stopped for any reason, the coal particles 
will eventually settle out of Sl!Spension. 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 
pipeline shows an advantage over other competing forms of coal transpor-
tat i on.3 · 

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. 

Transportation 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 pipeline costs are rough estimates, since only one, the 
Black Mesa pipeline, is actually opera~ing. 

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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Tab 1 e 3 • 3 .1.1. 

Energy Efficiencies of Various Coal 
Transportation Systems 

. Transport 
System 

Railroad 
Slurry Pipeline 
River Barge 
Truck 

Energy Consumption 
(BTU per ton-Mile) 

370 
41oa 
440 

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 l"iquid and the transmission of 
the product via pipeline. The economics and operations of pipeline and 
electric transmission lines are well established. In addition, any 
effects of 1 ow- rank co a 1 properties on these techno 1 ogi es 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 
exist1ng industry practice, the economic cutoff point between transporting 
coal and utililing it at the minemouth is currently some\'lhere between 
subbituminous coal and lignite. Most lignite-fired power plants in the 
U.S. today are at the mi nemouth. A 1 arge percentage of the subbitumi nous 
coal is transported to demand centers; however, ·a number of rni nemouth 
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. presents a summary outline of identified key issues 
in low-rank coal transportation. Detailed discussions of these issues can 
be fo~nd 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 

Regulatory 

Envi ronmenta 1 

Barge 

Technical 

Regulatory 

En vi ronmenta 1 

Trucks and Conveyors 

Technical 

Regulatory 

En vi ronmenta 1 

- no significant issues. 

- current decisions by ICC and Congress regardi·ng 
rate hikes and less regulatory control. The 
effects of these issues on future coal traffic 
are not clear. 

- socio-economic effects of 1ncreased unit train 
traffic on small western towns. 

- no significant issues. 

- 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. 

- no significant issues. 

' ' 

- no significant issues. 

- no significant issues. 

- no significant issues. 
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Slurry Pipelines 

Technical 

Regulatory 

Environment a 1 

Table 3 .3 .1.2 
(continued) 

Page 2 of 2 

- dewatering coal fines at the receiving end. 

- on-site utilization of treated slurry water. 

- minimizing pipe 1 ine 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 rece·ivh!y 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 unit train transport system as well. Western subbituminous 
coal mine~ lnad two to eight unit trains per day (2 to 4 hour·s per each 
100-to-115-car train), Lhus accomplishing a nearly continuous flow ot coal 
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 nomina 1 100-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 1 oad-carryi ng capacity of such 
cars maY be slightly in excess of the nominal 100 to~s.a 

The selection of a particular type of car for a unit train 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) dru..l must be unloaded by means 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. 

aT he bulk density of co a 1 ranges from 47 to 67 1 b/ft3, depend­
ing on the type of coal. lump sizes, and degree of compaction. Typical 
bulk densities for low-rank coals loaded into rail cars range from 50-55. 
1 b/ft3; the effects of moisture content l drying) and co a 1 rank on bulk 
densities are so small as to be negligible.3,4. 
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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 colliTlonly, 
but quadruple hopper cars, with higher discharge rates, are gaining wider 
acceptance. For greatest rapidity in unloading, cars with 1 ongitudi na 1 
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 lighter 
(and somewhat cheaper) gondola cars with rotary dump systems appear .to 
be favored for future use. Either type· of car ~s 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,2 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 ca.rs {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 
adapted Lu the loads and speeds currently prevailing, and no major changes 
are anticipated. 

Forecasts of greatly expanded western coal production and transpor~ 
tatipn have been analyzed with respect to potential impacts or bottlenecks 
in the railroad system. Freight-car and locomotive builders can meet 
projected demands for new equipment (although temporary shortages may 
occur). While most railway lines in the U.S. are underutilized, several 
major coa 1-carryi ng routes are being operated near capacity, and may not 
be able to support much heavier traffic without rehabilitation, m<,>derni­
zation of train-control systems, lengthening and relocation of pa~sing 
sidings, rail renewals, and, in some cases, electrificaJi?n· · 
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The two anticipated develqpments 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 c;ompared 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. The compensation is based upon the type of car and, 
sotTIJ?timPs, its age. A typical coal car might be allowed 3.75 cents per 
mile.s 

Although the reduction in shipping cost is attractive, a coal 
company could not jusLlry leasing coal car~ throuah milPnQP. compens~tion 
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. 

Rail road companies have mixed reactions regarding other companies 
that lease rail cars. Railr.oads 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 
fi nanci a 1 burden and res pons i bil ity of maintenance is removed from the 
railroads.S 

The actual savings realized 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-uw11ed (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 p.rices: the final rates ar·e negotiated between 
railroad and coal company representatives, and are easily affected by the 
immediate availability of other competitive means of transportation~ 

Drying low-r.ank 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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Reducing the moisture content of ·1 ignite 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 load) are generally based or bulk densities, which, when 
coupled with the fact that moisture content has 1 itt le 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 r.ates are negotiable·: rail­
roads may consider dried co a 1 a 11 prepared 11 fue 1 product instead of a 11 raw 11 

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/lb) from Tacoma, Washington, to Alabama. ln this instance, the SRC 
was shipped at a 11 raw (.;Oal 1

' rate. Savings in shipping coc;t<; were thus 
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 conte·nt as a 
train carrying 5 wt.% H20 in 69 cars (6840 tons). 

In different terms, a 1000 MW. power plant l')eeding 4.25 million 
tons of as-mined lignite per year (35 wt.% mo1st.ure) requires 425 unit 
train sh-ipments 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 lignitea, 
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 costs alone. In addition to these 
savings, the dried lignite will command a higher price from the consumer 
(utilities). 

aEstimated incremental capital costs for drying 
equipment: $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. 

Basis 

130 X 109 Btu/yr 
(For a 1000 MW electric 
generating station) 

Number of annual 
'unit train shipments 
(10,000 tons/train) 

1000 mile transport 
@ $0.0125/ton-mile 

Annual transportation 
costs (millions) 

Cost of coal drying 
@ $2.66/ton (millions) 

Total cost per year 
(millions) 

Net annual savings from 
coal drying.(millions) 

Source: Reference 1 

As-Mined 
35 wt.% H20 

4.25 X 106 tpy 
( 6300 Btu/1 b) 

425 

$125,000 

$53.1 

$0.00 

$53.1 

. -95-

Dried 
5 wt.% H20 

2.91 X 106 tpy 
( 9208 Btu/1 b) ' 

291 

$125,000 

$36.4 

$11.3 

$47,.7 



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

{itu as-min~ 
Savings = 1 - "-Btu dried~ X 

(freight rat~ r;;stanc~ 
~/ton-mil~ X ~iles~ 

3.3.2.2. Environmental Control Technology 

There are few environmental control problems unique to railroad 
shipment of low-rank coal. T~e 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 
genera 1 , creates its own en vi ronmenta 1 concerns: exhaust from the 1 arge 
d·lesel enyir~es will emit typical combu!;tion products (CO) C02, Hr., 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.a 

The Grand Forks Energy Technology Center (GFETC) and Commonwealth 
Edison of Chicago jointly conducted tests to evaluate the transportability 
of partially dried subbituminous and lignite coals.3 During 1974, 400 
tons of each coal type were dried in a commercial scale dryer at Pekin, 
Illinois, and shipped to Gr~nd Forks, North Dakota, for stockpiling. 
Tests were performed to: determine dried coal density; oxygen content 
within the loaded cars; dust emission::. dut'ing 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 

apresently, about two-thirds of the cost of m1n1ng and delivering 
western (Wyoming) coal to an eastern (Texas) consumer is spent on transpor­
tation.8 
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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 lb/ft3 for dried subbituminous 
coal, and 47.0 to 51.1 lb/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 
subbitumi nous 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 
personnel3,9 indicate that both undried and dried loads of low-rank coal 
are susceptible to freezing. The GrcTC/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 pt'ior 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. In freezing 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 effectfvely reduces the 
degree of agglomeration of the raw lignite in the center of the car.9 
The dried particles apparently absorb the moisture vapor released by other 
particles and hence reduce frost formation. 

3.3.2.4 Current Status10,11 

Currerit trends in the railroad industry do not indicate massive 
expansion nf rail lines into new areas, but rather the accelerated business 
mergers of formerly competing railroads. For exampl~, 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 c~rriers, Burlington 
Northern and Union Pacific, are working to further extend their control and 
their coal market network. a The proposed end-to-end mergers will re­
portedly make more efficient use of rail company equipment and its mileage, 
although the effect of such mergers on coal transportation 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 
P~cific. 

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 alSo entertaining merger pro­
posals. BN hopes to acquire the St. Lou·is - San Francisco Railway (Fris­
to), which would ~nable BN to move coal ffom Wyoming directJy to the 
steel mills in Alabama and the Gulf Coast. 

arn 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 surface mines. 1980 shipments by UP are expected to top 30 million 
tons.lO 

-98-



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 Mil waukee, as is the state of Montana, which· wants to buy the lines 
and then lease them to a rail road 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 leve1.11. 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. 
De 1 i vered co a 1 prices wou 1 d increase and cou 1 d 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 Illinois 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).! In 
1976, domestic barges transported more than 129 million tons of coal over 
i.nland waterways~ which represents about 21 percent of all commodit·ies 
shipped by barge. . 

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, th~ Chicago and Illinois 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 Illinois 
River.3 

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 be'en 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 rjver. The most co11111on barge 
is roughly 200 feet 1n length and 35 feet wide, and has a cargo capacity of 
1500 tons. 

Actual towing operations i nvo 1 ve 1 a~hi ng 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 pqsh a single barge or as many as 45 barges 
at a time. When passing through lock systems, barge groups of 4-wide and 
3-long or 3-wide and 4-long are used depending on the size of the locks 
and the size of the barge. Integrated tows pro vi de .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 duri 119 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.4 
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Great Lakes coal is 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 

minima 1 because of the s 1 ow 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. 

. Ot.hP.r poss1bl~ ~llvir"·onmentol concern!; from barge tran~port include; 
exhaust 'emissions from tugboat engines; possib'le release of coal quant­
ities into waterway; and increased deterioration of river and canal banks 
due to waves. None of these conc.~rns 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 v1rtually the same manner by 
the properties of low-rank coals as ra.il 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-r~nk 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 fine~ fractions 
and accompanying dust emissions. 

3.3.3.4 Current Status 

The western coal fields~ unlike those of the mid-western and 
Appa 1 a chi an regions, do not have access to navi gab 1 e waterways. However, 
wit~ coal moving as much as 800 to 1200 miles by rai 1, i ncreaied use of 
rail-barge combinations is definitely feasible. 

N~w interesting combinations are developing on reasonably large 
scales, ·with western subbituminous coal movi·ng by rail to points on the 
Great Lakes or the Mississippi and Ohio ·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 caul d 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 cant i nue 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 1s 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.5 

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 _lock 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, Illinois, 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.6 

In addition to capacity constraint problems (which cause delays), 
the barges are subject to disruption by strikes and disasters (such as 
flooding. accidents. etc.). Althouqh barqes are quite energy-efficient, 
the price of shipping waul d be subject to i nfl at i onary 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.)4 This· 
gives the inland waterways more freedom of operation and price negotia­
tion than is available to other transportation industries. 

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 genera 1 i nfl at ion of operating 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 Description1,2, 

Truck and conveyor movement of surface-mined 1 ow-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 is 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.1 

Trucks used in western surface-mining operations are not used 
outsic1P nf the mining area. Those that could fit on rural highways would 
not only severely Udlllage the· roadbed, but would immediately become an 
uneconomical method for coal movement outside of the mine area. 

The current transpottat1on breakthrough within urine sites is the 
efficient utilization of conveyor belt networks to move coal and overbur­
den. Operat iona 1 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. 

• A series of 48- inch wide conveyors made an 
efficient system for transporting b 1 as ted over­
burden out of Bethlehem Mines Corporation •s 
Panther Valley anthracite mines, Tamaqu, Penn­
sylvania. As the pit deepened, 3l0-foot sections 
were added to the 500-foot top section, making a 
line about 1500 feet lon~. On t.hP. pit floor. 10 
shutt 1 e conveyors, each 100 feet 1 ong, are used 
to reduce haul distance of the front-end lo~ders. 
At the top of the .pit, a traveling 120. foot 
radial stacker-conveyor spreads the mater1al 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 conveyo~ is 485 fpm, hauling about 1000 cubic 
yards/hour. 
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• 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 spoi 1 at rates up to 4000 
cubic yards/hour. Both units advance on self­
propell~d crawlers as mining progresses. 

• Conveyors are well suited for use with continuous 
mining equipment, such as the bucketwheel excava­
tor (BWE). A large surface c9al 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 spoi 1 
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. 

• 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 
minimiz~d by proper maintenance and ear protection for mineworkers. 
Falling objects from loading ·or conveying operations can be controlled by 
belt ~uards and careful monitoring. Hard hats must be worn at all tim~s 
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 w1th intermittent truck loading/unloading, and with the higher 
speed movement of the large trucks qver dusty mi-ne roads. Conveyors do 
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not operate at high enough speed~ for dust emissions to become a serious 
problem. 

Increased use of conveyors instead of diesel-powered tr.ucks will 
reduce· the exhaust concentrations within the mine area, and shou,ld 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 res.ulting. 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 prob 1 ems during truck and co.nveyor transportation. 

3.3.4.4 Current Status 

Conveyor systems a.re beginning to take the place of traditionally­
used haul trucks in large weste-rn 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 skyrock.eting fuel and· maintenance costs will force· 
mine planners to reassess their present use of trucks and develop more 
efficient transpor-t 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 working model of a slurry. pipeline at the Columbia World•s 
Fa1r 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 f~r coal deliveries 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 co a 1 fie 1 ds ncar Kayenta, Arizona, to the Mohave Gene rat 1 ng Stat 1 on 

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 
pumpetl Lhruuyh Lhe 18- inch diameter pipe 1i ne at a rate of !:>60 ton5 of 
coal/hour, at speeds near 3.5 mph (slightly more than 5 feet per second). 
At :his rate a ton of coal completes the trip in about three days.2 

The effect of frictional resistance and elevation changes produce a 
1 arge pressure drop that must be overcome by the sl ur.ry 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; 11 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 inactive 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 i~ directly fed from 
two centrifuge~. Dewatered coal leaves the centrifuges containing a 
moisture content of approximately 20 percent. . . 

The separated. slurry water has the appearance of a black sl imey 
liquor, .and is often referred to as "ink", or underflow. Ink may not 
legally be dumped into surface water supplies nor may it be pumped ·into 
d1sposal 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 size. This underflow was discharged to a waste water evaporation 
pond.3 

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. solids.4 Instead of pending 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 

t pipeline rupture 

• pipeline abrasion 

t slurry freezing 

Water Availability 

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 gallons).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 p 1 ant 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 liquefaction) 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 example, there were 
1,373 failures of natural gas pipelines in 1975, ~n improvement over 
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1 1974's record of 1,477 failures.6. 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.2 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. 

Pipeline Abra5ion 

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 ~orne-. 
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.2 

3.3.5.2 Environmental Control Techno_lo_gy 

The pri nci pa 1 environment a 1 cont ro 1 concerns associated with co a 1 
slurry pipelines include: treatment and disposal, or utilization, of the 
coal fines and liquor 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 11 ink 11 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 unt i1 detection 
and pipeline shutdown, and the proxim-ity of slurry holding ponds.5 

Water use requirements will remain high unless future experiments 
can su.ccessfully 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 11 Closed loop .. transport 
media. 

3.3.5.3 Effects of Low-Rank Coal Properties 

The high inherent moisture content of 1 ow- rank coa 1 s 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 therma 1 drying on dust 1 oss 
and dry coal recovery are shown in Table 3.3.5.2 for eight different 
tests. Note that the raw lignite sample (no simulated transport), even 
after thermal drying, lost only one p0rcent of its weight as dust. The 
bituminous sample exhibited much less dust production after thermal drying 
than similarly transported 1 ignites, and almost twice as much bitumj nous 
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 
I,n Simulated Hydraulic Transport 

Texas Lignite Size Increase in Percentage 
Samp_l e (Count_yl linchj of Minus-50 Mesh 

Rusk 1/8 X 0 14.7 ' 

1/4 X 0 27.8 
1/2 X 0 38.0 

Titus 1/S X 0 31.8 
1/4 X 0 52.8 
1/2 X 0 61.6 

Henderson l/8 X 0 17.9 
1/4 X 0 31.4 
1/2 X 0 37.8 

Freestone 1/8 X 0 20.0 
1/4 X 0 36.0 
1/2 X 0 44.6 

Source: Reference 8 
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Table 3.3.5.2 

Observations During Thennal Drying of Hydraulically 
Transported Lignite and.Bituminous Coal 

Drier Feed Total Moisture, Dust Loss, 
Source Nominal Miles % % of Surface-

Size Trans- Before After Dry Feed 
In. ported Dryer Dryer 

Lignite 

Test 1 1/2 X 0 114 49.4 4.5 28.5 
3 1/2 X 0 34 44.7 2.8 16.0 
4 1/4 X 0 114 49.4 6.3 26.5 

) 5 1/4 X 0 72 49.4 5.3 14.8 
6 1/2 X 0 71 47.2 5.3 17.0 

Bituminous 
Test 7 1/2 X 0 72 12.8 0.6 2.1 

8 1/4 X 0 73 9.2 0.2 5.2 

Raw Sandow 
Lignite i/4 X 0 0 34.3 

.. 
4.2 1.0 

Source: Reference 8 
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Dry Coal Recovery, 
% of Surface-

Dry Feed 

39.5 
46.3 
40.5 
46.9 
45.7 

90.8 
87.9 

. 64.3 



filtration, are strongly affected by the size distribution of coal parti­
cles, where increas:ing 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 fi'nes 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 se.rious 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 from western water concerns and 
railroad tompi!n1es. To date, seven coal slurry pipelines have been 
proposed to supply fuel for the utility market. Of the seven, thr'ee plon 
to carry low-rank subbituminous coal, all from the Powder River Region 
near G i 11 ette, Wyoming. These three routes are shown, a 1 ong with the two 
existing coal slurry pipelines, in Figure 3.3.5.1. One of these, a 
Wyoming to Louisiana pipel1ne 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 obtair:~ing the right-of-way. It is necessary t~ obtain permits 
for crossing highways, rivers, can a 1 s, rai lroad·s, and public 1 ands. Most 
of these permits and easements are routj nely 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. Si nee 1875, the railways have 
mounted large, well-funded opposition to repeated Congressional attempts 
at eminent domain for pipelines. In 1978, the Coal Pipeline Act (H.R. 
1609) recommended the issue once again to the House of Representatives, 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 of the legislation feel confident that Congress will eventual1y pass 
the bill.1 

The planned coal slurry pipeline by Energy Transportation Systems, 
Inc. (ETSI) is a landmark case where clever planning succeeded in obtai.n­
i rig the necessary rights-of-way. and di s·covered that in many cases the 
rail roads are granted easements only and the subsurface ri·ghts are actually 
owned by others. ETSI thus obt·ai ned subsurface rights-of-way from the 
individu,al landowners and initiated litigation in federal and ·state cou.rts 
to assure the prevention of future rail road i nterference.1 Of the 65 
lawsuits filed, ETSI officials report that all have been 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 environme~tal impact statement, as well as 
a coa 1 evaluation program, is scheduled for comp 1 et ion in 1981. 
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Figure 3.3.5.1 

Plaritie·d Western LCn'I.;.Rank coal SlurrY Pipeline Projects 
· ·And·E~i~tin~ Pipelines 
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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 are·a. 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.) In 
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 mai ntai ni ng contacts with present and 
potential users of Powder River coal. 

Texas Eastern officials hope for construction to begin in late 1982 
with operation scheduled for 1985.11 · 

The Snake River Coal Slurry Pipeline Project wa5 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 
1 ength. 

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 p1pe1ine 1nd1cated 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 

. F1gu·re 3.3.5.2 presents cost analysis n~sults for· coal shipments in 
slurry pipelinPc;. Fnur P.st.imiltes .are shown according to the pric;e 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 monopo 1 i st i c power to vary freight 
rates as they see fit. 
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Figure 3.3.5.2 

. Coal Slurry Pipeline Transportation Costs 
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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 successrully 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 - Selected References 

1. Rieber, M., S.L. Soo, and others, Comparative Coal Transportation 
Costs: An Economic and Engineering Analysis of Truck Belt, Rail, 
Barge, and Coal Slurry and Pneumatic Pipeline, USBM/DOI/FEA, 
Contract No. JOl66l63, 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 'nd 
distribution systems. Within each section economic and technological 
compar"isons are made of the available modes. · These are used as the 
bas is for comparisons among the modes. I nter-moda 1 compatibility is 
studied with respect to both mixed trunk line shipment and with 
respect to feeder to trunk line and trunk line to distribution sys­
tems. The en~ineerin~ and technological data form the bases for the 
costing and economic analyses. · 

The cost basis includes all necessary processing, loading, and unload­
ing facilities needed for transport by each· mode. Emphasis 1s· placed 
on ·cost optimality and the ability to increase capacity; 

2. 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 technical, economical, 
environmental, and legal aspects of coal utilization .. Specific 
.sect ions include: energy forecasts of fuel prices; coar resources; 
transpqrtat ion modes; industria 1 boilers; cogeneration; co a 1 gas if i­
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. 

3. 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 transport at ion technologies and costs. Following the 
examination of costs, the effects of co a 1 benef ici at ion on trans­
portatiop modes and costs are quantified by an example. 
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3.3.6 - Selected References (Cont•d) 

4. ·Paulson, L.E., S.A. C~oley, C.J. Wegert, and R.C. Ellman, Experiences 
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 lignite coals were dried in a commerical scale dryer, oil: sprayed 

·and cooled, then shipped from Pekin, Illinois, to Grand Forks, North 
Dakota, and stockpiled. ·Cars containing .raw coa 1 and dried coal, 
which had not been sprayed, were also-transported for comparative 
purposes. During trans it, observations were made of ·changes in the 
coa 1 s • moisture content, dust 1 asses, and temperature. 

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

The Bureau of Mines investigated the factors that cause agglomeration 
of lignite by freezing during winter shipment and sought methods to 
avoid it. Tests showed that 1 ignite 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 lignite 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, ANQ STORAGE 

3 .4. 1 Introduction and Summary 

Coal preparation, hanql ing, and storage encompasses a wide sp.ectrum 
of proc~sses and procedures app 1 ted to co a 1 between the mine and its f ina 1 
utilization. These include numerqus physical, c~emical ~nd thermal tech­
niques which can be combined in an ·appropriate proce~sing c.ircuit to 
produce the d~sired product. The technologies involved in cqal preparation 
can be sep~rated into several ca.tegorie~ as foll.ows: · . ' . . 

C9mminution - This cat~gory ercompas~es all s iz~. 
reduct ion techniques including primary brea~ ing to 
process run-of~mtne coal to ~ minim~m top size, 
seccmdary cr1,.1shing tq produce a uniform s i~e dis­
trib~ticin s1,.1itable for a preparation circ~it br 
trari.sp9rtat.1on~ and grinding to preP.are the ~oal 
for extensive cleaning processes o.r for use in 
conibi.J st i I?". · ·· 

Mineral Matter Control - This category includes 
all techniques and equipment for controlling 
(usually reducing} various undes.irable mineral 
constituents of the raw co a 1 such as sulfur com­
ponents, ash producing components (mine di.lut ion 
products or inherent mi nera 1 s) and components 
affe~ting utilizatipn (sodium). 

Moisture Reduction - This category includes the 
processes and equipment useq to reduce the moisture 
content· of the coal. Processes include mechau itdl 
techniques for separating ·sol ids from slurries 
and reducing moisture retained on coal particle 
surfaces, and th~rmal drying for removal· of mois­
ture bound within the coal structure. 

Briquett ing and Pelletizing - These processes are 
used to manufacture a solid fuel with superior 
handling and combust ion characteristics, primar'i ly 
for small industrial and commercial markets. 

Storage - This category inciudes the techniques 
and strategies for maintaining mined coal in 
storage for long periud~ 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: l) 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·,. th~ only preparation techniques normally applied to low-rank 
coals burned by utiliti-~s are primary crushing at the mine, storage, an~ 
pulv~rization at the power plant. 

In contrast, the majority of the bituminous co~l utilized in this 
country is beneficiated in coal preparation plants. Most commonly, these 
plcmts employ physical separation processes th.~t remove mineral matter from 
t~e coal based on differences in specific gr~v1ty. Mechanical, and some­
times thermal, drying ·processes are incorporated into these plants to 
reduce the surface !JlOi sture of the washed coal to an acceptable level~ 
Pyritic sulfur compounds are among the minerals partially r~moved in the 
gravity separation processes; stricter standards on S02 emissions have 
fostered numerous process aevelopment efforts to improve the desl1lfur­
i?ation of high-~ulfur eastern coals. 

The primary reasons for the absence of these types of coal preo­
aration plants for low-rank coals are: l) the typically low extraneous 
mineral matter content of lpw-rank coal; 2) ·the high inherent f!lOisture 
content of low-rank coals; and 3) the relatively low sulfur content of 
low-rank coals. In qther words, the "washability" characteristics of 
presently min.ed low-rank coals ~re 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 thes.e 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 paragr·aphs 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. Applic:ation ·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. fine Coal-Cleaning 

7. Fines Generation During Handling and Comminution 

8. Handling of Dried Lignite 

1. Application of Moisture Reduction Techniques 

Slurry De\'1ateri ng 

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 transportatio~ 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) 
cannot 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 moistur~ 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 moist~re 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 ~lurry pipeline· destinations~ 

Currently, filtration and ccntrifug~tion are the two mechanical 
dewatering techniques· in use. The ultimate effectiveness of mechanical 
dewatering is dependent upon the wettabi 1 ity 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 will be reqiured to determine whether research is justified to 
produce incremental increases in mechanical dewatering system performance, 
or should be directed at other dewatering techniques. 

Therma 1 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 level 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 11 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, si nee different options wi 11 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 oil 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 
prpcess recyc 1 e in a fu 11 sea 1 e p 1 ant). The dried co a 1 is ,thereby 1 nt i- · 
niately mixed with the slurrying agent, and ready to be charged to the 
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liquefaction 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 severa 1 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 off gas to prevent part i cu 1 ate 
emissions. 

The pri rna ry concerns about the properties of dried 1 ow- rank coa 1 
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 pqrtially 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 understand1 ng of the tradeoffs between therma 1 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 
va 1 ue materia 1 dried co a 1 to be de 1 i vered at a 1 ower 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 
1 ignite from many North Dakota mines have. been shown to cause severe ash 
fouling problems in utility boilers.! Some Texas lignites, 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 organi~ matrix. For this reason, and becaus~ 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 stat.e, the sodium ions may be 
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11 exchanged 11 or replaced 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 i·ons of hydrogen (W) and calcium (Ca2+). 

Bench scale experiments and process design studies have been 
conducted at the University of North Dakota and the Grand Forks Energy 
Technology Center.1 A preliminary eco11omic 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 Na20 in the ash, and 
calls for a reduction to 4 percent in the final product (coals having 
less than 4 percent Na20 in the ash are not severely fouling coals). It 
may also be expected that reductions in other minerals will occur during 
the process. 

The costs associated with ion exchange beneficiation must be 
recoverable by u~ers of tha trQated 11gn1te throt!Uh ')t;tvillu.:.. in r:llpitlll 
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 to Low-Rank Coals 

Gravity separation techniques for coal beneficiation have been in 
commercial use for decades and .:~rr. part of a wcll-c~tablished technology 
for improving the quality of higher-rank coals. The topic encompasses 
jigs, tables, hydroclones, cyclones and dense media techniques. Due to 
their mechanism of 

1
0peration 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 overburd~n, 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 ~ow-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, ahd both are in operation due to unusual circumstances~ Bitum~nous 
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 S02 regulations tighten, and also as lower 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 low-rank coals have not been determined. No technical 
reasons are known that would prevent the application of conventional wet 
gravity separation techniques such as jigs. However, washability data 
(available only for a small percentage of low-rank coals mined) indicate 
th~t 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: 

1 Will lower quality low;..rank coal seams be 
opened, and how much mine di 1 uti on wi 11 be 
added as· a result? 
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• What is the economic tradeoff between mi nemouth 
sulfur rem·oval and enhanced S02 scrubbing at 
the end use point? 

• 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.? 

• Are water supplies in western coal regions 
adequate to support large scale coal cleaning 
activities? 

. Handling and storage problems associated with low-rank coals 
include spontaneous heating, oxidative degradation and excessive dust1ng. 
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. 

Alth6Ugh 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 or these agents. 
Binder addition is genera1ly no more than 10 percent by weight, and usually 
consists of a pet~oleum or coal derived distillate. Essentially all 
experimental briquetting work that hiiS been done on u.s. loW-rank coals has 
involved the use of binders. There is currently no significant production 
of briquettes from low-rank coals in the u.s. 

Binding ~ay be accomplished ~ithout the addition of ext~rnal ~gents 
by subjecting some coals to pyrolysis or 11quefaction cond·iVions. Coal 
retorting has been shown to produce a char product which may be pr·essed 
(while hot) to strong, durable and smokeless briquettesi Because tar 
production rrbm lignite pyrolysis is generally only 1 to 3 percent of the 
feed, addition a 1 co a 1 di st i 11 ates have been used as suppl emetitary 
binders~lO . 

Strength and wear resistance of finished briquettes have also been 
improved . by the use of coatings on the finished b'ri quette·s. fh·e Lise of 
these polymeric or resinous coatings has alSo been shown Useful for dust 
prevention. 

Briquette quality is strongiy affected by coal moisture content, 
particle size-and hardness. Lignite dried by the Fleiss·ner.protess or in 
electrically heated rotary driers has optimum briquetting charactertiStics 
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at moisture contents of 10 to 16 percent. 
smaller particles (0-lmm) are superior 
particles (0-2mm), as are softer coals.9 

At a conslant moisture content, 
briquetti~g feeds than larger 

t; 
~-~ ,, 

Due to the likely inclusion of moisture red,uction 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.ll Moisture inclusion as a result of 
aqueous ion exchange would be removed in, the pelletizin~ 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 chemica.l coal cleaning plants and slurry pipelines 
are used in the future to upgrade and transport low-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 
c·leaning processes, consisting primarily of 
wet, con cent rated mi nera 1 matter separated 
from the coal; sludge from water clarification 
circuits; magnetite from dense-medi~m proc~sses; 
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 
speGies. 

3 ... Ink .. separated from the coal slurry at pipeline 
terminals, whiGh consists of very finely divided 
co a 1 · p a rt i c 1 e s ( 2 0 percent s m a 11 e r t h an 4 0 
microns) suspended in wat~r. 

These solid or slurry waste streams will be subjected to increased 
scrutiny as a result of the hC!zardous waste provision~ of RCRA.. Most of 
the potential toxic ~lements 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 levels often 
falling below 2. At that level of acidity, many trace elements read.ily 
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 ur· ~alts should be 
explore~. Basic studies of the surface properties of low-rank coal fines, 
and applications of colloidal chemistry, would supJJOrt the development of 
possible processes to minimize the disposal problems and environmental 
hazards. · 

6. Fine Coal Cleaning 

The most corrunon co a 1 c 1 eani ng 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 cleaning ·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 clPaning ~r~ currently being 
sponsored by the Department of Energy and the Electric Power ~esearr.h 
Institute. Technology areas include magnetic separation, froth flotation 
and particle agglomeration. Unfortunately, however, low-rank coals are not 
.included 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 mi nera 1 matter in the fines waul d 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 
source4 claims that: 1} as-mined lignite 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 behavior during crushing. In light of the 
importance of the issue, a quantitative investigation is warranted. 

8. Hand1ing 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 oxidat·ion are additionally 
related to the high reactivity of low-rank coals. (Note that steam drying, 
such as . the Fl efssner process, tends to produce a more stab I e I ump of 
lignite, for reasons that are not fully understood.) 
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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 atmosP-heric oxygen does not react directly with 
carbon at these temperatures.7 Combustion to CO and C02 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 rutcs of windugc los5 (du5t 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.B 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 
boi 1 er. 

Other 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 follow: 

1. Freeze Cant ro 1 

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 in.format ion required to support the development of co a 1 preparation 
technologies applicable to low-rank coal are as follows: 

l. Forms of Mineral Matter and Organic Salts in Coal 

2. Characterization (Physical and Chemical) of Slurry 
Components 

3. Washabi 1 ity Data 

4. Surface Characteristics of Fines 

5. Variability Study on Coal Seams (e.g., sodium content) 

6. 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 relatively 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 l/4 inch. Pulverized coal-fired furnaces 
typically require that.about 70 percent of the coal pass through a 200-mesh 
screen, which has openings 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 
l/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 peen estab­
lished over a period of years for coals with unique physical properties, 
such as the low-rank coals. This evolutionary process has included the 
.. brute force .. technique of building large safety margins into early de­
signs, and using data from those operations to reduce the margins in 
subsequent designs. · 

. Theoryl 

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 limit 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 Ki.ck 
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 comminutiGn operation is the ratio of the surface energy 
produced to the kinetic energy expended. 

The Kick theory states that the work required is proportion a 1 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 r-educUOrl Lu different sizes 
is proportional to (log F/P)!log 2. where F and P are thP. nietmPtPrc:: nf thP. 
feed and product particles resp.ectively. 

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 commi n­
ut ion operation, Bond developed a new 11 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 inversel.v 
proportional to the square root of the diameter of the product particles. 
The theory also postulates that correiation between different materials 
should be made by the use of a work index, Wi, which is the c::alculated 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 
Wt is proportional to 1/ff and W is proportional to 1//P'- 1//F, Thus 

Wi - W 

W = Wi 

f~.MKo 
fG;ic~~fii 

= 0 or 
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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 co a 1 top size to between 4 and 8 inches. 
Secondary crushing reduces the co a 1 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 t~e 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 cr~sher for longer 
periods of time to sustain the required number of contacts.! 

Reduct ion is accompli shed by machine act ion 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 avai 1 able, 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 illustr~tions, are 
available in references such as 1 and 7. · 

Scr~ening 

An inherent part of coal col11'ninution technology is screening or 
s1z1ng, which sorts the particles by size 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, t.he process contains too man.v variables and 
interactions to be amenable to theoretical or· analytical treatment (see 
T ab 1 e 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-Roll Crusher. 

Rotary Breaker 

Table 3.4.2, l 

Types o.f Coal Crushers 

Oes·:ript ion 

.CJa l Js squeeze,d .between a revdv ing 
crus1ing .roll and a station<ry 
lbrea<er ··plate. equipped with o-e­
newaole wear piates. The rcll 
r.as a series of .long teeth s;pac:ed 
.rt intervc:ls, with various snort 
teeth coverins the entire crushing 
;urf.ace. 

(oal -is crushed between two re­
mll.ing retlls. Teeth are designed 
to nesh, .and t1e spacing betweer:J 
l!'olls is .adjustable •. Hawk-•illed 
teeth are -~sed for·prJmary-crushing; 
pyriJilida l, cone-shaped, .or cro·;s­
too1 h designs are used for ~eC·Jndary 
cru~hing; smmoth or corruga:ed rolls 
can be us·~d for fine coal g;injing 
or pulverization.· · 

Coa·, is_{ed to a rotating p~r­
for.ated d~um. Small lumps Fall 
:hrough t1e po3rforations wh'ile 
lar9er lunps ire raised by ~adial 
Bif:ing shelv~s and then dnpped 
:~s :he drum r:rtates •. Large rocks 
and foreign mater~al are carri~ 
thNugh the drum and·discharged 

·Jut a refUse chute. 

Principles of Operation 

The long slugger teeth act as feeder~ 
and also penetrate the ldmps 
(splitting). The smaller teeth 
make the proper size.reduction, 
utilizing mainly impact, shear, 
and compress ion in their ope rat ion .. 

Meshing·teeth rely mainly en 
impact, with a minimum of .:t­
trition or shear, to reduce the 
material. Compression bet~een 

. the rol'ls is· undes irab·le andi is 
a sign of. improper maintenance 
or adjustment. 

Gravity impact breaks the ccal 
as -it falls. 

Page l of 2 

Comments 

One of·the oldest,·and perhaps the 
simplest type of crusher. Capable 
of handling run-of-mine feed and 
reducing Jt to l l/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 volu~e production, 
accurate sizing, -and produ_ces 
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. 



__, 
.J::> 
w 
I 

-Crusher 

Hanuner Mill 

Ring Crusher 

Impactor 

Table 3.4.2.1 (continued) 

Types of Coal Crushers 

Description 

Rotating hammers deliver heavy 
blows with t~e aid of centri­
fugal force to the coal while it 
is in suspension, driving it against 
a breaker plate until it is suffi­
ciently redu·:ed in size to pass 
through the -:lischarge. Grate bars 
may be included in the discharge 

. opening to f~x 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 mi 11. 
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 hanuners 

·and the .cage-screen bars. 

Coal is dropped into the path 
of high~speed rotating beaters. 
The shatte·red particles are 
driven against the impactor 
side wall anvils. The cycle 
is repeated ~s 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. · 

Principles of Operation 

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

Source: Ref2rences 1, 2, 7 
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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. Hi9h rotational speed 
{700-1800 rpm). 

Specifically designed to crush 
bituminous coals for pulverizers 
and stokers with a minimum of 
overgrinding an~ 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 
is possible. A cubed or granular 
product is produced regardless 
of rotor speed. 



(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 
{13) 
{14) 
(15) 
{16) 
(17) 
(18) 

Table 3.4.2.2 

Factors Influencing the Passage of ~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. 
~linding of screen apertures. 
Corrosion of S(r~Pn material. 
Electrostat1c bunchluy. 
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. 

Source: Reference 1 
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undersize particles to bypass the crusher and thus m1n1m1ze 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 bymechanical 
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 b.v the materia 1 
being ground. Impact, shear, and attrition (abrasive)forces produce large 
quantities of fines, and are thus preferentially used in grinding equipment. 

Also as in crushing, a number of different types of machinery have 
been found to work well in coal grindin~ 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 ~ave several elements in common: 

1. Feed properties (primarily gri ndabi 1 i ty and moisture content) 
significantly affect the capacity of a pulverizer. The Hardgrove grind­
abi 1 ity index (ASTM Standard D-409) measures the re 1 at ive hardness, or 
pulverization difficulty, of a coal relative to a standard coal which has 
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Grinder 

Tumbling Mills: 
8a11Mf11 

Rod Mill 

Impact Mills 
Swing-Ha.mrr.er 
Pulverizer 

Table 3.4.2,3 

:types of Coal Gr~nders (Pulverizers) 

Description 

Coal is swept through a large 
rotating cylinder containing 
steel bills ranging in size 
froo about 3/4 to 4 inches in 
diarreter. The replaceable 
steel liner o~ the cylinder has 
a wa•e· pattern or other irregular 
pattern to .lift the balls up· th:! 
side of the Ciliride'r as it rotates. 
Best grinding is achieved at a 
rotational speed about 75 perce1t 
of. critical sJeed (at which t.he 
balls would be held against the 
wall rather than falling): 

Same as ball 11i ll , except that 
steel rods lying horizontally 
along the. full length of the 
mill are used instead of balls. 

Same basic de-; ign as hammer mill 
described in Table 3.4.2-l. Swing­
ham~er pulverizer incorporates a 
cage assembly with closely spaced 
screen bars to permit reductions 
to minus l/3 nnch. 

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 wit~ 
the coal lumps, and the grinding 
of the-material between the ends 
o.f the hanvners and the· cage bars. 
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Conments 

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 generally larger, 
heavier, r~quire 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 mills 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.· 
~ 

Impactor 

Roller Mills: 
Bowl Mill 

Ball-and-Race 
Hill 

Table 3.4.2,3 (continued) 

Types of Coal Grinders (Pulverizers) 

Description 

Same design as descr ibej in 
Table 3.4.2-1. When operated 
in a closed circuit with air 
classifier·, can pulverize coal 
to minus 14-mesh or fines. 

Coal is ground between a rotating 
bowl and stationary rollers which 
are -held. in posit ion by me chanica 1 
springs. Centrifugal force feeds 
the co a 1 between the ra=e. and the 
rollers. Ground coal spills over 
the top of the bowl and! is carried 
out by circulating h'ot air: Coa~ 
fineness is controlled by adjusting 
the entrance vanes to.the ~lassifier 
and by adjusting the conpression 
springs to control the pressure of 
the rolljrs on the coal. 

Coal is ground by a row of large 
metal balls th·at 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:. 

Principles of Operation 

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

Abrasion (attrition) is the. primary 
cause of breakage of the coal par­
ticles as they rub against each 
other between the rollers and' the 
bowl. 

Abrasion (attrition) action is 
applied to the co a 1 particles 
by the rotation of the :balls · 
between the conformed circular. 
races. 

Source: References 3,4,7 
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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 
grind1ng zone, which is very desirable 
for effect.ive drying and c 1 ass ificat ion. 



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-l. For low-rank coals, a modified ASTM 409 procedure i~ used, 
in which the grindability determination is mad~ 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 
~esigned into the new installation.3,5,8 

2. Drying of the coal prior to or during pulv~rization is required 
to allow pneumatic circulation of the fuel. Most pulverized-coal boilers 
use in-the-mill drying, in which preheated .Qrimary air quickly dries the 
coal as it is being circulated and ground.3,10 

3. Classirying and t'ecit·culation of the coarse material to the 
nrinrling mnP is rPCJuirP.d hP.c:ausP. it is not feasible to qrind 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 cau~e slflgging and emission of unburned 
carbon. 

Chemical Comminution6 

Ch~mical comminution has been proposed as a potentially attractive 
alternative to mechanical corrminution plus cleaning of coal. In chemical 
corrminution, co9l is exposed to low molecular weight chemical~, such as 
gaseous or liquid ammonia, at modest temperatures and pressure. The 
ammonia penetrates the coal along the natural fracture planes and 9isrupts 
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 arrmonia 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 vari~bility in the petrographic characteristics (maceral 
forms and poundaries) and in the distribution of impurities in coal depo­
sits suggests that the response to chemica 1 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 treat~T~ent. The fact th~t 
coal cleaning (for removal of high pyritic sulfur or ash contents) ;s not 
generally practiced on low-rank coals is another indication th~f this 
technology is likely to be more useful for eastern bituminous coals. 

A 50 tpd pilot plant facility has been proposed to test the e$sen­
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 obtai ned. 
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Figure 3. 4. 2. 1 

Effect of Grindabi1ity and Fineness on Pu1veriier Capacity 

2·0 Nominal capacity of 
B&W pulve;,zers is 
based on 50 gnndabil1ty 

1.8 and 70% through 200 mesh --+----1~--+---,.""'-i 

0.41---+---4----+-----if---+-----1f----l 

o.~'--. __ 40,___ __ so..___ _ _,60'----'7o'----'so---'90'--1-'oo 

. Grindability Index (ASTM 0·409) 

Source: Reference 3 
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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 
prob 1 em is arne nab 1 e to engineering so 1 uti ons through the use of conven­
tional technology. The degree of control installed in a particular 
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 specific needs. 
In general the design should include the following:l ' 

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

2. ·Di~c:twork designed to transport the dust-laden air, collected 
by the hoods, .. to .the air cleaner 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 widel.Y 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 experien~e 
has been accumulated so that· design comminution equipment to accomodate the 
unique characteristics of low-rank coals is no longer a significant 
problem. However, the standard laboratory test for ~rindabilit.Y 
(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 actual mills). The effects of these 
properties are briefly described below. 

Moisture Content 

The high moisture contents of low-rank coals translate into higher 
feed throughput requirements for given energy production rates. Because 

-150-



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 handling; 
transportation, and use. 

The remo~al of moisture before or during pulverization has a 
significant effect on both me'asured and actual gri ndabil i ty, 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 11 Slacking... This structural weakening is beneficial in pulveri­
zation if the coal is dried either before or during grinding.12 

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.3,9 

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· 11 gri~dable 11 again as even more moi~ture is removed. This is 
illustrated in Figure 3.4.2.2. 

L itt 1 e success has be.en obtai ned in correlating the Hardgrove 
grindability index to the actual performance of pilot plant and full-scale 
pulverizers using.North Dakota lignites.9-13 Contrary to the indication 
of the index, the actual grindability is lowest at the lignite•s natural 
moisture coritent, and increases steadily as moisture is removed. 
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Hardgrove.Grindability Index Versus Moisture 
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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 1 ignite, product fineness increases, capacity of the mi 11 
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 
campi 1 at ion of data on the increase in mi 11 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 
similar manner in pulverizers, although data are unavailable. All existing 
pc-fi red boi 1 ers take advantage of the improved gri ndabil ity of 1 ow-rank 
Goals at low moisture contents through the use of in-the-mill drying, using 
preheated primary combustion air. ( For example, 1 ignite 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 gri ndabi 1 ity va 1 ues (as we 11 as 1 ess 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. All 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 (600-7QOOF) 
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 deve 1 opment work takes p 1 ace in the private· sector and consists of 
efforts directed at site-specific applications. 
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Pounds of Pulverized Lignite .Produced per Kilowatt--Hour Versus Moisture 
Content of Lignites. ·Pilot Plant and Commercial Scale Test Results 
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. Figure 3.4.2.4 

Effect·of Drying on C~pacity 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 EquiP.ment to Produce Predictable Size 
Distributions During Coa 1 Preparation. ul4 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 be~ause of this emphasis, the project does 
not include the testing of lignites, and includes only a single subbitumi­
nQus co~l from Wyoming. 
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3.4.3 Mineral Matter Control 

3.4.3.1 Technology Description 

The purpose of mineral matter control is to upgrade as-mtned 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 low-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 
mi nera 1 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 seeping 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:5 · 

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 iri cases where ash-alkali wet 
scrubbing or dry sorption S02 remova 1 processes were unab 1 e 
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 
1 imestone wet scrubbing. One engineering study has estimated 
that intensive cleaning of Montana Rosebud subbituminous coal 
could reduce the requirement for S02 removal_ from the flue. 
gas to 58 percent, instead of 70 percent without cleaning.6 
(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 
low-rank coals, could reduce the total cost to a utility of 
fouling and slagging control, particulate removal, and ash 
pi spos·al. The cleaning technology needs further development, 
and the cost tradeoffs need to be· better quantified, before 
the potential benefits in this area can be realized in prac­
tic~. 
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3. Coal cleaning might be used as a retrofit strategy by utili­
ties or industries seeking emission offsets in either S02 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 
1 ike ly to have a more import ant ro 1 e than mi n~ra 1 matter 
reduction, in terms of impact on low-rank coal transport 
costs. · 

In addition to these areas currently being explored, ~here 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 r~mainder of this section present~ brief descriptions 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 phys i ca 1 properties between the coa 1 and the mi nera 1-con­
taining materials. The most important property difference is 
~pecific 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 i.n Table 3.4.3.1. The 
specific gravity range for coal itself depends largely on the amount of 
ash bound within the coal p~rtic;le. 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. 
Extra!leous ash is either contained as deposits within the· coal and is 
liberated by crushing, or consists of material that has been combined with 

-160-



Table 3.4.3.1 

Specific Gravities of Coal and Impurities 

Material S~ecific· Gravit~ 

Coal· 1.12 - '1.35 

Bone coal a 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 

a Bone coal is coal with a high ash content. 

-161-



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 coa 1 is crushed. Thus, the most intensive co a 1 c 1 eani ng 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 liquid baths of different specific gravities. The 
material that floats at a particular specific 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 repr·esent the theoretical limi­
tations of phy!iical coal bineficiation c;inr.P. the laborator.v tests are 
performed under 11 ideal" batch conditions using pure heavy liquids that 
are too expensive to use in large-scale continuous processes. 

A wide variety of processes and equipment 1 s util i zed 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). 

All of these devices are described in considerable detail in 
references 1-4, i ncl udi ng 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 low-rank coal applications for these processes. 

In addition to these widely used commercial proces'ses, a few coal 
cleaning techniques are being developed which may have future low-rank coal 
applications. One is the Otisca process, which uses trichlorofluoromethane 
{CCl3F, 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, include better ash and sulfur removal at a lower 
cost per ton of coa1.8 · 

Another novel rlense 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 
low-rank coals.9 
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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··· pill ses of air pressure 
are applied (bjt valve as in the 
Baum jig, orb! 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 passes over a weir into 
a delivery sluice for dewatering. 
Sink material (refuse or middling) 
is withdrawn b) an ejector from 
each compartmer:t. 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 Operation 

A bed of coal particles is strati­
fied in water by pulsations. 
Segregation by specific gravity 
is achieved through >alternate ex­
pansion and contract.ion ·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 
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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 enti're 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 l/4~inch, with up to 25 percent 
near-gravity material· in the. feed• 
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Equipment 

Dense Medium Vessels 
(continued) 

Concentrating Table 

Table 3.4.3.2 (continued) 

Types of Equipment Use• fer Coarse Coal Cleaning 

OescriF-tion 

recovered mag~etically and resued. 
Specific gravHy is easly contf'"Qll:!d 
by the concentration of suspended 
solids. Other media less frequ.ently 
used are sand in Nater; organic li­
quids, dissol~ed salts (calcium 
and zinc chloride), and sand in 
air (fluidized bed). In a cone­
type ve;sel, the feed enters the 
top nea~ the center, and the float 
material tra...els to the periphery 
and overflows a tangential weir. 
Sint. material is discharged frc11 
the bottom ofi the cone, usually 
via a central airHft tube. ne 
cone geometr.r and large volume 
create stabi: ity a!'ld long res i-· 
denre time. Trough-type vesse:s 
utilize either. ct.ain conveyors 
for reoova 1 of the float and s ink 
products; or an osc i 11 at i ng b hde 
for reooval ef s~nk material. 

Coa· ard ref•se particles are spreid 
out OVH a ribbed. tilted, rhoE>old­
shaped table to which a recipr,)ca:: lng 
mot ion in th~ horizontal direCi ion iis 
imparted. A; the feed flows d)wn the 
tal:le, the ombi11ation of ·forc:!s 
stratifies t1e coalbed behind the 
riffles. The wa;;h water carries ti1e: 
light •:oal particles over the riffles 
to :he bott(J!II of the table where tney 
are collected. as clean coal product. 
The re-=use at the bottom of the bed 
is .:nov:!d horizontally behind the 
riffle; to tile end of -the tabl:!. 

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 suspensions 
in water, rather than pure flu;ds 
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 both 
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. 
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Comments 

Relatively high operating costs. Requires 
deslimed 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 

Hydrocyc lone 

Pneumatic Separator 
(air con cent rat or) 

Table 3.4.3.2 (conttnued) 

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 ex its 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. Hydrocyclones have been 
used for coarser :oals,. although 
they are most useful for cleaning 
coal's in the 3/4-inch x 100 mesh 
range, and then preferably as 
scalping units ahead of other 
benef ici at ion dev.ices. 

Coal and refuse. p3rticles are strati­
fied by pulsating air as they travel 
across 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 conve¥ors. The upper layer 
(.clean co a 1) is removed at the end 
of the incline. Dust created by the 
pulsating air is sucked into an over­
head hood and is recovered in a dust 
collect ion system (e. g., cyclone and 
baghouse). The collected dust may be 
recombined with the clean coal if the 
final quality is acceptable. Alterna­
ti.vely, it may be burned as fuel or 
Mscarded as refuse.· 

Pr.inciples 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 
Silime 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. 
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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. 



Equipment 

launder 

Sources: References l-4 

Table 3.4.3.2 [continued) 

Type~. of Egu ipment Used for Coarse Coal Cleaning 

Description 

Coal and refu~e particles are 
trailS. ported dewn ttn inc 1 i ned sur­
face by flowing water •. Stratifi­
cat iion of par: icles occurs para lle I 
to tile inclined surface. The high·:!r 
spec if ia: gravity particles (refuse) 
settle ind' roo.Je .~re··slowly tihari · 
the clean co aD pa.-t i'cles du.e ·to 
frictiom~ Th:!se 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 particle~. 
(slow) and low specific •gravit.r 
pa~Hcles '(f·ast). . · 
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Cooments 

Poor 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 Medi urn 
Cyclone 

Concentrating Table 
(Deister Table)d 

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 (refuse) is acceler­
ated to the. outside and bottom of 
the cone, and exits tbrough the 
apex. Float material is carried 
up and out the vortex finder. 

c'oal and refuse parti::les are spread 
out over a ribbed; ti-lted; rtioinboi d­
stiaped table to wh1ch 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 
co-llected as clean co a 1 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 centri fuga 1 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 separ.ation-of fine 
particles. 

The differential notion imparted to the 
table is such -that it approaches one 
end of its travel with greater speed 
than th·e other. Thus both the ret ar­
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 

Comments 

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 200. Good sharpness of separation 
with up ,to 25 percent near-gravity materia 1 
in the feed. Very high operating 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 
inc 1 i nation of the deck. ' 



Equipment 

Froth Flotation 
Cell 

Fine Coal Jig 
(Feldspar· Ji~ 
or Batac J ig)a 

Table 3.4.3.: (continued) 

Types of Equipment Used ~or Fine Coal Cleaning 

Oe:cript ion 

Feec ccal slurry, conditioned wit• 
suitable'cheAical reagents, enters 
a c:ll where air is bubbled up 
thr:ugh the ~.lurry. Agitation and 
aeration are obtained by mechanicil, 
hyd~aullic, or· pneu11at ic systems 
(Weuco cells use a rotor-stator 
device, and ~eyl and Patterson ceils 
use submergec vortex chambersa). 
Cle:~r~ oal is ski11111ed off as a freoth 
(20-30%: solics) at the top. Refu~e 
rem.'lins. suspended in the waters ard 
passes from the cell into a static 
thickener. 

Basically the same as the stand arc 
jig des:ribed in Table 3.4.2.2. 
However, the :screen p 1 ate is covered 
by a bej of sized stones, usually 
fel•spa~, which prevent all but the 
finest Jarticles from sifting 
throJgh. In the Batac jig, air 
pulsati-Jns are produced directly 
bene'lth the bed screen instead of 
'in a1 adjacent chaniler. The refuse 
part5cles sift down through the 
larger :eldspar particles, while 
the .:le.an coaJl is discharged at 
the end of the jig. 

Principles of Operation· 

Depends entirely on surface ch~racter­
istics of coal and refuse, not •Jn 
specific gravity differences. Flo~ 
tation relies on the selective· ·'ld-
hesion of air to the coal partijcles 
and the simultaneous adhesion Jf water 
to the refuse particles, as fi1ely 
disseninated air bubbles pass through 
the feed slurry. Reagents can be 
ut.ilized to enhance the hydrop1obic 
prJperty of the coal without diminishing 
th~ hydrophilic properties of ·:be mineral 
so·l ids. 

As the beds of feldspar lift with 
th~ pulsations, with feed material 
pa·;sing above, the turbulent effect 
on small particles is reduced. 
Otherwise, the principles of operation 
are the same as for the standard jig, 
relying primarily on specific 9ravity 
di~ferences between the coal a1d 
refuse. 
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Co11111ents 

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 
applicable to lignites. Pyrites tend to 
b~ floated with the clean coal, and thus 
are not effectively separated. Operating 
C•Jsts are relatively low. Chemical re­
a~ents 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 
t•an 28 mesh. Fair sharpness of separation 
wben processing feed with up to 10 percent 
n~ar-gravity material. 



Equipment 

Hydrocyclone 

Notes: 

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 
~aterial (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 tube called a vortex 
finder. Hydrocyclores 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 aheac of other 
beneficiation devices. 

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. 

~eference to a company or product name does ·not fmp ly approva 1 or reconmendat ion of the product. 

Sources: References 1-4 
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Conments 

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 

1971 1973 

Jigs 43 48 

Tables 13 12 

Launders 2 3 

. Dem;e Medillm. 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 primgrily 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 
digmagnetic 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 experimental development. These include both wet 
and dry processes which use various chemical and physical means to enhance 
the weak paramagnetic properties of ·pyrite.10,12. Most of the current 
d~velopmental work is under EPRI sponsorship. 

One of the leading 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 is unaffected by the Fe(C0)5 pretreatment) by conventional mag­
netic means. This dry process has been successfully tested at the 200 
lb/hr pilot plant level on a large number of bituminous coals.23 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, th~ 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 subbitum1nous coal contains dbOuL 0.2 percent ash, 0.1 percent 
sulfur, and has a heating value of about 15,000 BTU/lb.) Some minor modifi­
cations are required at a coal-fired boiler to handle this preRared fuel, 
such as larger dust control systems and water-cooled burners.I3 Solvent 
refined co a 1 is prepared through a 1 i quefact ion 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 c9al cleaning process, then the figures of roughly 
$4-5/106 BTU, or $120-160/ton of product, should be borne in mind. 
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Many chemica 1 c 1 eani ng pr_ocesses are currently under deve 1 opment 
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.14,15 · 

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 co a 1 components. The rea~ent shou 1 d be re~enerab 1 e 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 1 s) along with sulfur and ash. This can be a 
significant problem with 11 deep 11 cleaning processes, which can result in 
rejecting as much as 40 percent of the total energy value of the coal.l5 

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.15 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) subbitumi nous coal, which contains 
1.23 percent sulfur; and 64 percent tor the Big 0 Seam (Lewis, WA} subbi­
tum1nous 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 Part it ion 

------> 

2. Thermal Oecompos it ion 

------> R1R2 + Sx 

------> RCH = CH2 + H2S 

3. Acid-Base Neutra 1 izat ion· 

RSH + OH- · ------> 

4. Reduct ion 

R 1SxR2 + 4H > R1H + R2H + H2Sx 

RlSxR2 + 2R3H2 > R1H + R2H + H2Sx + 2R3 

5. Oxidation 
. H20 

RlSxR2 > R1S03H + R2S03H >R10H + R20H + 2H2 S04 
(0) 

6. Nucleophilic Displacement 

R1SxR2 + Nu- > K 1SxN u + R2-

R1SxR2 + .Nu- > R 1 S x- 1 N u + R2 s-

R1SxR2 + Nu- > R1Sx- + R2Nu 

R2S- + R1Sx-1Nu > R1Sx-1R2 + N11S-

Source: Reference 14 
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Table 3.4.3.6 

S'.mnar.x of Major Chemical Coal Cleaning Processes 

Stage Of Annual Operating 
Process & Type· Sulfur Development Cost, $/Ton Clean 
Sponsor Meth:>d Renoved (1978) i>robl ems Coal a 

"Magnex", Hazen Dry Pul'lerized Coc.l .u~ 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 Resi.dues. 
Golden, Colorado (C0)5 Causes !Pyrite P.11rit ic Plant Operated Continuous Recycle of 

To Become Mafnetfc. CC to Produce FE 
Magnetic Materials (C0)5 Requires 

I Rem•JVed Magnet icc i 1 y Dffi!on strati on 
--' 
""'-1 
.J::o "Syracuse" · Coa 11 is. Commi nu.ted 50-70 Bench Scale Disposal of Sulfur 12.0 I 

Syracuse by :xposure to NH3 Percent C :mta.i ni ng 
Research Corp., ·Vapcr; Conve1ti.onal P,:otritic R ~s i cfues 
Syracuse, N;v. Phys·i cal Cl eilni ng 

Sepc rates Coill I Ash 

"Meyers", TRH Oxidative Le~chin~ 90-95 8 Metric Ton/Day Oispcsal of Acidic 18.4d 
Inc. , Redondo Using FE2(S0.)3 - P·:!rcent PDU for Reaction FES04 and CAS04, Sulfur 
Beach, CA. Oxygen in Wa:er P.)'ritic System. Lab or Extraction Step Requires 

Bench Scale for Demorstration 
Other Process Steps 

"LOL" Kennecott Oxidat~ve Le=~chiag 90-95 Bench Scale Cisposal of Gypsum 21.9 
Copper Co. Using 02 an~ Water · Pe~cent ~Judge, Acid Corrosion 
Ledgemont, MA @ N·)derate Temp. Pyritic c f Reactors 

and Pressure 



I __, ...., 
U1 
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Process & 
Sponsor 

"PETC'' (DOE) 
Oxydesulfurization 
Bruceton, PA. 

"GE" General 
Electric Co., 
Valley Forge, 
PA. 

"Battelle" 
l .:tbor at or i es 
Columbus, Ohio 

"JPL" Jet 
Propulsion 

:Laboratory 
Pasadena, CA. 

Table 3.4.3.6 (continued) 

Summary of Major Chemical Coal Cleaning Processes 

Net hod 

Air oxidation & 
Water leaching @ 
High Temperature 
and Pressure 

Microwave Treatment 
Of Co a 1 Permeated 
with NAOH Solution 
Converts Sulfur 
Forms to Soluble 
Sulfides 

ftlixed.Alkali 
Leaching . 

Chlorinolysis In 
Organic Solvent 

Type Sulfur 
Removed 

_, 95 Percent 
Pyritic; up 
to 40 Percent 
Organic 

-75 Percent 
Tot a 1 S 

~95 Percent 
· Pyritic; 
~25- 50 Percent 
Organic 

~90 Percent 
Pyritic; up 
to 70 Percent 
Organic 

Stage Of 
Development 

( 1978) 

Bench Scale 11 KG/Day 
(25 LB/Day) Continuous 
Unit Under Construction 

Bench Scale 

9 KG/Hr (20 LB/Hr) 
Mini Pilot Plant 
and BenCh Scale 

Lab Sca.le But 
Proceeding to 
Bench and Mini 
Pilot Plant 
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Problems 

Gypsum Sludge D is.pos a 1 
Acid Corrosion at 
High Temperatures 

Process Conditions 
Not Established. 
Caustic Regeneration 
Process Not Established. 

Closed Loop Regeneration 
Process Unproven. Residual 
Sodium in Coal 

Environmental Problems 
Conversion of HQ to CL2 
Not Established. 

Annual Operating 
Cost, $/Ton Clean 

Coa 1a 

16.8 

30.9 

21.0 



Process & 
Sponsor 

"IGT" Institute 
of Gas Technology 
Chicago, IL. 

"KVB", Inc., 

Table 3.4.3.6 (continued) 

Swnm~ry of Major Chemical Ccal Cleaning Processes 

Meth.od 

Oxidat he Pre:reat 11e1t 
Followed by HJdrod~sJl­
furkat 'on at 8ooo: 

Select h·e Oxi jat ion 

Typ:! Sulfur 
R:!moved 

~95 Percent 
P ydt ic; Up to 
85 Percent 
Or:~anic 

Stage Of 
Development 

( 1978) 

Lab and Bench 

Lab Scale 
• Tustin, CA. in Ute Fresen:e of 

NOx, followed by wat~r 
or caustic wa·;;h ing 

-63 Percent to 
89 Percent 
Totals 

_. 
....... 
0'1 

' 
"ARCO" ProllDted 
Oxydesulfurization, 
Los Angeles, CA. 

Notes: 

Oxygen c·x idat ion 
and Water Lea•:h ing1 
at Hligh Tempe:-atur:! 
and F-ressure 

iiR aw co a 1 cost is not included. 

.....-95 Percent 
Prit ic 

...-f3-19 Percer.t 
Oqanic 

b1979 cost estimates are $. 6-~·otton (Refer:!nces 16,17). 
CKVB's estimate (1978) is Sl8.50/ton (Reference 18) 
d1979 cost estimates are $20-<:5/ton (Refer:!nces 19,20,21) 

Lab Scale 
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h-oblems 

LOft' Btu Yield (<55%) 
Change of Coal Matrix 

02 Concentration Exceeds 
Explosion Limit for Coal 
[•ust. Nitrogen Uptake by 
Ccal ~ill increase NOx 
[rrissions 

b;psum Sludge Disposal 
Acid Corrosion at High 
T enper atures 

e1979 cost estimates are $27-39/ton for original design, and $17-19/ton for revised design (Reference 24). 

Sour.ce: Reference 15 

Annual Operating 
Cost, $/Ton Clean 

Coal a 

40.8 

22.5C 



Table 3.4.3.7 

Laboratorl-Scale Desulfurization of Three Western 
Low-Rank Coals bl the JPL Chlorinollsis Process 

Chlorination Sulfur Removal 
No. of Time % 

Runs (Min.) Organic Total Organ1c Pl!:ltlC Total 

PSOC-086, Lignite, Zap, Mercer, North Dakota 6900 BTU/lb (as received) 

RAW COAL 0.63 0.52 0.03 1.22 0.00 

30 0.35 0.23 0.17 0.75 44 59 39 0.33 
I _, 60 0.32 0.35 0.06 0.73 50 37 39 8.00 
'-I 
'-I 
I 

PSOC-097, Subbituminous A, Seam 80, Carbon, Wyoming 10,665 BTU/lb (as received) 

RAW COAL 0.84 0.38 0.01 1.23 

30 0.70 0.31 0.05 1.06 17 18 14 0.28 

60 0.74 0.05 0.02 0.81 12 87 34 . 0.15 

120 0.79 0.19 0.06 1.05 5 50 15 0.22 

PSOC-240, Subbituminous B, Big D, Lewis, WA 8700 BTU/lb (as received) 

RAW COAL 1. 75 1.60 0.01 3.36 0.02 

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 provided by this type of deep coal cleaning to the FGD 
S02 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, complete conversion of coal 
sulfur to S02 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 lignite 
reduces the FGD design severity from 83 percent S02 remov a 1 to 72 
percent. The stack gas S02 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 S02 scrubbing job is required, despite the substantial r·educ­
t1ons 1n coal sulfur content ilChicved by the chemical cle<~.ning process. 

Some brief additional comments on the chemical coal cleaning 
processes that were listed on Table 3.4.3.6 are as follows:15 · 

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 co a 1, 
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 
lime-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 g~ner­
ated by the process, and is highly corrn~iv~ at the operating 
temperatures and pressures. 

6. The portion 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 S02 Remov.al Requirements 
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 
in Coal, wt % 1.22 1.23 3.36 

Heating Value of Coal, 
Btu/lb. 6900 10,665 8700 

Uncontrolled S02 
Emissions, lb/106 Btu 3.54 2.31 7.72 

NSPS Sulfur Removal 
Requirement, % 83 74 90 

NSPS S02 Emission, 
lb/10~ Btu 0.6 0.6 0.77 

Sulfur Removed From 
Coal by JPL Process, % 39 34 64 

Cleaned Coal S02 Emission 
With no FGD, lb/106 Btu 2. 16 1.52 2.78 

Sulfur Removal Required 
From Flue Gas by FGD, % 72 61 72 
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1. 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 sodium residues, causing severe 
furnace fouling and slagging problems. 

8. The JPL process uses a trichloroethane solvent which is listed 
·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 considerable 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. 

ll. 

The KVB process requires oxygen conc&ntrations 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 str~:~cture from the NOx emissions from 
combustion of the clean coal product. 

The Area Process has similar materials selection and sludge 
disposal problems to the Ledgemont and PETC processes. 

A different type of chemical coal cleaning process, specifically 
targeted at high-sodium (high-fouling) low-rank coals, iS th~ use of ion 
exchange to reduce sodium content. Sodium has been found to be the prin­
cipal cause of fireside tube fouling at high load operation for North 
Dakota lignite-fired power plants.· Lignites with 0.4 percent or higher 
Na20 content on a dry basis· (corresponding to about 4 percent Na20 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.25,26 

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 iohically 
bound to the uniformly distributed humic acids in the cdal substances; 
physical separation techniques are not effective. Sodium can be removed 
from the coal, hOwever,_ by ion exchange techn1ques. The exchange mechanism 
allows replacement of the sodium by ions of greater ionic weight, df 
higher valence, and/or of higher concentration. Therefore, sodium can be 
replaced by potassium, calcium, iron, magnesium or hydrogen, depending on 
process conditions. Ion exchange studies to remove sodium from high 
fouling llgnites have progressed from experimental efforts, through the 
pilot plant stage, to a recently completed conceptual design of a large 
processing plant. The pilot process has been successfully tested with 
high-sodium lignite to produce a low-fouling product.27,31 
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GFETC pilot plant studies investigated the variables affecting the 
removal of sodium from lignite by ion exchange in a continuous counter­
current unit with a capacity up to 100 1 bs/hr of soli ds.27 Operation a 1 
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 (Na20) 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 lignite from the same mine having a natural sodium content of less 
than one percent in the ash. In a commercial application, the sodium would 
probably be reduced to 3.0 percent Na20 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_g_n and economic evaluation of an ion 
exchange process to remove sodium.29,30 The design basis utilized com­
mercially available equipment to process 4000 tons per day of lignite 
and reduce the sodium content in the ash from 8.5 percent (as Na20) 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 wi 11 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 approximately 18 percent passing 
28 mesh. Forty percent of the crushed 1 ignite 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 H2S04. Extracted 1 i gnitP. 
"is conveyed to a size separation and rinse step with the p 1 us 28 mesh and 
the minus 28 mesh mater1al 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 ~tep, the purified water is returned to th~ process and the conceh­
trated brine is disposed of in an evaporation pond.29 

Ion exchange processing of lignite appears to represent a possible 
option fOr eliminating a major problem in its use in combustion applica­
tions. It may be expected that eventual commercial processes will incor­
porate other upgrading features such as moisture reduction by drying ahd 
perhaps agglomer~ti~g (briquetting) processes to improve handling and 
storage character1st1cs.27 
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Figure 3.4.3.1 

Conceptual Flow Diagram of an Ion Exchanqe 
Process to Remove Sodium from Li~nite 
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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 summariied. 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 lb/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 miner.als also are present as dissolved solids. 
Among the major po~lutant constituents or parameters identified 
in effluents from coal preparation plants are: 

Acidity or Alkalinity 

Total I ron 

Dissolved Iron 

Ammonia. 

Total Suspended Solids 

Total Dissolved Solids 

Sulfates 

Process water from dense media processes may contain magnetite; 
water from froth flotation operations may contain potentially 
toxic or noxious chemical reaqents. 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 

-183-



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. Of 29 
elements measured in this way by the Illinois State Geolog1cal 
Survey, all but boron and germanium had higher concentrations 
in the refuse than in the raw coa 1. 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, sediment at ion, 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 Coq~oration preparation plant is designed with a 
totally closed water circuit.35 

A potentially critical environmental problem that has not received 
sufficient at tent ion unt i1 recently is the chemistry of refuse disposal 
piles and the associated groundwater contamination possibilities. In 
eastern coal disposal 5ite5, it has been founrl th~t nxirl~tivP rlPgradation 
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 lime or limestone (which neutralizes the acidity and 
greatly reduces. dissolution); codisposal with subso.ils 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 Se~aration 
of Illinois Coals 

Con cent ration, 
~~m (unless otherwise stated} Enrichment Factor 

Element Raw Coal Clean Coal Refuse Clean Coal Refuse 

s 4.4 % 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 l. 10 

Ge 6.7 8. 1 2.3 1.21 0.34 

Se 2.8 1.3 7.3 0.46 2.61 
I. 

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 seerit 
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, 
i ncl udi ng 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 !ffects of Low-Rank Coal Properties 

The net result of the effects of low-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 is highly contaminated with rocks, clay, and 
slate.~ There are only three reported lignite-washing operations in the 
world: one in the Federal Republic of Germany and two in the Soviet 
Union.37 

Clearly, there is no i~centive 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 ~he primary material removed in the eastern bituminous 
coal preparation plants. The mineral matter contained in low-rank coals 
tends to be very finely dispersed, and a substantial fract1on 1s 1n 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
ca 1 or chemica 1 co a 1 desu 1 fu ri zat ion processes does not tend to have as 
large a payoff with low-rank coals as it does with high-sulfur Qituminous 
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 11 Clean 11 

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 t9 
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 11 non-environmental 11 

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 contro·l 
techno 1 ogi es described in section 3.4 .3. 1 wi 11 have a ro 1 e in that deve 1-
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: 

1·. 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 is 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 
tparticularly organi~) 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 sodi urn ions into the sa 1 ts 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 Co a 1 s 

Not surprisingly, very little data is available on the washability 
characteristics of low-rank co a 1 s. 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 
mi$leading data on specific gravity, yield, and ash relationships.45 
C~rtain low-rank coals, after being float-sunk, can give erroneot,.~sly high 
chlorine contents in th~ float prod\,lcts. If the fractions are immediately 
washed with benzene after float-sink testing, then lower- chlorine values 
can be pbtained.46 

A 1950 Bureau of Mines report gives washability data on a lignite 
sample from an underground mine, which has since closed, the Burle1gh rn1ne, 
Wilton, N.o.38 The initial ash content of t~is sample was 7.8 percent. 
Tne report states: 

11 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 lignitic coal is not amenable to 
washing except for possible rejection of extraneous material 
included with the lignite during the mining phase. 11 

The same report contains washability analyses of subbituminous 
coals from Rosebud, Mqntana, the Elkol mine, Wyoming (Adaville coal bed, 
Ham's Fork region), and the Monarch mine, Wyoming (Monarch bed, Powder 
River region). The Rosebud GOal 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 y1elded 89-97 percent of the ur·iyindl ll'lal~l'ial, 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 as h . The M on arch m i n e c_o a 1 was a s i m i 1 a r c as e , with 
4.5-5.3 percent ash in the raw coal, and 4.2-4.5 per.cent ash in t.he 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 th~ 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; 
No_rth 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/lb (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 lb S02 per 106 BTu.40 Washing that 1 percent sulfur coal, ~hich 
contains about 54 percent of its sulfur as pyritic sulfur, reduced th~ 
sulfur content to 0.56 percent, which is equivalent to 0.95 lb S02/106 
BTU. As show!'! in Table 3.4.3.10, essentially no additional ash or sulf1,1r 
removal is obtained py washing this coal at finer sizes than 1 1/2-inch top 
size. 

A Bureau of Mines report is also avail~ble on washability of the 
subbituminous San Juan Basin coals of New Mexico and Colorado.41 
Eighteen samples were analyzed from 11 core holes. Ash content of the 
samples ranged from 4. 9 per·cent to 61 . 3 percent, and averaged 20 percent. 
All of the samples were substantially upgraded by re~oval 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 DQE 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 P.revious EPA new source performance 
standard (NSPS) of 1.2 pounds S02/10~ 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 th~ average) and could not 
be upgraded by washing to meet the standard. · · 

Physical cqal cleaning of these samples, however, provided signi­
ficant reduction of the ash conte11t. The r·~w 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-p~rcent 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 low specific gravity of lignite. 
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Table 3.4.3.10 

Cumulative Washabilitl Data for Rosebud 
Seam Coai 2 Rosebud Countl 2 Montana 

lRAW-.COAL-DRY BASIS CLEAN COAL ANALYSES-DRY BASIS 
% Sulfur % Recoverl % Sulfur 

% Organic & Specific 
Ash ·Pyritic Sulfate Total Btu Gravit~ Weight Btu Ash Pyritic Organic Total Btu 

1-172 1n. by lOO 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 

I 3/8 in. by 100 Mesh __, 
\0 1.30 49.8 52.2 4.9 0.06 0.42 0.48 12,178 __, 
I 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 

19.7 20.9 4.9 0.08 0.40 0.48 12,178 
75.1 79.1 5.6 0.10 0 .. 42 0.52 12,082 
94.5 97.8 7.1 0.10 OA2 0.52 11,876 

10.0 0.46 0.42 0.88 11,478 

Source: Referemce 39 



It was demonstrated that much of the sodi urn 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 thes.e lignite samples contained the high 
sodium levels associated with severely fouling coals (i.e., more than 4 
percent Na20 in the ash). The Na20 contents in the ash of the 
untreated lignite ranged from 0.08 percent to 1.13 percent; in the treated 
lignite the Na20 contents in the ash ranged from 0.04 percent to 0.37 
percent. 

Studies of the North Dakota lignite mineral matter on selected 
samples at GFETc43 have shown that mineral elements occur in three dis­
tinctive modes--15 to 20 percent occur as mineral matter separable by 
CCl4 float-sink techniques, 35 to 70 percent as organically bound ele­
ments, and 20 to 40 percent as finely divided nonseparable clay and Si02. 
The float fraction ash has nn analysis similar to the total ash. The 
organically bound mineral elements (Ca, Mg, Nct, 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 1n the coal 
ash increased 70 percent (from 2 to 3.4 percent Na20 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 
wctlls. 

A Texas 1 ignite 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 1 ignite by float/sink technique using 
carbon tetrachloride as the suspending medium and separated by hand-picking 
under a 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 lignite 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. toqay. 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 sect ions, 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 coa 1). With 
regard to low-rank coals, mechanical techniques might be utilized in the 
future for the dewatering ·of coal pipeline slurries and wet physical coal 
cleanin~ plant product streams. Thermal processes are the most likely 
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 d.ewatering 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 de vel oped 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 l/4 inch and surface 
moisture levels below about 2.5 percent. · · 

·lhe two potential appl1cat1ons for mechan1cal dewatering sysle111s 
tor Western low-rank coals will be in wet coal wash1ng 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 low-rank 
coals is 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 app.licable process categories of mechanical drying pro­
cesses are centrifugation and filtration. ~entrifugal type dryers rely on 
high rotational accelerations to dewater. For a typical 48-inch diameter 
c·entrifuge rotating at 250 rpm, the centrifugal acceleration is greater 
than 40 times the gravitational acceleration, resulting in ·a correspond­
; ngly 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 haridl ed. 
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Figure 3.4.4.1 

Dewatering Equipment in Common Use in the Coal Industry 
(Particle Size Ranges Handled and Approximate Moisture Produced) 
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While centrifugal acceleration strongly affects the amount of 
moisture that can be removed from the co a 1, it is not the fi na 1 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 tlights. Hoth rotate in the same direction, but 
the screen element moves slightly faster than the cone. The wet coal 
enters the mach i ne 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 co a 1 and water are subjected to zones of increasing centrifuga 1 
force. 

Vibrating basket centrifuges employ vibrating as well as rotating 
baskets. The vibrating movement causes the so 1 ids to flow through the 
machine, and tends to loosen the materia 1 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 importanr.P. . 

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 containinq 60 percent moisture and sinqle 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 t.runcat.erl 
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 load. 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 1 east 
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 us~ 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
ly 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 cha~acteristics 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 feo 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 bn the disc and, in general, the disc filter is easier to 
handle than the drum. 

Thermal Dewateringl,2,11 

Current and projected coal 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 ct~~ucidted gl"eo.ter 3urfacc 
area than dci the coarse fraction. Thermal dewatering has been applied iri 
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 vaiues 

Reduced likelihood of freezing problems during 
adverse weather conditions; and 

2. Improved utiliZation economics due to 

Increased boiler efficiency since waler· need 
not be evaporated during com~ustion 

Lower throughput requirements due to improved 
he at i n g v a 1 u e 

Increased pulverizer capacity due to low moisture 

Essentially all industrial coa1 dryers are continuous_ direct 
cont(lr.t 11nits that employ coiwection as the primary means of heat transfer. 
Hot gases, generally consisting of combustion prutlucts, al"e brought. 1ntu 
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 remqve 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 r·ate 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 surf ace 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 e·nsure· that coal parti­
cle~ 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. In let temperature of the gas is about 12QQOF and out let temper­
ature is approximately 2QQOF. 
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The essential feature of _fluidized or entrained drying is, there­
fore, the mixing ~f fine coal with hot g~ses 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 sel~cted 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 1 arge capacities and 
is applicable to those materials requiring rapid treatment, operating on a 
camparatively short retentio~ time. It is extremely flexible, being 
effective as a dr.ver or a cooler. or a combination of the two. ThP. moving 
clement in this machine consists or speci~lly 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 materi~l. 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 1 ike 
stairs which vibrate the coal as it cascades down through them .. The dried 
coal is collected in a conveyor at the bottol)'l 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 

. 1s subjected to the temperature best suited to start moisture evaporation. 
I h1s temp~rature is controlled automat ica11y at all times through the 
control circuit. If a small excess of coal of higher moisture percentage 
enters the dryer, these controls compensate by lett i.ng 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 
mech ani ca 1 dry in g. Hot gases are drawn through the co a 1 on the screen 
decks. The gas flow is automatically alternated each second between two 
sect ions. This brings the full force of flow on one screen sect ion at a 
time, resulting in gas pressure so strong that the coal is clamped to the 
deck and excess water f~ squeezed from it. When the pressur~ is relieved 
and the reciprocating throw of the screen sect ion 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 
~0 of these drying cycles -during its passage through the drier • 
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The drum-type dryer consists of a solid outer cylindrical shell, 
and an inner shell composed of full length louvres. This inner shell of 
ov·erlapping louvres, which supports the bed of material, increases in 
diameter in the direction of flow. The material gently travels toward the 
discharge ehd as the drum slowly revolves, in similar fashion to a kiln. In 
op~ration the heat transfer medium, introduced through the louvre openings, 
permeates the bed and intimately contacts every particle. 

In add it ion to the convective therma 1 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 i$ minimal since c6~1 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 
tens ion and increase fluidity. This increased flowabil ity of the water 
facilitates its removal in the filtration process. The process was devel­
oped in Europe as a means pf 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 temperat1,1re, the water viscosity 
is red1.,1ced, which greatly facilitates add it ion a 1 water drainage fr.om the 
filter cake. .Severa 1 .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: 

l. Fine flotation coal, dried by steam filtration, can be 
by-passed from a thermal dryer, resulti~g in a ~implified 
: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 Dryi ng3 

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 shrink age, removes water and stabi 1 i zes the lump, thus 
improving its handling and weathering properties. Some evolution of gases 
occurs due fo 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 is flashed when the vessel contd'irdn'.:l the coal i~ Lh:!J.Jr·e~:.. 
surized. If energy recovery is practiced the process is more efficient 
than evaporative drying and the mass of steam required to remove a unit 
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 P.rocess has been conducted at the 
University of North Dakota and at GFETc.5,6 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 Victor·ian 
(Australian) brown coal.7 

In addition to· the beneficial effects on the· volume and surface 
properties of lignite, steam drying has been noted to remove approximately 
half the Na+ and Cl from Australian lignite at 2oooc, and almost all at· 
3oooc.3 Thus this type of treatment may be an alternative to removal 
of sodium from high-fouling coals by ion exchange. 

The Koppelman process is c1 proprietary· continuous steam-drying • 
process that has been claimed to produce an upgraded lignite product 
containing 12,000 BTU/lb 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 lb/hour. 

3.4.4.2 Environmental Control Technology 

Very little 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. In all modern coal preparation plants, this water 
is recirculated to the washing units and does not represent an effluent. 
The th.erma 1 processes drive off the moisture as s~eam which creates no 
environmental problem; however, high dust loadings are produced in many of 
the therma 1 drying units, which require convent ion a 1 collect ion systems 
$UCh 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 
techno logy for moisture reduct ion are: 1) the high inherent moisture 
content, and 2) the physical properties of dried low-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 cpnstituents. There 
is no method of distinguishing between the amounts of water in coal in 
these various ways.9 

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.10 The throughput of these devices tends to be 
limited 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 low-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 proce~s of moisture removal caus.es. 
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 low-rank coals do exhibit a pronounced slacking tendency, 
and thus any handling of the dried coal reduces the size of particles and 
create:; du:;t. The Gxtent of thi:; process .is related to the degree of 
drying, the original size of the particle. and the petrographic structure 
of the co a 1 .13 

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.14 

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.14 

Dried low-rank coals will regain only a portion of the moisture 
removed if exposed to saturated air conditions. The 1 ower the i nit i a 1 
moisture content of dried coal, the lower 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.14 

The bulk density of dried low-rank coals without a vibration or 
sett 1 i ng treatment is greater than that of as-mined co a 1 s. 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.14 

With regard to the reactivity of dried low-rank coals, it should be 
noted. that the 1 i quef action reactivity of these co a 1 s 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 
lump size of coal. Steam-dried lignite exhibits some surface cracks but 
not the 1 i ght, flaky appearance of air-dried 1 ignite. The exterior sur­
faces are tougher, and breakage tests have shown considerably less degra­
dation with steam-driPd 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 ~oisture 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 commercial drying tests have been conducted during 
the past four decades, 3,4,6,11,13 and the prospect of an upgraded, 
transportable fu~l continues to stimulate a low level of activity. 

A detailed description of the unique combustion characteristics 
of dried Texas lignite at the Sundow plant was given in a 19!J9 paper-.15 
As a result of the extensive development work undertaken by the TP.xas PowP.r 
und 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 smeiter, 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 wou 1 d carbonize the dried 1 ignite 
to extract low-temperature tars, ~hile producing lignite char as the 
power-plant fuel. 

The size degradation of lignite upon heating permitted the use of 
the concept of suspension burning in a conventional slagging~type fu~nace. 
The development of this steam-generating unit was primarily centered 
around handling a product whjch was originally coarse gro~nd 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 
the combustion zone permitted the elimination of the conventional pulver­
izer in the fuel-burning system. 

The dried lignite exhibited very high ilhrr~~ion 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 thr·ough design modifications. From the description in 
the paper, these problems appear to be typical of those now considered 
normal in burning as-mined lignite.· 

-210-



References - Section 3.4.4 

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

,.2. Phillips, P.J. Coal Prepartion for Combustion and Conversion, 
EPRI AF-791, May 1978. 

3. Stanmore, B.R. The Steam Drying of Lignite- A Review, preliminary 
unpublished report prepared under contract to the University of 
North Dakota, 1979. 

4. Parry, V.F., et al. Drying and Carbonizing Fine Coal i.n Entrained 
·and Fluidized State, Bureau of Mines R.I. 4954, April 1953. 

5. Oppelt, W.H., R.C. Ellman, O.C. Ongstad, and W.R. Kube. Experiments 
in Fleissner Drying of North Dakota Lignite, Bureau of Mines 
R.I. 5122, April 1955. 

6. Oppelt, W.H., W.R. Kube, and T.W. Kamps. Drying North Dakota Lignite 
to 1,500 Pounds Pressure by the Fleissner Process, Bureau of Mines 
R.I. 5527, 1959 •. 

7. Stanmore, B.R., and A.R. Boyd. "Removal of Water from Brown Coal. by 
Treatment with Steam". Fuel Processing Technology, 1 (1977/1978), 
pp. 305-313. 

8. (Anonymous). "How to Get Water out of Lignite, Wood, and Peat", 
Chemical Engineering, March 27, 1~78. 

9. Duzy, A.F., and L.E. Little. Low-Rank Coals-Moisture Reduction, 
presented to the 27th Power Tech.nology Conference, Omaha, Nebraska, 
June 16, 1971. 

l 

10. Luckie, P.T., and E.A. Draeger. The Thermal Drying of Western Coals, 
presented at the AlME/SME rall Meeting, Salt Lake City, Utah, 
September 10-12, 1975. 

11.- Hand, ·J.W. "Drying of Western .Coal", Mining Congress Journal, 
May. 1976., pp. 30-32. 

12 •. Ziesing, G.F., et. al. Drying of Low-Rank Coal for MHO Application, 
Symposium on Technology and Use of Lignite, Grand Forks, N.D.,· May 
1979, DOE GFETC/IC-79/1, 1979, pp. 459-495. 

-211-



.. 

References - Section 3.4.4 (Continued} 

13. Ellman, R.C., L.E. Paulson, and S.A. Cooley. Commercial-Scale Drying 
of Low-Rank Western Coals; Part I. Rail Shipment Test Ob~ervations, 
in .. Technology and Use of Lignite; Proceedings of a Symposium, .. 
Grand Forks, North Dakota, May 14-15, 1975, pp. 312-340. 

14. Paulson, L.E.,· S.A. Cooley, and R.C .• Ellman. Shipment·, Storage, and 
Handling Characteristics of Dried Low-Rank Coals, in 11 Technology and 
Use of Lignite; Proceedings 11 Grand Forks, North Dakota, 
May 9-10, 1973. 

15. Caracristi, V.Z., a~d ~.D. Mumper. Combustion of Crushed, Dried 
Texas Lignite and Char in Steam-Power Boilers. ASME Paper 59-SA-36, 
presented at the Semi-Annual ASME Fuels D1v1s1on Meeting, St. Louis, 
Mo., June 14-18, 1959, 15 pp • 

-212-



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 fri ab 1 e materia 1 with a high water content 
into a hard, compact briquette or pe 11 et with an increased heating va 1 ue 
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 st i 11 higher qua 1 i ty; or the briquettes made from raw co a 1 .may 
be carbonized for the same purpose. A binder may or may not be required to 
give the bri~uette adequate physical strength, depending on the properties 
of the coa1.1 

The process of briquettinga 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 textbookZ on the subject was written 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 ~ade to limit the information in this review to that which is perti­
nent to U.S. low-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 spP.cifically dealing with briquetting of U.S. 
coals is quite sparse. Because of the largely empirical nature of the 
technology, the aptimal 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 areas of the world where adequate 

. aThe term 11 briquetting 11 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 subst,itutes (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 arid the 
demand will be satisfied, as is the case today. 

The esseptial 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 1 ow- rank cou 1 s. It is vet·y 
important that the moisture be distributed evenly throu9h the 
coal particles. (In the pelletizing process, the dry·iny step 
is applied to the pellets (greenballs) which are manufactured 
at 40-42 percent moisture.S) 

3. Mixing and heating of the coal and the binder .(if any), which 
i.s 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 100-15QOC for 
low-rank coals. This step also allows time for the moisture to 
become evenly distributed throughout the coal particles (i.e., 
moisture is transferred from the larger particles to the 
smaller ones). 

5. Press1ng 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 
cont'i nuous ser1 es, and the transition in propert1 es 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 whtch succeed in making hard briquettes are those which 
·aim to bring the particles close together. With bituminous coal, which is 
harde~ 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 ih its optimum state of plasticity. 

3.4.5.2 Environmental Control Technology 

The primary environmental control requirement in a coal briquett.ing 
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. 

3.4.5.3 Effects of Low-Rank Coal Properties 

Brown coal briquettes are generally manufaitured 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.! In 1943, Parry3 
reported that 11 Coal is being briquetted to some extent without binder in 
the United States and.Canada, 11 but that: 

11 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 upori 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 subbitumi no us co a 1 (both raw and 
steam-dried) were of satisfactory quality for commerical use, 'Parry con­
cluded that there were: 

II • • • fundament a 1 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 subbi tumi nous-coa 'I briquets do 
not hold up while burning." 

In a more recent (ongoing) experfmental effort sponsored by DOE•s 
(formerly Bureau of Mines•) Pittsbur~h Mininq Technology Center, ~atisfac­
tory pellets have been produced from North Dakota lignite.4, 5 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 l-inch diameter, and 
are dried at 11ooc 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, 5 

1. Pellets of good mechanical strength and weathering resistance 
can be made from lignite and lignite char with asphalt emulsion 
binders. Satisfactor.v 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 
~nnditions employed in thi~ program, yielded more brittle 
pellets than did the ilsphalt binder. 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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5. A fine grind, such as -290 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. 

6. 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. 

7. Slow drying generally results in stronger pellets than quick 
drying. 

8. 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. · 

9. In addition to pelletizing, lignite can be agglomerated by 
briquetting and by extrusion. 

In terms of product quality and processing cost, extrusion 
appears to be slightly better than briquetting. 

The s e con d p has e of the p r o j e c t , c u r rent 1 y u n de r w ay , 
consists of:5 

- Confirmation. of laboratory results on successively larger scale 
pelletizing equipment. 

-Exploration of optimum lignite crushing and pellet drying 
equipment. 

- Production or larger quantities of product for evaluation and to 
demonstrate consistency and re~edlctbility of results . 

... Based on data from the pilot work, the design of a 4,000 TID 
lignite pellet plant. 

- Analysis of the capital and operating costs of the 4,000 TID 
plant together with the results of the pilot scale work. 

-217-



3.4.5.4 Current Status 

Briquetting of low-rank coals has been a widely used commercial 
technology since the 19th century. In 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_ st i 11 about 2/3 of the t"otal. 
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 per·cent of the 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 bri quett i ng operation in 
K~mrnerer, 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 b_y pyrite 
separation, grinding, mixing, briquetting, drying, and bagging.o During 
the winter (prior to 1964), pitch and asphalt bi-nder were added in the 
!Tiixing step to produce fuel 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 p 1 ant 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-suited for metallurgical 
uses from either coking or non-coking coals.7 . 

In 1960 a demonstration plant was erected near Kenmerer, 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 
conmercial pig iron blast furnaces. The pilot blast furnace test was 
made during a joint v~nture arrangement with u~s. Steel.Corporation. 
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During the early operation of the plant numerous mechanical and 
some process scal~-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 plan~ make the operation justifiable. 

Ground coal is pyrolyzed in a fluidized bed reactor at $UCcessive­
ly higher temperatures under controlled atmosph~ric 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 less than 3 percent volatile matter. 

The briquettes formed from calcinate and air blown tar are heat 
treated in an oxidizing atmosphere at about 45QOF 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 sa[lle 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. l6QQOF 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 briquetting section • 

. More than fifty different coals from throughout the world have 
been evaluated in FMC's bench-scale or pilot plant equipment. 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 special. precaution has to be taken in 
curing and coking steps. However, with medium volatile bituminous coals to 
high volatile subbitumi nous coals FMC has demonstrated that adequate tar 
can be obtained to produce a strong form coke. 
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3.4.6. Storage 

3.4.6. 1 Technoiogy 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, which 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 minimized 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 pri.ces. 

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 si~nificantly 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 
element~ including.the cost of the raw coal, cost of ~torage facilities and 
equipment, cost of product degradation and the opportuni.ty cost of capital 
tied up in the coal. Cost elements of shutting down the plant and purchas~ 
ing electricity ~lsewhere 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 terrried either 11 live 11 or 11 dead 11 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 supply in the event 
of emergency supply problems. 
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The objective of any coal storage system is to m1n1m1Ze to the 
greatest extent pass ib le product degradation and spontaneous combust ion. 
Product degradation results from oxidation, weathering, slacking and 
windage loss or any combination of the above. Stockpiling techniques are 
formulated to minimize these occurrences. 

Spontaneous combustion results from local oxidation rates exceeding 
heat dissipation rates so that lac a 1 temperatures exceed i gn it ion points. 
Techniques to avoid spontaneous combustion are aimed at sealing the inter­
ior of the pile from available oxygen. These techniques are genera·lly 
similar to those that address product degradation. 

Stockpiles 

There are three basic type5 of co a 1 stockpiles; coni ca 1-shapad, 
wedge-shaped, and kidney-shaped. The most common stockpile is the conica·l­
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 
thP 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,. compact ion procedures are not practiced with this type 
of storage pile.l Since the pile is generally used in the part live, 
part dead storage configuration, spontaneous cormustion does not tend to be 
a problem. For low-rank coals, this pile configuration may well present 
spontaneous heating problems, especially if it were used for dead storage 
only. ·Where a pile is formeq by. allowing unsized coal to fall,' roll or 
slide, a natural size segregation occurs. The large!" sizes fall to the 
outside and bottom, and the fines col1ect in the interior and the top. Air 
moves easily through the coarse lumps a~d begins reacting with the fines in 
the interior. With highly reactive coals, there i~ ~-tendency to exper­
ience local "hot spots" where the·heat generated by the oxidation reaction 
is greater than the local heat ~issipation. · 

The wec1ge-shaped stockpile hils thP greatest capacity of an.v config­
uration. Tnere 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-sha~ed 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 p1le is 
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foul)d 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 det~rioration and 
spontaneous combust ion. This is accomp 1 ished by spreading ·the co a 1 in 
approxim~tely 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 wi~h 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 t"o 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.9 

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 a reclaim facility that maxi­
mizes the 1 ive storage port ion of the pile.l Another method of reclaim­
ing is through the use of a rotary bucket stocker-reclaimer. This dev.ice 
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 direct ion 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. · 

Enc 1 osed 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 emiss tons 

2. reduced pro.duct degradation 

3. reduced spontaneous combustion 

4. reduced handling problems - especially frozen coal~ 
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Enclosed storage facilities are used primarily by shipping terminals to 
speed 1 oadi ng procedures. Co a 1 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 
wh~n building silos up to .45 ft. in diameter, whereas silos up to 70 ft. in 
diameter use slipforms. The capacity of a 70ft. silo, depending on its 
height, is 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 out let though a channe 1 extending upwards from the feeder or 
grate. The channel expands from the outlet to a circul~r 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 the chai'lr'lel does not d1scharge 
until the bin is finally emptied out. Funnel-flow binds are acceptable for 
coarse, free-flowing, chemically stable so 1 ids 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 oi 1 sprays, and other such techniques. 

3.4 .6 .3 Effe~~-~ .... .Q.f. h9~~-=-~-~~--~JC?.~J. .. P.!.:QP~!:'!.~.es 
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 
fol.lowed in preparing and maintaining the stockpile.2 It is 1n the 
11 live 11 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 comparison 
to bituminous coals can result in extensive product degradation, and 
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pass ib ly in spontaneous conbust ion, 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 contra lled 
conditions. As shown, the low-rank coals heat considerably faster. In 
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 conbustion.l 
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Size Consist 

The slacking nature of low-rank coals tends to exacerbate the 
potential fugitive dust emissions and t he 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 o i 1 as a spray coating and 
experienced significant reductions in dust generation.4 .. 

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.5 

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 95oc 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 con dens at ion 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.5 

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 
facilities. A few examplE's nf t ypical 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.7 

The Coal Creek Station is a two-unit llOO 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, 
emergency recovery hopper systems are installed for use in extreme circum­
stances.8 
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1978. 
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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 numbe~ of reasons,. the 
general objective is to impart some characteristic(s) to the end product 
by blending two or roore 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 Valu.e 

5. Ash-fusion temperature or slag viscosity 

. Coal blending is accomplished by an organized 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.l 

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/lb. 
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, fairly sophisticated, and 
highly automated coal blending system which handles all coals, after they 
are crushed at the mine to ~ -3/4 inch product. The blending system 
includes ten separate storage piles arranged so that each .completed pile is 
approx1mute1y 800 ft. long, 90 ft. wide, 32 tt. high, and accon1nodates 
30,000 tons of coal. A pne is built by means of a double-wing stacker 
which continually travels the length of the pile· while depositing 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 
tharr 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/lb 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 stor~ge 
capacity represents a ten-day supply if a 11 generating units operate ·100 
percent. 

The reclaiming is accomplished by either one of two bridge-type 
bucketwheel reclaimers, each equipped with two 25ft. diameter.bucketwheels 
supported from and transvers1ng on an inverted triangular-shaped truss that 
is carried by propelling trucks moving on rails paralleling each side of 
the blend piles. All 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 Plaht 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 with in specified 1 imits. 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/lb) with some rare 
excursions up to 5.5 percent. 

Another example of coal blending to meet user specifications occurs 
ih 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/1 b and decreasing the ash content to 
1.2 percent or less. The product is then shipped to Iowa Public Service 
Company where it makes up 30 percent of their coal needs.2 
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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 us~ of bitumin6us 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 1 eve 1 s 
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, NO, May 27-28, 1967," Bureau of Mines Information Cir­
cular 8376, May 1968, pp. 29-39. 

The history of commercial lignite pulverization is reviewed, and 
comments are made concerning past and present prob 1 ems. Research 
at the Grand Forks Coal Research Station (now Energy Technology 
Center) is summarized, including grindability studies and pilot 
plant scale as well as conmercial 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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4. Rogers, S.E., and A.W. Lerrmon., 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: CO!il 
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. IL 

5. Paulson, L.E., and R.C. Ellman. Reduction of Sodium in Lignite By 
Ion Exchange: A Pilot Plant Study, GFETC/RI~79/l, 1979, SO pp. 

The report documents the results of pilot plant tests on the vari­
ables in 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/~ by U-inch lignite from I percent 
(as Na20 in ash) to 3-4 percent by contact with a CaCl2 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. 

6. Duzy, A.F., et al. Western Coal Deposits; Pertinent Qualitative 
Evaluations Prior to Mining and Utilization, in "Technology 
and Use of Lignite, Proceedings 11 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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7. Paulson, L.E., · S.A. Cooley, and R.C. Ellman.· Shipment, Storage, and 
Handling Characteristics of Dried Low-Rank Coals, in .. Technology 
and Use of Lignite; Proceedings," Grand Forks, North Dakota, 
May 9-10, 197J, Bureau of Mines IC 8650, 1974, pp. 49-75. 

The report documents a program in which rail car quantities of lig­
nite and subbituminous coal were dried, transported, and then stock-

. piled for several years. Characteristics of the dried coals are 
described, and techniques for proper shipment, storage, and handling 
of the dried coals are defined. 

8. Rhys Jones, D.C. 11 Briquetting, 11 in Lowry, H.H. (Editor), Chemistry 
of Coal Utilization; Supplementary Volume, John Wiley & Sons, 
Inc., New York, 1963, pp. 675-753. 

This is a comprehensive article 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 bri.quetting 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 e 1 ect ric 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 mo5t mod~rri .design for this 
application. Cyclone furnaces were introduced becr~usP. nf t.ht:>ir ability to 
burn coal~ having low ash fusion temperatures and to r~cover a h1gh 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 temper·atures requ1red 1n cyclone furnaces favor the formation of 
nitrogen oxides and, largely for this reason, no cyclone units have been 
installed in recent years. Stoker f1ring is generally limited to smaller 
applications of less than 100,000 lb/hr steam. All 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 mafntain emission controls 
over stack gases, wastewater, solid waste and fugitive emissions. Stack 
gas cleaning methods are oriented toward limiting 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 r~s 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 si'l'ica levels found particularly in Texas lignites cause 
or aggravate a number of problems. The ~brasive 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, massive 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. 

T.he higher reactivity of low-rank co·als aids combust ion 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 part'icle size while still being able to assure 
complete burnout. The inherent high resist ivit i·es of some low-rank co a 1 
fly ashes make collect ion of these ashes with electrostatic precipitators 
difficult, although coals with high sodium levels produce ash with :::~~rh 
lower 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 low-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. Add it ion ally, the handling capac.it ies for co a 1 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 uti 1 ize 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 generation will double 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 sect i'ons; those that pertain to 
the combustion process and those that pertain to environmental control 
techno 1 ogy. 

Key IssueE; in Combustion Proces~ec; 

1. Increase overall boiler availability by increased un­
derstanding of ash fouling and slagging. 

2. Substitute co a 1 for oil by direct ignition of co a 1. 

3. Improve stoker furnaces·for small scale operations. 

Ash Fouling and Slagging 

Ash fouling of heat t ran~ fer surfaces is the most serious oper­
ating problem of boilers fired on· low-rank Western u.s. coals.l 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 perc~ht 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 economiG penalty for forced outage of a 
large boiler is very severe, amounting to over one hundred thousand dollars 
per day in 1 ost 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, Austra1i~, England, and liermany. Substantial pruyn~::,s hc15 
been made in understanding ash fouling. However, the phenomena involved 
are complex, and more research iS required tu dcll"ieve control of the 
problem. · · · · 

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 fo~ling 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 along 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-1 aden 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 th~ 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 
boile~ design that are proposed for reducing NOx formation. · 

The factors that control the proportion of ash appearing' as fly 
ash will also influ.ence 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 ar~ 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 conmenced. 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: 

• Boiler design 

• Soot blower design 

• Restriction of sodium level in· the coal by 
selective mining, blending and upgrading 

• Use of additives 



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 19QQOF 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 
reported to add about 15 percent to the capital cost of the steam gen­
erator.40 

On-1 ine 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 foul1ng for U.S. lignite and subb1tum1nous coal 
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 oil 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 low-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 useful ness 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 develnpmP.nt, 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 

t "Integrated systems assessment" of environmental control 
techniques for low-rank-coal-fired power plants 

t Performance of ESP on low-rank coal 

t Analy~is of fabric filter applications and problem areas 
(e.g., fabric life, flow distributions, air to cloth 
ratio). 

t Collection of data on S02 removal efficiency of ash­
alkali scrubbing for various coals, and on other factors 
such as scaling and oxidation state 

t Effectiveness of spra.v orvers or dry sorbent injP.ction 

• Collection of data on emissions of hydrocarbons and 
trace elements from power plants 

t Evaluation of new particulate removal devices· or con­
cepts 

t Opportunities for utilizing solid waste (as an alterna­
tive to disposal) 

• NOx control techniques 

t Evaluation of chemical treatment processes for fixation 
and disposal of FGD sludge 

t Minimization of powerplant water requirements 

Integrated Systems Assessment of Environmental 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
fired unit is used. to meet environmental control requirements for air, 
water, ... and solid wastes; by 1985, EcT• s shar:-e could rise to 50 to 60 
percent.38 The tendency to add control systems. in series (e.g., combus­
tion modification for NOx, scrubber for S02, ESP ·for particulate) adds 
to the complexity of plants, and is likely to have a compounded negati,ve 
effect on unit avail ab11 ity, heat rate, permi ssi bl e rate of 1 oad 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 NOx 
control processes - e.g;, air preheater deposition/ 
corrosion; conversion of S02 to S03; NH3 stack emi s­
sions and potential visible plume; baghouse blind­
ing; effects on fly ash resistivity; impact on S02 
scrubber chemistry and solid wastes. 

b. Alternative process configurations for particulate and 
S02 control - e.g., baghouse or ESP downstream of wet 
or dry S02 scrubber. 

c. Use of cooling tower blowdown as scrubber makeup, and 
use of solid wastes from cooling tower sidestream treat­
ment as S02 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 S02 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. . Exampies of indi­
vidual environmental control technologies are shown at the top of the 
flowchart. These technologies are the subjects of a continuous arrai of 
RD&D work, ranging from basic scientific investigation and new concept 
development to st~tistical evaluation of commercial performance. In 

·general, each technology is pursued \'lithin relatively narrow bounds in 
order to optimize performance of some specific function such as S02 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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Between these extremes, the objective is.to evaluate the overall system in 
terms of process variable studies and cost traoeoffs. 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
se 1 ves. 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 erosio~. As combustion units increased 
in size, pulverized coal systems became predominant. Electrostatic precipi­
tators {ESP 1 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 197o•s, much more stringent design criteri~ were imposed 
on EsP•s by the Clean Air Act emissions standards. The current NSPS of 
0.03 lb/million Btu is presenting a major problem to utilities. Electro­
static precipitators have a difficult time collecting high-resistivity 
submicron-siie particles, making their usefulness somewhat questionable.l4 

There are five major techniques available for overcoming the high 
resistivity fly ash problem. They are: 14 

• Brute force 

• Flue gas conditioning 

1 Source conditioning 

• Operating at elevated temperatures 

• Operating at depressed temperatures 

The high resistivity of fly ash reduces the effectiveness of ESP 1 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.l4 ·It is not useful when a problem is occurr·ing 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 r:educe its res is­
tivity. One such conditioning agent is sulfur trioxide. The use of 
conditioners has met with mixed results.l3 Public Service Company of 
Colorado has had considerable success with sulfur trioxide;l5 however, 
they warn that its effectiveness is very dependent on the type of ash and 
should only be used in retrofit operations. Tests with anmonia and tri­
ethylamine as conditioning agents to improve collection efficiency have 
been inconclusive.l6 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. 13 

Source conditioning is a technique utilized to modify the chemical 
composition of the fly ash. · The objective of .this approach is to reduce 
the chemical durability of the ash and/or increase the number of available 
charge carrying ions.l4 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.l7 For coals low in 
sodium as well as low in sulfur, use of hot-side techniques may not solve 
loss of collection efficiency problems associated with variations in coal 
types. Two other prob 1 ems deve 1 op when this technique is app 1 i ed: the 
volume of gas handled is about 50 percent greater than cold-side, and 
thermal expansion problems are increased.l4 

The resistivity can also be reduced by operatin-fhat reduced temper..; 
atures. Tests sponsored by the Montunu Power Company ~hawed the resi~­
t i vity to drop by a factor of about 30 between operation 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 canst ituents of a given fly ash are 1 imit i ng 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. 19 

Performance of Fabric Filters 

Recent revisions in the particulate 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 College20 
concluded that when the sulfur content of the coal drops below 1 percent, 
baghouses are more .economical than electrostatic precipitators. A similar 
study by EPRI21 sh9wed 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 efficienci~s. 

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 Colorado Springs have both had relatively good result~ with 
their baghouse units.22 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
od.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 ·so2 Removal 

Traditionally, the control of particulate and S02 emissions have 
been treated sep~rately 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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1 imestone 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 desulfuri zat ion 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 ove~all envi~onmental 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 1 each 
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 

• . Elimination or reduction of alkali costs 

• Reduction in initial capital investment 

• Reduction in waste solids handling and disposal cost 

• Impro.ved system rel i abi 1 ity 

Hhether addition of 1 ime or 1 imestone 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 - 11 Flue Gas Oesulfurization 11

). 

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 desulfuri zat ion 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 
leaving the reacted particle to be collected by a particulate control 
device. 

The major advantages proposed for the spray dryer system com­
pared to wet scrubbers are:Z9 

t Reduced waste handling 

t No scaling or plugging problems 

t Low cost construction 

t Significantlj lower operation and maintenance require­
ments 

t Reduced energy requirements 

t Lower particulate loading 

• 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, is 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 lime and other alkali materials. 

The tests at Nea 1 Stat ion concentrated on the use of 1 ime 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 
Stat 1on. 

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 purticle size, injection temperature, injection technique, cmd 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 
~ffects caused-by trace elements in atmospheric pollution. Lim31 writes 
about trace elements from coal combustion: 11 Coal combustion is neither the 
only nor the most important source of trace metals ••• but the extent t~ , 
which coal combustion may be raising the total health hn7nrn in the envi­
ronment ought to be known... Lim cites some poss·ible effects of trace 
elements as: 

t Deposition of trace elements and their compounds in 
plant equipment may reduce the overall efficiency of the 
plant. 

• t Trace elements may interfere with catalytic activity in 
coal conversion. 

t Some trace elements are toxic to humans, animals and 
plants· when they exist above certain concentrations. 
Others may be carcinogenic. Therefore, a potential 

r danger to the environment may exist as a result of the 
effluent streams. 

'Studies in these areas would be beneficial to ascertain the nature and 
extent of these problems. 

The formation and transformation of polycyclic organic matter (POM) 
from coal combustion was studied by Natusch.32 This study showed that 
adsorption of· vapor phase POM will be preferentially concentrated in 
particles whose aerodynamic size falls in the range which can remain 
airborne for severa 1 days and which is capab 1 e 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. 

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 pla~t. The major· 
pathway of exposure for the radioactivity in the emissions was 1ngestion of 
contaminated foodstuffs. It was concluded that the public health signifi­
cance of the computed doses was re 1 at i ve ly minor compared to the hea 1 th 
effects associated with airborne releases of nonradioactive material 
(particulate, NOx, S02 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 characteri zat i'on of the emissions. Many present 
practices have produced quest i onab 1 e results and there have yet to be 
developed techniques to determine many of the trace element and org~nic 
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 
usefu·lness in advanced particulate control.34 They have tested a .number 
of devices anq some have shown excellent results even for very small 
particle sizes. Most of these are hybrids between electrostatic and wet 
scrubber desig~s. 

Most electrostatic devices may be broken into two _groups: those 
that isolate the charging process and those that do not.lT 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 sma 11 to avoid back-corona 
problems. This approach has been called the two-stage precipitator. 
Changes in precipitator desig~ 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 ha~ time to 
decay before reaching back-corona levels. 

Although many of these devices show promise, the testing must be 
conducted in the field on low-rank coals before their usefulness to fly ash 
collecti~n can be accurately assessed. 

Opportunities for Utilizing Solid Waste 

Increased interest is being focused on utilizing fly ash waste from 
coal-burning power plants. Ash is hardly ever recognizeq 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
tify the physical-chemical properties of ash. in an effort to expand its 
use. At present, ash is being used in the following ways: 
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• Mixed with cement 

• Partial replacement of cement in concrete 

• Stabilizer for road bases, parking areas, etc. 

• Fill material for roads, construction sites 

• Filler for asphalt mixes 

• Oil well 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 th!:! !Jr·oper pt·oportions the 
mixture can be extruded from a die as a stiff mud. Most brick p 1 ants 
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: 

• The Texas Transpbrtation Institute, Texas A&M University, 
College Station~ Texas, has completed a study involving 
the· production of a synthetic aggregate from lignite fly 
ash. 

• 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 
alternatives to fly ash dumping. 
considerable further development, 
continued. 

NOx Control 

and other areas may pro vi de beneficia 1 
Many possible applications still require 
however, and research funding should be 

Nitrogen oxides are produc.:!:!ll I.Jy n~cH. t ion of oxygen with both 
nitrogen present iu cornbustion air and nitrogen inherent in the ftif:>l 
source. There are a number of combustion modification techniques available 
to reduce NOx production i·n the furnace. They accomplish these reduc­
tions generally in one of two ways:36 (1) ·by making ·less oxygen avail­
a-ble in the burner zone where fuel nitrogen is volatilized, or (2) by 
causing combustion to be extended over a longer tiine 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 
c~al combustion will not be a problem for western coals by using combustion 
modifications and low NOx burners.37 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 S02 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 have 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 

t The materials handling problems associated with sludge and 
sludge/ash mixtures 

t The long-term physical behavior of such material dispersed 
in the field 

t .The effect that 1 eachate from such materia 1 s 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 structur.al 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 lime 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 sti·ll required to characterize 
these types of sludge. Work is also required into determining the best 
mode of ultimate disposal, whether it be underground mines, 1 andfi ll 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 required for.routine plant 
operations. 

A new source of water consumption is flue gas desulfurization 
systems. Previously, most western plants could avoid this water drain by 
us~ 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 mny cause significant problems in 
some areas. This will increase emphasis on the development 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. · 
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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. 

1. 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-llO. 

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 prob­
lem at the Grand Forks Energy Technology Center are summarized. 

2. 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 Illinois coal 
to western coa 1 s, and the changes required in the power production 
facilities to accommodate the new coal. Provides an excellent utility 
viewpoint 

3. Honea, F.I., S.J. Selle, E.A. Sondreal, The Effects of Overfire 
and Low Excess Air on NDx Emissions and Ash Fouling Potential 
for a Lignite-Fired Boiler, for presentation at the American 
Power Conference, Chicago, Illinois, April 24-26, 1978. 

Some uncertainties remain as to the effect on the operation of lig­
nite-fired powerplants of efforts to reduce NDx emissions using 
currently available technology. The uncertainties are greatest for 
units burning high-sodium Northern Great Plains lignites. These units 
experience aggravated boiler-tube ash fouling problems during periods 
·of high coal sodium content •. in an effort to study the effects of 
NDx control on ash fouling potential, the Grand Forks Energy Re­
searcb Center (GFERC) of the Department of Energy conducted two weeks 
of testing on a tangentially fired boiler burning a high-fouling North 
Dakota 1 ignite. Ash fouling rates were studied under conditions of 
both overfire air. and low excess ciir. The report presents experi­
mental results and examines the tradeoffs between NDx production and 
ash fouling. 

4. 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 efficjent 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. 

5. 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 SOx and particulate emissions has provided a 
double challenge to conventional coal-fired power plant control 
technology. Lower particulate emissions require more efficient 
devices. Lower SOx emissions achieved with low sulfur coal combus­
tion are coupled with poor electrostatic precipitator performance. To 
solve these problems, possible solutions include use conditioning, 
11 hot-side 11 precipitators, or novel precipitators. Examples of novel 
precipitators are the Buell Trielectrode Electrostatic Precipitator-, 
the University of Denmark P ulsc Generator /Prli!cip itator, 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 Ionizer, 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 in different 
situations. 

6. Sterns-Roger Incorporated, Economics of Fabric Filter Versus Precip-
itators, EPRI FP-775, June 1978. 

The relative 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 limit 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. 

7. 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 Desu lfuri zat ion Symposium, Las Vegas, 
Nevada, March 5-8, 1979. 

A characteristic of. western coals is that they contain high levels of 
alkali such as calcium, magnesium, and sodium. These alkali species 
can be leached from powerplant fly ash for use in flue gas desulfur­
iztaion (FGD) wet scrubbers in 1 ieu of 1 ime or 1 imestone. 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 
1 ime or 1 imestone. 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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8. Tufte, P.H., E.A. Sondreal, K.W. Korpi, and G.H. Gronhovd, Pilot 
Plant Scrubber Tests to Remove S02 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 
1 ime-throwaway wet-scrubbing process. The present study uti 1 izes an 
adaptation of the basic principles of 1 ime and 1 imestone scrubbing in 
that the necessary alkali is the calcium oxide in fly ash derived from 
western coals. The process under cons ide rat ion combines the known 
capabi 1 ity 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 S02 in the flue gas. Fly ash alk.ali 
could be augmented with lime (for additional S02 removal) if required 
to meet emissions regulations. 

9. Manz, Oscar E., Utilization of Lignite and Subbituminous Ash. 
The United States and Canada are on the threshold of making s ignifi­
cant progress in the utilization of lignite and subbituminous ash. 
Total ash product ion 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 
airect c~nbustion. Direct firing in utility and industrial processes is a 
well-known technology encompassing many applications including steam 
boilers, kilns, furnaces, ana heaters. 

There are two basic methods of burning coal: in suspension or in a 
fuel bea. In fuel bea 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 
t~e most economical method of firing in almost all industrial boilers rated 
at less than 100,000 pounds of steam per hour.l 

.. Su~pension burning occurs in pulverized•coal (pc) and cyclone 
furnaces, and fl ui di zed-bed combustors ('FBC). These types of firing 
systems result in thorough mi.xing of coal particles and air for rapid 
release of energy. A pc-fi red furnace burns finely pulverized coal fully 
entrained in the turbulent ·flow of combustion air. A cyclone furn·ace burns 
i/4-:-inch by zero crushed coal by swirling it.with the primary 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.l 

3.5.1.2.1 Pulverized Coal 

The function of a pulverized-coal system fs to pulverize the coal, 
deliver it to the fuel-burning equipment, and acc~plish compiete c~bus­
tion with a ·minimum of excess air. This method 1s used primarily in 
utility steam boilers and to some degree, in large industrial applications. 
The coal must be pulverizea to a size small enough for c~bustion to be 
completed before reaching the cooler section of the furnace.a This type 
of firing allows combustion of virtually all types of coal. 

r.oal Pulverization 

The extent and type of coal pulver1zation is influenced by a number 
of factors including: 

apulverized coal specifications usually require 60 to 90 percent 
by weight to pass through a 200 mesh screen in a standardized test. 
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• reactivity 

· • moisture content 

1 heating value 

t gr indabil ity 

1 abrasion potential 

The· delivered coal. size determines the need ·for crushing before 
pulverization. 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 combust ion. Excessive moisture .can 1 imit ··pulverizer throughput .by 
exceeding the dryihg 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.2 . 

The heating val~e 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 grindabil ity is affected by a 
number of factors including moisture, mineral makeup and other physical 
properties.8 . 

On low-rank coals, a modified Hardgrove procedure has been de­
veloped to help predict the. actual pulverizer performance. In this modi­
fied procedure, several prepared samples are dried to different moisture 
levels and the gr1ndability 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 
install at ions. 4 

The mill mu!)t deliver coal to the fuel nozzle at the proper 
particle sizing and moisture cond.it ion at tonnages required to produce the 
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T ab 1 e 3 . 5 • l. 1 

Pulverizer Requirements 
(Nominal 600-MW Unit Qf = 5400 x 1o6 Btu/hr} 

Northern 
Eastern Midwestern Sub- Texas Plains 

Bituminous Bituminous Bituminous Lignite Lignite 

Hardgrove 55 56 43 48 35a 
Grindabil ity 

Enerj.Y content 10,500- 10,500- 8,500- 6,000- 6,000-
(Ot:u lb) (moist, 14,000 14,000 10,500 8,500 8,500 
minera 1-matter-
free) 

Typical mill 
select ionsb 

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) 

aModified Hardgrove grindability. 
bMill selection based on one full spare with rem~inin~ mill~ ~t 

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 
balancing 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- surf aces, 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
t ion heat release rate per unit of furnace volume and per unit area of 
radiant surf ace, which are dependent on co a 1 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 b~ paid to effectively burn high-fouling 
1 ow-rank co a 1. 

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 
lo~-alloy boiler tubes typic~lly limit steam temperature to 1050 or llOOOF. 
Also, the ·Velocity of the flue gas must not exceed reasonable 1 imits 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 heav.Y loading of erosive 
ash, the velocity may be limited to 50 ft/sec or less.5 

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 6~ Coal ~ank on-Furnace Sizing .. ~ 

D 
WxD 

I 
h 

L 

Eastern 
Bituminous 

Source: Reference 2. 
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Bituminous 

Subbituminous 
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Figure 3 5. 1 . . . 3 

Two c ommon1y u ---~~-~~s~e~d~S~u~s£p~e~ns~l~·o~n~j!~[J~~~ Firing Methods 

Horizontal 
Firing 

Source: Reference 1 . 

Tangential F" · f 1nng 
rom Corners of 
Furnace Walls 
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opposite sides of the firebox and_impinge on one another near the center of 
the furnace. This type of combust ion produces high flue gas temperatures 
and high carbon burnout but has the disadvantage of producing high NOx 
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 long. 1 Temperatures tend to be lower in 
these furnaces, causing NOx product ion levels to be less than other pc­
fired furnaces and cyclone units. 

Combustion Characteristics 

The two properties of coal t.hilt. hilVF' il rlirert influence on combu~­
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.2 

Differ.ences 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 deqree of fineness to ensure 
complete combustion.3 · 

Slagging and Fouling Properties 

The quantity 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 res~lt of mineral matter content. Some of the ash properties of concern 
to slagging, fou11ng, and corrosion are: 

t Fusibility temperatures 

t Base-to-acid ratio 
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• Iron-to-calcium ratio 

• Total alkalis 

• Sodium content 

• Ash quantity 

• 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
bust ion process. The ASTM ash fusion test defines three ch aracteri st ic 
temperatures 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 surf~:e 
becomes sufficiently liquid to run. The tube-ash bond is less adhesive and 
therefore responds to removal by sootblowing.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 1900-20QOOf range. 

The compos it ion of coal ash varies depending on inherent and ex­
traneous mineral contributions. 13 There are characteristic differences 
between high-rank and low-rank coals. A decrease in rank is usually 
as.sociated with increased concentra~ions of CaO, MgO, Na20, and S03, 
with reduced con cent rat ions of S i02 and A 1203. Usually the higher rank 
coals exhibit a higher content of extraneous asb which can be removed 
in part by physical separation metho.ds 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 signif·icantly from that for 
bituminous coals. However, the effect of changes in ash analysis on 
fusibility is greatly different. 13 Lignite ash is high in the major 
basic canst ituents calcium, magnesium, and sodium and re 1 at ive ly low in 
the acidic canst ituents silica and alumina. The fusion temperature of 
lignit~ 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 canst ituents, 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(°F) = 2326- 6.9 Si02 + 0.1 Al203- 4.3 Fe203 
-128 Ti02 + 8.5 CaO + 14.9 MgO 
- 8.7 Na20 + 80 K20 - 5.1 S03. 

A similar equation for bituminous coal ash is: 

ST(OF)- 1164 + 12.1 Si02 + 18.8 Al203 
+ 7.2 Fe203 + 83 Ti02 + 2.0 CaO 
- 11.6 MgO - 13.7 N a20 - 22 . 3 K20. 

These equations, because of their simple 1 inear form, illustrate 
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 11White layer 11 of very fine powdery ash 
is deposited a 11 around the tube, apparently by a diffusion a 1 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 over a 11 deposit ion process . 

. Next, an 11 inner sinter layer .. a few millimetersthick 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 11 0uter 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 fouling.l3 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 c0llect 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 
react ion, and subsequent con dens at ion of ash constituents, notably sodium 
arid s il i con . · · · 

-270-



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 attract ion, and (4) inertial impact ion. 
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 a long the flue gas stream-1 ines 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 ana·lysis 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. In 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. fou 1 ing process, it 
is essential, when looking for the controlling factor, to return to the 
fact that the deposit ion 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 
deposit produced by a low sodium co a 1. High sodium deposits have a con­
tinuous melt phase that envelops and connects particles into a strongly 
bonded network. Low sodium depo$its have no continuous melt phase, and the 
particles are held together by weak particle-to-particle surface bonding. 
I.t 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 11matrix, 11 and the fluxable subfraction of fly ash from 
which it is produced will be termed 11matrix 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 
24QQOf. 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 m~y not be 
predictive because of the likelihood of 11 frozen equilibrium .. over the very 
short period spent in the high temperature region of the flame. The 
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sodium may exist for a short time as atomic Na or Na20; these react to 
form NaOH because of the presence of water vapor; and at lower temper­
atures, reaction with C02, S02, 02, and S03 occur to form Na2C03 and 
Na2S04. 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 
port ion 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 wor~en fouling. 

The form of the sodium entering the combust ion 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 NaC2H302, 
NaOH, NaCl, Na2C03, or Na2S04 have had essentially the same effect on 
the severity of foul in_g_. The water soluble sodium in 1 ignite 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 b~ way of the slag tap 
while the remainder exits as entrained particulate.4" 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 1 ime cal­
Clmng industries is the rotary kiln. The rotary kiln is a refractory­
lined 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 combust ion takes place in the kiln as it mixes 
with combustion air. Flame control is not considered to be an important 
element in 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 life 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. 

Tab 1 e 3 . 5 . 1 . 2 

Calcining Kiln Fuel Quality Limitations 

Co a 1 Property Range Impact 

Tot a 1 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 

Na20, Vanadium, S03 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 combust ion device 
that operates separately from the heat transfer sect ions of the boiler. 
The high-temperature turbulent, slagging environment promotes complete 
combust ion prior to entering the heat transfer sect ions of the boiler~ 
Although the furnace was originally developed for 1 ow 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 low-rank coals. It is applicable to coals having a slag viscosity 
of less than 250 poise at 26QQO 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 

1 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-1 ined horizontal 
cylinder in which crushed coal is combusted. Air enters the cylinder 

-273-



tangentially and imparts a whirling (cyclonic) motion. Coal (95 percent-4 
. mesh) 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 tangentfal (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 sect ion of the boiler, as shown in Figure 
3.5.1.4. 

F i gu re 3 . 5 . 1. 4 

Cyclone Firing Method 

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 parficular, the temperature is high due to relatively 

·low. heat absorption rates in the furnace· 1tse1f. Furnace temperatures 1n 
the 3000' F range are sufficient to fuse most coal ash on the refractory 
~ans· of the cyclone furnace. As with wet-bottom pulverized coal .firing, 
cyclone operation reduces the quantit_y of fly ash carryover as compared 
with typical pulverized coal furnaces.5, 10 · 
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Cyclone furnaces, unlike pulverized-coal furnaces, have limited 
design flexibility with respect to major alteration of furnace·volum~ and 
heat transfer rates. Accordingly, the application of a cyclone furnace to 
a specific coal is dependent on the properties of the coal. The most 

· i~portant fuel characteristics are shown in Table 3.5.1 ~3. 

Table 3.5.1.3 

Coal Characteristics for Suitability to Cyclone 

Characteristics Range 

Ash 6-25% wt. 

Volatile Matter 15% wt. minimum 

( 
Fe£03 ) Ash 

cao + ~lgO _ 
vs. Sulfur Variable (see Figure 3.5.1.5) 

Slag Viscosity 250 poise@ 2600° F maximum 

Source: Reference 6 

Ash content is important 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 

fu.rnace operating temperatur.es. 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 Fe203, CaO, MgO ana other 1iletallic oxides. 
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Figure 3.5.1.5 

Coal Suitability to Cyclone Furnaces Based_ 
on Tendency·ta·Formlron·and·Iron·sulfide 
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3.S.l.l.3 Stoker1,4 

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.l 

A successful installat1on requ1res the selec.:tion of the corr~ct 
type and size of stoker for the fuel to be used and the desired rate of 
heat release. Where applicaiJlt!, sluk.t!r·~ t!Aililfit. a good operating runge, 
the capability of burning a wide range of solia fuels, and low power 
requirements. Almost any coal can be burned on some type of stoker. 

Stokers can be divioea into two general classes depending on the 
airection from which raw coal reaches the fuel bed: (1) overfeeds, in 
wh1ch the fuel CUIIlt!S fr"OIIi above, and ( 2) underfeeds, in which it come~ from 
oelow. The overfeeo group includes spreader; chain and vibrating grate 
stokers. Types of unoerfeed 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 lb 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 lb 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 Stokersl,4 

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 rap idly when it is des ired 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 
maximum. 

Underlying the active fuel bed is a layer of ash. This, together 
with the flow of air through th~ 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 typica 1 spreader stoker install at ion consists of feeder-d istri­
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 ~ir, 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 install at ion t.o 
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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Tab 1 e 3 . 5 . 1 . 4 

Maximum Allowable Fuel Burning Rates 

Type of Stoker 

Underfeed - Single Retort 
Underfeed - Multiple Retort 
Water Coo led· Vibrating (;rate 
Chain Grate and Traveling Grate 
Spreader - .Stationary & Dumping Grate 
Spreader- Traveling Grate 
Spr·eaLier· - v iur·dL iuy Grate 

Source: Reference 4 

Tab 1 e 3 . 5 . 1. 5 

Stoker Characteristics 

Design/Operating Parameter Spreader 

Quick response to load change . Excellent 
Minimization of carbon loss ·Fair 
Prevents co a 1 segregation Fair 
Utilizes wide variety of coals Excellent 
Burns extremely fine coals Poor 
Permits smokeless· combustion 

;:~t ;:~.11. loads Poor 
Minimizes fly ash discharge Poor 
Minimizes maintenance Good 
Minimizes power consumption Good 
Handles ash easily Excellent 

Source: Reference 
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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 relatively constant, and the fuel has 30-40 
percent volatile matter, coal ranging froin 0 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 distributed 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 
consistently 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 Travel.ing Gratel ,4 

These stokers are constructed of assembled links, 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 traveling 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 overfi re air jets 1 ocated in 
the front wall. These air jets are effective in completing the combustion 
of 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 throUgh the fuel 
beet. 
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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 l-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 loss 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 difficult to ignite and the maximum size should be in the 
3/4-inch to l-inch range. 

Unaerfeed Stokersl ,4 

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 ris.ing 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 s1de 
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 cnal 
and d1tterent 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 si ae. Because of the agitated bed, these 
designs hanale highly caking coals wel1. 

IVIultiple retort stokers consist of a series of inclined feeding 
retorts extenaing from the rear of 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 
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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 Stokersl,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 1 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 
automatic 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 is maintained without blow holes or thin 
spots. 

The furnace design for this stoker should include water-cooled 
walls t6 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 refra.ctory 
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 shfft to oil or gas does not require special 
prqvi sion . for. protection of. the g·rates. A normal bed of ash 1 eft as a 
cover gives adequate protection from furnace radiation. · 

The strategic placef!lent of burners in this type of furnace configu­
ration may,. in many cases, . permit operation with a bare grate ~i thout 
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 O.A. Harris, Properties of Solid Fuels and their 
Impact on Bo i 1 er 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 oi 1 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 gene rat ion of power. Although coals 
r·t:q.J.n~:,t:ml uv!:W 65 JJ~r·~.:~ul ur dll U.S. ~ru:H'YY n:~:;erves, other materials 
considered as ~ 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-llO. 

This paper gives a complete review of experimental, theoretical and 
operating data concerning ash fou 1 ing 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 Evalu~t ions Prior to Mining 
and Utilization," Technology and Use of Lignite, Grand Forks, NO, 
May 18- 1 9 , 19 77 . 

The purpose of this paper is to demonstrate how coa 1 deposits in the 
western United Sttes are (or should be) evaluated. with the objective 
being focused on their efficient utilization. £valuation 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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4. Sondreal, E.A. and R.C. Ellman, 11 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 fue 1 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 environment a 1 standards are causing. contra 1 
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, S02 
scrubbing and other control measures together to produce a ·reliable system 
that meets the standards at minimum cost. · 

The primary areas of environmental concern are: 

• Stack gas cleaning 

e Solid waste management 

• Wastewater effluents 

1 Fugitive emissions of part i..;.ula~l;! llldLL~r 

Recently, increased at tent ion has also been given to trace element and 
organic emissions. 

The following sect ions 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 cate~ories: 

• Part i cu late 

• Sulfur dioxide 

• Oxides of nitrogen 

• Trace element 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 little work has been performed in this area, however, 
and all implications are not completely und~rstood. Also, this study does 
not address the problem of C02 emissions and the environmental effects it· 
may cause. 
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Table 3.5.1.6 

New Stationary Source Performance Standards 
For Electric Utility Steam Generating Units, December 1971 and June 1979 

December 1971 
Standards 

1.2 lb!lo6 BTU 

0.1 lb/106 BTU 

21n 

(i) 0.70 lb/106 from the combustion 
of coals except lignite. 

(ii) 0.80 lb!lo6 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. 

(iii) Combustion of a fuel contain1ng more 
than 25 percent, by weight, coal refuse 
is exempt from the NOx standards and 
monitoring req~irements. 

(iv) 0.60 lb/106 BTU from the combustion of 
lignite except as stipulated in (ii) 

·above. · 

June 1979 
Standards 

1.2 lb/106 BTU (based on a 
3D-day rolling average) 

9cn when emissfons are 0.6 lb/ 
106 BTU or greater 

1cn when emissions are less 
than 0.6 lb/106 BTU 

0.03 lb/106 BTU 

20S (based on a 6-minute average) 

Based on a 30-day rolling average: 

(i) 0.50 lb/106 BTU from the combus­
tion of subbituminous coal, shale 
oil, or any solid, liquid, or 
gaseous fuel derived from coal. 

(ii) 0.80 lb/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. 

(iii) Combustion of a fuel-containing more 
than 25 percent, by weight, coal 
refuse is· exempt from the NOx 
standards & monitoring requirements. 

(1v) 0.60 lb/106 BTU from the 
combustion of any solid fuel 
not specified in (i); (ii), 
or (iii) above. 

Notes: 1. These st~ndards apply to electric utility steam generating units capable of combusting more than 73 megawatts heat input (250 
million ETU/hour) of fossil fuel. 

2. A major difference between the December 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 S02 and NOx emissions. The Decentler 1971 required that emission 
monitoring onl)· 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, 1 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 somP.whr~t with thP. rank of r.oal. Figure 3.5.1.7 shows how sizP. distri­
but1ons can vary for different types of coa1.2 

The degree of removal reqllired is dependent on the federal or state 
regulations controlling particulate emissions. Until June IY/Y, the 
Federal standard was 0.1 lb/106 Btu heat input ( ...... 99.0 percent removal*); 
the current New Source Performance Standard is 0.03 lb/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.4) New Mexico has a specific regula­
tion limiting fine particulate of less than 2 microns in diameter to less 
than 0.02 lb/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 efficiencyas 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 fi.lters, electrostatic precipitators (ESP•s), 
or venturi scrubbers to achieve the required removal requirements. 

The final selection is based on a number of additional character­
istics such as pressure drop, flue gas velocity, and cost. Table 3.5.1.8 
indicates typical values of these parameters for a number of control 
devices, High gas velocity requirements and large pressure drops generally 
discourage the use of venturi scrubbers in favor of the other devices. 
This means large utilities are faced with the choice of fabric filters or 
EsP•s for their particulate control systems. 

Short descriptions of the various control devices follow. 

*These removal. efficiencies assume a particulate loading of 10 
lb/106 Btu at the furnace outlet. 
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Table 3.5.1.7 

Fly A~h Ch~t~ct~ti~tic~ ~nd~Sit~ Di~ttib~ti6ns 
· f6t V~ri6u~ Futri~c~ Types 

Pulverized Coal 
Underfeed Spreader Dry s l.ag 
Stoker Stoker Bottom Tap 

Carry-over fraction 
of ash in coal)%* 20-30 30-80 55-.,85 45-55 

Combustible 
Content, % 10-50 20-60 5-10 5-10 

Dust loadi.ng, lb. 
1000 lb. gas** 0.5-4 1 . 5-10 6-9 4-6 

. ·Typical size, cumulative percent 
Microns 

< 10 7 11 40 

<20 15 23 /70 

<44 30 42 80 
'. 

< 74 38 56 97 

·~. < 149 57 73 100 

* Includes combustible. 

Cyclone 
Furnace 

10-30 

5 

0. 6-1 . 5 

86 

91 

95 

98 

100 

** Based on ·coal of 15% ash content. Dust in gas leaving furnace before 
any collectors. Corrected to 50% excess air. 

Source: Reference 3 
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Fly Ash Size Distributions 
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Inlet Particle-Size Distribution 
For Ash From Four Coals 
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Table 3.5.1.8 

Operational Parameters for Various Particulate Control Devices 

Equipment 

Cyclone collector 

Fabric Filter 
Shaker type 
Reverse Jet 

Precipitator 

Venturi Scrubber 
Low energy 
Medium energy 

1. At throat 

Pressure drop, 
in H.O. 

3.5-5.0 

2.5 
3.5 

0.9 

5-15 
15-20 

2. Through cyclone separator 

Source: Reference 3 
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Gas Velocity, 
1000 ft/min 

0.002-0.006 
0.018-0.028 

0.2-0.5 

Installed cost, 
$/cfm 

0.35-1.05 

0. 75-1.25 
1 .00-1. 50 

1 .00-3. 50 

0.75-1.50 
1.00-2.00 



Electrostatic Precipitators 

Electrostatic precipitators utilize electrostatic forces to remove 
particulate matter from the flue gas stream. The efficiency of collection 
is directly dependent on the resistivity of the particles. Many western 
low sulfur coals proauce fly ash with higher resistivity than eastern coals 
under comparable conditions. Figure 3.5.1.9 illustrat~s the effect of 
temperature on resistivity. Various strategies to deal with this problem 
have been developed and will be discussed below. 

Single-Stage Precipitator. The single-stage electrostatic precipi­
tator is made up of a number of positively charged, vertical, parallel 
plates. Between each pair of plates is a discharge cathode made .up of a 
series of fine wires hung vertically 6 l.u 12 inches apart. Gas passing 
between the plates is ionized by t.hP. int.Pnc;P ~lectric field created between 
the positively charged plates and the negatively charged wires. Particles 
are then ionized by the gas and migrate toward the plates as the gas 
proceeds through the precipitator. Agglomerated particulate matter at­
Ltu;hed to the wa 11 s i s shaken tree by sma 11 har.mters ca 11 ed .. rappers. 11 Fly 
ash settles to a dust hopper located below the precipitator and is removed 
by a screw conveyor or rotary valve. Factors which influence the precipi­
tator performance are: 

t ratio of plate area to gas flow 

• time parti~le is exposed to electric field 

t strength of field 

• gas viscosity 

• particle resistivity 

t sulfur content of the fuel 

• temperature 

• carbon content of the particulate 

• p~rticulate loading 

• ability to remove particles from collector plates 

The primary design parameter ~or ESP's is the 11 Specific collection. area 11 

(SCA) defined as the square feet of plate area per 1000 actual cubic feet 
per minute (ACFM) of flue gas. A graph of SCA versus particulate emissions 
limit is shown in Figure 3.5.1.10 for various coals.5 

Two-Stage Precipitators. This precipitator is identical to the 
single-stage precipitator except that ionization is accomplished in a 
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Typical ASI¥1E Laboratory Resistivity Curves as a 
Function of Temperature and Humidity for Fly Ash 

from a North Dakota Lignite Having One Percent Sulfur 

5% Moisture iri Air 

Fly Ash Analysis 

Si02 27.1 
AI203 16.2 
Fe203 4.9 
Ti02 0.7 • 
P205 0.3 
CaO 29.8 
MgO 11.6 
Na20 5.0 
K20 0.3 
S03 2.6 

TOTAL 98.7 
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TEMPERATURE, °F 

Source: Reference 37. 
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separate stage. The ionization sect ion can be similar to the conventional 
wireplate precipitator with a higher voltage for efficient ionization, or 
it can be similar to the high-intensity ionizer shown in Figure 3.5.1. 11. 
In this figure, the ionization step precedes three conventional collector 
fields. The ionizer array acts as a diffuser p 1 ate, with each perf or at ion 
containing an intense radial corona discharge. Each element contains a 
cathode disc concentrically contained within an anode venturi throat. The 
venturi provides a high degree of energy recovery with a pressure drop of 
approximately 0.5 inches of water. The ratio of cathode to throat area 
(""'0.2) leads to particle charges 3-5 times higher than in conventional 
ionizers.4 

The higher resistivity fly ash from some western coals causes a 
deterioration in both the charging and collection processes. Consequently, 
the two-stage precipitator can operate efficiently only when sufficient 
collector plate is also provided. 

Hot-side versus Cold- side Precipitation. Utilities have the option 
of locating their ESP before or after the air preheater. The changes in 
location alter the temperature of the flue gas stream which in turn ·greatly 
affects the resistivity of the fly ash (refer again to Figure 3.5. 1.9). A 
typical cold-side condition is a flue gas temperature of 2840F and corres­
ponding resistivity of 4xlol2 ohm-em. This contrasts with typical hot-side 
conditions of 7430F and a resistivity of 8xl09 ohm-cm.2 Thus, locating 
the precipitator after the economizer but before the air preheater will 
result in stable, highly efficient operation because of the high tempera­
tures. The precipitator in this situation can be designed for relatively 
high current densities and will provide stable operation over a relatively 
wide range of fuel compositions. Hot-side prec1fitators are used in some 
plants burning high-resistivity (low-rank) coals. 

The primary disadvantage of the hot - s ide precipitator is the need 
to handle an increased gas volume (50 to 100 percent higher) due to opera­
tion at elevated temperatures. Other than that, the precipitator is nearly 
identical to the normal single- stage precipitator . The design must allow 
for greater therma 1 expansion during startup. Other cons ide rat ions which 
inr.rP.nse the capital and operating costs include insulation, higher heat 
losses, and greater wear (higher maintenance) due to increased gas flow.5 

Wet Electrostatic Precipitators. In wet precipitators, water is 
used cant inuously to wash dust from the collecting electrodes. The water 
not only eliminates the need for rappers, but also prevents reentrainment. 
In addition, the gas stream is saturated with water vapor and thus elimi­
nates the problem of fly ash resistivity due to the conductivity of the 
wnt.Pr vnpor. Consequently the wet electrostatic precipitator may be an 
attractive method of collecting high resistivity fly ash. The major 
disadvantage is cost. Wet precipitators must be f.abricated from corrosion 
resistant materials. This may increase the cost to 2.5 times that for dry 

-297-



Figure 3.5.1.11 

HIGH-INTENSITY IONIZER 

H V DISCHARGE C A TH 0 0 E -...-------------------. 

HV SUPPORT TUBE 

CATHODE 

BULKHEAD ---------.J 
POROUS ANOOE---------L------------J 

PRESSURIZED 
HIGH-VOLTAGE COMPARTMENT~ 

ELECTRIC RAPPER 

SECONDARY AIR 
INLET 

GAS DISTRSUTION 
GAO 

SHOWN) 

SEE FIGURE G-8 

RAPPER 

TWO-STAGE PRECIPITATION 

Source: Reference 4 -298-

FFLn 

A FIELD 



precipitators. The corrosion problem arises from the reaction of the water 
with the chemicals in the gas stream. The disposal problems associated 
with the fly ash slurry will, in most cases, increase the capital and 
operating costs as well.5 

Fl~ Ash Conditioners. Many chemical agents have been investigated 
to determ1ne their effectiveness as fuel or flue gas additives. The 
objective is to reduce fly ash resistivity and thus increase collect ion 
efficiency. 

Test results have been variable. In some instances, the additive 
is effective but the cost is prohibitive (e.g., phosphorus pentoxide). The 
most commonly used additive is sulfur trioxide (S03). Sulfuric acid, 
which forms S03 upon injection, S03, and sodium carbonate all reduce 
fly ash resistivity. Vanadium and iron oxides supposedly catalyze the 
oxidation of so2 to S03, thus increasing S03 content in the flue gas. 
The mechanisms by which other additives increase fly ash removal efficien­
cies have not been reported. In some cases a fly ash conditioner can be 
found that will significantly reduce particulate emissions when burning 
low sulfur western coal. Testing is 1 ikely to be required to determine 
costs and expected efficiency. Some additives may have undesirable en­
vironmental side effects.S 

Fabric Filters 

Fabric filters use tubular-shaped fabric bags to filter out partic­
ulate matter contained in the flue gas. Filtration is efficient and 
normally results in removal efficiencies greater than 99 percent. The 
efficiency of each individual bag, however, varies with time as dust accu­
mulates on the bag surface. After a fixed period of time, a section of the 
baghouse, containing a number of individual bags, is isolated from the 
gas stream. Each bag is cleaned by one of the methods described in the 
following sect ions. When cleaning is complete, the sect ion is returned to 
service and another sect ion is removed for cleaning. This cleaning cycle 
continues until every bag has been cleaned. The cleaning sequence can be 
operated manually when needed or it can be automated to function cont inu­
ously. An illustration of a baghouse is qiven in Figure 3.5. 1. 12. 

The major design parameters for baghouses include the following 
(typical values for these parameters on a 500-MW plant are given in paren­
theses) :2 

• inlet gas volume (1.97 x 106 afcm) 

• gross air-to-cloth ratio (1.81) 

• cleaning method (reverse-air) 
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• fabric (Teflon-coated fiberglass) 

• total cloth area (1 ,087,000 ft2) 

• normal operating temperature (3QQOF) 

• maximum operating temperature (55QOF) 

• normal operating pressure drop (4 in. of H20) 

• cleaning cycle time (30 minutes) 

Baghouse costs remain essentially constant as a function of re­
quired removal efficiency due to their inherent high collection efficiency. 
Electrostatic precipitator costs, on the other hand, increase significantly 
as collection efficiency requirements increa,se. Figure 3.5.1. 13 illus­
tr~t~s this relationship. Baghouses appear to become the economic choice 
when JJenuissible emi~~ion levels rlrop much I.Jelow the 0.1 lb/106 Btu 1PvP1.2 

Because the emission standards have only recently been placed below 
this level, only a few large, modern pulverized-coal units are presently in 
operation with a baghouse and therefore no accurate reliability record is 
available (see Section 3.5.1.5). Many problems with fabric filter life 
have been noticed in these plants.29 
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The major cleaning methods for bag houses are briefly discussed 
below: 

Air or tvlechanical Shaking. Bags can be cleaned by mechanically 
shaking the frame on which the bags are mounted or by blowing air between 
the rows to wind-whip each bag. This is an efficient, low-cost cleaning 
method which normally is reliable. 

Esut>t>le Cleaning. In this method, a large pulse of air is added to 
the top of the bag. The bag takes the shape of a bubble which rapidly 
moves down the bag like a wave. This rippling action flexes and cleans the 
oag as it progresses downward. The major disadvantage of this method is 
the large quantity of compressed air required. A similar method can be 

. applied to bags where the normal flow is outside-in (frames are required to 
support Lht:! ud~:il• In this situution, an ejector is us~;>rl to r.rP.ate a 
pressure wave in the bag. This can be done without isolating the bi:ly ft'om 
the incoming gas stream. 

Reverse Air Cleaning. Here, the bags are cleaned by reversing the 
air flow after the bags are sealed off from the gas stream. This is an 
efficient method but requires a large capacity to handle the recycled 
gas. 

Sonic Cleaning. Sonic generators can be used to release the dust 
from the bags but reverse air or shaking is usually required in addition 
for efficient cleaning. This method also may develop complications from 
governmental regulations relating to noise. 

Mechanical Collectors 

IVIechanical collectors use centrifugal, inertial , or gravi tati anal 
forces to separate particulate matter from the gas stream. Cyclones use 
centrifugal forces and can be purchased singly or in multiple units con­
taining a numoer of smaller cyclones. The inertial collector effects an 
abrupt change in the direction of flow, causing the momentum of the partic­
ulate matter to separate it from the flue gas. The settling chamber uses 
gravitational forces to accomplish particulate removal. 

Single Cyduue~. In the single cyclone, gas enters tangentially to 
a cylindrical or conical vessel. As the gas is forced to travel in a 
spiral path, centrifugal forces are applied to the particulate matter. 
These particles move to the outside wall where their speed is reduced and 
they fall to the bottom for removal. The clean gas is removed from the 
center of the cyclone through a standpipe. Dust is removed by a screw 
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conveyor or rotary valve. 
created by vanes 1 ocated at 
passes through the vanes and 
that aescribed above. 

In other types of cyclones, the vortex is 
the top of the cone. Here, gas spins as it 
particles are removed by a process similar to 

The centrifugal force on a particle varies directly .according to 
the mass of the particle and the square of the velocity, and inversely with 
the radius of the collector. Thus larger particles, having more mass, are 
removed with a higher efficiency than lighter particles. Efficiency can be 
increased by increasing the velocity or by decreasing the diameter of the 
cyclone. The latter, however, reduces the capacity. Efficiency also 
varies directly with the dust loading. Mechanical collectors are most 
effective for a particle size range above 10 microns. With particles less 
than 10 microns, the efficiency drops below 90 percent. Cyclones are not 
used for the high efficiency collection of fly ash that is currently 
required. 

Multiple "cyclones. Multiple cyclones incorporate several small 
diameter cyclones .into a single intake and discharge manifold. This 
enables the parallel operation of a number of high efficiency cyclones at 
higher flow rates than with any single cyclone. Careful design is required 
in these systems to ensure equal dust loadings to each cyc)one. This is 
necessary for high efficiency, and to prevent backflow, plugging or re­
entrainment from the oust bin. 

Cyclones also can be usea in series to increase the efficiency 
above that obtained from a single cyclone. This is an effective method to 
improve efficiency without increasing the velocity {which may break down 
aus~ agglomerat.es). 

Inertial Collectors. Inertial separation devices cause sudden 
changes in the direction of the gas stream. The inertia of the particles 
causes them to impinge on a target or into a collection area. On1y the 
larger particles are removed in this way. ·Smaller particles deflect with 
the flue g~s and are reentrainea. Perfonriance data are scarce, and must be 
obtained from pi 1 ot tests or vendor's data •. · In general, the efficiency of 
inertial collectors· is comparable to that for high efficiency cyclones. 
Pres~ure drop can be as high as 6 inches of water.5 · • 

Settling Chambers. Gas velocity is a major factor influencing the 
·particulate loading from a boiler. As the gas velocity increases, an in-. 
creased quantity of larger particle.s is entrained in the gas stream. In a 
similar manner, when the gas velocity is· reduced, the large· particles 
settle out and can be removed from the gas stream. Par.ticul at~ control 
devices have been based on this principle to settle large_s1z~ particles. 
The· .gas stream is passed through an enlarged section of ductwork which 
allows cinders and large dust particles to settle. These devices, once 
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called cinder traps, are not highly efficient and must be used in conjunc­
tion with other more advanced control systems. Certain boiler designs lend 
themselves to a higher rate of settling, or they can be supplied with an 
enlargea economizer section which acts as a settling chamber. Some appli­
cations have settling changers just before electrostatic precipitators to 
reauce the load. The efficiency is 30 to 40 percent for particles with 
sizes less than 45 microns. Particles greater than 45 microns can be 
removed with efficiencies of 75 percent or more.5 

Wet Particulate Scrubbers 

Wet scrubbers remove particulate matter from the gas stream by 
contacting the gas with water. Some gaseous pollutants can be removed 
simu.ltaneously with the fly ash. Th1s aspect will be discussed ·in a later 
section conc&rning S02 removal. 

The mechanism for particulate removal is primarily inertial impac­
tion (i.e., impaction on water droplets or on wetted surfaces). The exit 
gases from all wet scrubbers are saturated with water and cooled below the 
inlet temperature. In general, these gases must be reheated to provide 
buoyance for dispersion by tall stacks and to protect stack linings. Wet 
scrubbers also require treatment and/or disposal of the scrubber sol uti on 
to remove suspended sol ids and treat any chemicals leached from the fly 
ash. 

Capital costs for wet scrubbers are generally 1 ower than other 
particulate control methods with the exception of mechanical collection. A 
wet scrubber may cost only 25 percent as much as an electrostatic precipi­
tator. However, the operating and maintenance costs are much higher, as 
high as five times that for·a precipitator. This is due to several fac­
tors.~ 

Scrubbers have the disadvantage of a large pressure arop (thus 
requiring more energy than electrostatic precipitators) for efficient col­
lection of fine particles. They also introduce the necessity of handling a 
wet fly ash slurry ana recirculating the scrubber liquid. Scaling, corro­
sion, pl~gging, and mist entrainment in the effluent gas are typical 
problems,6 

Five general types of scrubbers are currently in use. Each has 
been fabricated in a variety of designs by a number of different manufac­
turers. The general characteri sties of each type of wet scrubber are 
described be 1 ow. 

Venturi Scrubbers.5 In the venturi scrubber, dust-laden flue gas 
is contacted with water and forced through a converging section in the 
ductwork. The high velocities in the venturi throat atomize the liquid and 
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result in intimate gas-liquid contact. Gas from the throat area is decel­
erated in the diverging section to allow the wetted particles to agglome­
rate. Entrained water and fly ash are removed from the gas stream in a 
cyclonic separator. 

High particulate removal efficiencies can be accomplished with the 
venturi scrubber. However, an extremely high energy consumption is re­
quired to obtain these efficiencies. Pressure drops of up to 100 inches of 
water are required for high efficiency {99 percent plus) collection of 
submicron particulate. Some manufacturers have designed specially shaped 
diverging sections to maximize the removal efficiency for a given pressure 
drop and energy consumption. 

Many different scrubber designs have been developed to date. One 
unique design uses a deck of parallel metal pipes. Liquid spray and inlet 
gas are directed toward the deck which functions like a series of parallel 
venturi slots as the gas passes between the pipes. Other designs allow for 
adjustment in the throat size by placing a cone-shaped plug in circular 
throats or by providing dampers on either side of rectangular throats. 
Some manufacturers also vary the method of liquid introduction; spraying, 
swirling around the walls, and injection on the top of the cone have all 
been used. 

Spray Scrubbers.5 Spray scrubbers are the simplest type of wet 
scrubber available, and come in almost any shape. Scrubbing liquor is 
sprayed into the gas stream by the use of high pressure spray nozzles. 
Some designs use splash plates to finely disperse the liquid in the gas 
stream. Countercurrent, cocurrent and cross flow configurations have all 
been used. 

The efficiency of the spray scrubber depends on the relative 
velocities of the liquid and gas. Cocurrent scrubbers have the lowest 
relative velocities and are effective only for the removal of larger 
particles. Countercurrent designs create maximum relative velocities and 
efficiencies, up to 90 percent for particles 10 microns and larger. Most 
spray scrubbers are relatively low in capital and operating costs. 

Moving Bed Scrubbers.5 Packed bed towers provide good removal 
efficiencies because of the high ratio of liquid surface area to gas 
volume. However, packed beds cannot be used for particulate removal 
because of the tendency for packing to plug up with ash. The moving bed 
scrubber avoids this problem because of the fluidized action of the bed. 
The bed is made up of l.ow density plastic spheres contained.between two 
retaining grids. Flue gas velocity, usually kept between 7 and 13 ft per 
second, is a critical factor in maintaining bed mobility. Velocities 
hiyher or lower than this win allow the bed to rest on either retaining 
grid and thus decrease the efficiency. Scrubbing 1 i quor is sprayed from 
the top down through the moving bed. Particulate matter is removed from 
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the gas stream ·by impaction on the wetted spheres. Several stages can be 
provided for high efficiency, if the application warrants it. 

Moving bed scrubbers generally are effective on particles down to 1 
micron .in size. Some designs can pro vi de effi ci enci es of 99 percent for 
particles 2 microns and larger. Scrubbers of this type have been used on 
ut i1 i ty boiler~ with 95 to 98 . percent efficiency. Maintenance costs, 
however, may be high due to the erosion .of the plastic spheres by the fly 
ash. Northern State Power uses a venturi prescrubber in front of its 
marble bed scrubber to try to .reduce wear problems. 

Impingement Scrubbers. Impingement scrubbers use impaction on a 
wetted plate as the primary mechanism for particulate removal. Gas is 
generally forced through· an opening and impacted on a wetted plate posi­
tioned perpendicular to the gas flow. These .. impingement baffles ... are 
positioned side by s1de to form a tray s1m11ar Lu d Vcllve tra.v in distilla­
tion,· or they can be positioned vertically in a variety of configurations. 
Recirculating liquor is sprayed onto the impingement tray and captures the 
particulate matter which contacts the baffle. Efficiencies can range from 
80 to 99 percent depending upon the particle size, the number of impinge­
ment stages, and the pressure.·drop. One design provides 90 to 99.5 percent 
efficiencies for 0.5 micron particles when operating at a pressure drop of 
30 inches of water. 

Orifice Scrubbers.5 Orifice scrubbers use a self-induced spray 
curtain to remove particulate matter from the gas stream. The spray is 
formed when flue gas is forced thr.ough a partially submerged orifice. This 
operation produces a high degree of gas-liquid contact but the atomization 
effect is not as high as that for the venturi scrubbers. Fly ash, impacted 
upon the fine liquid droplets, is removed from the gas stream in a mechani­
cal type collector or a mist eliminator. Many manufacturers have also 
developed scrubbers of this type which generate the spray curtain in a 
specially designed entrainment channel. Pressure drops for both types of 
orifice scrubbers can range up to 15 inches of water. Particulate removal 
efficiencies are lower than for other high energy scrubbers, but are still 
acceptable for particles greater than 1 micron in size • 

. Novel Particulate Control Devices7 

In recent years because of the need to collect smaller particles to 
achieve higher collection efficiencies, hybrid devices have been developed 
ut n i zing pr1 nc1 pl es of "t;onvent ion a P methods. The cost nf conventional 
devices capable of collecting fine particles rises significantly due to 
need for increased size and energy requirements. This has also provided 

. incentive for deve 1 opment of advanced systems. 
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Many of the advanced concepts or devices combine the principles of 
cyclones and electrostatic precipitators to achieve very high collection 
efficiencies. Others use electrostatically charged fabric filters to 
capture submicron size particles. Figure 3.5.1.14 shows particle penetra­
tion a versus diameter for !]!any of these nove 1 devices tested by the EPA. 
The major disadvantage to. all of these advanced systems is high cost but as 
regulations become more stringent, their viability increases. 

Experimental testi~g of new particulate concepts has yielded 
favorable results, but indicates that much work still remains in the 
field. 

One pilot scale (0.47 m3fsec) investigation of a three-electrode 
particle precharger achieved charging levels in high resistivity dusts 
which were attainable only on low· and moderately resistive dusts in conven­
tional systems.38 In a separate laboratory scale study, a range of 
operating temperatures {38 to 3430C) was used to determine the effective­
ness of particle charging, especially ·at· hot-s ide ESP temperatures, in 
positive and negative corona discharge. 'Electrode geometries and electri­
cal operating conditions utilized were typical of full scale ESP's. 
Experiments were conducted at ·fine parti<::les, with radii between 0.3 and 
1.5 microns. At comparable voltages and currents for positive and negative 
corona discharges, the ratio of the values of negative to positive charge 
for radii between 0.6 and 1.3 microns was shown to increase from about 1 to 
2 as temperatures were raised from 37 to 343oc. A mathemat ica 1 mode 1 of 
the charging setup (using ionic charging theory) showed good agreement with 
all posit i.ve charging data, but good agreement with negative charging data 
only at temperatures be low 37oc. Differences between measurements and 
model predictions are consistent with the postulation of free electron 
charging at high temperature (negative corona).39 ~ 

Flue Gas Desulfurization 

Sulfur dioxide (S02) is . generated when the sulfur contained in 
coal is burned. . Unt,il June 1979, the federal standards regarding S02 
emissions from coal plants required emissions to be less than 1.2 lb/106 
Btu.4 Some western coals have a sulfur content sufficiently low to meet 
this stanrla.rd w:ith no S02 control systems. Th1s coal is referred to as 
"comp 1 i ance coal." The June 1979 New Source Performance Standard for S02 
has altered this situation .such that all utility coal-fired plants will be 
required to remove from 70 to 90 percent. of the S02 from the flue gas. 
The exact removal. efficiency required is a function of the sulfur content 
of the received coal (see Figure 3.5.1. 15). The curved portion of the line 
r~presents the maximum allowable emissi~n of 0.6 lb/106 Btu, which applies 

apenetratio~ is defined .as the fraction of the particulate matter 
that remains in the flue gas ·stream at the device outlet; penetration 
(fraction) = 1 -collection efficiency {%)/100. 
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Required so2 

Figure 3.5.1.15 

New Source Performance Standards for so, Emissions from 
Electric Utility Steam Generators 

Lb. S021106 Btu Heat Input 
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0 1 2 3 4 5 6 7 8 so2 Input 
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Removal 
Efficiency, 80 
% 

70 
Coal Heating 
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Received) 

0 0.3 0.6 0.9 1.2 .5 1.8 2.1 2.4 6,000 Btu/lb 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 8,000 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 10,000 

Coal Sulfur Content, Weight % (As Received) 
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at all removal 1 evel s between 70 and 90 percent •. The maximum emhsi on of 
1.2 lb/106 Btu remains in force for high sulfur coals·not included on the 
graph. 

, , , Two general types of control have been used over the past 5o years: 
... wet and .dry flue gas. desul furi zati on ( FGD) processes. The dry processes 
consht of .a gas/solid .contacting system where the SOz. is absorbed by 
the solid matter. Dry nme/l;mestone injection, and adsorption on actha­
tea carbon, finely ground charcoal, coke and sn ica gel have all . been 

. tested ana appHed to boHers to varying degrees. The wet FGD processes 
·have haci by far the greatest use to date in utHity and industrhl boner 
: c1PPlicatioris. Eight processes have been used ori a commercial scale. hi the 

United States. In ~11 of these processes; S02 is absorbed in a wa,ter 
slurry or solution ana reacts to form sulfurous acici (H2S03). 'This 
acia in 'turn is neutranzea by an alkali contained in the system. All 
processes are class1f1e<l 1nto one of two categories, nonregenerable or 

. r,egeneraols. Nonregenerable processes generate a s~l fit.e/sul fate waste 
proauct which requires disposal.. The regenerable processes regener~te the 
alkali- and proauce on.e of several by-product sulfur compounds which tan be 
.marketed. A 1 i st of the major throwaway ana regeherable processes ;s given 
in. Table 3.b.l.9. The following sections will discuss these various 
processes. 

Table 3.5.1.9 

Sulfur Dioxide Removal Processes 

Nonregenerable 

Lime Slurry 

Limes tone .Sl urry 

Ash AlkaH 

Aqueous Sod1urn 

Aqueous Ammonia 

Doubl~ Alkali 

Chiyocia lUl ana lll 

Citrate 

Aqueous Carbonate 

Catalytic Oxidation 

Source: Reference 5 · 

Regenerable 

Activated. Carbon 

Adsorption 

Magnesium Oxide 

· We 11 miln-Lorci 

Copper Oxide Adsorption 
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Wet Scrubbing Processes 

Lime/Limestone Wet Scrubbing5 

In most existing applications there are three sections· to the lime 
slurry process, an electrostatic precipitator (ESP) and two stages of lime 
scrubbing. Particulate matter is removed in the ESP and in the first stage 

. venturi scrubber. S02 is removed primarily in the second stage scrubber, 
but a considerable amount (up to 20 percent) is removed in the first stage 
scrubber. Various scrubber designs have been successfully ~sed in both the 
.first and second stages. With some systems, the electrostatic precipitator 
can. be eliminated by high efficiency particulate scrubbing in the first 
stage. Several new units are coupling spray towers with ESP's or baghouses 
for Sd2 removal. · 

Lime (CaO) is slaked (reacted with water) to form calcium hydroxide 
(Ca(OH)2), ·and .is ·used in the scrubber recirculation system. S02 dis­
solves in the li111e slurry (pH of 6.0 to 8.0) and forms sulfurous acid 
(H2S03). "fhis acid dissociates and reacts with the lime slurry according 
to react ion l. The sulfurous acid can also be oxidized by any dissolved 
oxygen (reaction 2) and react with the lime slurry according to reaction 3 
forming a calcium sulfate precipitate (gypsum).· S02 also can be oxidized 
in the gas phase to S03 which would react similarly to form gypsum. 

Ca(OH)2 + H2S03 --)~ CaS03 • 2H20 

H2S03 + l /202. ) H2S04 

Ca(OH)2 + H2S04 ) CaS04 · 2H20 

(l) 

( 2) 

(3) 

Cleaned gas ·from the scrubber is reheated (typically to 175' F) for 
buoyancy, prevention of corrosion and acid rain, and vented through tall 
stacks. The reheat system can be eliminated but this may create a visible 
water plume from the stack and an undesirable 11 acid rain 11 in cold weather. 
The reheat step detracts from the overall plant efficiency. In the case of 
low sulfur western coals, for which 70 percent S02 removal is required, 
another alternative is available. It will be possible to scrub one portion 
of the flue gas stream to a higher removal efficiency, allowing the remain­
ing portion·to bypass the·scrubber such that the combined stream will still 
meet the removal requirements. The hot bypass stream will provide the 
.reheat and hence reduce scrubbing costs. 

Calcium sulfite/calcium sulfate slurry from both scrubbers is 
thickened and the resulting sludge can be disposed of in a pond, or else 
chemically fixed and disposed of in a landfill. Sludge also .can be oxi­
dized in an air-blown reactor to form an environmentally acceptable dispo­
sal sludge or hopefully to form by-product gypsum for use in the ·production 
of wallboard. 

. Lime slurry scrubbing without sludge oxidation is applicable only 
to plants which have an environmentally acceptable sludge disposal system. 
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This process can be designed to meet a wide range of flow rates from 1200 
scfm for small industrial users to over 3.5 million scfm for large utili­
ties. S02 1 oadi ngs as high as 4000 ppm have been handled. Currently, 
only one application of the lime slurry process is operational in the 
industrial sector and one other is planned. The operational unit handles 
280,000 acfm of flue gas. S02 removal efficiencies for the lime slurry 
process depend on several variables: 

t Reactivity of the scrubbing liquid 

t Degree of gas-liquid contact 

t Liquid to gas ratio 

t Gas residQnce time 

t The number of scrubber stages 

High efficiencies can be realized by appropriately adjusting the 
above factors. In most i nsta 11 at ions operating today~ the efficiency has 
ranged between 80 and 98 percent. 

A major contributor to low overall efficiency is scrubber mainte­
nance, where the scrubber must be bypassed to facilitate repair or cleanout. 
This availability problem can be overcome at some expense by installing 
extra modules and transferring the load. 

The limestone slurry process is similar to the lime slurry process 
in that particulate matter can be removed either in an ESP or simultane­
ously with S02 removal in the first stage wet scrubber. The chemistry is 
also similar to that for the lime process since both are calcium based. 

Limestone, containing as much as 95 percent CaC03 and varying 
amounts of MgC03, is crushed 1n a wet ball mill and pumped as a slurry to 
the absorber recycle system. Pi lot studies have been conducted to investi­
gate the use of benzoic acid in the dissolution of the limestone. S02 
dissolves in the limestone slurry {pH=5.8-6.4) and reacts with the dis­
so 1 ved CaC03 according to reaction 1. CaC03 wi 11 a 1 so react with the 
oxidized sulfur compounds {H2S04) to form gypsum as shown in'reaction 2. 

CaC03 + H2S03 ---)~ CaS03 • 1 /H20 + 1.02 + 1 /?H2 

CaCOj + H2S04 --->~ CaS04 • 2H20 + C02 

{ 1 ) 

{2) 

Stack gas rehedL dnd sludye disposal requ1rements are basically the 
same as for the lime slurry process. Typically the sludge in the limestone 
process has a better settling rate than that in the lime slurry process. 

Unlike the magnesium in lime, the higher the magnesium content in 
limestone (CaC03)~ the lower the reactivity for sulfur removal. Some 
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developers suggest the use of a catalyst to increase absorptivity, reduce 
scaling, and to produce an easily oxidized sludge. 

Efficiencies and the application range for the limestone slurry 
process are similar to the lime process.- Low availability caused by 
scaling in the scrubber and the resulting maintenance is the major item of 
concern. Several industrial applications of the limestone process are 
currently operation a 1. These systems are used for boiler operation, and 
handle as much as 320,000 scfm of flue gas.30 

The major advantages of these systems are:8 

• Relative simplicity 

• No product to market 

• Process can tolerate fly ash in system 

The limestone system has the added advantage of more development and 
operating experience than any other system; it is also the least expensive 
system at moderate removal efficiencies. However, the lime slurry process 
provides better control over S02 removal efficiency through pH adjust­
ments. 

are:8 
The major disadvantages of the 1 ime/1 irnestone wet scrubbing systems 

• Large quantities of s6lid waste require disposal 

• Stack gas reheat is desirable 

• Mudding occurs at wet/dry interfaces 

• Very high liquid-to-gas ratios are required 

The limestone system has also faced scaling and corrosion problems in the 
scrubber, pumps, and reheater tubes. Tables 3.5.1.10 through 3.5.1.16 
summarize existing and planned lime, limestone and lime/limestone processes 
in utility and industrial applications. 

Ash Alkali Wet Scrubbing 

The fly ash alkali process is an effective way to utilize the 
alkaline content of the fly ash produced from the combustion of low sulfur 
western coal. This low sulfur level coupled with the relatively low 
removal efficiencies (70 to 80 percent) usually attained by the fly ash 
alkali process make an acceptable combintation for many coals even under 
the 1979 NSPS (refer again to Figure 3.5.1.15). However, the low effi­
ciencies have restricted the use of the process in the past to 11 near 
compliance .. coals. 
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. Utility Unit 

Allegheny Power Pleasants 1 
·Big Rivers ·Electric* Grea1 1 
Colurrt>us A Southern Ohio Eh!ctrf.: .cone:svill~ 5 
Colurrt>us.& Southern Ohio Electric ·conesvill~ 6 
Duquesne light 
Duquesne lf ght 
K.C. Power and li9ht 
K.C. Power and liGht 
Kentucky Utilities 
louisville ·Gas A Electric 

· louisville Gas A Electric 
louisville Gas A· Electric 
louisville Gas & Electric 
Pennsylvania Powe~ 
Pennsylvania Powe·r 
Utah Power & light 
Utah Power A lf gh t 

Notes: 
1. Suppliers: UOP 

Source: Referent~ 30 

CMCO 
CE 
AAF 
BAW 

Elrsma 1-4 
Phil ips 1-6 
Hawthorn 3 

. Hawt.hom · 4 
Gree·n Ri Y!!r 1-3 

·Cane· Run 4 
Cane Run 5 
Hili Creel 3 
Pa.dlly's ~n 6 
BruEe Mansfield 1 
BruEe HartSfield 2 
Hun:er 1 
Hun:ingtcn 1 

- A.i r Correction D' vis ion, UOP 
- Cienrico · 
~ Co1111bstion Engineeri.ng 
- A'111!r1can Air F11 :er 
- Babcock & ~lcox 

·*Updated from Ref~rence 5 based en Reference 33. 

Table 3.5.1.10 

Utilitl FGD Sistems nrre Processes 
--!!l!eratlor.a1--

.cal!aciti Design Removal ~ 
Star too 

. S11pp lie'r 1 
Scrubber product 

location MW Date Part. so2 disposal 

Be'mont,W.Va •. 519 3/79 a•w 99.55 90.00 landfi 11 
Seltree, Ky. 242 10/79 A.~F 

Colesville, Oh. :411 1/77 U·JP . 99.60 89.50 landfil 1 
Colesville, Oh. 411 6/78 UIJP 99.60 89.50 landfil 1 
Elrama, Pa. 510 10/75 CIICO . 99.00 83.00 1 andfi 11 
South Height, Pa. 410 7/73 Cl'£0 99.00 83.00 1 andfi 11 
Kansas City, Mo. 90 11/72 C.E 99.00 70.00 ·pond 
Kansas City, Mo • 90 8/72 CE 99.00 70.00 pond 
Central City, Ky. 64 9/75 MF 99.50 80.00 1 ined pond 
lo•Jisvi lle, Ky. 188 8/76 MF 99.00 85.00 lined pond 
.loJisville, Ky. 190 12/77 ct 99.00. 85.00 1 ined pond 
loJisvf.lle, Ky. 442 8/78 IWAF 99-.00 85.00 pond 
loJisville, Ky. 72 4/73 CE . 99.00 90.00 pond 
Sh~ppingport, ~a. 917 12/75 QolCO 99.80 92.10 landf.ill 
Sh.1ppfngport, Pa. 917 12/77 ()1C0 99.80 92.10 landfill 
Castle Dale, Ut. 360 5/79 oco 99.50 80.00 pond 
Price, Ut. 366 5/78 rnco 99.50 80.00 landfi 11 
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Utility 

TVA 
TVA 

Util1t,y 

louis~ille Gas & Electric 
· Loui5~111e Gas·& El~ctric 

Utility 

Central Maine Power 

Source: · Reference 31 

· Unit 

Shawnee lOA 
· Shawnee 1 08. 

Unit 

M111 ·creek · 1 
Mill Creek 2 

Unit 

Sears Island 1 

Location 

Paducah; Ky. 
Paducah, Ky. 

Location 

·louisville, 
loui svUle, 

location 

·Table .3.5.1.11 

Utility FGD Systems 
lime/Ltmestone Processes 

--Operatlona 1--

10 
10 

20 

Utility FGO Systems 
lime/limestone Processes 

--Under Construction--

~apac1ty 

HW 

Ky. . 358 
Ky. 350 

708 

Utility FGO Systems 
L1 me /Lines tone 
--Planned-­

Capacity 

MW 

Sears Island, Me. 600 

Startup 
Date 

4/72 
4/72 

Startup 
Date 

4/81 
4/82 

Startup 
Date 

11/87 

Supplier 

UOP 
Chem1co 

Supplier 

Design Removal ~ 

Part. S~ 

Desi~ Removal ~ 

Part. so2 

Combustion Engineeri.ng 
Combustion Engineering 

Supplier 

Desi~ Removal ~ 

Part. S02 

·scrubbe.r product 
disposal 

Scrubber product 
disposal 

<Scrubber product 
disposal 
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Uti 1 ity linit 

Alabama Electric Torrbigbee 2 
Alabama Electric Torrbigbee 3 
Arizona Electric Po~er Apache 2 
Arizona Electric Po~er Apache 3 
Arizona Public Service Cllo11a 1 
Arizona Public Service Chona 2 
Centra 1 I 11 i noi s light Duck Creek 1 
Colorado Ute Electr'c Assoc.* C;-aig 2 
Indianapolis Power and Light Petersburg 3 
Kansas City Power and light l·! Cygne 1 
Kansas Power and Light Jeffrey 1 
Kansas Power and light l!wrence 4 
Kansas Power and light Lawrence 5 
Salt River Project* Coro11ado 1 
South Carolina Public Service Authority ltinyah 2 
South ~tfssissippi Electric R:.O.Horrow 1 
South Mississippi Electric R.D.Morrow 2 
Southern Illinois Power Coop fo!arion 4 
Springfield City Util fties. Southwest 1 
Tennessee Valley Authority Widows Creek 8 
Texas Utfl fties Martin Lake 
Texas Utfl ities Martin Lake 
Texas Utfl ities Hartin lake 
Texas Utfl Hies Hontice11o 

Notes: 
1. Suppliers: PPS- Peabody ~ocess Systems 

RC ~ Rese~ch :ottrell 
RS/ENV - Riley St~er/E11~1ron~ering 

UOP - Air Corre::ti.on •fvision, UOP 
PK - Pullman Kellogg 
B&W - Babcock a~d Wilc:ox 
CE - Combu$t1on Engi•eering 
TV.II - Tennessee Valle~ Authority 

CMCIJ. - Chemf co 

Source: ReFerence 31 

·*l.lpd3ted from Reference 5 based on R~ference 33. 

1 
2 
3 
3 

Table 3.5.1.12 

Utility FGD Systems 
lirre s f1iiiel'i'oce5sfi 
--operabonal--

Capacity Design Removal % 

location 
S:a.rtup Scrubber product 

MW date Supplier Part. so2 disposal 

leroy., Al. 179 ·ma 'PS 99.30 85.00 lined pond 
leroy, Al. 179 5179 PPS 99.30 85.00 lined pond 
Cochise, Az. 195 !1178 RC 99.50. 85.00 pond 
Cochis!!, Az. 195 "i79 RC 99.50 85.00 pnnd 
Joseph City, Az. 119 10/73 RC 80.00 92.00 pond 
Joseph City, Az. 350 4i78 RC 99.70 75.00 pond 
Canton, 1'1. 378 .9,'76 RS/ENV 99.80 85.00 lined pond 
Craig, Co. 447 8/79 'PPS 
Petersbur.g, In. 532 12/77 UOP 99.30 85.00 pond 
La Cygne, .Ks. 874 2/73 B&W 99.50 80.00 unlined pond 
·Warrego, Ks. 540 8/78 CE 99.00 80.00 pond 
Lawrence, Ks. 125 l/76 CE 98.90 73.00 pond 
lawrence, Ks. 420 11/71 CE 98.9Q 52.00 pond 
St.Johns, Az. 280 11/79 PK 
Georgetown, S.C. 1.40 7177 -B&W 99.40 69.00 pond 
Hattisburg, Ms. 124 8/78 RS/ENV 99.60 85.00 landfi 11 
HaUl sburg, Ms. 124 6/79 RS/ENV 99.60 85.00 landfill 
Marion, Il. 184 5/79 B&W 99.60 89.40 1 andffll 
Springfield, ~- 194 4}77 UOP 99.70 80.00 landfill 
Bridgeport, Al. 550 5/77 TVA 99.50 80.00 pond 
Tatum, Tx. 595 4/77 99.40 landfill 
Tatum,. Tx. 595 ~/78 Jtc· 99.40 landfill 
Tatum, Tx. 595 'i./79 RC 99.40 landfi 11 
Mt.Pleasant, Tx. BOO ~·/78 CMcO 99.50 74.00 1 and fill 
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Utility 

Allegheny Power 
Bi~ Rivers Electric 
C~ncinnati Gas & Electr~c 
East Kentucky Power Coop 

Louisville Gas & Electric 
Pennsylvania Power 

Utah Power & Light 

Utility 

Allegheny Power 
Ariiona Public Servic~ 
Arizona Public Service 

Source: Reference 31 

Table 3.5.1.13 

Utility FGD Systems 
Lime Processes 

-Under Construction-

Unit 

Pleasants 2 . 
Green 2 
East Bend 2 
Spurlock 2 

Mill Creek 4 
Bruce Mans-
field 3 

Hunter 2 

Capacity 
MW 

519 
242 
650 
500 

495· 
917 

"360 

3683 

Uti 1 ity FGD Systems 
Lime Processes 

-Contract Awarded-

Capaci ~Y 
Uni-t MW 

Mitchell. 33 300 
4 Corners 4 .755 
4 Corners 5 755 

1810 
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Supplier 

Babcock & Wilcox 
American Air Filter 
Babcock & Wilcox 
ADL/Combustion 

Equipment Co. 
American Air Filter 
Pull man Ke 11 ogg 

Chemico 

Supp.lier 

Chemico 
Uu i ted Eng1neeri.ng 
United Engi"neerfng 

Startup 
Date. 

9/80 
6/80 
10/81 
10/80 

7/81 
5/80 

6/80 

S4artup 
Date · 

8/82 
1982 
1982 



Utility 

Arizona Public Service 
Assoc. Electric Coop 
Basin Electric Power Coop 
Basin Electric Power Coop 
Colorado Ute Electric Assoc. 
Commonwealth Edison 
Hoosier Energy 
Indianapolis Power~ Light 
Kansas Power & Light 
Salt River. Project 
San Mig~:1 Electric Coop 
Sikeston Bd~ of Mun. Util. 
S. Carolina Public ·service 

. Springfield Water, Light 
& Power 
TVA 
Texa~ Power & Light 

.ut i1 ity 

Hoes i er Enerq.y 
Houston Light1ng & Power 
Lakeland Util. 
Pub. Serv. of Indiana 
S. Caro·lina Publ1c Ser·vice 
s. Western Electric Power 
TVA 
TVA 
Texas Mun. Power Agency 
Texas Utilities 

Source: Reference 31 

Table 3.5.1.14 

Utility FGD Systems 
Limestone.Processes 

-Under Construction-

Capacity 
Unit MW 

Choll a 4 126 
Thomas Hill 3 670 
Laramie Riv. 1 600 
Laramie Riv. 2 600 
Craig 1 447 
Power;ton 51 4SO 
Merom 2 441 
Petersburg 4 530 
Jeffrey. 2 490 
Coronado 2 280 
San Miguel 1 400 
Sikeston 1 235 

. Winyah 3 280 
' 

Dallman 3 205 
Widows ·Creek 7 575 
Sandow 4 382 

071T 

Uti11ty FGD Systems 
Limestone Processes 
-Contract Awarded-

Unit 

Merom 1 
W.A. Pal"ish 8 
Mcintosh 3 
~ibson 5 
Winy"ah 4 
Henry Perkey 1 
Paradise 1 
Paradise 2 
Gibbons Creek 
Mart in Lake· 4 

Capacity 
MW 

441 
512 
364 
650 
280 
720 
7P4 
704 

1 .400 
756 

"55"2"5" 
• 0' , 
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Supplier 

Research Cottrell 
Pullman Kellogg 
Research Cottrell 
Research Cottrell 
Peabody Pr·ocess Systems 
UOP 
Mitsubishi. Inter. 
Research Cottrell 
Combustion Engineering 
Pullman Kellog 
Babcock & Wi 1 cox 
Babcock & Wilcox 
Babcock & Wi 1 cox 

.. 
Research Cottrell 
Combustion Engineering 
~ombustion Engineering 

Supplier 

Mitsub1shi Inter. 

Babcock & Wi 1 cox 
Pu·11man Kellogg 
American Air Filter 
UUP 
Chemica 
Chemica 
Combustion Engineering 
Research Cottrell 

Startup 
Date 

6/80 
1/82 

. 4/80 
.10/80 

1/80 . 
11/79 

1/82 
10/83 
6/80 
1/80 
7/80 
1/81 
5/80 

7/80 
10/80 
7/80 

Startup 
Date 

4/81 
11/81 
10/81 

/82 
5/81 

12/83 
6/82 
3/82 
1/82 
/85 



' 

Utility 

Central Illinois Light 
Northern States Power 
Seminole Electric 
Seminole Electric 
Texas Power & Light · 
Texas Power & Light 
NY State Elec. & Gas 
Pacific Gas & Electric 
Pacific Gas & Electric 
Salt Rivei Project . 

Source: Reference 31 

Table 3.5.1.15 

Utility FGD Systems 
Limestone Processes 

. ·-Planned-

Unit 
Capacity 

MW 

Duck Creek 2 
Sherburne 3 
Seminole 1 
Seminole 2 
Twin Oaks 1 

· Twin Oaks 2 
Somerset 1 
Montezuma 1 
Montezume 2 
Coronado 3 
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416 
860 
620 
620 
750 
750 
870 
800 
800· 
2·8o 

0'700 

; .'• 

Startup 
Supplier Date 

1/84 
Combustion Engineering 5/84 

6/83 
6/85 
8/84 
8/85 
6/84. 
.6/86. 
6/87 
/8~ 

•. 



Process Vendor 

Lime Koch 
Engineer ins 

I Lime Carborundum w 
N Environ. Cl 
I Systems, Ltd. 

Lime/ Research 
Limestone Cottrell-Bahc:o 

Limestone 

Source: Reference 30 

Table 3.5.1.16 

SUMMARY OF COMMITTED LIME/LIMESTONE SYSTEMS FOR U.S. INDUSTRIAL BOILERS 
AS OF MAF.CH 1978 

Company; new or Size of FGJ unit Startup 
Locacion retrofit scfm MY. characteristics mo/yr 

Armco Steel R 84,000 42 Coal 0.8% sulfur 1975 
Middle !!:Ow:t, OH 

Carborundum R 30,000 lS Coal 2. 2% sulfur 1980 
Abrasives 
Buffalo, NY 

Rickenbacker R 55,000 2:" Coal 3.6% sulfur 1976 
Air Fo·rce Base 
Columbus, OH 

Dupont N 320,000 161) Coal 0.5% sulfur 1982 
Texas 



The fly ash alkali process uses the alkaline content of the fly ash 
to remove SO~ from the flue gas. Lime or 1 imestone is used as a supple­
ment in case the fly ash alkali provides insufficient S02 removal to meet 
emission standards. Flue gas from the boiler is contacted with recycle 
water (pH £.~-4.b), typically in a venturi scrubber. Here the fly ash is 
removed ana the alkaline content, consisting of compounds such as Na20, 
IVIgO, and CaO, is leached out. S02 is absorbed in the recycle liquor and 
oxidized to form sulfuric acid; little sulfurous acid is formed. This is 
due to the high oxygen-to-sulfur ratio encountered with the combustion of 
western coal. Sulfuric acid in turn reacts with the hydrated alkaline 
species according to the following reactions: 

Ca(OH)2 + H2S04 

Mg(OH)2 + 5H20 + H2S04 

2NaOH + H2S04 

CaS04 • 2H20 

-~> · MgS04 • 7H20 

Na2S04 • 2H20 

(1) 

( 2) 

( 3) 

Clean gas from the scrubber is passed through a mist eliminator and 
is typically reheated to 175° F before discharge. Fly ash removed in the 
scrubber settles out in the bottom of the scrubber and is pumped as a 
slurry to the thickener. Slaked lime or fine ground limestone is added to 
react with any residual H2S04 and to adjust the pH for scale preven­
tion. Thickener sludge is disposed of in a pond, or else dewatered, fixed 
and disposed of in a landfill. Overflow from the thickener is recycled to 
the scrubber. 

The potential usefulness of the ash alkali process for a specific 
coal depends primarily on the molar ratio of calcium oxide and other 
alkaline materials in the ash to coal sulfur content. For a coal contain­
ing 7.b percent ash, with 2b percent calcium oxide equivalent in the ash, 
the calcium oxide is chemically equivalent to slightly more than 150 
percent of a 0.7 percent coal sulfur content. Some lignites have an 
alkali-to-sulf~r mole ratio of several hundred percent. The amount of fly 
ash alkali available and utilized in a wet scrubber depends on the coal ash 
content, method of firing (pc versus cyclone), ana scrubber operating 
conditions; however, there are many western low-rank coals with ample fln 
ash alkali available to react with sulfur dioxide in a wet scrubbcr.l-

In the ash alkali scrubbing process, operating conditions such as 
liquid-to-gas (L/G) ratio and pW have a direct impact on fly ash alkali 
utilization and supplementary alkali requirements. As an example, for any 
given S02 removal requirement, as the L/G is increased, the operating pH 
in the system can be decreased somewhat while sti 11 meeting the outlet 
S02 concentration requirement. The utilization of the alkaline fly ash 
increases as the operating pH of the system decreases by encouraging the 
dissolution of fly ash components. Hence a tradeoff exists because re­
ducing L/G lowers the cost but reduces the fly ash utilization.9 

The fly ash alkali process, because of its simplicity, can be 
retrofitted to some existing plants. However, scaling and low efficiency 
may be a problem. 
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As an alternative to th~ process described above, fly ash can be 
removed in an electrostatic precipitator and stored for use in the FGD 
process. In this case both the fly ash and any lime used would be added to 
the thickener. This system can be applied easily to existing plants which 
have particulate removal systems already in operation. With the fly ash 
being removed in a separate system, the absorber can be optimized to 
increase so2 removal efficiencies and to lower pressure drop. 

Thir~een applications of the ash alkali process are currently 
operating in coal-fired power plants (see Table 3.5.1.17). Some utilities 
consider their systems to be particulate removal systems only, removing 
as little as 15 percent of the S02; S02 emissions are sufficiently low 
that no FGD system is needed. With proper design, removals of over 85 
percent of the so2 have been demonstrated at favorable alkali to sulfur 
rat1os. Low availabilities caused by scaling within the scrubber and 
mechanical problems have resulted in unacceptable performance on some 
units; however, chemical scale formation can be controlled. 

:. This process is idea 1 for remote p 1 ants where access to alternative 
alkali sources is d1ff1cu1t. Lar·ge storage areas are not required for- t·aw 
materials and less area is required for ponding and disposal as compared to 
other throwaway processes. The sett 1 ing properties of the sludge are 
excellent, but the trapped water may contain high concentrations of dis­
solved salts derived from the ash. An increase in the sodium or magnesium 

- -···concentration in the scrubber 1 iquor has been shown to increase S02 
removal by a double alkali type mechanism. 

Aqueous Sodium Process 

The aqueous sodium process is the most widely used process for flue 
gas desulfurization in the industrial sector. The process uses a solution 
of sodium carbonate or sodium hydroxide to remove SO.z from flue gases. 
The sodium carbonate can be obtained from rdw tt'ona ~·-·60 percent sodium 
carbonate equivalent}, from corrmercial soda ash, or from a waste liquor 
containing soda ash. Sodium hydroxide can be obtained from a waste caustic 
stream or purchased. The latter is the most expensive source of the 
alkali. This process is the simplest and most reliable of the nonregener-
able FGD processes. · 

Hot flu~ g~~ from the boiler passes through a mechanical. type dust 
··collector or an electrostatic precipitator to remove most Of the fly d~h 

(75 percent plus). The gas enters a venturi scrubber which contacts the 
gas with an aqueous sodium solution. Here the remaining fly ash and some 
of the S02 is removed according to react1ons .1 emu 2. The residual so2 

· is absorbed in a lower containing a single sieve tray. Gas from the tower 
. is passed through a mist eliminator and typically is reheated before it is 

·,discharged to the atmosphere. 5 

Na2co3, + so2 

2NaOH + so2 

--~--)~ Na2S03 + C02 

-----)~ Ni12S03 + H20 
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Table 3.5.1.17 

FGD Wet Scrubbers Uti 1 i zing A 1 ka 1 i ne Western.· Fly Ash 

Uti 1 ity/Station Capacity Status FGD Design - Alkali Source 

Northern States Power Co. 
Sherburne County Unit 1 - 700 Ml4 In;- service Venturi-marble Subbitumino.us 

Unit 2 - 700 MW. In~service bed fly ash-· 
Unit 3 - 700 MW Planned -- 1984 Venturi -spray· 1 imestone' ' tower 

Minnesota Power & Light.Co. 
Clay Boswell Unit 3 - 1 MW Pilot plant 

Unit·4- 500-MW Under constroction Venturi-spray Subbituminous. 
tower fly ash - lime 

I 
Unit 1 - 500 MW Planned -- Undetermined· 

w. mid-1980's 
N 
w 
I 

Montana ·Power Co .• 
Colstr.ip. Unit 1 - 360 MW In-service . 

Unit 2 - 360 MW In-service Ven turf-spray Subbi tumi.nous. -
Unit 3- 700.MW Planned tower fly ash - lime 
Unit 4 - 700 MW Planned 

Square Butte Electric Coop . .'· ~ 

Milton R. Young Unit 2 - 440 MW In-service Spray tower Lignite fly 
ash - 1 ime 

United Power Association-
Cooperative· Power Associatton 

Coal Creek Unit 1 - 550 MW Under constructi~n Spray tower· . · Lignite fly 
Unit '2- 550MW Under construction · ash - lime 

Source: Reference 10 



New scrubber solution is made by m1x1ng trona with water. The 
solution is then clarified to remove inert materials contained in the ore. 
Sodium carbonate under certain conditions may crystallize out of concen­
tratea solutions, thereby plugging pumps and piping. Downtime because of 
these 11 frozen 11 lines can be averted by operating at reduced concentrations 
or by heat traced piping. Waste 1 i quor from the scrubber recycle systems 
is continuously bled off (5 percent) and neutralized before disposal in a 
lined pond. As an alternative, the disposal solution can be oxidized by 
aeration to form sodium sulfate (Na2S04)". This solution, with no oxygen 
demand, can then be disposed, treated, or evaporated to produce byproduct 
sodium sulfate. 

The major advantages of this process are:8 

• Extremely simple 

• No scrubber sc~l1ng 

• Low liquid-to-gas ratio in scrubber 

• No proauct to market 

• Process can tolerate fly ash in system 

• Corrosion and erosion are minimal 

• High removal efficiency is possible 

1 Response time of process to changes in S02 feed is 
r.:tpict 

The aqueous sodium process is especially applicable to boilers 
where low SO£ and particulate em,issions are required. It also is well 
sui ted to app11 cati uns that currently produce a waste effluent containing 
caustic or soda ash in significant quantities. The removal efficiency for 
the process can approach 99 percent. 

The disadvantages are: 

• Na2COJ or NaOH is an ~~p~n~ive r~w mat~rial 

• Soluble sodium salts requ1r~ disposal 

• Stack gas reheat 1s desirable 

At present there are over 100 sodi urn-based scrubbers operating 
commercially on inaustrial boilers, totaling an equivalent of over 1000 
MW. In aaaition, four utility boilers totaling 925 MW (Ried Gardner 1, 2 
ana 3, in ~ioapa, NV, and the Jim Bridger Station in Rock Springs, WY) use 
the aqueous soaium process. Flows vary from ~,000 to 723,000 scfm. SOz 
concentrations to the sc ruober are reported to range b·etween 150 and 
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"' 

2000 ppm, although higher con cent rat ions could be handled efficient ly.5 
These data are tabulated in Tables 3.5.1.18 and 3.5.1.19. 

Aqueous Ammonia Process 

The aqueous ammonia process uses a solution of ammonium sulfate 
((NH4)2S04), ammonium sulfite (NH4)2S03), ammonium bisulfite (NH4HS03)," 
and ammonium hydroxide (NH40H) to remove particulate and S02 from boiler 
fuel gases. The process was developed by replacing the water in a particu­
late scrubber with ammonia-laden process water. S02 is readily absorbed 
and reacts with the ammonium salts according to reactions 1, 2, and 3; 
S02 can be oxidized to form S03 which reacts similarly to form (NH4)2S04. 
The ammonium sulfite also can be oxidized to the sulfate form as shown 
in reaction 4. 

---~ (NH4) 2S03 + H20 2N~OH + S02 

N~HS03 + NH40H --~ (NH4)2S03 + H20 

( 1 ) 

(2) 

(3) 

(4) 

Gas is contacted with recirculating absorbent in a venturi scrub­
ber. Entrained solution is removed in a cyclonic separator equipped with a 
mesh or chevron type mist eliminator. Scrubber liquor from the venturi and 
the separator is combined in a reaction tank where the pH is adjusted with 
fresh ammonia liquor. The pH is a critical control parameter, because a 
low pH produces a dense 11 b lue 11 plume due to the gas phase react ion of S02 
and ammonia.5 Stack gas reheat can be used to eliminate the water vapor 
plume normally associated with wet FGD processes. 

A bleed stream is removed from the reaction tank to maintain a 
constant water and ammonia balance. This stream can be oxidized and 
filtered to form a pure ammonium sulfate fertilizer for resale as a solu­
tion or after crystallization. 

The aqueous ammonia process is well suited to boiler applications 
where an ammonia waste stream is available at low cost. A higher cost 
ammonia source can be used if the by-products can be marketed. However, 
because of the environmentally unacceptable blue plume, only 14 ammonia 
units have ever been installed, mostly in sugar processing plants.30 

Double Alkali Process5,6 

The double alkali process is sometimes classified as a regenerable 
FGD system. Even through the scrubbing liquor is regenerated, a by-product 
sulfur compound is not produced. Because of this and because a large 
volume of waste sludge is generated, this process is more accurately 
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I 
w 
N 
0"1 
I 

Utility 

~''O'Vada Power 
Nevada Power 
Nevada Power 
Paci fie. Power & ·Light · 

tlotes: 

Unit 

Reid Girdner 1 
Reid Girdne' · 2 
Reid Gardner 3 
Jim Uridger 

Table 3.5.1.18 

Utili~ FGD S~stem5 
Sodium Ca onate· rocesses 

--Operational--

LDcation 

f'a.~pa, Nv. 
f'<lapa, Nv. 
J<oap~, Nv. 
F:o-,;k Springs , Wy. 

Capacity 

MW 

125 
125 
125 
550 

925 

1 Su~pliers: ADL/C~·- ~rthur.). Little/Combustion Equipment Assoc. 
UOP - .~ir Correction o·; •is ion,· UOP 

Source: Reference 31 

Startup 
Date 

4/74 
4/74 
5{76 
9/79 

Design Removal ~ 

1 Scrubber product 
S~~;~~~l ier Part. so2 di~posal 

~11./CEJ. 97.00 90.00 pond 
~11./CEA 97.00 90.00 pond 
1111/CEA 99.00 85.00 pond · 
UOP 



Table 3.5~1.19 

Performance Data·far·operating Industrial Sodium Scrubbing systems 

No.or 

1~ .Start-up t"CD so, Percent 
Installalion/locat ion Sorbent Type %S Date Units lnht (ppm) Removlil Wciste IHsposal 

A1y~ska Pip~line NaOK 0 <0.1 b/77 150 96 oxidation/dilution 
Valdez, Alaslul 

Ameiican Thread Caustic waste c 1-1.5 1973 500 70 pond 
Hartin, NC 

B~1ridge Oil NaOK 0 1.1 6/78 ~00 90 waste water treatmt:nL 

HcKittdck, CA 

Canton Tr.!xt t les Caust lc waste c 0.8 o/74 ~uo 70 pond/wast~ treatment 
Canton, CA 

chevron Na,co, 0 1.1 7/78 700 90 pond/waste treatment 
Balr.ersfidd, CA 

FHC NazCO, • c ~/76 800 95 pond 
Green IUv~r, WY 

Gt:n~ral Motors NaOK c o. 7-2.0 9/74 1.4JU/Io'uTu ijf> . clarlry/adjust pK/ 
oaytor\, OK to sl:'wcr 

General t-1ot1Jrs NaOII c 0.8 4/7b combin ... wt.th ash/ 
t'"ntiac, HI landfill 

General Motor::; NaOK c ]. 2 1972 2000 90 oxidtl~/ncutralJze/ 

St. Louis, MO discharg~ 

General Motors NaOH c 1.2 b/7~ 10/106 BTU 90 combine vlth ash/ 
Tonawanda, NY landfill 

GeorgIa PacIfic Caustic waste B,C,O I. 5-2 7/75 500 ao to city sewers 
Orosctt, Ak 

G~tty OU. Na:C01 0 1.1 1>/77-12/78 6 liOO 90-91> pond 
Bakersfield, CA 

Great South.;rn Caust 1c watite B,C,O . 1-2 197S 1000 8~-90 ash pond 
Cedar Springs, GA 

ITT Rayun lcr NaOK 8,0 2-2 0 5 1 ~75 1200 H0-8~ to papt.:r process 
rernandlna. FL 

i<t=rr-HcC~t.: Na 2 co1 0 0.5-~ 6/7H ~~~ pon~ 

Trona, CA 

H~ad Pap~rboard r>a,co, 0 1. ~-) 197S non, 9~ tO p.ilpl.!r pruc~tts 

StcVt!nson • AL 

Mobil Oil Na,C0 1 /~aOK 0 2-2.5 1974 28 . 1 j\Jf} 90 pond 
San Ar~u. CA 

Nekoosa Paperr; NaOH c 1-1. ~ 2/7h 2. 600 90 wa~tt.· th•atm~nt 

Ashdown, AK 

Northern Ohiu Sugai- NaOII c 10/7S pond 
freemont. OH 

St. Regls Papl!r :-;a Oil u.o <I 1971 80-90 cia r If lea tlon/ 
Cantonment. FL a(:r.:at iun 

T~xaco !\a Oil 0 I. 7 Jl/7) jz 1000 n pond/we~ ls/ soften i "K 
S:~n AnJg, CA and rcsu~;~e 

TexasguiC Na 2 CU 1 c 0. 7 ~/76 R60 90 ponJ 
(;ranger, ~'Y 

(1) C•coal 
O•oil 
B~bark 

Source: Reference ~0 
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classified as a nonregenerable process. The process uses a sodium hy­
droxide (NaOH)/sodium sulfite (Na2S03) solution to cool the gas and to 
absorb S02. S02 absorbed in the 1 i quor reacts with the sodi urn com­
pounds according to reactions 1 and 2. Sodium sulfate (Na2S04) and 
other sulfate compounds also can be formed by the oxidation of any of the 
sulfur species. Clean gas from the scrubber is passed through a mist 
eliminator and is reheated prior to discharge. 

2NaOH + so2 

Na2so3 + so2 + H2 

Na2S03 + H20 

---~, 2 NaHS03 

(1) 

(2) 

Scrubbing liquor from the recycle system, containing sodium salts 
and possibly some unreacted sodium hydroxide, is combined with a number of 
other streams and sent to the regeneration section of the plant. Here the 
liquor is reacted with lime or limestone to precipitate si,Jlfur compounds 
and tu resture the dlk.al.ine content of the liquor for recycle. Lime reacts 
with su1fi te in the 1 i quor according to reactons 3 and 4, and 1 imestone 
according to reacton 5. Sulfate reacts in a similar manner. 

Ca ( UH) 2 + 2NaHSOJ Na2S03 + CaS03 ·1 /2H20 + 3/2H20 

Ca(UH)2 + Na2S03 + l/2H20 ~ 2 NaOH + CaS03•l/2H20 

(3) 

(4) 

The concentration of sulfate in solution aepends on the degree of 
sulfite oxiaation. However, because of the solubility relationship, the 
concentration of sulfate at steady state rises sharply for relatively small 
increases in oxidation. If the relative oxidation of s·ulfite exceeds 15-25 
percent, the con~entration of sulfate will be too high for efficient 
operation. This can be corrected by purging the solution or by increasing 
the pH with lime to precipitate gypsum (similar to reaction 4). With lime 
the system can be operated over a wider pH range than with limestone. 
Systems which have high oxidation and require regeneration to NaOH (low 
concentrations of Na2S03) are called "dilute." Those systems which 
have low oxidation and regenerate to Na2S03 are termed "concentrated." 
Concentrated systems usually have an active sodi urn ( Na+ associ a ted with 
S02 absorption) concentration greater than 0.15 molar. 

Precipitated solids are removed from the regenerated liquor in a 
clarifier. Some of the solids are recycled back to the regeneration 
section to reduce the possibility of scale formation in the reaction tank. 
Recycle liquor for the dilute system contains a considerable amount of 
calcium, and must be ~reated with Na2C03 (trona or soda ash), Na2S03 
or C02 to precipitate the cal ci urn. This softening process eliminates 
scaling in the scrubber. The concentrated system has a high concentration 
of Na2S03 which ·prevents high calcium concentrations. Thus the reactor 
clarifier is not neected. Soli as from the regeneration process are de­
watered, washed to recover the alkali content, ana disposed.of in a land­
fill. Hanaling properties of the sludge are substantially different from 
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lime or limestone sludge because it is a granular material and does not 
require fixation. 

To use the double alkali process, the plant must have a suitable 
sludge disposal system. The process is currently being used on several 
industrial boilers having flow rates ranging from 10,000 to 640,000 CFM 
with S02 loadings reported from 800 to 2,000 ppm. Three utility applica­
tions are currently under construct ion. These range in size from 250 to 
575 MW. 

The advantages of this process are basically the same as the sodium 
process. The major disadvantages are:B 

• Process is complex and requires many additional pieces 
of equipment relative to lime/limestone scrubbing 

1 Large quantities of solid waste require disposal 

• Stack gas reheat is desirable 

1 Two or three separate sol ids handling systems are 
required 

• Sodium losses occur and must be made up 

S02 removal efficiencies for the double alkali process, similar 
to the aqueous sodium process, have been very high. The system can be 
designed for removal efficiencies in excess of 90 percent because the 
sodium alkali scrubbing agent is very reactive. Availability of the double 
alkali process (the fraction of time the system is operational) has been 
reported to be greater than 90 percent in most installations. U.S~ utility 
and industrial double-alkali systems are listed in Tables 3.5.1.20 and 
3.5.1.21 .• 

Chiyoda 101 and 121 Processes6 

Chiyoda International has been involved in the development of two 
·flue gas desulfurization systems. The CT-101 process is based on sulfuric 

acid, and was favorably tested on a pi lot seale at the Scholz Power P 1 ant 
in 1975-76. The CT-101 process is utilized in a few plants (up to 300 MWe) 
in Japan. More recently, Chiyoda has engaged in the development of the 
CT-121 process, a limestone-based system. 

-~~.~-Y.£9.~"·-~~Q.~. 
In this Japanese process the S02 is ahsorbed in dilute (2-5 

percent) sulfuric acid containing iron salts to catalyze oxidation. The 
oxidation is completed in a· separate tower through which a flow of air is 
maintained. A slip stream of acid is withdrawn and treated with limestone 
to precipitate gypsum. The scrubber and the oxidizer in this process are 
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I 
w 
w 
0 
I 

Utility 

Central ·Illinois Pull ic Service 
louisville Gas & Electric 
Southern Indiana Gas &.Eiectric 

Notes: 

Unit 

Newton 1 
C.me Run 6 
A.B. BI"Oflll 1 

1. Suppliers: 8/E - BJell/Envirctech 

locatio• 

Table 3.5.1.20 

Util it~ FGD Systems 
Dua I A I a h Processes 

--Operatl ona 1--

Ne~~on, [1 
louisville, Ky. 
West Fnr*' '", In. 

617 
288 
265 

1170 

ADl/CEA - Arthlll" D. Littleitombustion Equiprent Assoc. 
FMC - f\IC 

Source: Reference 31l 

Startup 
Date 

9/79 
4/79 
3/79 

Suppl ierl 

B/E 
ADl/CUI 
FMC 

Des i !I!! Remova 1 1: 
Scrubber product 

Part. SOz disposal 

99.50 95.00· 
95.00 pond 

99.50 85.00 landfill 



Table 3.5.1.21 

Full Scale Industrial DOuble~Alkali Systems in the U.S. 

Systea Operator 
'Location 

fltC 
Modesto. CA 

General tlotora 
Pa~. OH 

Caterpillar Tractor Co. 
JoUet. IL 

Firestone 
Pottstown. PA 

Culf Power Co. 
Scholl: PlaDt 0 Sneads; FL 
(Southern Coapany Servicea) 

Caterpillar Tractor Co. 
Mossville~ IL 

Caterpillar Tractor Co. 
Horton, IL 

Caterpillar Tractor Co. 
East Peoria. I~ 

Caterpillar Tractor Co. 
Mapleton. IL 

AI.CO Polyaera 
Monaca • PA. 

Crlssoa Air Force Base 
Bunk~r Hill. IN 

Chansler OU 
Bakersfield. CA 

Systea 
Application 

Reduction kiln 

Coal-fired 
industrial boilers 

Coal-fired 
industrial boilers 

Coal-Urecl 
industrial boilers 
-.(de.onstration) . 

Coal-fired 
utility boiler 
(prot~tYPfi!) 

Coal-fired 
i~ustrial boiler 

Coal-fired 
industrial boiler 

' 
Coal-fired 
industrial boilers 

Coal-fired 
ioduatrial boiler 

Coal-fired 
industrial boilers 

Coal-fired 
industrial boilers 

011-flred· 
lnduHtrlal boller 

a. Syatea ceased operation in July 1976 
b. Pnject._. Start-up elate · 

Vendor or 
Developer 

FHC 

General 
tlotora 

Zurn 
In4ustr1es 

FHC 

CU../ADL 

FMC 

Zurn 
Industries 

FHC 

FHC 

fltC 

Neptune/ 
Air pol 

FHC 

•• •u. ..... • ·• c-onlaa of 2000 SCIII ~r 1W o.,bol-,, 

Squrce: Reference 30 
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Size 
(MW.Equivalent) 

10 (gas rate) 
30 (regen.) 

64 

30 

20 

70 

it 

100 

65 

35 

AC:dve 
AlkaU 

Cone. 

Dilute 

Dilute 

Cone. 

Cone. 

Cone. 

Dilute 

Cone. 

Cone. 

·Cone. 

Cone. 

Cone. 

Start-up 
Date 

Dec. 1971 

!larch 1974 

Sept. 1974 

Jan. 1975 

Feb. 1975a 

Oct. 1975 

Jan. 1978 

April 1978 

(Jan. 197tt 

(June 1980) b 

(Sept. 1979)b 

(Har. 1979)b 



appreciably 1 arger than scrubbers_ used in other FGD processes and 1 arger 
pumps must be used for the high liquid/gas ratio that is required. 

Advantages 

1. No scrubber plugging or scaling 

l. Waste product is dry gypsum 

::S. Process can tol~rate fly ash. in system 

4. Process is insensitive to limestone reactivity 

5. Good. particul at~r remo~al ~head of S02· absorl;>er 1 eads 
to hi.gh quality gyp.sum 

Disadvantages 

1. Extremely high liquid-to-gas· ratios are required 

2. High power requirements 

3. Scrubber and oxidizer are extremely large 

4. Product gypsum is d.ewatered in a centrifuge which 
is a high maintenance item 

5. Acid resistant materials are required 

6. Process has not been demonstrated on a coal-fired 
boiler 

7. Stack gas reheat i-s desirable 

8. Large volumes of ailute H2S04 must be handled 

~. tvlagnesium and chloride ions may require a purge 
stream 

Chiyoaa Thoroughbred 121 System 

Background 

Chiyoda International started bench scale development work on the 
CT-121 Process in 1975 at the Kawasaki R&D Center. Testing was performed 
in a 650-scfm pilot plant, and conceptual design studies for commercial 
operations were compl et.ed. A prototype unit began operation on August 30, 
1978 at the Scholz Power Plant of Gulf Power in Chattahoochee, F1ori.da. 
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Equipment for the prototype unit was modified from the CT-101 plant that 
had been previously operated at that station.31 

The CT-121 process utilizes limestone, and the overall chemistry is 
similar to conventional limestone systems. Unique features are that all 
chemical ana process steps are carried· out in one vessel, and that the 
sorbed sol is completely oxidized to sulfate (gypsum). 

Process Description 

The CT-121 process uses a jet bubbling reactor to absorb, oxidize, 
and neutralize S02 from flue gas._ The reactor is a single vessel, con .. 
sisting of flue gas inlet and outlet, air inlet, limesto.ne slurry inle~, 
and gypsum slurry outlet. Air and mechanical agitation are. also provided. 
A simplified flow diagram for this p.rocess is shown in Figure 3.5 .• 1.16. 

Flue gas enters the reactor through an array of vertical spargers 
which are submerged 4 to 16·inches below the liquid surface. Gas velocity 
of 15-65 ft/sec entrains the liquid and generates a bubbling or froth 
layer. so2 is absorbed in the froth layer to formcalcium sulfite which 
is oxidized to calcium sulfate. The froth layer provides good mass 
transfer for this so2 absorption reaction to occur. Cleaned flue gas is 
demisted and exhausted to the atmosphere.30,31 

Immediately below the .. jet bubbling zone 11 through which the flue 
gas passes, the liquid is moderately agitated by air bubbling and a 
stirrer. Air is introduced to the reactor through spargers at a rate 2-3 
times higher than that required by stoichiometry. A gypsum crystal concen­
tration of 10 to 20 weight percent is maintained in this portion of the 
reactor to provide surface area for crystal growth. The gypsum settles to 

, the bottom of the tank and a slurry containing 10 to 25 percent solids is 
continuously drawn off. The slurry is pumped to a gypsum stack where the 

.so 1 ids settle out by gravity, and the supernatant 1 i quor (stack overflow) 
is pumped back to the reactor. 30,31 

Chemistry 

One overall reaction aescribes the system: 

Operating Status 

The prototype unit at the Scholz Power Plant was operated for ten 
months starting on August 30, 1978.32 The FGD system is designed to 
handle 50 percent of the flue gas from either boi 1 er, or the equiva 1 ent of 
23.5 MWe. Flue gas from the boiler passes through an ESP designed for 99.5 
percent particulate removal, then enters the Chiyoda reactor at a rate 
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of 53,000 acfm. The stainless steel reactor is 24 ft in diameter. Scrubbed 
gases pass through a vertical, two-stage, double pass chevron mist elimina­
tor and exit through a 76-ft fiber-reinforced plastic stack at 1300F (no 
reheat is provided) .31 A detailed report on the. test results is sched­
uled for release (by EPRI) in mid-1980.32 

The plant operated over 97 percent of the time during the 10-month 
test period, and did not experience scaling or other "chemical" problems. 
The major portion of the downtime w~~ used .for modifications to the fan and 
air compressors. The gypsum· product was found to be 96 percent pure by 
weight, and stacked very well. In the opinion of the Southern Company 
Services, Inc., principal investigator. on the test project, the CT-121 
process should be considered as a viable-competitor to the current commer­
cial processes.· However, its ability to be cost-competitive with other 
systems at very low S02 inlet concentrations woul_d have to be examined 
for each case individually.32· 

Effluents 

The by-product from the CT-121 Process is gypsum, which presumably 
could be utilized in the cement-finishing process. If this were the cas~, 
the need for solid waste disposal would be eliminated. Alternatively, 
gypsum has suitable physical properties for disposal by landfilling. A 
closed-loop water system eliminates liquid effluents. 

Advantages 

• Ready availability of limestone as the raw material and 
good market for gypsum product. · 

• Relative simplicity of the process should pay off both 
in cost and reii~bility 

Disadvantages 

• Lack of commercial operating experience causes uncer­
tainty as to overall viability and costs 

• Ability of process to follow load could be limited by 
sparger performance 

· Citrate Process 

In the Citrate process develop~d by the Bureau ·of Mines, flue gas 
is cooled to between 1100 and 1500F. S02 is absorbed in a buffered 
solution containing sodium citrate, citric acid and sodium thiosulfate. 
The absorbed S02 is reacted with H2S .at about 1500f and atmospheric 
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pressure to precipitate e 1 ementa 1 sulfur and regenerate the solution for 
recycle. The sulfur is separated by oil flotation and melted. The H2S for 
the reduction is made by reacting two-thirds of the recovered sulfur with 
natural gas and steam. Since thiosulfate ion depresses oxidation of bisul­
fite, only small amounts of sodium sulfate (which must be removed in a 
bleed stream) are formed. 

Aqueous Carbonate Process 

In this process the S02 is absorbed by aqueous sodium carbonate in 
a spray dryer. The dry solids are mixed with carbon (char or coal) and are 
blown by air into molten sodium carbonate (1830° F) where reduction to 
sodium sulfide occurs. The reduction mixture is quenched, filtered, and 
carbonated (with off-gas from-the reducer) to evolve hydrogen sulfide. The 

. sodium carbonate solution is recycled and H2S is converted to sulfur in a 
Claus reactor. The various steps of the process have been tested only 
separately. 

Catalytic Oxidation (Cat-Ox)6 

In this process, flue gas from which particulate matter has been 
effectively removed is passed at 840° F through a vanadium pentoxide 
catalyst bed to oxidize the S02 to S03. The gas is then cooled {430° 
F) and the S03 is absorbed in a circulating stream of (80 percent) H2S04. 
In a new installation, a hot electrostatic precipitator (outlet 840° F) 
would be used, and heat would be recovered by installing the air preheater 
of the boiler after the catalyst bed. Retrofit of the process to an 
existing unit requires extensive modifications and duct work and is not 
considered to be practical. 

Advantages 

1. No solid waste other than fly ash 

2. No raw material requirements 

3. Simple process equipment 

4. Part of operating cost can be recovered by sale of 
H2S04 

5. No scaling or erosion problems in system 

Disadvantages 

1. Must have a sure market for H2S04 

2. Acid quality is low 
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3. More suitable for new installation due to process 
operating temperature 

4. Fly ash causes catalyst fouling 

5. High-temperature particulate removal is required 

6. Installation on new unit necessitates treating flue 
gas between the economizer and air heater 

7. Expensive materials of construction in acid recircula­
tion loop 

8. The process·has not yet been successfully demonstrated 
on a large ~cale 

Magnesium Oxide Process5 

The magnesium oxide process is a regenerable FGD process currently 
being used exclusively on utility boilers. Flue gas is treated in an 
electrostatic precipitator to remove most of the fly ash. The remaining 
fly ash is removed in the first stage wet scrubber. Here, the gas is 
cooled and humidified by direct contact with· recycle water in a venturi 
scrubber. Fly ash is removed from the recycle water by a thickener and 
disposed of in a landfill. 

Particulate-free flue gas is next contacted with magnesium oxide 
slurry in another venturi scrubber. The reaction of MgO with water is 
shown in Reaction l. S02 is absorbed and reacts according to Reaction 2. 
S02 in the flue gas also can be oxidized to form S03, which reacts to 
form MgS04. 

MgO + H20 

Mg(OH) 2 + S02 + 2H20 

Mg(OH)2 

---7> MgS03 • 3H20 

( 1 ) 

(2) 

A bleed stream is removed from the magnesium oxide recycle system, centri­
fuged and dried to remove the water of hydration. The dried crystals 
containing magnesium sulfite, sulfate and some unreacted oxide are usually 
sent to a sulfuric acid plant for regeneration to MgO and S02. Regenera­
tion can be carried out onsite or. at some distance from the absorption 
system. In regeneration, accomplish~d thermally (1800-2200° F) in a rotary 
kiln, magnesium sulfite reacts according to Reaction 3. Coke is added to 
reduce the sulfate; this is shown in Reaction 4. The S02 generated. here 
can be used to produce sulfuric acid or elemental sulfur. The MgO is 
recycled to the absorption section of the plant. 
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MgS03 heat 
---------~> MgO + so2 

MgS04 + l/2C __ _..;.;h..:..ea~t"----~) Mg 0 + S 02 + 1 I 2 CO2 

(3) 

(4) 

By maintaining larger inventories of MgO, extended outages of the 
regeneration facility can be tolerate4. If another company or plant is 
used for regeneration, care must be taken to ensure the long-term availa­
bility of these facilities before the MgO process is considered. Plants 
have been built, only to discover that the regeneration facilities have 
discontinued service. 

The magnesium oxide process has been applied to smelter .off-gases, 
sulfuric acid plant effluents, Claus plant effluents and utility boiler 
flue gases. However, the experience with coal-fired boilers is somewhat 
limited. Industrial non-boiler applications have ranged in size from 28 to 
162 MW equivalent, with S02 loadings from 1,500 to 25,UUO ppm. One 
utility magnesium oxide process has been in operation since 1975 (120 MW) 
at Eddystone, Pennsylvania, three more contracts have been awarded ( 150, 
240 and 334 I'VIW) at Eadys tone and Phoen h v 'ill e, Pennsylv o.ni a, and one i $ 

planned (bUO NW at TvA•s New Johnsonville, Tennessee facility). These 
plants are summar1zea in Table 3.5.1.22. 

SU2 removal efficiencies for the magnesium oxide process are 
usually higher than lime or limestone systems despite the similarity in 
chemistry. This is due to the increased reactivity of MgO over lime or 
limestone. Two utilities - Boston Edison and Potomac Electric and Power -
have· reported efficiencies of 90 percent. Industrial nonboiler applica­
tions have reportedly ranged from ~0 to 99.5 percent efficiency. 

- · -· Past installations have exhibited relatively 1 ow rel i abi 1 i ty of 
performance (low availabilities). Frequent equipment and processing prob­
lems have been encountered. However, this should be improved with time 
due to the 1 ow potential for seale formation with MgO as compared to 1 ime 
or limestone systems. 

Advantages 

'I. No sol1 d waste other Uldll fly c1sh 

2. Part of operating cost can be recovered by sale of 
H2S04 if market is available 

3. No scaling in system 

4. High-quality concentrated acid is produced 

ti. High S02 removal efficiency is possible 

b. Oxidation can be tolerated 
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w 
w 
~ 
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Ut~l ity 

Philadelphia Electric 

Ut·flity 

Philadelphia Electric 
Philadelphia Electric 
Philadelpma Electric 

Utility 

Tennessee Valley Authority 

Notes: 

Unit 

Eddystone 1 A 

Unit 

Cromby 
Eddystone 1 B 
Eddystone 2. 

Unit 

Johnsonville 1-10 

1. Suppliers: UE - United· Engineers 

location 

Table. 3.5.1.22 

Utilit~ FGC Systems 
Magnes1umxide Pi'ocesses 

--Operat1onal--

Eddystone, Pa. 120 

location 

Ut fl i ty FGD Systems 
Magnesium Oxide Processes 

--Contract Pwarded--

Phoenixville, Pa. 
Eddystone, Pa. 
Eddystone, Pa. 

150 
240 
334 

location 

724 

Utility FGD Systems 
Magnesium Oxide Processes 

--PI anned--

New Johnsonville, Tn. 600 

TVA/UE- Tennessee Valley Authorit)/Untted Engineers 

Sciurce: · Reference 31 

Startup 
Date 

9/75 

Startup 
Date 

6/80· 
6/80 
6/80 

Startup 
Date 

1982 

Supplier! 

UE 

Suppl ierl 

UE 
UE 
UE 

Supplfer1 

TVA/UE 

Design Removal % 

Part. SD2 

99.00 90.00 

Des i go Remova 1 · % 

Part. 

Des i go Remova 1 % 

Part. so2 

Scrubber product 

sulfuric acid, resalable · 

Scrubber product -. 

Scrubber product 



. Disadvantages 

1. Must have a sure market for H2S04 

2. Fly ash must be kept out of regeneration system 

3. Must operate acid plant 

4. Auxiliary fuel is required for dryer and calciner 

5. Complex solids handling operations 

6. Stack gas reheat is desirable 

7. Losses and slight deacti.vation of MgO by repeated 
re~eneration 

8. High liquid to gas ratio in scrubber 

Wellman-Lord Process5 

The Wellman-Lord process is a regenerable FGD process which 
uses a sodium-oasea alkaline solution for removing so2 from combustion 
gases and other sulfur-laaen process effluents. The gas stream is treated 
in a wet venturi scrubber to remove particulate, ana to cool and humidify 
the gas stream. The wet scrubb~r ai scharges ai rectly to an absorber with 
two or more scrubbing stages. Here so2 is absorbed in a sodium sulfite 
solution according to Reaction 1. Reaction 2 shows the oxidation which 
takes place in the absorber. A considerable amount of the sulfite can be 

Na2so3 + H20 + so2 

Na2S03 + l/202 

2NaHS03 

2NaHS04 

(1) 

(2) 

oxi~ized, depending upon the absorber type and the amount of oxygen in the 
gas ~tream. 

The sod1 urn sul fi te/bi sulfite/sulfate 1 i quor from the absorber is 
sent to an evaporator with a small bleed stream being sent to a chiller 
crystallizer for sulfate control. In the crystallizer, the bleed stream is 
cooled·and the sodium sulfate (Na2S04) crystals which form are removed 
from the slurr.Y and dried for sale or disposal. This system controls the 
b~ildup CJf the non-reactive su'ltate 1on. 

The bulk of the absorber solution i-s comoin~d with cool sulfite 
liquor from the sulfate purge section and with hot recycle slurry from the 
evaporator. This hot slurry is sent to the evaporator where the major 
portion of the absorbed sulfur dioxiae and water are driven off according 
to the reverse of Reaction 1. A double effect evaporator also can be used 
to significantly reduce the ~perating costs (up to 45 percent reduction in 
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steam requirements). Residual sodium bisulfite is regenerated in a dis­
solving tank according to React ion 3. Soda ash can be used for makeup as 
well. Reaction 4 corresponds to this system. 

NaHS03 + NaOH 

Na2C03 + 2NaHS03 

Na2S03 + H20 

~ 2NaS03 + H20 + C02 

(3) 

(4) 

Both alternatives replace sodium values lost in the sulfate purge. 
The sodium sulfite solution, containing some sodium b isu lf ate, is recycled 
to the absorber. The pure sulfur dioxide stream released from the evapora­
tor can be used to produce high grade sulfur, sulfuric acid or liquid 
sulfur dioxide. 

·Two systems have been developed by Davy Powergas as alternatives to 
the sulfate crysta 11 izat ion described above. These systems use either 
natural gas or coal to chemically reduce the sodium sulfate. The purge 
stream would thus be regenerated and returned to the process. With either 
system, chemical makeup would be reduced to a minimum and sodium sulfate 
would not be produced, thus eliminating the marketing or disposal problems. 

Surge tanks can be added to the system to store enriched absorber 
liquor and regenerated solution. This eliminates downtime in the absorber 
when the regeneration system is down for maintenance. An arrangement like 
this will facilitate remote operation of the regeneration system. 

The Wellman-Lord process can be applied to any flue gas containing 
S02. It is equally applicable to nonferrous smelters, sulfuric acid 
plants and Claus plants. The maximum size of a single absorber which Davy 
Powergas recorrmends is 300,000 scfm of flue gas. Larger applications can 
be handled with multiple units. Current installations of the Wellman-Lord 
process range in size from 30,000 to 78-,000 cfm for sulfuric acid plants, 
30,000 cfm for Claus plants, and 89,000 to 435,000 cfm for oil-fired 
boilers.. Several coal-fired utility boilers are operating with Wellman­
Lord units or are in the construction stage. These range in size from 115 
MWe to 534 MWe. S02 loadings have ranged from 900 to 13,000 ppmv. 
Tables 3.5.1.23 and 3.5.1.24 S\,lmmarize industrial and utility applica­
tions of the Wellman-Lord process. 

Operating efficiencies for the Wellman-Lord process, simi 1 ar to 
those for the aqueous sodiu·m process, are high compared to the 1 ime or 
limestone processes. Systems can be designed for removal efficiencies in 
excess of 95 percent because the sodium scrubbing agent is very reactive. 
Availability of the Wellman':"'Lord process has been reported to be greater 
than 97-98 percent in.most installations. 

Advantages 

1. Sulfur is the most environmentally acceptable by-product 

2. Relatively small amount of waste to dispose of relative 
to throwaway processes 
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Util fty 

Northern Indiana Public Service 
Public Service of New fo'exico 
Public Service of .New fo'exico· 

I Utility 

Delmarva Power & Light 
Public Service of New Mexico 
Public Service of New Mexico 

Note: 

.• 

Jnft. 

Jean, H.Mitoell· 11 
San Juan . I 
San Juan .. 2. 

Unit 

Delaware City 1-3 
San ·Juan, 3 
San Juan 4 

1. Suppl fer.: DPG - Davy Powet"gas 

Source: Reference 31 

Locatior. 

Table 3.5.1.23 

U::fl itv FGD Systems 
We, !man lord Processes 

--Operat1onal--

Gary, Jr •. 
WaterflCIW, U.M. 
Waterflow, U.M. 

115 
361 
350 

826 

Utility FGD S:1stems 
Wellman Lord Processes 
--U~der Construction--

!-apacity 

locatfOI MW 

Delaware City, De. 
Waterflow, ~.M. 
Waterfl'ow, N.M. 

180 
534 
534 

1248 

St:zrtup 
IlEte 

7{75. 
4f7a 
am 

Startup 
Date 

4/80 
12/79 
1/SZ 

Sup;,lierl 

DPG 
DPG 
DPG. 

Supplierl 

DPG 
DPG 
DPG 

Des fen Ren~~va 1 2: 

!Fart. S02 . Scrubber product 

S8.5(' 90.00 resalable elemental Sulfur 
S9.5C· 85.00 resalable elemental Sulfur 
S9.5C• 85.00 resalable elemental· Sulfur 

Jesi.., Ren~~val 2: 

Part. so2 Scrubber product 



Tab 1 e 3 • 5 • 1. 24 

Summary of Operating Industrial Wellman-Lord Systems in the U.S. 

.. ~ 

:;esign 
Corrpletion Feed gas Gas flow · SOz concentration Dispos·it ion 

Comr:any/location date origin loOONrii'"/hr 1 {scfm)- rr.m of SOz 
---

Olin •Chemical* Jul)' 1970 Sulfuric o1C(d 76 (4S,OOO) · in li,OOO ~ecycle to acld plant 
Pauls"bnro, Nl'W Jersey pl<lnt I'Ut soo 

Std. Qil of California Se(>tcmbcr 1972 .Claus plants Sl (J0,240) in 10,000 Recycle to Claus plant 
El St>gundo, .Cal Horn Ia out 250 

Allied Chemical Nove,ber 1972 Sulfuric acid Sl (29,850) in 2,700 Rl'cyclc to acid plants· 

I Calumet, Illinois· plants out 2SO 
w 
~ Olin Chemical ~lay 1973 Sulfuric acid 133 (78,046) til 4,000 Recycle to acid plants w 
I Curtis Bay, ~ryland plants out 250 

Std. o)il of California August 1974 Claus plant 51 (30,000) in 10,000 Recycle to Claus plant 
Richmond, CalifoTnia out 250 

St. 011 of California January 1975 Claus plant 51 (30,000) in 10,000 Recycle to Claus plant 
El Sesundo, California out 250 

* Plant operation suspended as of January. 1, 1976. 

Source: Reference 30 



3. High removal efficiency is possible 

4. No scaling in system 

5. Low liquid-to-gas ratio in scrubber 

6. Sulfur can either be marketed or stored 

Disadvantages 

1. Reducing agent is required 

2. Purge stream is required and causes high sodium makeup 

3. Fly ash must be kept out of regeneration system 

4. Procc55 is expensive 

5. Process is not demonstrated on a coal-fired boiler 

6. Stack gas reheat is desirable 

7. Purge stream is composed of soluble salts that are very 
difficult to dispose of in an environmentally accept­
able manner 

8. Corrosive process environment requires expensive 
materials of construction 

9. High steam requirements 

Wet Scrubber Devices5 

The scrubber is the most cr1t1cal cumpur1t!11l in wet sulfur dioxide 
remova 1 systems. It brings the flue gas into contact with the absorbent 
liquid or s.lurry. Scrubbing devices break into two major groups. One type 
removes both particulate matter and S02 simultaneously while the other 
type removes only the gaseous pollutant (S02). Of the five principal 
types of scrubbers, venturi, spray and moving bed scrubbers (discussed in 
the particulate removal section) fall within the first category. Packed 
towers and tray columns plug easily and hence require removal of solids 
prior to treatment. Scrubber selections must be made on the basis of 
performance in the following areas: 

t Performance characteristics of the scrubber to remove 
S02 and particulate 

t Scaling tendency of the system 

• Physical characteristics of the absorbing media 

t Physical properties and flow rate of the flue gas 
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Venturi Scrubbers. The venturi scrubber used for S02 absorption 
is identical to ·that described under particulate control. As the gas and 
1 iquid pass through the venturi throat the 1 iquid is atomized into fine 
drop lets. This dispersion increases the surf ace area available for mass 
transfer between the gas and the liquid. Downstream of the throat, the 
velocity decreases and the droplets, not containing dissolved S02, coalesce 
As the velocity decreases, much of the entrained 1 iquid settles from the 
gas stream. Any remaining 1 iquid is removed in a cyclonic separator or 
another type mist eliminator. 

The venturi scrubber minimizes plugging because the 1 iqu id, con­
taining high concentrations of· suspended solids, is dispersed into and 
flows with the gas stream. In addition, scale formation can be minimized 
because of the 11 open area 11 provided for gas flow. Wet-dry interfaces, 
howe~er, have caused serious operational problems. The mass transfer rate, 
although somewhat lower than that for packed or plate towers, can be 
effective for gaseous pollutants which react chemically with the scrubbing 
liquid. The amount of mass transfer area provided by this scrubber is 
relatively insensitive to changes in the gas flow rate. 

Spray Scrubbers. Open spray towers operated at low pressures (such 
as the unit at Square Butte Electric) have minimum plugging tendencies and 
high removal efficiencies at suitable L/G ratios. If high pressure sprays 
are used to increase the dispersion, plugging of the spray nozzles becomes 
a problem. However, the main advantage of this design is low P operation, 
which more than compensates for the possible higher L/G ratio. Once­
through systems are unacceptable because of the environmental effects 
created from the water imbalance. Alternative designs have been developed 
to overcome these problems. One such design uses a specially designed 
rebound surface to atomize the spray. Increased mass transfer is experi­
enced because of the contact with the finely divided water droplets. 
Venturi effects as the gas passes through the rebound zone also may be 
responsible for the high efficiencies. 

Moving Bed Scrubbers. In moving bed scrubbers, the particulate-
cmd S02-containinq flue gas is contacted with liquid in a region contain­
ing captive, movable, so 1 id spheres (see part icu 1 ate contro-l sect ion for 
details)> Gas velocity through the system is sufficient to cause the 
spheres to become mobile and move about in a random manner. The wetted 
surfaces within the bed provide sufficient mass transfer area for S02 
absorption. Tendency for plugging and the buildup of particulate matter in 
the bed is small. However, scaling may be a problem due to the precipita­
tion of calcium salts on the retaining grids, on the walls, and at wet/dry 
zone interfaces. In addition, the plastic spheres may wear at an increased 
rate for systems with higher suspended solids concentrations than would be 
present for particulate control alone. 
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Packed Towers. Packed bed towers have been used· for decades for 
mass transfer in the chemical process industries. In most applications, 
the scrubbing liquid is allowed to drain· downward over porous ~packing 
materials such as Raschig Rings, Pall Rings, Berl Saddles,· etc., in a 
vertical tower •. The gas to be scrubbed is introduced at the bottom of the 
tower and flows upward through the packing elements.· The entire liquid 
ftlm covering the packing is thereby contacted by the upward-flowing gas. 
Mass transfer in the tower is greatly enhanced by the increase in the 
interfacial area provided by the wetted packing. 

The S02 concentration in the gas will decrease as the gas travels 
upward; the S02. content of the liquid will increase as it travels down­
ward. In pri nc;.p 1 e any degree of S02 remov·a 1 is poss i b 1 e with proper 
specifications of tower dimensions, absorbent purity, and flow rate.· 

Packed beds generally are not used with high particulate levels in 
the flowing str~ams, as the ~mmobile solid packing is susceptible to 
plugging. Under typical operating conditions, the pressure drop fn a 
pac~ed co 1 umn wi 11 be on the order of one inch of H20 per l 0 inches of 
packed ~eight. 

Tray Columns. Tray scrubbers are characterized by horizontal mass 
transfer devices called trays or plates. The scrubbing liquid flows 
transversely across the top of the tray, while the gases being scrubbed 
bubble upward through small openings in the fray. In desulfurization, the 
so2 is transferred from the interior of the gas bubbles through the 
interfacial surface of the bubble, and ·into the surrounding liquid. The 
depth of the liquid on the tray is fixed by an overflow weir. Trays are 
commonly mounted inside the tower in such a way that the direction of the 
liquid flow alternates as it flows across each plate in succession down the 
tower. The simplest tray design is a sieve tray, in which there is· a 
pattern of holes in the tray through which the vapor passes. Bubble-cap 
trays include inverted caps with slots on the sides, through which the 
vapor must pass. 

As in the case of the packed tower, the bulk gas flow is counter­
current to the liquid. In principle, any degree of absorption is possible 
with the proper choice of the number of trays and the absorbent purity and 
flow rate. In genera 1 , tray co 1 umns are used as 11 after- scrubbers 11

. operated 
on clean water to prevent carryover -of corrosive mist which is high in 
dissolved solids. Carryover of such mist results in high corrosion rates· 
for downstream mist eliminators, and an increase in particulate emissions. 

Dry Flue G~s·Desulfurization 

A recent trend in the West has been the use of dry systems for 
sulfi,Jr dioxide CQntrol including char-bed units, spray dryer units and 
completely dry injection units. Dry FGD technology is especially appropri­
ate for western regions where water is scarce and where 1 ow sulfur coa 1 
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predominates •. Advantages of dry scrubbing include the elimination of flue 
gas reheat requirements, and the collection of reacted sorbents in a fabric 
filter or electrostatic precipitator, resulting in a dry waste material for 
disposal. · Additionally, dry methods of FGD would be attractive alterna­
tives for utilities requiring retrofit applications. There would be a 
1 ower . water requirement, no comp 1 ex chemica 1 equipment to operate, and 
capital equipment expenditures would be min;.mal.ll 

The Environmental Protection Agency is encouraging the development 
of dry scrubbing systems. The June 1979 NSPS for S02 emissions was 
tailored to encourage the use of dry systems for low sulfur coals.4 

A sunvnary of the advantages of dry scrubbing versus wet scrubbing 
is gi vei1 be,l ow. 13 

Waste Handling. A completely dry injection system has no sludge 
handling equipment, which is usually troublesome and has a record of high 
maintenance. Wet scrubbers require thickeners, centrifuges or vacuum 
filters, and sludge-fly ash blenders in order to obtain a dry product. The 
product from a dry scrubber can be handled with conventional dry handling 
systems used for fly ash. For the coals tested, the dry product appears to 
handle as well as the fly ash. 

Wet/Dry Interface. Scaling and plugging is common in wet scrubbers 
at wet/dry interfaces and on scrubber packing materials and demisters. In 
the dry system, the interface point occurs in suspension; only dry powder 
makes contact with the walls. There are no packed beds or demisters in a 
dry scrubber. 

Materia 1 s of Construction. Wet scrubbers require expensive alloy 
materia 1 s or coatings for protection for corrosion and erosion. The dry 
system can use low carbon steel for vessels and· ductwork. The I.D. fans 
can be safely located just ahead of the stack without fear of fan corrosion 
and imbal anct;!. 

Operations. It is estimated that considerably fewer operations 
person~el will be required for the dry system. Wet scrubbers have proven 
to take considerable manpower for operations and maintenance. The dry 
scrubber offers flexibility of operation. Feed rates can be invnediately 
adjusted with little concern for pH control. Turndown capability for~ dry 
scrubber is· on the order of 10:1. Wet scrubber·modules usually must be 
left in service at low loads to recirculate slurry. In the dry system, 
modules and/or atomiz~rs can be removed from service quickly and easily as 
the load varies • 

. Maintenance. Wet systems have inherently high maintenance costs 
with slurry handling equipment recirct:~lating abrasive materials at high 
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pressures and volumes. The dry system operates with low pressures and low 
material volumes. Liquid to gas ratios for a spray dryer system are about 
0.2 to 0.3 gallons per 1000 actual cubic feet compared to about 40-100 for 
a wet scrubber. The atomizer, which is probably the highest wear item in 
the system, can be removed and replaced quickly •. The elimination of 
dewatering equipment reduces the maintenance expense considerably from that 
for a wet scrubber. 

Energy Requirement~. The dry system requires approximately 25 to 
50 percent of the energy required for a wet system. 

Particulate Collection. The gas volume to the particulate collec~ 
tor is reduced to be 1 ow that 1 eavi ng the air heater as a result of the 
spray down in ·the dry scrubber. The gas temperature to the parti cuI ate 
co 11 cct ion de vi ca rema 1 ns r.nn~tnnt at dll 1 v~d$. The sp_ray dryer cotidi­
tions the fly ash with the added moisture resulting 1n a lower resistivity 
ash in the precipitator. Although the scrubber reactants produce addi­
t ·i una 1 pat·t icul ate, the i no rca sed hum1 d1 ty and 1 owPr temperatures have a 
positive effect on precipitator operation. Pilot test results have indi­
cated that the increased humidity does not adversely affect baghouse 
operations, and the baghouse benefits from the reduced gas volume due to 
reduced temperatures. 

Water Consumption. The water requirements for a dry system are 
much less than for a wet system. The spray-dryer scrubber at the Laramie 
River Station Unit 3 will use about 50 percent of the amount required for 
the wet scrubber on Unit 1 or Unit 2. Low quality water such as cooling 
tower blowdown or ash water may be used in the spray dryer. Only a small 
quantity of treated water, about 20 percent of the total requirement, is 
needed for lime slaking. 

Four major types of processes are being applied to dry systems: 

t Lime 

t Sodium 

t Activated Char 

t Copper Oxide 

Lime Process 

Dry lime systems utilize lime chemically in the same way as des­
cribed earlier for wet scrubbing. Current applications use a spray dryer 
system. A slurry containing concentrated lime is pumped to a 
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drying chamber. The slurry is atomized to a fine mist by the use of 
high-speed rotary disks or high-pressure spray nozzles. The flue gas 
sulfur dioxide is then absorbed into the water droplets and reacts with the 
1 ime. The amount of water added is about 0.3 gal /acf and is evaporated 
w~en contacted with the hot fl~e gas. A diagram of a spray dryer system is 
shown in Figure 3·.5.1.17. The advantages of this system over the wet 
system are: 14 · 

o Low capital investment compared to a ~et scrubber plus 
ESP 

• No flue gas reheat requirements 

• Water chemistry and pH controls typical of wet scrubbers 
are eliminateq 

• Minimal corrosion and erosion, and no sulfate/sulfite 
sealing 

• Lower energy requirements 

• Dry sludge-material for disposal 

Sodium Processes 

Five sodium compounds have been proposed for use in dry alkali 
systems: 13 · 

• Manufactured sodium bicarbonate (NaHC03) 

o Trona (Na2C03 • NaHC03 • 2H20) 

• Sodium carbonate monohydrate (Na2C03 • H20) 

• Soda ash (Na2C03l 

• . Nahco 1 i te (natura 1 occurring NaHC03) 

The most promising of these compounds is nahcolite which is a widely 
occurring mineral in the Ro<::ky Mountain states. I~ its pure form, i-t is a 
white crystalline mineral which dissociates at 51~° F accordi.ng to the 
reaction: 

~NaHC03 
heat 

It is known, howev.er, that over extended periods of time the mineral will 
aecompose at lower temperatures. The resulting soaa ash will undergo an 
absorption reaction with sulfur aioxide according to: · 
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An additional benefit of using nahcolite is that it has been 
observed to absorb N02 moderately we11 by the reaction:l2 

3N02 + NazCOJ ---~· 2NaN03 + NO + C02 

This reaction indicates that o.nly two-thirds of the nitrogen dioxide can be 
removed since one out of three moles are converted to nitric oxide. The 
advantages of the 1 ime process also apply to nahcolite but pi 1 ot studies 
indicate S02 removal efficiencies for nahcolite to be higher. The pil~t 
work has been performed using both countercurrent and fixed-bed systems. 2 

Activated Carbon Process (Foster-Wheeler Char Adsorption) 

In this process, S02 in the flue gas (at 300° F) is adsorbed on 
char, where in the presence of air and moisture it is converted to sulfuric 
acid, which is strongly retained in the interior por~ system of the char 
pellets. (Oxides of nitrogen are also adsorbed to some extef]t.) As it 
becomes saturated, char is· ·removed and .heated (in an inert atmosphere) to 
ll00° F by mixing it with sand at 1470°·F. Under these conditions the 
sulfuric acid is reduced to sol, the nitrogen oxides dissociate, and ·some 
char is oxidized to carbon dioxide. In the sulfl!r recovery section, the 
(concentrated) SOz is passed through a vessel containi-ng crushed coal at 
1£~0-1470° F, where it 1s reduced to sulfur. Gaseous sulfur is condensed 
from the effluent and t.he· tail gas is recycled .for removal of residual 
SO£· 

Advantages 

1 • Dry process - no stack gas reheat. is required 

2. Sulfur is the end product 

3. High removal efficiency is possible 

4. Some fly ash can be tolerated in the adsorber 

s. so2 is reacted d·i n~<.:tly with coal tO .form sulfur 

6. Sulfur can be either marketed or stored .. 

7. Has potential for NOx removal 

Disadvantages 

1. Chemical and physical attrition of char makes the 
process ex~en~1~~ 

l. sol adsorption and reduction steps have not been 
demonstrated beyond the pilot scale 
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3. Hot screening is required to separate sand from char 

4. Thermal energy is required for regeneration 

5. Moving bed is relatively complex to operate 

Shell Flue Gas Desulfurization Process (SFGD) 

The SFGD process, which is being licensed in the United States 
through Universal Oil Products Corporation, concentrates the S02 by dry 
reaction with supported copper ·oxiae pellets and regeneration with hydrogen 
The S02 concentration in the regenerated offgas is increased by removing 
water ana impurities in an absorption/stripping system. The concentrated 
so2 is then reduced to elemental sulfur 1n a Claus plant. 

Advantages 

1. Dry proce~~~- no stack gas reheat is required 

2. Sulfur is the ena product 

J. High removal efficiency 1s possible 

4. tvlinor waste disposal problem 

b. Sulfur can be either marketed or stored 

Disadvantages 

1. More suitable for new installation due to the high 
reaction temperature required for so2 removal 

2. Hydrogen is required both for regeneration of the 
reactant (CuO) and reduction of S02 to H2S 

3. Complicated process unit operations with numerous 
steps 

4. High fly ash 1 oadi ng may cause fouling of the reactors 

b. Reactor design is complicated 

~J. Large diameter valves are required both upstream and 
aownstream from reactors 

7. Process is not demonstratea on a coal-firea boiler 

b. Installation on new unit necessitates treating flue gas 
between the economizer ana air heater 

~. Expensive materials of construction are required in the 
S02 concentration steps 
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Nitrogen Oxide Control 

Combustion modification and flue gas treatment are two approaches 
applicable to conventional combustion processes for control of nitrogen 
oxides (NOx) emissions. The former suppresses the formation of the NOx 
in the furnace through the alteration of combustion conditions, and the 
latter aestroys the NOx after they have been formed. Major emphasis in 
the United States has been on combustion modification, since it is the less 
costly way of complying with current federal emission regulations. 

. The June 1979 New Source Performance Standard for NOx emissions 
will have a significant impact on boiler selection for new facilities. 
These regulations concerning low-rank coals are: 

1. 21U ng/J (0.5U lD/million Btu) heat input from combus­
tion of subbituminous coal, shale oil, or any solid, 
liquid, or gaseous fuel aerivea from coal; 

~. ::S4U ng/J (U.bU lD/million Btu) neat input from the 
combustion in a slay tap furnace of any fuel containing 
more than ~t> percent, oy weight, lignite which has oeen 
m i n e a i n No r t h Dakota , Sou t h u a K o t a , o r 1•1 on t a n a ; 

::s. ~ou ng/J (u.ou lo/million btu) heat input from the 
comoustion of any solia fuel not specified in (1) or 
( ~) . 

NOx formea in combustion processes originates from two sources: 
(1) oxidation of molecular nitrogen in the combustion air via a thermal 
process to form "thermal NOx"; and (2) conversion of nitrogen chemically 
bouna in the fuel to "fuel NOx." The relative contributions of these two 
sources have a very important bearing on the effectiveness of different 
combustion-modification techniques. For pulverizea coal firing, bench­
scale studies have shown that the fuel NOx can be responsible for more 
than 75 percent of the total NOx production, suggesting that combustion­
modification techniques that suppress only thermal NOx (e.g., water 
injection) will not be able to achieve sufficient reduction of NOx produced 
in coal-fi rea boilers. Combustion-modification techniques that have been 
actively investigated in coal-tired utility boilers, therefore, include 
only low excess air (LEA) firing, stagea combustion, flue gas recirculation 
(FbR), combinations of these techniques, and new burner designs. 0 

Design of new boilers for NOx reduction has reversed the traai­
tional trend toward smaller furnaces with more intense combustion. Large 
combustion chamoers can give more effective cooling ana more flexibili1;y in 
combustion control.ti 

Combustion Modifications 

Several methoas can De used to alter the combustion system and thus 
reduce the .NUx formation. These techniques are effective as a result of . 
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lower peak flame temperatures, reduced availability of oxygen in the flame 
()r altered residence time/temperature profiles in the combust ion zone. 
NOx. format ion is a kinetically 1 imited and high temperature sensitive 
reaction. Table 3.5.1.25 provides a summary of combustion modification 

.. ~ech~iques for c6al-fired utility boilers.6 

Low Excess Air Firing. Low.excess air firing reduces.the amount of 
excess air being fed to the combust ion zone and thus reduces the oxygen 
available for fuel NOx formation. The amount of combustion air also 
affects the peak flame temperature. Flame temperature increases as the 

.excess·air is decreased. This tends to negate somewhat the effects of the 
reduced oxygen content in the combustion zone. This is one of the most 
widely applied techniques for NOx control . 

.. Maximum combustion efficiency for coal normally requires 20 to 30 
pe1·cent' mo1•e o.i1· (excess air) tho.n the stoichiometric umount depending on 
the boiler type and the properties of the coal burned. Field studies have 
shown that, if the excess air is reduced by 10 percentage points (e. g., to 
15 per~ent from 25 percent), NOx emissions will generally be reduced 
about 20 percent. This relationship varies only slightly with boiler 
type. 6 

One must consider, however, that as excess air levels decrease, CO, 
hydrocarbons and particulate concentrations will increase. The tradeoff 
for these emissions and NOx is very dependent on fuel characteristics and 
boiler type. Variations in air concentration may also affect wall-tube 
corrosion and ash fouling. · 

. Nevertheless, firing with low levels of excess air is typically the 
first technique deployed in a control program and is normally included even 
when other control techniques are used. The lowest excess air level 
achievable in combination with other techniques, such as staged combust{on> 
is usually higher than when low excess air is the only control employed.o 

The effects of overf ire and excess air on NOx format ion and ash 
fouling were investigated by researchers at the Grand Forks Energy Technol­
ogy Center. 34 The test program invo 1 ved runs at the Hoot Lake Stat ion of 
the Otter Tail Power Company (Fergus Falls, Minnesota) on a tangentially 
fired (high fouling N.D. lignite fuel) boiler. Several significant con­
clusions were reached: 

1. "The reduction in overall excess air to the boiler 
reduced .the NOx leve 1 by a Sllld 11 arnount but )ncfeased 
the potential for ash fouling significantly. Aside 
from the probe te~ts, severe running slag on furn~ce 
walls and tube fouling were observed in the boiler 
during tests at low excess air. Potential problems 
with increased slag formation make this technique 
undesirable, especially for dry bottom boilers." 

2. "The· NOx level was reduced without modification of 
the boiler by using the lower three burners and was. 
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Technique 

low Excess 
Air Firing 
(LEA) 

Staged 
Combustion 
(SC) 

lEA Plus 
sc 

Flu~ Gas 
Recmrcula­
tion (FGR) 

~ Burner 
Oesi gns 

Principle of 
Cperation · 

Reduces oxygen level 
in primary flame zone 
and suppresses ther-· 
ml and fuel NOx 

Biased firing or 
overfire air ports 
reduces oxygen 
level in primary 
flame zone (first 
stage) 

Combination of. 
the above two 

Recyc 1 ed flue gas 
reduces the temp­
erature .and oxygen. 
concentration· of. · 
flame zone 

Controlled mixing of 
fuel and atr to 
suppress fuel and. 
tnennal NOx 

Table 3.5.1.25 

Summary of Combustion Modification Techniques for Control 
Of NOx Emissions from Coal-Fired Utility Boilers 

NOx Emission Levgl 
No2·basis, 3% 02 

Wall firing 
450-600 ppm 

Tangential 
350-450 ppm 

Wall firing 
350-450 ppm 

Tangential 
250-350 ppm 

Wall firing 
350-400 pprri 

Tangential 
250-300 ppm 

Wa 11 · firing · 
500-700 ppm 

Wall firing, 
350-450 ppm 

NOx Control 
Effectivenessc 

20 to 30%d 

30 to 45% 

40 to 50% 

10 to 20% 

40 to 50% 

Limitations 

Unburned hydrocarbons; CO 
emissions at low level of 
excess air; increased 
fouling 

Fouling of convective*• 
secti~n; poo~ first 
stage; ignition; soot 
formation; load reduction 

Limitations with SC 
plus corrosion on wall 
tubes 

Limi-ted effectiveness 
in coal-fired boilers. 

Unknown 

Applications 

Routine use in 
utility boilers 

Retrofit of 
existing boilers 
and. design of 
new unfts 

Retrofit of 
existing boilers 
and design of 
new unfts 

None expected 
for coa 1-fi red· 
boilers 

Under development 

b~l(h. emission levels reported as N02• based on 3%· excess 02. Values cited are nominal for average unit capacity and operating 
conditions; the range of available data is much wider than the values listed. 

CExpressed as functional reduction relatiVe to baseline NOx emission levels ~f 500-900 ppin for wall-fired utility boilers and 
~00-600 ppm for tangential-fired boilers. 

dFor reduction of 10 to 15% in excess air. 

*Not observed on iorth Dakota li~nites. 

Source: Reference 6 



reduced further by changing the damper positions from 
-the normal to an overfire air conditon. A total 

reduct ion of about 36 pet from 400 ppm to 225 ppm was 
achieved ... 

3. 11 The burner selection appears to influence the ash 
fouling potential as measured by the probe deposit 
rate. The deposit rate is lowest for operation with 
the three bottom burners ... 

4. 11The change in damper posit ions from norma 1 to overf ire 
air conditions does not appear to increase the ash 
fouling potential as measured by the probe deposit 
rate. 11 

5. 11 Chan~es in the burner tilt angle can modify the NUx 
level und a~h foul1na pM.Pnt.fal lJuL vo not chungc the 
relative advantages of burner selection and damper 
posit ion ... 

6. 11The test results on probe deposit rates do not cor­
relate well with the flue gas temperatures obtained by 
HVT, based on the strong relationship between fouling 
rate and temperature observed in previous test programs 
(2). Since the probe weights are corroborated by 
ooservat ions made on the bo il~r, some of the tempera-
ture measurements may be in error. 11 

· 

The study recommended that additional tests be made at other tangentially 
fired powerplants using similar marginally high fouling lignite, and on 
a cyclone type boiler. It was also recommended that secondary overfire air 
and improved burner concepts be tested at the Hoot Lake facility. 

Staged Combustion. In this process, some of the combustion air is 
diverted from the initial combustion zone at the burner and injected into 
the combuston zone farther downflame. The inject ion points are usually 
called 11overfire ports 9 

11 "s idefire ports .. or ·~HOx ports 11 depending upon 
t.hP lncat ion. This mod if icat ion causes the combust ion process to be fuel 
rich initially, and slows combustion in the 1n·ft idl combustion zone. The 
1njet:L iu11 or cool combu~tion air downflr~mP, illlows for complete combustion 
and cools the flue gas below the nitrogen oxi'des format ion temperature of 
33000F more rap idly. This contra 1 method is inexpensive and effective, 
but fire~ide deposits, c:nrrosion. and slagging may create problems in the 
combustjon zone. 

The effectiveness of NOx control by staged combusti·on is highly 
·dependent on the fuel/air stoich1ometry in the burners of the primary 
stage. Studies ·have shown that this technique is capable of reducing NOx 
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emissions from coal-fired utility boilers by as much as 45 percent. The 
extent of NOx reduct ion is 1 imited, however, by poor flame stability, 
convective section fouling, and excessive formation of unburned h~drocar­
bons. Recent studies in wall-firing utility boilers by TVA15,16 have 
shown that severe corrosion of wall tubes may occur in locally reducing 
regions that result from staged combust ion. In add it ion, the number of 
available burners, the limited capacity for varying the fuel rate to 
individual burners, and the availability of overfire air ports for air 
addition above the burners place constraints on the use of staged combus­
tion in retrofit applications. Nevertheless, staged combustion has been 
regarded as the most successful method for NOx control, and overfire air 
systems have been included in the design of new coal-fired boilers to meet 
current NOx emission standards.6 

In addition to limiting the formation of thermally generated 
nitrogen oxides, staged combustion also reduces the conversion of fuel­
bound nitrogen. The mechanism for the conversion is not highly temperature 
sensitive, so a combustion modification which reduces only the bulk gas 
temperature will not greatly limit the conversion. Staged firing, however, 
reduces the available oxygen in the combustion zone near the burner, and is 
effective in limiting the conversion of fuel-bound nitrogen.5 

Biased Firing. Biased firing is an economical method of imple­
menting staged combustion. In this process, the fuel is shut off to one or 
more burners while the air flow is maintained at the same rate. The 
technique can be applied only to multiple burner furnaces and cannot be 
used on stoker fired boilers. The major difficulty in applying this 
procedure is in selecting the best burner to turn off and the best settings 
of excess 02, air register, etc. which will allow satisfactory operation 
at reduced NOx levels without smoke or carbon monoxide formation. In 
some cases, taking burners out of service forces the unit to a lower load 
because the fuel system on the remaining in-service burners cannot handle 
the increased fuel flow necessary to maintain full load. 

With a burner out of service, the total nitrogen oxide emissions· 
have been reduced up to 54 percent. An advantage of this type of combus­
t ion modification is that the boiler efficiency is relatively unaffected. 
However·, f·ireside depos1ts, corrosion and slagging may be a problem.5 

Flue Gas Recirculation. Flue gas .recirculation has been successful 
in reducing the total nitrogen oxides concentration in flue gases by 10 to 
40 percent, especially with pulverized coal boilers. The only effect on 
boiler efficiency is the work required in the recirculation fan. Recircu­
lation of flue gas into the combustion zone reduces the flame temperature, 
and thus the formation of thermal NOx. The lower oxygen concentration in 
the co1111Just ion gases also may reduce the format ion of ·fuel NOx. Flue gas 
recycle to secondary air in pulverized coal boilers has resulted in reduc­
t ions in NOx concentrations of up to 30 percent. The recirculation rate 
corresponding to this reduction was 30 percent. 
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The method or location of injecting the flue· gas is important. 
There are several· methods· for adding flue gas to the burner. It can be 

·mixed with the combustion .. air,. ·or a separate passage can be provided. 

In some boilers, flue gas recirculation may be uneconomical for 
large NOx reouctions. In some cases, capital cost may be high. This 
combustion modification is best applied to large, new boil~rs. 

In general, flue gas recirculation is considered to be less effec­
tive as an NOx control methoo than is LEA firing or staged combustion. 
Furthermore, the hi·gh installation· ·cost of ducti ng and the energy penalty 
(-0.5 percent) .attributed to reci rcul at ion fans make this method rather 
unsuitable for coal-fired boilersJ7 

New Burner Design and Tuneup. Advanced burner design i~ an alter­
nate approach to reducing formation of both thl::'rma.l anc1 fuP.l NOx by means 
of controlled mixing .. of the fuel and air. With modified burner designs, 
the basic NOx control principles ·underlying the staged combustion and GFR 
techniques can be incorporated internally in the furnace design,' thereby 
avoiding some of the· operational·· problems normally associated with the use 
of these techniques in retrofit situations. In the long run improved 
burner design will- probably repl(ice the practice of external combustion 
modifications and ·a·chieve NOx ·levels considerably below that of present­
day burners. 

P. burner, once in operation, must be properly maintained to ensure 
optimum efficiency and low NOx formation. Burner maintenance or tuneup 
consists of adjusting the excess air to the proper level for each load, 
aojusting the burner registers·to give a haro, bright flame and replacing 
worn parts in the burner itself. The major objective in burner tuneup is 
to alter the fuel and air mixing· patterns to provioe as much aerodynamical­
ly staged mixing as possible without additional air injection downflame. 
The 1 ow NOx configuration that one hopes to achieve is a 1 oilg, narrow 
flame where the fuel and air mix gradually over the entire flame length. 
Such flames can be achieved by reducing the swirl of the secondary air and 
by changing the angle at which the fuel is injected into the secondary air 
stream. In the normal operating range of a burner with variable air swirl, 
decreasing the swirl· usually decreases NOx· 

At very high swirl settings, NOx may again decrease ·if the flame 
changes to a widely flaring shape which is more effectively cooled by ·the 
wa.ll s and by entrainment of cooled combustion products from within the 
furnace. 

Improvements in thermal efficiency as well as reduced pollutant 
emissions can be obtained economically by proper maintenance of the burner 
if, for example, the overall exce~s 0~ can be lowered by 'improved fuel/ 
air mixing. New burner designs are ava1lable which advertise low emissions 
as well as versatile operation. 
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Flue.Gas NOx Removal Treatment Processes. Removal of nitrogen 
oxides from boil.er flue gas is considerably more difficult than· preventing 
their formation by combustion modifications. The problems inherent in this 
type of system are that large amounts of gas must be handled, and the NOx 
is present in dilute concentrations. 

Catalytic Reduction Processes. Gases containing small amounts of 
NOx can be reacted with a reducing gas (e.g., ammonia) in the presence of 
a catalyst. Because S02 in the combustion gas tends to poison the catalyst 
S02 must be removed by other means before the gas contacts the catalyst. 
Catalytic reduction is the most effective process for removing NOx; 
however, catalyst regeneration costs are prohibitive. 

Absorption Processes. Absorption processes for the simultaneous 
removal of NOx and S02, oxidation/reduction processes and reduction 
processes, have been developed by the Japanese. In the oxidation/reduction 
process, NO is oxidized to N02 by ozone or chlorine dioxide (Cl02) in 
the gas phase and absorbed in a sodium· sulfite solution or a lime/limestone 
slurry, containing a catalyst. The reduction process uses a sulfite solu­
tion containing EDTA (ethylene diamine· tetracetic .acid) and a ferrous 
compound to absorb NOx from the flue.gas. Each system progresses through 
a variety of complex reactions to produce by-products such as N2, NH3, 
gypsum or any one of a number of sulfur or nitrogen containing salts. 
Removal efficiencies have been reported up to 80 percent for NOx removal 
and 98 percent for so2 • 

. The major problem with the oxidation/reduction process is the high 
cost of ozone. Chlorine dioxide is cheaper, but the.chlorihe complicates 
the process. The major problem of the reduction process is the high liquid 
to gas ratio and the large scrubber required for absorption •.. In general, 
these processes are still developmental and have not yet been shown to be 
economically feasible~ 

3.5.1.3.2 Solid Wastes and Sludges 

The major solid waste problem from coal combustion results from fly 
ash collected in particulate control devices and bottom ash or slag. Solid 

·waste also results from dry scrubber systems used for sulfur dioxide 
remova 1. Sludge from wet scrubber systems can be a s i gni fi cant di sposa 1 
problem • 

. o·i sposal of Ash and Dry Scrubber Waste 

. Disposal of solid waste by landfill (the time-honored method) 
involves potential pollution of surface and subsurface water. Leach:ing 
tests on ash samples from existing power plants suggest that runoff and 

-359-



seepage from ash dumps may exceed established water quality criteria with 
respect to concentrations of various chemical species, including toxic 
trace elements. Other problems associated with disposal by landfill are 
structural instability, wind erosion, and the unsightliness of the ash 
pile. However, these wastes are not classified as 11 hazardous 11 under the 
latest version of the Resource Conservation and Recovery Act, and are not 
regulated by any federal agency. The EPA is currently reviewing these 
wastes and is expected to establish a policy for them in the near future. 
Inaividual states may have regulations covering these wastes, independent 
of feaeral law. 

Leaching by percolation of rain, melted snow, or surface runoff 
represents the greatest poll uti on threat posed by the dumps. In fact, it 
is a threat wherever ashes are exposed to rain or surface.water. However, 
ash that is haulea away and put to use in embankments, road and base 
construction, ana the like (where it is spread or mixed with soil, sand, 
gravel, and/or stabilized oy cementitious reactions) will yield a leachate 
that is more readily attenuatea by the underlying or adjoining soil. 
Moreover, in such application, the elements being leached will probably be 
exhausted in some reasonably short time. 

The leachability of a given species in the ash will be determined 
largely by its solubility. The resulting solution is usually alkaline due 
to the effect of free 1 ime, although some ashes, especially from eastern 
coals, produce acidic leachates. These acidic liquors often exceed stream 
criteria with respect to sulfate, total iron, zinc, lead, cadmium, and 
manganese, but they are usually acceptable with respect to copper.ll 

There are two primary methods for prevention or reduction of 
groundwater contamination: {1) exclusion or diversion of all or part of 
the surface flow and subsurface water, and {2) maintenance of a suitable 
system of subsurface ana trench drains.l2 For protection of ash dumps 
from erosion and liquefaction, the main control methods are: {1) properly 
designed arainage and filter system to ensure tine material 1s not carried 
off, (2) suitaole vegetative cover and slope protect1on, and {3) good 
compacting for wastewater control.lB 

Reclamation has not been practicea much in the past, but with 
increasing concern for the environment greater care will have to be given 
to site selection; management of the landfill, including monitoring tor 
potential water pollution; and functional ana aesthetic restoration of the 
aump after it is tilled. 

Ash aoes not readily support plant growth. This is due partly to 
'lack of the necessary nutr1ents {a need that can be supplied by application 
of fertilizers) and partly to the presence of inhibiting elements such as 
boron. Yet natural colonization of an ash surface by vegetation often 
takes place. The first plant to appear is usually a moss, which can cover 
a moist ash surface within six months and which effectively binds together 
the ash particles to inhibit erosion. A common weed is usually the next. 
colonizer to appear, and this can be followed by a range of other plants.l9 
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A variety of trees (alder, honey, locust, spruce, poplar and 
willow) are tolerant to ash conditions, but their growth is not suffi­
ciently vigorous to sustain conmercial timber production. A number of 
shrubs can also be grown on ashes. Thus it should be possible to landscape 
an ash disposal site with these tolerant species. 

Several other methods of disposal have been examined. Direct 
deposition of ashes in underground mines is a possible disposal option. 
Filling of deep mines with J~owerplant ash has been used as a mine subsi­
dence prevent ion technique.Zl The feasibility of this approach is cur­
rently being investigated by the Bureau of Mines for disposal of lime/ 
limestone scrubber sludges. 

Another possible method of ash disposal would be the utilization of 
ashes in the rehabi 1 it at ion of areas which have been destroyed by strip 
mining, quarrying, and the like. It has been suggested that in these cases 
the cost of ash disposal could be shared by the utilities, mining com­
panies, land developers, and local governments. 18 

Ash Utilization 

Commercial use of ashes is an attractive alternative to disposal by 
dumping or landfill. First, it represents a means of alleviating the 
ecological impact resulting from disposal of ashes in lagoons or land 
sites. Second, to the extent that the ashes are sold or given away to be 
put to some practical use, it reduces disposal costs. Third, there are 
technical as well as economic advantages to the user who utilizes ash as a 
raw material, e.g., for structural compositions, pavings, etc. 

The construction industry currently consumes the largest amount of 
fly ash. Table 3.5.1.26 shows the conmercial utilization of fly ash in 
1975. Other markets are presently being added and developed. The major 
areas of use are: 

., 

• Concrete and cement 

• Aggregates for lightweight concrete 

• Time- and cement-stabilized fly ash pavements 

• Asphalt pavements 

• Road f i 11 

• Slag as anti-agent 

• Sand-blasting grit 

• Load-bearing fill 

· • Brick 
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Table _3.5.1..26 

Commercial Utilization of Ash in the U.S. in 1975a 
( Ki 1 otons) 

Use Fly Ash Bottom Ash 

Type 1-P Cement 225 70 

Partial Substitute for 
Cement 945 

Lightweight Aggregate 90 35 . . . . . 

Stabilization & Roads 450 525 

filler in Asphalt Mix 135 

Ice Control 280 

Blast Grit & Roof Granules 420 

Misc. 180 350 

Ash Removal at no Cost to 
Utilityb 1,080 875 

Ash Utilizedb from Disposal 
Sites 1,395 945 

1975 Total Utilized 4,500 3,500 

Boiler Slag 

36 

72 

54 

864 

414 

270 

90 

1,800 

a Compiled by the National Ash Association and Edison Electric Institute. 

b Specific end use not known. 

Source: Reference 6 
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Other potential uses of fly ash or bottom slag include: 

• Agricultural soil amendment 

1 Component of grout 

1 Production of mineral wood 

1 Filler or extender in a variety of materials 

1 Extinguishing burnin~ spoil piles 

1 Source of chemicals (sulfur, alumina, iron oxide, 
etc.) 

Researchers at the University of North Dakota in Grand Forks have 
examined the suitability of us.ing 1 ignite and subbituminous fly ash in a 
variety of applications.35 Mixtures of 25 percent ash and 75 percent 
clay have produced excellent extruded brick. Although the lignite fly 
ashes investigated display pozzolanic properties (cementitious behavior in 
the presence of water and 1 ime), there is considerable variation in the 
chemical and physical compositon of the various samples examined. Further, 
none of the fly ashes comply with the present ASTM specification of Fly Ash 
and Raw or Calcined Natural Pozzolans for Use in Portland Cement Concrete. 
However, excellent results have been obtained by various researchers when 
fly ashes with similar properties (to those tested at the University of 
North Dakota) were used to replace part of the cement in concrete. Since 
1970 there has been a concerted effort to have lignite and subbituminous 
fly ash accepted by ASTM for use in portland cement concrete. Supporting 
data have been gathered from many sources, including the University of 
North Dakota, in the form of chemical ~nd physical specifications. For 
ashes which do not meet the ASTM code, performance data have been submitted 
which show lignite fly ashes producing higher compressive strengths in many 
cases than did specification bituminous fly ash. Specific information 
regarding the physical morphology of 'the fly ash, its chemical properties· 
and quantative performance as a concrete additive is available in reference 
35. . 

Wet Scrubber Sludge 

Several throwaway flue gas desulfurization (FGD) processes generate 
solid wastes containing varying amounts of calcium sulfate (CaS04), 
calcium sulfite (CaS03), fly ash {up to 70 percent dry weight), scrubbing 
liquor (typically 30 to 60 percent), and a small amount of unreacted lime 
or 1 imestone. The phys ica 1 characteristics of this sludge can vary· a great 
dea 1. Some sludges in the form of a slurry q.n be disposed of in. a pond. 
Others appear to be a dry so 1 id, but after a rain storm or upon shaking, 
these sludges can become fluid. Because of this, sludges from lime and 
1 imestone scrubbing systems must be stabi 1 ized or "fixed" to give ·them. 
good, lon~-term mechanical properties and to improve their resistance to 
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chemical leaching. Several metho_ds have been developed to eliminate the 
physical proolems encountered with these sludges. 

The lime/limestone slurries withdrawn from the reaction tank 
usuaily have a solids content of about 10 percent. In some cases they are 
pumped directly ·to the settling pond, but usually they are routed to a 
clarifier for preliminary dewatering. This not only reduces the acreage 
requirea for the pond, but can also increase the solids content of the 
slurry to a point where chemical treatment is practical. Flocculants are 
sometimes added to increase the rate of settling and decrease the size of 
the clarifier, but they ao not significantly increase the solids content of 
the unaerflow.22 In a number of more recent FGD installations, the 
clarifier underflow is further dewatered by centrifugation or vacuum 
filtration to facilitate chemical stabilization. 

There are two principal methods of chemical treatment of FGO 
wa~tes, o:t.idCI.tion to gypsum and flxdtiun. 0)1,'ii:J~·tion to g.vpsum has been 
very useful in Japan because gypsum is marketable there. In the United 
States however, very little attention has been given to this process 
because a market does not exist. It does appear tttdt it may become cost 
effective as an approach to an environmentally acceptable method of dispo­
sal. 

The fixation processes operate in different ways, utilizing fly 
ash~ lime, silicates, and/or polyvalent metal ions to form low grade 
concretes. In general, the objective is to solidify the sludges by pro­
moting pozzolanic ana other cementitious reactions between lime compounds 
in the aaaitives, alumina/silica in the fly ash, ana calcium-sulfur com­
pounds in the sluage. The sludge in its final form will have low perme­
aoility ana gooa mechanical properties, and will not degrade with time. 

The primary methoas of sludge ai sposal are simi.l ar to those for fly 
ash. The first option is ponaing. Sludge in the form of slurry or nearly 
ary solias can be sent to lined disposal ponds to contain the leachate and 
allow the solias to settle while the water evaporates. Experience shows, 
however, that this methoa results in ponds that appear dry~ but may at any 
time liquefy ana behave like quicksand. The solids d9 not compact them­
selves, leaving a hazara that must be monitored indefinitely.5 

Sludges can also be dewatered and sent to a landfill. However, the 
sludges can exhibit thixotropic properties within the landfill as well, and 
in wet conditions they can form a mud or s1urry with poor mechan1cd1 
properties. Soluble matter in the sludge also can be leached from the 
1 and fill. 

Physical stabilization is the third option. Dewatered sludge may 
be mixed with a dry material such as fly ash and transported to a landfill. 
This process brings the sludge to a state where it is non-thixotropic and 
nonplastic; but due to a nonrigid matrix these properties can return if 
water infiltrates the landfill. ·Leaching llldY still be a problem in this 
system. 
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Other possible options include disposal in undergorund mines or 
possibly ocean disposal after the wastes are treated. The alternatives are 
presently under investigation by EPA.6 

There are a number of possible beneficial uses of FGD wastes. The 
~se of lime/limestone wastes as a filler material and source of sulfur is 
being investigated by TVA.23 The use of natural gypsum as a calcium 
source for peanuts and soybeans has been well established. Use as an 
ingredient in road-base and paving materials, art if ici a 1 aggregates and 
1 ightweight concretes is being investigated. Use in cement manufacture 
and conversion of wa·stes to elemental sulfur are also being evaluated. 

\ 

Major deterrents to uti 1 iz at ion of 1 ime/1 imestone scrubber wastes 
are their variable physical and chemical properties, h-igh transportation 
costs, dewatering requirements for many app 1 i cat ions, and their inability 
to compete economically with other materials. Although some applications 
appear to be technically and economically feasible, the potential usage is 
so limited that only a small fraction of the expected sludge production 
could be marketed. At least for the near term, disposal of wastes by 
pending or landfill will continue to be the major alternatives.24 

3.5. 1.3.3 Wastewater Effluents 

Liquid effluents may be broken down into three categories: 

• Slowdown and equipment-cleaning waste 

• Solids-handling water 

• Coal-cleaning effluents 

Table 3.5. 1.27 provides a general breakdown of wastewater sources by class~ 
A Most facilities recycle wastewater streams using the cleanest stream in 

areas requiring relatively clean makeup and the dirtiest streams in the 
ash transport recycle system. 

Cooling towers accumulate mineral deposits due to evaporation and 
the addition of corrosion. inhibitors. ·It is tln:!refore necessary to dis­
charge, either continuously or intermittently, a fraction of the circu l a-

. ting water (usually in th~ range of 0.3 to 1.0 perc~nt of the flow). This 
blowdown contai~~ high concentrations of suspended and dissolved solids and 
sometimes significant amounts of residual chlorine. It may also contain 
chromium, zinc, phosphate, or other corrosion inhibitors and biocides in 
excess of effluent standards. A recent study shows the best treatment 
(technically and economically) of the blowdown to be lime-soda softening 
(or related chemical precipitation).25 The water can then be reused as 
cooling tower makeup (since makeup water generally requires pretreatment 
by softening anyway), reused as scrubber makeup or discharged. Boiler 
blowdown contains mainly a high level of solids and can be similarly 
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Table 3.5.1.27 

Classes of Various Waste Water Sources 

Cla'ss 

High Volume 

Inter~diate Volume 

Low Volume 

Rainfall Runoff 

Source: Reference 6 

Source 

Nonrecirculating main condenser cooling w~_ter 

Nonrecirculating house service water 
Slowdown from recirculating main cooling 
water system 

Nonrecirculating ash sluicing systems 
Nonrecirculatfng wet-scrubber air po1lution 
cunLt'ol s.ystems · 

Clarifier water treatment 
Softening .water treatment 
Evaporator water treatment 
Ion exchange waL~r· tr-eatment 
Reverse osmosis water treatment 
Condensate treatment 
Boiler blowdown 
Boiler tube eleaning 
Boiler fireside cl~aning 
Air preheater cle~nin~ 
Stack cleaning 
Miscellaneo~s equipment cleaning 
Recirculating ash sluicing systems 
Recirculating wet-scrubber air pollution 
control systems 

Intake screen backwash 
Laboratory and s;ampl ing streams 
Cooling tower basih cleaning 
Rad wastes 
Sanitary system 
Recirculating house service water 
Floor·qrainage 
Mi sce11 aneo.us streams 

Coal ~ile drainage 
Yard and roof drainage 
Constru~tinn activi~ies 
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treated. Cooling tower and boiler blowdown are also often used for ash 
sluicing water, and then evaporated. However, reusing this sluicing water 
is more economical. 

Future environmental regulations are 1 i kely to have a significant 
impact on wastewater disposal systems. The main problems with ash pond 
effluents are suspended solids and trace elements. It is likely that ash 
pona effluents. will have to be recycled or reusea in other ways to meet the 
EPA tiATEA req.uirements of 1~83.6 

3.5~1.3.4 Fugitive Emissions 

·Fugitive air emi.ssions consist of gaseous ana particulate pollu­
tants which are released in small quantities from the plant in general, and 
not from specific uniform openings within the plant. Most fugitive dust 
emissions generated from. the hanaling of fine, dry ash can be controlled by 
the use of enclosures to contain the dust or by water sprays to collect 
and/or·agglomerate the fine particles. Fugitive emissions from the land­
fill area can be controlled by water sprays to hold down dust, or by 
spraying the surface with chemic~ls to form a. coating which resists wind 
erosion. Other methods include covering the si.te with a daily earth cover, 
revegetating the area, or using shrubs and other. plants as windbreaks. 

Fugitive liquid emissions arise from leaks around pumps, piping, 
and other process equipment. In addition, ponds and spills in and around 
the plant can allow liquid to migrate into the groundwater. Ash quench 
water or transport water can be effectively contained in the ash pond by 
lining the pond with any one of a number of. plastic liners, clay liners or 
other. bulk materials such as asphalt or concrete. Leaks from process 
equipment can be controlled by good maintenance practices or by collecting 
ana recycling the effluent.5 
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3.5. 1.4 Effects of Low-Rank Coal Properties 

The unique properties of low-rank coal influence all aspects of the 
direct combustion process from milling to firing to environmental control. 

These effects are discussed, where relevant, throughout the preced­
ing and following sections on direct combustion and ECT. In this section, 
an attempt is made to summarize the major points through a short discussion 
of the various effects of each 11 unique property .. in turn. Unless otherwise 
noted, the comments below refer to pulverized coal-fired steam generators. 

High Sodium Content 

The high sodium content which is characteristic of some low-rank 
coals (particularly North Dakota lignites) has ~everal important effects on 
the performance of boilers and environmental control systems. The most 
notable effect is the severe ash fouling of heat transfer surfaces that 
occurs with high-sodium coals. As discussed in detail in Section 3.5. 1. 1, 
high-sodium ash fouling d~pos its have a cant inuous melt phase that envelops 
and connects particles into a strongly bonded network. 1,2 Design and 
operating modifications gracticed with high-fouling low-rank coals in 
effect derate the boiler.3 High calcium and magnesium levels present in 
some low-rank coals tend to suppress the fouling somewhat; this finding has 
led to some experimentation with the use of additives~4 

High sodium content tends to reduce the high resistivity of low­
rank coal fly ash, which aids collection in electrostatic precipitators. 
However, there is a tendency for this high sod.ium fly ash to cake in the 
hoppers.~ In some cases, add it ion of sma 11 amounts of sodium as a fly 
ash conditioning agent can improve ESP performance without causing a large 
enough increase in sodium content to affect fouling. 

High-sodium coals tend to produce a very fine particulate fraction 
rich in sodium sulfate, which is of concern because of the increasing 
attention being paid to control of the fine particle emissions. 

The possibility of leaching of sodium salts from ash disposal 
sites is another area of concern in which data are lacking and regulatory 
scrutiny is increasing. 

High • sodium content in fly ash can cause undesirable react ions 
when the fly ash is utilized as an additive in portland cement concrete.B 

Alkaline Ash 

Low-rank coal ash is typic·ally high in the alkali constituents 
calcium, magnesium, sodium, and potassium. One effect of this high al­
kalinity is that partial removal of S02 occurs by retention on the fly 
ash in a pc-fired boiler. Field studies have shown that sodium is the 
alkali constituent that has the greatest effect on S02 emiited from 
lignite-fired boilers. 12 
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The ash alkali wet scrubbing process makes considerably better 
utilization of the alkali in low-rank coal fly ashes. In this process, 
alkali compounds are leached out of.the fly ash to be used as sorbent in 
lieu of lime or limestone. Nearly 2600 MW of generating capac·ity utilize 
fly ash, or fly ash supplemented with lime or limestone, in wet scrubber 
systems. 13 

The problems mentioned above with regard to sodium content and its 
effects on fly ash disposal or utilization also apply to alkaline ash in a 
genera 1 sense. 

Low Heating Value 

The 1 ow heating va i ue of 1 ow- rank coa 1 s s i gni fi cant ly .increases the 
quantity of fuel required for pulverization and .burning for a given steam 
or electric power production rate. 'lhe number and size of the mill!i must 
be larger to handle the .desired throughput.3 The size of the furnace must 
also be larger than for .higtter rank coals to maintdin the same energy 
output.6 In addition, e~sentially all ancillary process equipment (stack 
gas handling and cleaning, ash handling and disposal, etc.) must be sized 
for the larger volumes of their respective streams. Conversely, in cases 
where boilers are converted from high-rank coal to low-rank coal firi.ng, 
significant derating of output is usually required. 

High Moisture Content 

The high moisture content of low-rank coals necessitates a high 
primary air temperature for drying in the mills for pulverization. It also 
1 i mits the throughput to the pulverizer depending on the capacity of the 
hot air source. Excessive surface moisture will also tend to impede the 
co a 1 flow in conveyor systems, bins and feeders. 6 In northern regions 
with severe winter weather, high moisture cont~nt can cause freezing 
(tha.wing) problems in coal delivery, storage, and handling systems. 

Grindability 

The low grindability of low-rank coal causes the need for the 
capacity of the mills to be increased to meet sizing requirements for 
pulverized coal.3 Modification of the standard Hardgrove grindability 
test has been ·required to obtain more reliable data· on high moisture coals. 
Increased slagging at the Leland Olds Power Station was attributed to the 
1 ow gri ndabil ity of their 1 i gnite.7 

Silica Content 

Hfgh silica content in coal (typical of Texas lignites) can cause 
or aggravate a number of problems. High-silica ash is very abrasive and 
can c~use·erosion of coal feeding syste~s and burners. At the Monticello 
Power Plant in Texas, high silica ash has caused rapid deterioration of 
baghouse fabric filters. When high silica content is coupled with high 
sodium levels, massive deposits can form on heat transfer surfaces.9 The 
silica content also has a strong influence on the viscosity of the slag. 

-374-



. Reactivity 

The degree of reactivity (for combustion). in coals can be explained 
in part by the level of .organically bound oxygen. Low-rank coals have 
significantly more oxygen than coals of higher rank. As the coal is ·heated 
during combustion, dissociation of this oxygen from the organic matrix 
occurs, leaving reactive sites for combustion. Due to the greater number 

.of such active sites in low-rank coals (because of the higher oxygen 
content), they do not require the same degree of fineness as bituminous 
coals to insure complete combustion in pulverized coal systems.3 However, 
the high reactivity of low-rank coals also requires special handling and 
precautions to avoid oxidation or spontaneous combustion in coal delivery, 
storage, and handling operations at the plant. 

Agglomerating Properties 

Low-rank coals do not go through a softening_ and melting stage when 
heated and hence do not tend to agglomerate into molten masses. As such, 
th~ same degree of fineness is not required to assure burnout compared to 
the bituminous coals since particle surface area will not tend to increase 
due to agglomeration.6 

High Ash Resistivity 

A major problem encountered in electrostatic precipitation of 
particulate matter from some low-sulfur western coals is the inherent high 
ash resistivity. Collection efficiencies are drastically reduced compared 
to collection of higher sulfur coal ash. Conversely, ESP's must be sized 

.with much larger specific collecting areas and/or located on the 11 hot side 11 

of the air preheater in low-rank coal-fired plants, or use additives. 

Low Sulfur Content 

The 1971 NSPS allowed combustion of some low-rank coals with no 
S02 control systems due to their low sulfur content. New (June 1979) 
standards now require a minimum of 70 percent removal, forcing the appli­
cation of control devices. 11 The low sulfur content also is a major 
cause of the low fly ash resistivity hindering ESP performance as dis-
cussed above. · 

Low sulfur content combined with the high ash alkalinity of low­
rank coals presents unique opportunities for S02 removal in both pc and FBC 
systems with minimal or no addition of makeup sorbents such as limestone. 
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3.5.1.5 Current Status 

The primary use for 1 ignite and subbitumi nous coal in the United 
States today is for e 1 ect ric power generation. Lists of the existing and 
planned generating facilities utilizing low-rank coal are given in Tables 
3.5.1.28 through 3.5.1.32. All lignite-fired power plants at this time are 
found in Texas and Fort Union Region. Most of these are minemouth facili­
ties. Subbituminous coal-fired generating stations are scattered through 
the midwest and western United States. 

A condensed breakdown of plant location versus operating character­
istics is shown in Table 3.5.1.33. In all regions, pulverized coal-fired 
furnaces dominate utility choice both in presently operating plants and 
those planned or under construction. Most stoker furnaces are old and 
operate at low power levels~ There are some cyclone furnaces in the 
midwest and Fort Union area but NSPS for NQx is discouraging further 
development. The major method employed for SOx control at the present 
time is limestone wet scrubbing, although ash alkali wet scrubbing is 
utilized in a few Fort Union Region and midwestern plants. Several dry 
scrubbing systems are planned for new utility boilers. Particulate control 
in the immediate future will continue to be dominated by electrostatic 
precipitators although a significant number of baghouses have been planned 
for new facilities. 

Industrial use of low-rank coal at the present time is very limit­
ed. Lignite applications are largely limited to process steam genera­
tion.23 Alcoa Aluminum uses three tangentially fired boilers at their 
Sandow plant in Rockdale, Texas. The American Crystal Sugar Company 
utilizes stoker furnaces in five of its six locations (four of the five 
located in North Dakota, one in California). The subbituminous coals have 
wider applications although total tonnage as compared to electrical genera­
tion is still small. Some cement, glass and metal industries can utilize 
subbituminous coal, as can industries requiring process steam. 

Several industries in Texas are planning expansions to utilize lig­
nite reserves in the state.l5 Other industries plan on shipping other 
western coals to the state for use. Most of the industries will utilize 
the fuel for process steam generation in petrochemical plants. Some 
smaller companies are investigating the uses of western coals and lignite 
in brick, cement, and 1 ime kilns. Activated carbon is currently made from 
lignite at several Texas locations. Texas has traditionally been a "natu­
ral gas state," and only recently has lignite been considered for indus­
trial uses. 

A number of foreign generating facilities utilize low rank coals. 
Table 3.5.1.34 1 ists some of those in commercial operation using conven­
tional combustion, 
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Lewh ' Clark 

Hoot Lake 

Ortonvi 11e _ 

Moorhead 

Beulah 

Heskett 

1 
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1 

2 

Loc;atiOII 

Si:lnev. MT 

Fer;~ us Fa 11 s ,MN 

Fergus Fa 11 s ,MN 

FeJ'"!IUS Fa11s,I'IN 

Ortxmvi 11 e, ~N 

Ort:onv: 11 e, MN 

Mo•Jrhea.d, MN 

Beulah. N.D. 

Hor.dan. N.D. 

-
·-

Table 3.5.1.28 

Lignit~-Fired-Electt !c Power Plants in the Fort UJion·Region Page 1 of 3 

Start- Size 
OWner Up (MW) Fuel Furnace Type Transpc:r~ Method "Environmental Controls 

-

Nontana-Dakata 1958 50 Lignite Tangential BN RR Mech. Dust Collector, Tall Stac~ 
Utility Co. Flooded Disc Scrubber 

Otter Tail Power 19~9 7"5 Lig. (N.D.) Stoker BN RR ESP 

Gtter Tai 1 .Power 1959 66 Lig. (N.D.) Tangential, P.C. BN RR ESP 
' . Ctter Tail Power !972 79 Li9. P.ulverized Coal BN RR ESP 

Ctter Tail Power Jld 15 Lig. (N.D.) Stoker ~i lw. RR: ESP 

Ctter Tai 1 Power 5-1972 21 . Lig. (N.Q.) Spread-Stoker ESP 

~orhead Public 
Service Dept. 1969 25 Lig. (N.D.) Stoker BN RR Mech.·Dust Collector, ESP, 250 Ft. 

Stack 
i 

!Montana-Dakota 
IMinemoJth Utility Co. 1949 13.5. Lig. (N.D.) Staker Mech. Dust Collector 

llontana-Dakota 
!Minemoutll, BN Utility Co. 1963 lDO LiCJ. (N.D.) Stoker RR. · Mech. Dust Collector, ESP 

300 ft. Stacks 



.Table 3.5.1.28 

Lignite-Fired Electric Power Plants in the Fort Union Regio'!_ 
.. Pa{le. 2. of 3 

Start- Size 
Station Lotation Owner Up (MW) Fuel Furnace Type Transport Method Environmental Controls 

Leland:' 01 ds 1 Stanton, N.D. Basin E'iec. Power 
Coop. 1966 215.7 Lignite (NO Horizon. Opp. Minemouth ESP 

2 Stanton, N.D. Basin E",ec. Power 
Coop. 1975 . 440 Lignite (NO Cyclone ESP 

W.J .. Ileal Velva, N.D. Basin E'ec. Power 
Coop. 1960 38.5 Lignite (NO .Tangenti a 1 ESP 

F.P. llood Grand Forks, N.D. ~innkotc. Power 
Coop. 1950 21.5 LiQnite (NO Stoker . RR Dust Collector 

M.R. Youno 1 Center, N.D. ~i nnko t<a Power 
Coop. 1970 234.6 LiQnite (NO Cyclone Tr.uck ESP, Ash Alkali and Limestone Scrubber 

2 Center, N.D. ·· ~innkotc. Power 
Spray tower 

Coop. 1977 435 Lignite (NO ·Cyclone ESP, Ash Alkali ,and Limestone Scrubber 
Spray tower 

Stanton Stanton, N.D. ~nited Power Assoc 1966 172.0 Lignite (NO Front BN RR Unit 
Train ESP 

Acme Sheridan, WY ~ntana-Dakota 
· utn i tl' co .. Old 8.0 Lignite Stoker (,To Be Closed) .. 

Ante-lope Valley 1· Bismarck, N.D. ~asin E'iec. Power 4-1982 440 Lignite Tangential, P.C. Mi nemoutll · Dry S02 Scrubber and B_aghouse 

' 2 Bismarck, N.D. Basin Elec. Power 11-1983 440 Lignite Tangential, P.C. . Dry so
2

.Scrubber and Baghouse 

Coyote Bealuh, N.D. Montana-Dakota 
Utility Co. 5-1981 410 Lignite Cyclone TK; Minemouth Dry Scrubber, Baghouse 

-
Montana Power Co: 



I 
w 
(X) 
0 
I 

Station Location Olmer 

Big Ston~ Milbi:nk, S.D._ -Montana-Dakota 
Utility Co. 

Coal Creek 1 Undel'llood, N.D. IJGiited Power 
~soc. 

2 Undel'lloocl, N;D. 'tited Power 
soc. 

Sources: R_eferenc2S ;, 8, 12; 13, 16 ·and 23 

Table 3.5.1.28 
·.Page 3 of 3 

Licnite-Fired Electric Power Plants in the Fort Urion Regic·n-

!tart- Size 
Up MW ( ) Fuel T Furnace 1ype 1 ranspor ·o . t ~th d E • nv1 ronmenta 1 c t 1 on ro s 

' l 
5-1S7'5 428 Lignite Cyclone ESP 

I 
I 

i'-l!l'j9 550 lignite Pulverized Coal Conveyor Spray Tower - ash, baghouse 

11-1900 550 Lignite Pulverized Coal Conveyor Alkali and Lime, baghouse 

' 

I 



I 
w 
(Xo 

I 
i 
l 

i 

I 
I 

I 
I 
I 
i 
I 

I 

i 
I 

I 

Station 

Ch.blla 

Four Corners 

Navajo 

Osage 

Tri State 

Apache 

Coronado 

Location 

1 Joseph City, AZ 

2 

1 Fruitland, N.M. 

2 Fruitland, N.H. 

3 Fruitland, N.M. 

4 Fruitland, N.M. 

5 Fruitland, N.M. 

1 Page, AZ 

2 Pa11e, AZ 

3 Page, AZ 

1 Osage, WY 

3 Cochise, AZ 

3 Cochise, AZ 

1 St.Johns ,Al 

:! St .. Johns ,AZ 

J St.Johns,AZ 

Table 3.5.1.29 
1 of 3 

Subbituminous Coal-Fired Electric Power Plants in the Western Region 

Start- Size 
Owner Un IMW) Fuel Furnace Tvoe 7ransoort Method En vi :J:ontrols. 

I 

1AZ Pub I i c Ser_vi ce Exist. 116 Sub. (N.M.) IPul verized Coa 1 RR, Truck Wet Scrubber_ COllector 
Co. 

Exist. 235 ·Sub. (N.M.) Pulverized Coal RR, Truck Wet Scrubber Collector 

fu Pub 11 c Service 
Co. 

Exist. 175 Sub. (N.M.) Pulverized Coal MineiiDuth,RR,TK Wet Scrubbers and ESP, Ash Alkali 

Exist. 177 ·Sub. (N.M.) Pulverized Coal MineiiDuth,RR,TK wet Scrubbers and ESP, Ash A1kali 
So.Ca.Edison 
P.S. of N.M. Exist. 220 Sub. (N.M.) Pulverized Coa 1 ·MineiiDuth,RR,TK Wet Scrubbers and ESP, Ash Alkali 
El Paso Elec. Exist. 800 Sub. (N;H.) Pu 1 verized Coa 1 ,Mi~eiiDuth,RR,TK Wet Scrubbers and ESP 
Tucson Gas & Elec Exist. 800 Sub. (N.H.) Pulverized Coal 

: 
Hi neiiDuth, RR, TK' . Wet Scrubbers and ESP 

Salt River Proj. Exist. 750 Sub. (AZ.) Pulverized Coa 1 RR, Truck ESP, no so2 
Salt River Proj. Exist. 750 Sub. (AZ.) Pu 1 veri zed Coa 1 RR, Truck ESP, no so2 
Salt R·:ver Proj. Exist. 750 Sub. (AZ.) Pulverized Coa 1 RR, Truck ESP, no S02 

Black Hills Power 
. & Li girt 6-1985 100 Sub • (WY .) Stoker BN,. RR ESP 

7-1988 350 Sub. RR 

AZ. El~. Power 
Corp. 1-1979 175 Sub. (N.M.) Pulverized Coal RR, Truck ESP 

4-1979 175 Sub. (N.H.) Puherized Coal RR·, Truck ESP 

Salt Ri 111r Proj. 6-1979 350 Sub. (N.H.) Riley-Stoker Turb( -RR. ESP,Pullman-Kellogg Scrubber 
Salt River Proj: 4-1980 350 Sub. (UTAH) Riley-Stoker Turbr RR ESP,Pullman-Kelloqg Scrubber 
Sa 1t R1 ver Prtij . 1986 350 Sub. (UTAH) Riley-Stoker Turbl RR ESP, or Baghouse 
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00 
N 
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'l 
I 
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' ; 
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Station 

Cholla 

Sprinaerville 

Dave Johns tan 

Val mont 

Arapahoe 

Clark 

R.D. Nixon 

Martin Drake 

Nucla 

3 

4 

.1 

2 

1 

2. 

3 

4 

1 

3 

r 
2 

1 

2 

3 

Table 3.5.1.29 

Subbitun;incus Coal-Fired Electric Power Plants in .the .Western Region Page 2 of 3 

Location 

:Jose~'h City, A2 

Joses:-h City, A'l 

Sprinqerville.~Z 

Sprii•gerville,AZ 

Gleroroclc, ·WY 

Glen roc~ , WY 

Glenroc~. WY 

Glerroct, WY 

Boil llder, CO 

Derr•er, CO 

Deruoer, CO 

-CaR)·on :ity, 00 

Olmer 

~Z ?ublic Service 
Co. · 

ucsan Gas & Elec. 

Start­
Up 

~1580 

-1~81 

H985 

. ~-1!187 

Pacific Power & 
Light Co .• . -1972 

'Patific P&L Co. 

!Pacific. P&L Co.· 

IPaci fie P&L Co. 
I 

Public ·service of 
Colorado 1-1971 

PuJl ic Service of 
CJlorado 9-1973 ,, 

Public Service of; 
C-Jlorado 5-.1979 

. o•Jthern ·co.Power 8.-1978 

CaR)·on :i ty ,. CoO ·· O•Jthern Co.Power 0=-1978 

fOLB"otai 1, '·CO.· ; ity of Colorado 
Springs tate 197 

Colora6o Sprimgs; ity of Colorado 
co ~prings 9-1978 

Nucla, •CO. Co. U1lE Elc. Assot 12-1973 

Nuda, •CO. :C•. UTI· El c .. As soc 2-1974 

Nuda, CO. :0. UTE Elc. Assoc 5-1974 

Size 
(MW) 

242 

347 

330 

330 

330 

330 

. 330 

330 

118 

112 

44 

16.5 

22 

200 

85 

13 

13 

·13 

Fuel Furnace Type Transport olethc·d Environmental Controls 

~ub. (N.H.) u 1 veri zed Co a 1 FR 
~ub. (N.H.) Pulverized Coal FR 

~ub. (N.H.) Pulverized Coal ·IP.R Dry Baghouse for Particulate 

~ub. (N.H.) ulverized Coal ~R -Dry Scrubber for so2 

· ~ub. (WY) P.C., Tangential ruck ESP 

fSub. .(WY) P.C., Tangential ·ruck ESP 

~ub~ (WY) .P.C., Tangential. ruCk ESP 

·rsub·. (WY) - P.C., Tangential .~ruck Venturi Scrubber, Ash Alkali 

' 
~nion Pecific RR Mechanical Separ. ESP, 

'~ub. (CO,WY) ulverized Coal . and True.( Limestone Scrubber 

L .. ~ub. (CO) ulverized Coal Mechanical·Collector;· ESP, Scrubber 

ub. Pulverized Coal .Baghouse 

I 
Sub. toler Baghouse· 

toter " Baghouse .·.· 

ub. Pu l.verized Coa 1 Baghouse 

ub. l'ulverized Coal . Baghouse 

ub. 11toker Baghouse 

ub. taker _Baghouse 

ub. toker Baghouse 

! 

I 



I 
w 
(X) 
w 
I 

Station location 

Colstrip Station 1 Colstrip, MT 

2 

laramie River 1 Wheatline, WY 

2 Wheat11ne, WY 

3 Wheatl i ne; WY 

' 

Owner 

Table 3.5.1.29 

~ubbituminous Coal-Fired Electric Power Plants.in the Western Region 
Start- s;ze· 

Up (MWl Fuel Furnace Tvoe T Ml'thod 

~ntan! Power Co. Exist. 358 Sub. (MT) angential, P.C. Minemouth 

Exist. 358 Sub. (MT) angential, P.C. Minemouth 

~asin Elec~ Power 
Coop 10~ 1980 174 Sub.(WY) ulverized Coal RR 

~asin Elec. Power 
Coop 10-1980 133 Sub.(WY) Pulverized Coal RR 

~asin Elec. Power 
Coop Sub.(WY) ulverized Coal RR 

. 

Source: References 2, 3, 4, 6, 7, 13 and 22 
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~ftu4 t'nftfoN\lr 

~h Alkali Venturi Scrubber l ~h Alkali Venturi Scrubber 
I 
! 

SP, Wet ~imestone·Scrubber ! 
SP, Wet limestone Scrubber 

SP, Spray Dryer 



I 
w 
(X) 
~ 
I 

Station 

Sandow 

Big Brown 

Monticello 

Martin La'<e 

San Miguel 

Forest Grove 

Gibbons Creek 

Twin Oak 

Locatic• 

1 Rockdale, T.X. 

2 

1 FairfieDd, TX. 

2 

1 Mt.Pleasan:, TX. 

2 

3 

1 Tatum, TX. 

2 

3 

4 

1 Christine, TX. 

2 

Athens, n:. 

1 Carlos., T:. 

2 

1 Bald Frai·ie, TX. 

2 

Table 3.5.1.30 

Lignite-Fire·:! Electric Power Plants in the Gulf Coast Re-gion 
Page 1 of 2 

Owne·-

Alcoll & Texas 
P&L. Co. 

TX. ltinities Co. 

TX. 'Utilities Co. 

TX. 'Jt' 1 ities Co. 

s.nc. ~ Medina 
Ele:. :o-lp Brazos 
Elec. ?o..,er 

TX. Utilities Co. 

TX. M1.11icipal 
Pt'lller llgency 

TX. Ut.ilities & 
A'coc 

St~rt­
:!p 

195L 

198" 

197"1 

19n 

1971 

1975 

197'8 

lgn 

19~8: 

19;9 

1983 

198( 

19ae 

193:: 

19!!" 

198-1 

lS:IU 

1£85 

Size 
(MW) 

3xl20 

575 

575 

575 

575 

575 

750 

750 

750 

750 

750 

400 

400 

750 

400 

400 

750 

750 

Fuel 

Lignite 

Lignite 

lignite 

Lignite 

Lignite 

Lignite 

Li qni te 

Lignite 

Lignite 

Lignite 

Lignite 

Lignite 

lignite 

I. ignite 

Lignite 

Lignite 

Lignite 

Lignite 

Furnace Type Trinsport M~th)d Environmental Controls 

Tangential T-uck Cold ESP, no so2 Control 

P.C., Split Tang. ltinemouth ESP and Limestone Scrubber 

P.C., Split Tang. i'tinemouth ESP, no S02 
P.C., Split Tang. TK and RR ESP, no so2 

P.C., Split Tang. r-i nemouth Cold ESP, Baghouse, No so2 
P.C., Split Tang. lK & Elec. :u! Cold ESP, Baghouse, No so2 
P.C., ltlri zonta 1 ESP, Limestone Spray Tower 

P.C., Split Tang. llinemouth ESP, Limestone Packed Absorber To~1er 

P.C., Split Tang. T~: & Elec. RR ESP, Limestone Packed Absorber To~rer 

P.C., Split Tang. ESP, Limestone Packed Absorber To~•er 

P.C., Split Tang. ESP, Limestone Packed Absorber To~1er 

P.C., Horizontal II" ruck ESP, Limestone Scrubber 

P.C., Horizontal "''inemouth ESP, Limestone Venturi Tray 

P.C., Horizontal · M,i nemouth , TK ESP, Limestone Scrubber 

P.C., Tangential :Minemouth ESP, Limestone Scrubber 
: 

Truck 

P.C., Tangential Hinemouth ESP and Limestone Scrubber 

P.C. Tangential Truck ESP 

' 

i 
! 

' i 
; 
I 

I 
I 

I 
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w 
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Table 3.5.1.30 

Lignite-Fired Electric Power Plants in the Gulf Coast Region 

Station Location Owner 

Hill Creek 1 Oak Hill, TX. TX. Utilities Co 

2 

Unnamed "I HarTison Co.TX. Southwestern 
Elec. Power Co. 

z 

Oak Knoll 1 Oletha, TJ( TX. Utilities Co 

•• 

Big Cajun 3 1 Threeport,LA Cajun Ellec. Power 

• Cajun El'ec. Power 

Big Cajun 4 Thr~eport,LA Cajun Elec. Power 

Dolet Hills Central Louisiana 
Electric Co. 

Lovelady 1 Gulf States Util. 

2 Gulf States Ut11. 

Pirkey Harshel, TX Southwestern Elec 
Power CJ. 

Karnack Southwes:ern Elec 
Power Co. 

Sources: References 1, 5, 10, 11, 12, 15, 19 

Start­
Up 

1986 

Hid-
1980's 

1980's 

1980's 

1-1985 

l-1g8g 

1-1986 

3-1986 

9-1985 

9-1987 

1985 
3-1984 

1-1988 

Size 
(MW) 

750 

750 

640 

640 

750 

750 

540 

540 

540 

640 

600 

600 

640 

295 

Fuel 

lignite 

lignite 

lignite 

lignite 

lignite 

Lignite 

lignite 

lignite 

lignite 

lignite 

lignite 

lignite 

lignite 

lignite 

Furnace Type Transport Method 

Hinemouth 

Truck 

Hinemouth 

Minemouth 

Tangentia 1, P.C. Minemouth •. 

Tangenti a 1 , p .c. Minemouth 

Tangential, P.C. Minemouth 

STILL UNDER CONST UCTION 

STILL UNDER CONST UCTION 

Front & Rear Minemouth, TK 
Burners, P.C. 

STILL UNDER CONST UCTION 

Page.2 of 2 

Environmental Controls 

Dry Scrubber with Baghouse 
or 

ESP with Wet Scrubber 

~o Dolet Hills Plant 

ESP limestone Scrubbers 



I 
w 
(X) 
~ 
I 

Stat on 

Aurora 

Columbia. 

Stateline 

Waukegan 

Crawford 

Fisk 

Joliet 

Will County 

1 

2 

3 

4 

6 

7 

8 

a. 

19 

6 

7 

8 

1 

2 

3 

4 

L •1 oca._ on 

Aurora, '"'" 

· Portage, WI 

HannDnd. IL 

Waukegan, IL 

Waurcegall, IL 

Wau<l!ga•, IL 

Chi c.ago. IL 

Chicago, IL 

Jol.iet, IL 

Jol'et,. IL 

Jol:et. IL 

RomeovHle, IL 

RO!II!OVi.11 e, Il 

Romeoville, IL · 

Romeoville; ll 

. : 
Table 3.5.1.31 

Subb1tum1noll'i Coal-Fired Electric Power Plants 1n the 141dwescrn 3£91on 
Page 1 of 7 

SUrt-· Size 
Own er . lp (Mil) F 1 F T T rt ltethoid E i ue umace ype ranspo nv ronmen a. on ro s t c t 

... 

~ Pow~r & Light ·6-'1971 2 X 58 Sub. (HT) Pulverized Coal ~N RR · Unit Trair Wet ·scrubbers., Ash Alkali· 

~isconsin P&L eo, 
& Madison G&E Co. Exist •. 279 ~ub. (WY) Pulverized Coa 1 RR. P&.l F:R * 

ro~nwealth Edisan H29 140 ~ub. {HT) Pulverized Coal RR 

ommonwealth Edison H55 190 Sub. (HT) l>ul verized Coa 1 RR 
, 

ESP 

~onmonwealth Edisqn 1:162 318 flUb. (HT) yclone RR ESP 

~ammonwealth Ediscn 1952 88 >Ub(WY ,HT) 1.)'i:lone ~R ESP 

CaDI!Ilnwealth Edisc.n 1958 328 'iub(WY,HT) ·Pulverized Coal ~R Hot Precipitation 
! 

~ub(wv,r-rn Pulverized Coal. ~R· 
i 

o..C•Ili!IOmiea 1 th Edison . 1962 358 . ' ESP . 
~ODI!Ilm.ealth EdisQn 1961 323 ~ub. (HT) Pu 1 veri zed Coa 1 Barge, RR ESP 

onuanwea 1 th Ed is~ . '959 338 ~ub. (HT). Pulverized Coal Barge, Ill ESP·· 

o~nwealth. Edisor ~959 335 )Ub. (WY ,HT) yclone Barge, RR ESP 

ol!IIIOnwea 1 th Edis;u 1965 535 ~ub. (WY ,HT) Pulverized Coa 1 arge. RR ESP 

ODI!Ilnwealth Edis~r 1966 535 ~ub. (WY ,HT) Pulverized Coal a_rge·. RR ESP 

0111110nwealth EdisQr 1955 141 ~ub •. (HT) r-ye lone R Limestone ·Scrubber,' ESP 

Canllllnwea lth Edi sor l955 163' ~ub. (HT) yclone R ESP 

I.Onllllnwea lth Ed i sO, 1957 257 ~ub. (HT) Pulverized Co a 1 R ESP 

CoDI!Ilnwea 1 th Ed i s Qr 1963 515 sub. (HT) Pulverized Coa 1 ~R ESP 



I 
W. 
(X) ......, 
I 

Station· Location 

Sherbourne Co. 1 ner'ker, .. MN 
Generating Plant· 

2 

Ottumwa 1 Chill i co the ,IA' 

2 

3 

. Carroll 1 Carroll, IA 

2 

Eagle Grove E.agle Grove, IA 

Hawkeye 1 Storm-Lake, IA 

2 Storm. Lake, IA 

Louisa 1 

Sherborne. 3 B~cker, fol'~ 

Clay Boswell 1 Cohasset, MN 

2 I Cohasset, MN 
I 

3 I Cohasset, HN 
I. 
I 

I 

Table 3.5:1.31 

Subbituminous Coal-Fired Electric'Power Plants in the Midwestern Region 

Owner 

Norbern States 
Power·co. 

Iowa Elec•L&P 
Iowa-IL G&E 
Iowa P&l 
Iowa Public Serv. 
Iowa-So .. Ut .. Co .. 

Iowa Public Ser. 

•. 

Iowa Public ·serv. 

Start­
Up 

Exist. 

Exist. 

1-1981 

1-1981 

1-1981 

5-1981 

5-1981 

5-1981 

Iowa Public·Serv .. 5-1981 

Iowa Public Serv. 5-1981 

Iowa IL G&E 
Iowa Public Serv. 1-1983 

I '"""' ....... . Powe• Co. 5-1984 

• 1 Minn: P&L 5-1973 I. 
! Minn. P&L Pilot· 

I Mi~n. P&L 1-1981 
I 
I 
I 

Size 
(MW) 

680 

680 

100 .. 

125 

225 

5.1 

5.1 

' 7.7 

7.3 

9.7 

641 

800 

350 

1 

500 

Fuel Furnace Type Transport-Method 

I 
Sub. (MT} Tangential, P.C. 

Sub. (MT) Tangential, P,C. 

Sub. (WY). Tangential, P.C. RR 

Sub. (WY) ~R 

Sub. (WY) . RR 

·Sub. (WY) StOker . RR 

Sub. (WY) Stoker . -RR .. , 

Sub .. (WY·) Stoker ~R 

Sub. (WY) ·Pulverized Coal K, RR · 

Sub. (WY) Pulverized Coal K·, RR 

Sub. ~R 

Sub .. (MT) Pulverized-Coal ~R 

Sub. (MT) !Pulverized Coa I· ~R. BN. 

Sub: (f:IT) Pulverized Coal ' ~nit Train 

Sub. (MT) Pulverized .Coal 

Page 2 of 7 

En vi ronmenta 1 Contro 1. 

Limestone Venturi Rod Scrubber/fly· 
ash alkali 

Limestone Venturi Rod Scrubber/fly 
ash alkali 

ESP, No scrubbers 

(PLANS PENDING}·, 

Mechanical Precipitation 

MechaniCal Prec.ipitation 

ESP 

ESP 

Venturi Marble bed, fly ash alkali-
1 imestone 

Wet Scrubbers,,baghouse > 

Venturi Spray tower, 
: fly ash alkali-lime 

I 



I 
w 
(X) 
(X) 
I 

Station 

Pleasant Prarrie 

.Edgewater 

Weston 

Independence 

White Bluff 

Ia tan 

Location 

1 

2 

5 Sheboygan, WI 

3 RothschiJ.:I, WI 

1 Newarlt, M 

2 Newar"<, JIR 

1 Redfield, AR 

2 

1 Weste-n , 1'10 

·2 

Table 3.5.1.31 

Subbitlllninous Coal-F·•red Electric Power Plants in the Nidwesterr Region. 
Page 3 of 7 

Start- Size 
Owner Up (MW) Fuel Furnace Type Transport ~ethod Environmental Control 

: Wisconsin .Elec. 
Power Co. 7-11980 580 Sub. It II! 

4-1982 580 Sub. RR 

Wisconsin P&L Co. 6-1983 200 Sub. (IL) Cyclone 1\R ESP 

I 

Wisconsin Pub1ic 
Service 3-"·982 300 Sub. (WY) Pulverized Coal : RR ESP 

' 
Arkansas P&L 1-1983 700 Sub. (WY) Tang., P.C. ~IR ESP, no scrubbers, 1000 ft. Stacks 

700 (WY) 
1 

Arkansas P&L 1-1985 Sub. Tang,, P.C. IRR ESP, ·no scrubbers, 1000 ft. Stacks . 
Arkansas P&L 6-lg8o 700 Sub. (WY) Tang., P.C. RR ESP, no scrubbers, 1000 ft. Stacks 

5-1981 700 Sub. (WY) Tang., P.C. RR ESP, no scrubbers, 1000 ft. Stacks 

Kansas City P&L 3-1980 650 ·Sub. (WY) P.C. Front & Rear RR ESP 
Burners 

3-1988 650 Sub. STILL UNDER CONS UCTIO~ 
I 

r i 
' 

; ! ; i 
I 
I 

' 



I 
•:..J 
•:::0 
•.D ,, 

: 

' 

i 

I 
i 

Station 'l:ocat·ion 
-~-

.. -

. 'F-ossil :Unit 

Jeffery :Energy ·ct-.:1 St. Mary's, KS 
' 

3· 

4. 

Northeastern "3 ··oologah, OK 

4: 'Oologah~ -OK 

~ 

Hugo 
: 

Gentler.tan · :Suther'l and, NB 

., 

·Neal ~ -Salix, -IA •\ 

2 : ·:sau.x., ·l'A 

-3 . Sal'ix, JA 

Hodge~t, ·J ;P .. 'Elmo~ w.r 

.. 

.. 
.. 

.. 

.. 

T-able 3.5.1.31 

Subbictuminous Coal-Fired Electric Po\'ler Plants in the Midwestern Region. 
Page 4 of 7 

'Start- Size 
Owner Up (MW) Fuel Furnace Type Trans·port Method Environmental Control 

-

"'Mi nlll!sota P&L 11-1986 500 Sub. RR 
~ 

Kans!s P&l Co. 6-1980 700 Sub. (WY) Tangential, P.C. RR ESP SE Wet Sprayer Scrubber 

Kans~s :p&L ·co. '6-lg82 700 Sub. (WY) Tangential, P.C. RR ESP SE Wet .Sprayer Scrubber 

Kansas P&L Co. 6-1984 700 Sub. (WY) Tangential, P.C. RR ESP SE Wet Sprayer Scrubber I 
•Public Service 

i 

.: 
o"f Oklahoma "6-1979 450 Sub. (WY) P.C., Tangential RR ESP, 600 ft. Stil'ck 

'PuM i'c 'Ser.vi C'e ; 
'fif Btlahoma 

' 
·6-1980 450 Sub. (WY) P.C., Tangential RR ·ESP, 600 ft. Stack 

--liEF A : ·4-1981 376 -Sub. 

'Nebras·ka Publi-c: P.C. 
Power lli s-trlct. · 1979 600 Sub. (WY) Radiant Boiler RR ESP, -No Scrubbers 

! 

·rowa ;pub. Serv.: 5-1979 293 Sob. '(WY) Pulverized Coal RR ESP 

.Iowa 'Pub. Serv. 5-1979; 100 :Sub. (WY·) Pulverized Coal RR ESP 

Iowa :Pub;· Serv. . 5-1979 120 :sub. (WY) Pulverized Coal RR ESP 

Daryl'and Power P.C. 
Coop 11-1979 350 .sub. (WY) Front/Rear RR 

Burner 

.. 



I 
w 
1.0' 

·0 
I 

Station 

Fox Lake 

Say Front 

Syl Laskin 

Kramer 

Locaticn · 

3 Sherbum, MN 

1 Ashlan:l, -WI-

2 

3 

4 

5 

6 

1 Aurora., MN 

2 

1 Belle .. ue, NB 

2 Belle"Jue, NB 

3 Belle"tue, Nl! 

2. Bellevue, NE 

Table 3.5.1.31 

SubbitumlnoLs Coal-Fired Electric Power Plants in the H·;c:western Region 
Page 5 ·of 7 

Start- Size 1 

Owner Up (MW) Fuel Furnace Type Transpo~t Method Environmental-Control 
~ 

I Interst. Power ~ Exist .. 85· Sub. (MT) Pulverized Coal. RR . ESP· 

' I lilteSuperior 
Dist. Power Co. t:::ist. 6 Sub. (MT) Stoker· I RR, Bange- Mechanical collector 

Lake Superior 
Dist. Power Co. Exist. 6 Sub. (MT) Stoker RR, Barge Mechanical Collector 

lake Superior 
nist.. Power Co. Exist. 6 Sub. (MT) Stoker RR, l!arge Mechanical Collector 

· lake Superior 
Dist. Power Co. E:<ist. 22 Sub. (MT) Pulnrized Coal RR, E.arge Mechanical Collector 

lake Superior 
nist. Power Co. Eicist. 22 Sub. (MT) Pulverized COi!l RR, 8a\"9e· Mechanical Collector 

lake SuperiOT' 
Dist. Power Co. EXIst. 30 Sub. (MT) · Pulverized Coi:l RR, Ba "':le Mechanical Collector 

Minnesota P&L Exist. 55 Sub. (MT) Pulverized Col!l RR. Wet Scrubbers 

Exist. 55 Sub. (MT) Pulverized Collli RR Wet Scrubbers 

Nebraska Public 
Power District Exist. 23 Sub~ (WY,Cl RR Mechanical- Collectors, Baghouse .. 

Nebraska Pub11o: 
Power District E.xfst. 23 Sub. (WY ,a RR Mechanical Collectors, Baghouse 

Ncibraska Publ1:: 
·Power District Exfst. · 23. Sub. (WY ,CI RR Mechanical Collectors, Baghouse-

Nebraska Public 
Power District 5-1977 36 



I 
w 
\0 ..... 

Station 

Sheldon 

Mitchell 

North Omaha 

Elk River 

Co unci 1 Bluffs. 

1 

2 

1 

2 

3 

4 

5 

1 

2 

3 

1 

2 

3 

Location 

Hallam, NB 

Mitchell,S.D. 

Omaha, NB 

Elk River, MN 

Elk River, HN 

Elk River, MN 

Council Bluffs 
IA 

Table 3.5.1.31 

Subbituminous Coal-Fired Elect~ic Power"Plants in the Midwestern Region 

Start- Size 
Owner . Up (MW) Fuel Furnace Type · Transport Method Environmental ·Control 

" Nebraska Pub 1 i c 
Po"'er District ·Exist. 105' Sub. (UT ,WY) Cyclone RR ESP 

Nebraska Public 
Power District Exist. 115 Sub. Cyclone RR ' ESP 

' Northwestern 
Put 11 c Service Exist~ 7.5 Sub. (WY) Stoker RR Mechanical Dust Collectors 

Omaha Public 
Pcn.er District Exist. 75.6 Sub. (WY) Pulverized Coa 1 RR ESP 

Omaha Public 
Power District Exist. 102.1.' Sub. (WY) PiJ heri zed Coa 1 RR ESP -

Omaha Public 
Poliler District Exist. 102.1 Sub • (WY) Pulverized Coa 1 RR ESP 

Omaha Public 
Po~oer District Exist. 131.2 Sub. (WY) Pulverized_ Coal RR ESP 

Omaha Public 
Po~oer District Exist. 218.6 Sub. (WY) Pulverized Coal RR ESP 

United Power · I Assoc. Exist. 12.1 Sub. (MT) Stoker RR Baghouses I 
United Power I Ass:~c~ Exist. ll.9 Sub. (MT) Stoker RR B.aghouses 

! 
United Power 
Ass:1c. Exist. 26 Sub. (MT) Pulverized Coal RR B.aghouses 

Iowa· Power and " 
Lig;,t Exist. 46.6' Sub. (WY) Pulverized Coal RR ESP 

Exist. 90.6 Sub. (WY) Pu 1 verized Coa 1 RR ESP 

Exist .. 303.5 Sub. (WY) Pulverized Coal~ ~R ".!'• 

ESP 



I 
w 
1.0 
N 
I 

Table 3.5.1.31 

Subbituminous Coal-Fired Electric Power Plants in the ~lidwestern Regi;,r. 

St ti 
Start- Size 

L t" a on oca ton Owner U11 (MW) Fuel Furnace T,rp_e :r~rsport Method 

Lansing 4 Lansing, lA Interstate Power Exht. 260 Sub.(MT,WY) Pu 1 veri zed Co a 1 R!l. Barge 

Boone 1 Boone, rA Iowa Elec. L&P E~~t. 9 Sub. (MT) Pulverized Coe;: R.~ 

2 Exi·ot. lB Sub. (MT) Pulverized Coal R~ 

Iowa Falls 4 Iowa Falls. IA Iowa Elec. L&P Exi;t. B.5 Sub. Stoker RR, Trude 

Prairie Creek 1 Cedar P~pies, IA Iowa. 'Elec. L&P Exist. 19.5 ~ub.(CO) jstoker Ill 

2 Iowa Elec. L&P Exist. 19.5 5ub. (CO) ~toker ,J;R 
I 

j· Iowa Elec. L&P Exfst. 49 5Ub.(CO) !Pulveri ~..:d -:oa 1 't:R 

4 Iowa Ell!c. L&P Exist. 132 5ub. (CO) !Pulv~>ri zed Coa 1 IRR 
i 

Sixth St. 1 Ceda.r Rapi tiS, lA Iowa Elec. L&P Exist. 8 Sub. (CO) IPu lveri zed Coa 1 F.R 

2 Iowa Elec. L&P xi st. 3 ~ub. (CO) IPu 1 veri zed Co a 1 tR 

4 Iowa Elec. L&P xi st •. 18 :.ub.(CO) Pulverized Coal lR 

6 Iowa Elec. L&P ~x'st. 8 ~ub. (CO) Pu 1 verized Coa 1 llF. 

7 
' 

Iowa Elec. L&P F:x·st 18 ~ub. (CO) Pulver;zed Coal ~F: 

8 Iowa Elec. L&P x· st 30 ~ub. (CO) Pulverizeo Coal ~ 

Southerland 1 Marshallto~n,IA 
1 

ub.(CO) l>u 1 veri zed Coa 1 u Iowa Elec. L&P xist. 31.5 

2 Iowa. Elec. L&P xist. 31.5 ~ub. (CO) l>ulverized Coal ~R 

3 Iowa Elec. L&P xJst. 80.0 ub.(CO) l>ulverized Coal RR 

Maynard 6 Waterloo, IA IowJ Public Serv. xi st. 22.8 ub. tlulverized.Coal IRR 

7 lCist. 51.8 ub. l>ulverized Coal RR 

Columbia 4' Columb'a, "10 · Cit~ of Columbia H79 16.5 ub. toker 
Wa t-21" l Light 

5 B79 22 ub. toker 

Sources: References 9. 17. 18, 21, 21. 
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Environmental Control 

ESP 

ESP 

ESP 

Mechanical Collector 

ESP & Mechanical Collector 

ESP & Mechanical Collector I 

: 
ESP & Mechanical Collector 

ESP & Mechanical Collector I 
i 
! 

ESP I Mechanical Collector 
i i 

ESP & Mechanical Collector I 

' ESP & Mechanical Collector ' ! 
! 

ESP & Mechanical Collector 
\ 

ESP & Mechani ca 1 Collector 
; 

ESP & Mechanical Collector : 

: 

ESP 

ESP 

ESP 

ESP 

ESP 

Baghouse 

Baghouse 



I 
w 
\0 
w 
I 

Station Location 

Coletta Creek 1 Gc·liad, TX 

2 

Lake Diversion Oklaunion, TX 

Big Cajun 2 1 Baton Rouge, LA 

2 Baton Rouge, LA 

3 Baton Rouge, LA 

R.S. Nelson 5 Lake Charles, L~ · 

6 

Welsh 2 Welsh, TX 

3 

Clark 2 Amarillo, TX 

3 Amarillo. TX 

Source: Reference 19 

Table 3.5.1.32 

Subbituminous Coal-Fired Electric Power Plants in·the·Gulf Coast Region 

Start- Size 
Owner Up (MW) Fuel Furnace Type Transport Method Environmental Control 

Central P&L Co. 12-1979 550 Sub. (CO) P.C., Tangential RR, (Barge fror.J 
So. Africa,tri;j 

ESP, no scrubbers 

Central P&L Co. 1-1988 640 Sub. STILL UNOE CONSTRUCT! ON 

West rx Utility 1-1987 640 Sub. STILL UNDE CONSTRUCTION 

Cajun Elec. Pow. 1-1980 540 Sub. (WY) P.C., Horizontal RR, water ESP, no scrubbers 

. Cajun Elec. Pow. l-lg81 540 Sub. (WY) P.C., Horizontal RR, water ESP, no scrubbers 

Cajun Elec. Pow. 1-1983 540 Sub. (WY) P.C. RR, water ESP, no scrubbers 

Gulf States Ut. 3-1984 540 Sub. (WY) P.C., Tangential RR Hot ESP 

3-1982 540 Sub. (WY) P.C., Tangential RR Hot EsP 

Southwestern El. 
Power Company Open 540 Sub. (WY) P.C. RR ESP 

Southvestern El. 
Power Company 3-1982 540 Sub. (WY) P.C., Front & RR ESP 

Rear 

Southwestern Put 
Service Company 6-1978 350 Sub. P.C. Bag bouse 

Southwestern Put 
Service Company 1980 350 Sub. P.C. Ba9house 

-· 

·• 





Table 3.5.1.33a 
.. 

Page 2 of 2 

Fuel: Fort Union Lignite Gulf Coast Lignite Western Subbituminous Coal 

P:l ~nt Location: Fort-"Un'ion ·Gulf Coast 
Region Region West ' ..... Midwest Gulf Coast 

Plants, ·Capacity: No. MWe No. .. MWE No. MWe No. MWe No. MWe 

Plants Under Construe- 4 1,840 23 13,850 "11 2,706 27 11 ,611.·9 9 4,870 
tion ·and Announced 

Furnace: 

PC 3 1,430 12 "1 ,035 7 1,556 15 6,917 7 3,590 
Stoker 3 8oo· 3 17.9 
Cyclone 1 410 1 200 

I Unknown 11 6,815 1 350 8 4,477 2 '1 ,280 
w 

.1,0 

· Wet scrubber: 0'1 
I 

Limestone 1 550 10 5,745 3 857 4· 4,650 
Ash-a ·1 ka 1 i 1 550 - 7 "3,707 -
Spray dryer 3 1,290 2 1,080 2 330d 

.. . 
Particulate renoval: 

ESP. 3 1,428 ll 5,745 6 1,107 8 4,210." 6 .3,240 
. Baghouse 4 1,840 2 1,080 2 680 1 350 
Mechanical 
Unknown 11 6,755 3 939 10 t 4' 182.1 2 1,280 

aTh.is table is a c~ndensation of the information presented in Tables 3.5. L27 through 3.5.1.31. . 

•'. 



Coun~ry 

Australia 

West Germany 

Turkey 

Greece 

Greece 

Spain 

Table 3.5.1.34 

Data on Selected Foreign Low-Rank Coal-Fired 
Electric Power Plants 

Station 

Yallourn 

Initial 
Start-up 
· Date 

1954 
1964 

Haze 1 wood 196.4 

YaJlourn w. 1972 

Morwe 11 1958 

Ni ederaubern 

. Neurath 

Essen 

Tunebflec 

Mega 1 opolis 

Ptolemafs IV 

Ali veri 

Puentes 

largest 
Unit jMWe) 

20 
120 

200 

350 

600 

600 

600 

150 

125 

300 

total 
~ae_acity (MWe) 

546 

1600' 

350 (1050 
to 

be added) 

Z!l 

3600 final 
confi guratf on 

Source: Reference 14 

-396-

Feedstock 

Brown coal - 67% moisture 
1800-3800 Btu/lb. 

Brown coal - 67% moisture· 
H!00-3800 Btu/lb. 

Brown coal - 67% moisture 
1800-3800 Btu/lb. 

Hrown coa 1 - ~il-~a moisture 
2960-4600 Btu/lb . 

Brown coal ~ 52-57% moisture 
2960-4600 Btu/lb. 

Brown coal - 57% moisture 
. 2970 Btu/lb. 

Coal - 22-24% moisture 
3600 Btu/1 b. 

Coal - 64% moisture 
1600 Btu/lb. 

Lignite- 30%·moisture 
4850 ·Btu/1 b. 

Brown coal - 45% moisture 
3100 Btu/lb. 
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3.5.2 Fluidized-Bed Combustion 

3.5.2.1 Introduction and Summary 

·Fluidized~bed combustioh technology is being developed as an 
alternative to the conventional pulverized coal boiler equipped with 
stack gas scrubbing systems. Th~ two major app 1 i cations for this tech­
nology will be industrial steam/heat generation· (3.5 quads by the year 
2000) and electric power generation {2 quads by the year 2000). These 
estimates represent a market penetration for new capacity of 50 percent for 
industrial applications and 15 percent for power generation between ·1980 
iind 2000.1 . 

The advantages offered by fluid-bed combustion over the conven­
tional pulverized coal approach may be summarized as follows: 

1 Utilization of high sulfur coals without pre-. 
treatment or flue gas desulfurization 

,·Reduced· combustion temperatures resulting in· 
lower NOx emissions 

• Increased combustion efficiency 

• Reduced possibility of tube fou 1 i ng because 
of the lower combustion temperature 

1 Reduced excess air requirements 

1 Reduced combustor size/increased heat transfer 
to the working fluid 

1 Fuel versatility 

1 Compact modular· unit, package construction for 
units smaller than 50,000 lbihr 

1 Easy to handle by-product material 

Generally, these advantages. are due to the intense turbulence in 
the bed, and to the comparatively long solid residence times in the bed 
without a 1 ong 1 i near flow path requirement. The use of 1 ow- rank co a 1 s in 
fluid-bed combustors offers additional advantages: 
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1 Sulfur capture via the inherent alkaline nature 
of lo~1-rank coal ash, without added sorbents 

• Tolerance of a vdde variati.on in coal properties 
as is typical of low-rank coals 

However, the successful utilization of low-rank coals in fluid-bed 
combustors will depend upon the resolution of several problems, some of 
which are common to all FBC applications and some which are unique to 
low-rank coals. Those unique to low-rank coals arise primarily from the 
properties and composition of the coal, and the impact of these character­
istics on materials and operating characteristics. In addition, the waste 
materials pose possible disposal problems because the alkali sulfates in 
the ~sh are water soluble and are thus prone to leaching upon contact with 
ground waters. 

In determining which problems might be the primary impediments 
to utilizing the low-rank coal resource, a series of key issues were 
identified which warrant continuing attention. Many of these issues 
are i nterre 1 a ted because they arise from some inherent characteristic of 
the coal. For example, low-rank coals sometimes occur with high inherent· 
alkali content which permits substantial 11 Self control., of sulfur. How­
ever, the high alkali also contributes to waste disposal problems, hot 
corrosion, and potential gas stream corrodents which could damage turbines 
in pressurized applications. The key issues are summarized in tabular form 
in Table 3.5.2 .• 1 and a discussion of each is contained in the following 
subsection. 

Table 3.5.2.1 

Key Issues for Fluidized Bed Combustion 

1 Design Configuration of FBC Optimized for Low-Rank Coal 

• Sulfur Retention by Inherent Alkali in Low-RQnk Cn~ls 

1 Agglomeration of Solids in Fluidized Bed 

1 Properties of Limestone-Deficient, Ash-Rich Fluidized Bed 

t Materials Problems and Selection for Low-Rank Coal FBC 

1 Hot Gas Cleanup and Turbine Reliability for Pressurized FBC 

t Coul and Sur-IJt:!nt Feeding und Distribution 

1 NOx Control 

1 Temperature, Gas, and Solids Distribution in Low-Rank Coal FBC 

t Disposal of Spent Solids From Low-Rank Coal-Fired FBC's 

1 Heat Transfer Data 

1 Effects of High Reactivity on FBC Design 
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Design Configuration of FBC Optimized For Low-Rank Coal 

Design of industrial and utility scale AFBC facilities will require 
intelligent selection of operating parameters, materials, and process 
design parameters. Sensitivity to changes in materials and operating 
parameters will also have to be known so that the tradeoffs associated with 
first cost and operating costs can be evaluated, and an optimum design 
evolved for the particular low-rank coal of interest. While substantial 
data has been and will continue to be gathered for higher rank coals burned 
in fluid bed units, there is substantially less information to guide the 
designer who wishes to construct a low-rank coal fired plant. 

Low-rank coal work done to date has been primarily confined to 
small scale pilot installations. Considerable experimentation with six 
inch units has given fairly good predictive data for so2 control that can 
probably be extrapolated to much larger scale installations. However, the 
predominance of wall effects in such units makes the data for NOx for­
mation and aspects of bulk bed behavior (such as values of heat transfer 
coeffficient) unreliable and probably misleading. 

Data taken from 18-inch units is probably suitable for use in 
scaling up to moderate industrial units, possibly 4 foot by 4 foot in size. 
For this level of scale up, the data gathered thus far would be an adequate 
guide with regard to operating parameters using coals tested to date. 
Within these restrictions, the probable 11 best 11 operating conditions for 

·low-rank coals are as follows: 

Bed Temperature 
Superficial Velocity 
Excess Air 
Coa 1 Feed Size 
Sorbent 

1500-1600F 
6-7 feet per second 
15-20 percent 
1/4 inch 
Alkaline ash plus Limestone, 

especially with high sodium 
coals 

Sulfur Retention by Inherent Alkali in Low-Rank Coals 

Sulfur dioxide control arising from inherent alkali in the ash has 
been demonstraterl to be good for several coals. Figure 3.5.~.1, developed 
at the Grand Forks Energy Technology Center, shows that for a collection of 
ten different western coals operating with inherent alkali, most are 
capable of meeting the 1971 new source performance standard, while a 
small percentage are potentially capable of meeting the proposed new source 
performance standard of 0.2 pounds of S02 per mi 11 ion Btu of heat input. 
Figure 3.5.2.2 shows that for at least one Wyoming coal ash reinjection can 
contribute modest increases in the degree of sulfur control as compared 
with inherent alkali alone. 

For the cases where inherent alkali alone is insufficient to 
achieve the desired level of control, addition of sorbents has been demon­
strated to give improved sulfur capture compared to the inherent alkali 
alone. Figure 3.5.2.3 illustrates the effects of adding limestone, nah­
co 1 it.e, and trona to a North Dakota co a 1, while ·Figure 3.5 .2 .4 i 11 us­
trates results obtained from a variety of western coals, and COI11pares these 
with retention data expected from an I 11 i noi s #6 co a 1. The data suggest 
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Figl,lre 3.5.2.3 
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that the alkali in the coal is nearly as effective in the capture of 
sulfur as·the alkali contained in sorbents. 

Agglomeration of Solids in Fluidized Bed 

One difficulty qri ses in operating an FBC with a sand bed which 
relies on inherent alkali for sulfur capture. In cases where the sodium 
content of the ash is more than 3 percent, the sand bed has demonstrated 

· a tendency to agglomerate. The agglomerates formed· either float in the 
bed, or stick to both cooled and uncooled surfaces somewhat in the manner 
of boiler tube fouling·.· The origin of the agglomerates B unclear, but 
appears to be due to sodium aluminosilicate eutectics having low melting 
points which form from the combined presence of coal ash and the sand bed. 
Some level of control can be achieved by thP. addition of limestone sorbents 
or the presence of Al?03 which are believed to suppress the silica con­
centration in the bed. It has a·lso been nnt~d that the LH~d tends to 
preferentially retain sodium ash, and further changes in the character of 
the sand have been· noted (possibly a coating of the ind·ividual sarid grains) 
which may contr1bute tu the changes in bulk heat transfer coefficient that 
have been observed. 

Properties of Limestone-Deficient, Ash-Rich Fluidized Bed 

As 1ndicated above, the properties of a low-rank coal ash bed 
are somewhat different. from the ash-sorbent-coal bed used in eastern coal 
fired FBC··s. Both the composition and bulk behavior of the bed can be 
expected to be different with possible impact on operating conditions, 
material lifetime, and plant operating performance. 

Results from tests of about 100 hours have shown that· bed compo­
sition gradually changes, particularly in the case of a bed that begins as 
sand. Silica content declines, and sodium content rises with time. In 
addition sand in the· <bed tak~s on a u i rren:~nt appearance and the rhQo­
logical properties of·the fluidized medium may chang~ as well. Changes in 
heat transfer coefficient as a function of time have also been noted. 

·No tests have been reported thus far that indicate what the 11 Steady state .. 
character of such a bed might be, and it may be that steady state is not 
achieved for hundreds of hours of operation. 

Materials Problems and Selection for Low-Rank Coal FBC 

Co~rosion characteristics of the ash bed .can· also be expeCted to 
differ from those resulting from FBC of eastern coals. High alkali content 
combined with variability in the feed material and possible high erosivity 
could cause combined erosion/corrosion effects that are more severe than 
·those experienced with eastern coals. The complexity of corrosion mecha­
nisms together with corrosion dependency on minor constitutents in the coal 
ash make extrapolation. of corrosion rates from existing data difficult. 

' 

Corrosion tests have been performed for eastern coais using a 
wide variety of materials under varying conditions, and a greater level of 
materials understanding is being attained for these coals. Part of what 
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has been 1 earned covers the nature of the testing procedures themselves, 
and a clearer understanding of the risk associated with extrapolating from 
test data has been obtained. Virtually no comparable testing has been 
accomplished for low-rank coals. 

Hot Gas Cleanup and Turbine Reliability for Pressurized FBC 

Pressurized FBC technology offers the possibility of superior 
·process efficiency compared to atmospheric units. In the operation of 
press uri zed systems, exhaust gases from combustion of co a 1 are expanded 
through gas turbines to extract mechanical power. Contaminants in the 
gases can 1 ead to attack and failure of highly. stressed turbine components 
operating at high temperatures. Control of these contaminants is essential 
to the success of the technology. 

Vaporized alkali metal cations (particularly sodium and potassium) 
present in the hot gas appear to be the most corrosive agents. These 
chemicals react with S02 to form sulfites and sulfates which condense on 
turbine blades when the combustion gases cool during expansion. Severe 
corrosion and early blade failure are the results of this phenomenon. 
Low-rank coals have substantially higher levels of alkali than eastern 
coals, and thus one would expect evolution of substantially more sodium 
sulfate than would occur with other coals. 

Early hot corrosion work was performed at Combustion Power Company 
where it was noted that corrosion rates in testing were less than expected. 
Research indicated that alkali sulfates might be controlled by other 
components contained in the ash. Clay added to the bed, particularly 
kaolin, combined with sodium to form a fine solid particulate of feldspar, 
which could be removed in standard particulate contrpl equipment. Because 
some low-rank coals contain kaolin or similar aluminum silicate minerals in 
the ash, it may be that these same coals may be able to self-control the 
generation of sodium in the gas stream in much th~ same way that they self 
control sulfur emissions. However no data has been located which demon­
strates either the presence or absence of this effect. 

Laboratory scale experiments performed by. Argonne National Labor­
atory determined that sodium and potds::durn were transported in the chloride 
form, and reacted with S02 to form the corrosive sulfate when tempera­
tures were reduced as would happen in a turbine.3 Thus control of the 
chloride should yield a reduction in sulfate. 

In the Argonne work simulated flue gas doped with sodium and 
potassium chloride vapor was passed through packed beds of diatomaceous 
earth, kaolin clay, and activated bauxite. Experiments showed that sodium 

. and potassium chloride were captured with approximately the same effi­
ciency. Figure 3.5.2.5 shows a summary of some experimental results. 
Similar tests were conducted to examine capture of alkali sulfates with 
these sorbents, and lab scale tests at atmospheric and elevated pressures 
showed the sorbents to be effective on sulfates as ·well. 
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Coal and Sorbent Feeding and Distribution 

Large-scale, long-duration feeding of solids into the fluidized bed 
and subsequent' ash-sorbent remova 1 from the system pose substantia 1 prob­
lems. The problems are common to all coal-fired FBC systems, and the vast 
majority of work performed in these areas is applicable to Fsc•s operating 
with low-rank coals. Possible special problems which might arise with 
low-rank coals include corrosiveness, abrasiveness, and unique ash handling 
and disposal problems not shared (at least in degree) by other coals. 

1:!Qx Cont ro 1 

. NOx emissions from coal fired FBC installations are potentially a 
problem which could impede advancement of the .technology. NOx emissions 
arise from two sources: fixation of atmospheric nitrogen (a high temper­
ature phenomenon) and conversion of nitrogen bound in the fuel. Low 
temperature operation in fluid beds makes conversion of fuel bound nitrogen 
the dominant source of NOx in coal fired FBc•s. The high nitrogen content 
of some low-rank coals suggests that NOx emissions could impede the utili­
zation of the resource. 

Some work has been accomplished by GFETc' in which NOx emissions 
were parametrically studied for several western co~ls at atmospheric 
pressure. This work is summarized in Figures 3.5.2.6 and 3.5.2.7 which 
s~ow the trends in NOx emissions as a function of temperature and per­
cent excess air. No comparable data was found for western coals in pres-
surized systems. · 

Past work with pressurized FBC systems burning eastern coals 
has shown that NOx emissions are 1 ower when the co a 1 is burned at pres­
sure. The reason fot this is unknown, but it is speculated that NOx 
formed in the bed is locally reduced to oxygen and nitrogen by the presence 
of carbon monoxide, and this effect is enhanced by pressure. Pressurized 
work has been done almost exclusively with eastern coals, but since western 
coals tend to be higher in fuel bound nitrogen, the effects of NOx 
suppression at pressure become of great interest in low-rank coal utili­
zation. 

temperature, Gas, and Solids Distribution in Low-Rank 
Coal FBC 

An-understanding of the variations in temperature, gas compo­
sition, solids concentration, and other basic parameters is useful in 
obtaining a better understanding of the fluid bed. The information can be 
used to deter'!"ine optimum ~eed port. location, optimize utilization of 
sorbents, and 1.mprove combust1on eff1c1ency. · 

Basic studies in this area should be directed toward the unique 
properties of low-rank coals and their effects on operation of a fluidized 
bed. These include high coal reactivity, alkaline ash, agglomeration of 
particles, and capture of S02 on the ash. 
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-Figure 3.5.2.6 
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Disposal of Spent Solids from Low-Rank Coal Fired FBC's 

All fluid b~~ combustors operating with coal produce large amounts 
of dry, solid wastes •. Poss.ible environmental impacts associated with the 
disposal of these wastes need to be studied. The high inherent alkali 
content of many low-rank coals suggests that the waste pro9ucts will be 
high in alkali sulfate content, materials· which have potentially high 
~olubility in water. This could in turn have substantial impact on 
the nature of disposal practices. · · · 

Some work has been done and is continuing under the sponsorship of 
both EPRI and EPA. Methodologies are being devised to define'the problems 
of leachate contamination of ground water, chemical migration through the 
ground, and stabilization of landfills. Much of the work performed with 
scrubber sludge may also be applicable. However, most of the work has. 
focused on wastes generated from eastern coals; virtually no data e.xist 
on FBC wastes from low-rank western coals. 

Substantial research is needed to determine the character of the 
low-rank coal waste material, with and without the use o{ sorbents such as 
limestone, nahcolite, and trona. The research should build on past work 
with eastern coal wastes and scrubber sludge experience, but should empha­
size those aspects of the problem unique to low-rank coals including: 

1 high alkali content 

1 solubility in water 

• variability in ash composition 

• interaction with .underlying soils that 
may be unique to western locations 

H~at Transfer Data 

Some observers have noted a deterioration in average heat transfer 
coeff1c1ent with the passage of time. It is not clear why this occurs, but 
the eff~ct has been repeatedly observed, and waul d ·.be expected to have 
substantial impact on the design of fluid bed systems. 

Work in which deterioration of heat transfer coefficient has been 
noted has occurred primarily at Combustion Power Company with some similar 
work performed at GFETC. It is currently believed that the ·changes are due 
to shifts in the character of the ~ed with the passage of time. It has 
been noted that the bed preferentially retains sodium, and that with sand 
beds, the character of the sand changes with the sand taking on a· coated 
appearance •. Also agglomeration effects with high-· sodium coals have been 
noted. th~se effects would be expected to impact on the behavior of 
particle-to-tube contact with subsequent effects on bulk heat transfer 
coefficient. · 
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Most of the data are from relatively short term tests, and it 
is difficult to know what the long-term equilibrium character of the 
bed and the average heat transfer coefficient will be. Examination of 
these effects will require long term testing in systems large enough to 
give bulk bed behavior typical of full scale installations. Bed compo­
sition, emission levels, and heat transfer coefficient need to be moni­
tored as a function of time in an effort to determine what the "steady 
state .. levels will be. This testing could be performed concurrent with 
corrosion and coal-sorbent evaluation tests, and other than the cost of 
added chemical analysis and added instrumentation, there should be little 
marginal increase in cost required to obtain this information. 

Effects of High_Reactivity on FBC 9esign 

The high reactivity of some low-rank coals suggests that changes in 
fluid P.ed .;iesign may be pos~;i.bte thaT. take dUVdn~a.ge of this propertY: 
High reactivity effect~ couhl possibly increase volumetric heat release 
rates with subsequ~nt reduction in equipm~nt size ~nd ~Qst. 

Past work done primarily at GFETC suggests that volumetric he<!.t 
release is probably constrained by heat transfer, and that it is unlikely 
that heat transfer rates can pe increased much because of higher coal 
reactivity. The reaction of coal. parti.cles in the bed tend to be diffusion 
limited rather tt:tan kinetic rate limited with the result th.at high reac­
tivity h<!.S little effect on these particles~ Kinetic effects are important 
only for small coal particles, and for these reactivity effects become more 
important. 
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3.5.2.2 Technol~gy Description 

Fluidization is a phenomenon which occurs when a porous bed of 
solid particles is contacted with a ~tream of liquid or gas moving at 
sufficient velocity to cause movement of the solid particles. Within a 
range qf fluid velocities (defined by particle density and size, and -fluid 
viscosity and density), the fluid-solid system behaves in a way which is in 
certain respects qualitatively and quantitatively similar to that of a~ 
agitated fluid; hence the name .. fluidized bed ... 

·The behavior of a bed of solids in contact with a flowing fluid 
varies through several different phases as the fluid velocity changes. 
Fluid first enters the bottom of the bed at very low velocities, passing 
through the spaces betw.een the soliq particl~s. As fluid velocity is 
i ncreased, the pres sure drop exQeri enced by the fluid i ncreases, as shown 
by segment OA·in Figure 3.5.2,8,'l,a 
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When the gas pressure drop across the bed offsets the force of 
gravity on the particles, incipient fluidization occurs (point A in Figure 
3.5.2.1} and is accompanied by a slight expansion of bed volume without 
breaking contact between any of the solid particles. The increased por­
osity resulting from bed expansion results in a lower rate of increase 
of pressure drop with fluid velocity (segment AB}. At point B, the bed 
is in the maximum state of expansion while still having all of the solids 
in contact. A further increase in fluid velocity causes particle sepa­
ration and the onset of true fluidization. As the particles separate, 
a slight decrease in pressure drop may occur which is soon reversed, 
marking the batch fluidization regime. From point F onward, the solid bed 
particles move rapidly in random motion, and resemble a boiling liquid. 
However, since the gas velocity between particles in the bed is con­
siderably higher than the gas velocity above the bed, particles which are 
thrown above the bed invnediately return. This condition exists until the 
superficial gas velocity is increased sufficiently to entrain bed particles 
out of the vessel (point P}. This condition can be described as the 
simultaneous flow of two phases, and is referred to as continuous fluidi­
zation. 

The principles of fluidization can be applied to the combustion of 
coal. In a broad sense however, fluid-bed combustion is neither restricted 
to combustion in a dense phase classical fluidized bed nor to the combus­
tion of a specific fuel. Although the combustion of different fuels can be 
achieved efficiently in a hot bed of fluidized solids at very high temper­
atures (over 30QQOF if construction materials allow}, the main advantages 
of fluid-bed combustion are most apparent at low combustion temperatures. 
Under these conditions, stable ignition of the injected fuel can always be 
assured by the high heat capacity of the fluidized solids and the high rate 
of heat transfer which occurs from bed material to incoming fuel and 
combustion air. Lower combustion temperatures shift the equilibrium away 
from NOx formation, allow sulfur capture by bed materials and promote 
NOx decomposition under reducing combustion conditions.2 · 

The composition of the bed material in a fluidized-bed combustor 
is somewhat variable, bu~ always contains a large fraction (up to 98 
percent} of a non-combustible material such as limestone, dolomite or 
coal ash. This material functions as a sulfur sorbent and a heat transfer 
medium, allowing uniform temperature control of the bed. A small amount 
of coal (generally 2-3 percent} comprises the rest of the bed material. 
This bed is then fluidized by an air stream which provides the oxygen for 
combustion. 

Fluidized-bed combustion can be designed for a variety of opera­
ting modes, configurations, temperatures and pressures. Figure 3.5.2.9 
describes the differences in reactors as a function of gas velocity through 
the bed, and can be compared to Figure 3.5.2.8. The figure als.o introduces 
the concept of slip velocity, the difference in the mean gas and solids 
velocities. It can be seen that starting with the classical fluidized-bed 
(boiling bed regime in figure 3.5.2.8}, the slip velocity constantly 
increases until a significant amount of bed material becomes entrained. 
In the extreme of the transport reactor (continuous flu i di zat ion}, the 
solids velocity asymptotically approaches the gas velocity in two phase 
cocurrent flow. · 



Figure 3.5.2.9 

Fluidized Bed Reactor Types 
As A Function of Gas Velocity 

----~l~r~~T--­j REACTOR 

Source: Reference 2 

Within the regimes of the classical fluidized and circulating fluid 
beds, several alternate configurations exist for contacting the combustion 
air with the bed materia 1 : · 

• downflow pperation 

• upflow operation 

• multi-solids fluidized bed 

• cyclonic fluidized bed 

These four configurations are presented 1n Figure 3.5.2.10.-
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Figure 3.5.2.10 
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When operated in a 11 downflow 11 fashion the feed materials {limestone 
and fuel) are fed into a precalcined bed of lime. Gas velocitfes are 
generally low enough so that little of the lime is elutriated. Only ash 
from the coal is carried out overhead. The solid waste product, consisting 
of spent lime {CaS04 + CaO) and some ash, is removed by displacement with 
fresh feed and discharged through an overflow pipe. Const.ant bed level is 
thus automatically maintained. Actually, material can be discharged 
controllably· from any size opening below .bed level by means of a differen­
tial pressure regulator actuating a valve in the discharge line. The 
cooling surface can be. immersed directly in the bed to extract the nec­
essary amount of heat for maintaining bed temperature at the desired 
1 eve 1 • 

When operated·jn an 11 UpflOW 11 fashion the bed consists of a coarse 
inert material. Velocities are somewhat higher. and the feed materials are 
finer, so that all the spent lime as well as the ash are carried out with 
the fluidizing gas. This mode at· operat1on is sultdble if the gas-solid 
reactions are relatively fast because the solids retention time is rela­
tively short, particularly for a one-bed system. 

Multi-Solids Fluidized Bed Combustion is a recent development 
by Battelle Memorial r.nstitute. In this system, a conventional fluidized 
bed using a high specific gravity material forms the base bed. Above this 
bed is a reci rcul at i ng entrained bed of fine particles of the same or 
different material. Coal and finely ground limestone are fed to the dense 
bed as in conventional systems. During operation, the coal is burned in 
the dense bed and S02 is absorbed at the same time. Heat released is 
transferred to the recycled entrained bed material as it passes through the 
dense .. bed and steam is generated by tubes 1 ocated in the region above the 
dense bed. Tests ~o date have been performed at velocities up to 3 to 4 
ft/sec and claims of satisfactory S02 removal with Ca/S ratios as low as 
1.4 have been made. Detailed data are considered to be proprietary by 
Battelle. The ability to follow load over a 5:1 range is a feature 
claimed by this unit. 

The cyclonic fluidized bed is another high unit capacity .device 
patented by Babcock and Wilcox. The unit is constructed with a central 
high velocity cyclonic combustion chamber where char and limestone are 
fired with primary air. This high velocity mixture then ·encounters a low 
velocity region at. the top of the device where coal and additional air are 
injected t.angenti~lly. Because of the low velocities in this sectlon, 
unb~rned coal, char and limestone fall out of the gas ~Lream and arc 
distributed to the perimeter of the unit due to the swirling motion. Here, 

. at high temperature, they enter an annular f1u1d1zed bed which contains the 
steam generation tubes. The bed does i10t overflow due to the constant 
removal of material from the bottom for injection into the high velocity 
combustion chamber. 
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Operating pressure in a parameter which has a significant impact on 
the integration of the combustor in a utility power generation or indus­
trial steam generation system. Atmospheric pressure fluid-bed combustion 
(AFBC) is suitable for raising steam ih boiler tubes submerged within the 
bed itself, as well as from the hot combustor offgas, this latter part 
similar to the operation of a conventional pulverized coal fired boiler 
system. Pressurized fluid-bed coal combustion (PFBC) is also well suited 
for steam generation within the bed and downstream of the combustor, but 
has the addition a 1 potentia 1 of power generation by expansion of the hot 
pressurized gas. Exploitation of the full advantage offered by PFBC 
systems requires the use of a hot gas clean-lip system for particulate 
removal and turbine blades which are capable of withstanding higher solids 
loadings than are currently experienced by modern day gas turbines. Hot 
gas clean-up systems and advanced turbine blade·technology are both in the 
developmental stage, and for this reason, PFBC technology is farther from 
commercialization than is AFBC technology. 

Atmospheric Fluid-Bed Combustion 

A schematic diagram of an atmospheric pressure fluidized bed 
boiler is prese!lted in Figure 3.5.2.ll. The mixture of crushed limestone 
(or other non-combustible) and coal has an initial particle size of about· 
l/8 inch (for the classical boiling bed combustor). Before air is admitted 
to the bed, auxiliary burners heat the bed to approximately llOOOF, which 
is sufficient to sustain combustion when the fluidizing combustion air is 
admitted. As the coal burns, the bed attains its normal operating temper­
ature of 1500 to 16000F. 

Saturated steam is generated in tubes submerged in the bed. 
Some designs also call for steam generation in the water walls, or these 
may instead act as multiple downcomers providing water for the in-bed 
tubes. Steam superheating is generally carried out in the freeboard 
section of the device (the open space above the bed), because the extremely 
high rates of heat transfer which occurbwithin the bed would raise tube 
metal temperatures to excessive levels. Some designs call for econ­
omizer coils (feedwater preheating) to also be placed in the freeboard. 

Si.nce the air velocity is set to achieve fluidization of these 
coarse particles, some carryover of fine particles (produced through 
abrasion or shrinkage due to combustion) may occur. This phenomenon 
·will result in a loss of efficiency if the elutriated fines contain un­
burned carbon, and hence some mechanism is needed for coliection and 
recycle of this material to extinction. This function is accomplished 
by the primary cyclone in Figure 3.5.2.11. 

----,······---tsteam generation in submerged tubes is allowable providing that 
sufficient liquid, usually 50 percent, is continuously available to absorb 
latent heat, keeping the tubes cool. 
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Figure 3,5.2.11 
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It is desirable to maintain reasonably high superficial gas 
velocities to reduce the size and cost of the AFBC unit. To resolve the 
problem of unburned carbon loss, some designs incorporate a carbon burn-up 
cell (CBC)in place of recycling the primary underflow to the combustor as 
discussed above. c These CBC units typically operate at higher temper­
atures than the combustor, and at lower gas velocities (approximately 
20QQOF, 5 ft per second). A study by Pope, Evans, and Robbins indicates 
that overall combustion efficienGY can be increased to 99 percent or more 
for the combined AFBC-CBC system.J 

Babcock and Wilcox4 have estimated that the percentage of sulfur 
in the elutriated coal dust in the combustor offgas is approximately 50 
percent of the percentage of unburned coal. . At a combustor carbon con­
version efficiency of 85 percent, approximately 93 percent of the sulfur is 
converted to S02, the remaining 7 percent leaving the combustor unburned.5 
This solid material is then collected and charged to the CBC. Due to the 
high operating temperature of the cell, data suggest that this sulfur may 
not be captured by either partially sulfated limestone or fresh limestone 
injected into the CBc.5 The resulting 7 percent sulfur bypass of the 
system would require that a greater percentage of sulfur be captured in the 
combustor to comply with emission regulations. This would be achieved by 
increasing the Ca/S feed ratio, resulting in a much greater consumption of 
limestone overall. However, experimental studies indicate that a certain 
type of limestone (Greer) or dolomite can function effectively even when 
partially sulfated.5 This suggests that partially spent bed material 
could be charged to the CBC unit, giving the CBC unit a significant role in 
meeting S02 emission objectives. However, the high operating tempera­
tures of the burn-up cell produce much greater concentrations of "thermal" 
NOx than produced at the lower operating temperatures of the fluid bed. 
EPRI data indicate that NOx levels emitted from CBC units may approach 
800 ppm;d mixing this gas with the main flue gas would raise the overall 
NOx level, but would probably still be within the present environmental 
standard. NOx levels may therefore be a concern if future standards are 
tightened. 

The relationship of an AFBC unit to its auxiliaries in a power 
generation plant is shown in Figure 3.5.2.12. Coal is delivered to the 
plant and screened to separate particles of the proper size for fluidi­
zation from coal which will require crushing. Stored in silos, coal and 

CRecycle of small particles to the bed may be ineffective in 
assuring complete carbon burnout due to the rapid rate at which they are 
elutriated from the bed. 

dThis may be compared to NOx levels of approximately 350 ppm 
for fluid bed units, and a current federal standard of approximately 525 
ppm. 
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Figure 3.5.·2.12 

Flow Diagram of a Fluidized-Bed Boiler System 
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limestone are withdrawn and blown into the bed as required. Coal feed rate 
is determined by the steam demand; lim~stone is fed to the bed in response 
to increases in the level of-S02 contained in the combustor off gas. 

Primary air (combustion air) is provided to a plenum under the bed 
distributor plate. Preheating of the air may be accomplished by either an 
au~i 1 i ary burner, heat exchange with flue gases, or a combination of both 
methods. 

As noted earlier, particulate matter recovered from the primary 
cyclones is either recycled to the bed or a carbon bu~nup cell. Material 
co.llected from downstream cyclones or baghouses is rE!moved' as waste, and is 
usually attractive as· a landfill_ material. Other landfil.l material· is 
obtained when the bed is drained due to a buildup of solids inventory 
resulting from solids recycle or sorbent (limestone or dolomite) addition. 

. The remaining systems shown in Figure 3.5.2.12 are coinmon to ex­
isting coal fired power plants. 

Pressu~ized fluidized-Bed Combustion 

A considerable amount of effort is being fo.cusecf on the develop­
ment of fluid bed combustors which operate under pressurized conditions 
(3 to 10 atmospheres). In addition to· retaining a)l of the advantages 
of AFBC operation, PFBC also offer: 

1. Smaller boiler size for a given heat duty. 
This is possible d~e to the fact that, for· 
a given duty, required· bed· area is inversely 
proportional to operating pressure. 

2. Combustion efficiency within the bed is such 
that a properly designed unit should eliminate 
the need for solids recycle. 

3. Using dolomite, sulfur retention 1s improved 
with pressure. However, the opposite is true 
of 1 imeslot1e. 

4. NOx emissions are further reduced by pressure. 
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Exploitation of the full advantage of PFBC units requires the use of a 
combined gas turbine/steam turbine cycle such as that shown in Figure 
3.5.2.13. In addition to steam which is generated in the bed, the hot 
combusted gases can be expanded in a gas turbine after suitable cleanup 
{removal of particulate matter. Additional steam is raised from the gas 
turbine exhaust. The figure also shows a regeneration system for the 
sulfur sorbent used in the bed. 

Aside from the PFBC unit itself, two other components are of 
critical importance to the efficient operation of the system. The solids 
separation system shown is of paramount importance in protecting the 
turbine system from large quantities of erosive materials. It must perform 
this task in a pressurized environment of high temperature, in the presence 
of significant quantities of high speed erosive particles. Second, the 
turbine blades must be capable of withstanding a higher solids loading than 
is coiTillon for present day machines~ despite a proper functioning hot gas 
clean-up system. Both of these items are the focus of i nten&e daval opment 
work. 

Although concern has been addressed over- er·os ion prob 1 ems f\lccd 
by PFBC gas turbines, several indications suggest that the problem may not 
be as severe, for an equal solids loading, as that faced by a conventional 
gas turbine arrangement. The ash produced by the fluid bed is of a fluffy 
consistency, unlike the vitreous slags produced in some pc boilers, and has 
been described as "non-erosive."8 Gas turbines operating off of PFBC 
generated gas will also be aided by the ability of the bed to retain 
corrosive agents such as alkali and heavy metals, and sulfur compounds. 

The use of combined gas and steam cycles provides the PFBC power 
generation system with a 3 to 4 percent efficiency advantage over AFBC 
systems, which is ·the principle driving force behind their development. 
This economic incentive also applies in a similar way to combined cycle 
coal qasification systems. Although sulfur removal differs from that used 
in PFBC~ overal1 conversion efficiencies of coal to electr1c1Ly dr·e sint& 
ilar, and the economics for the two systems 11e 1n a narrow I..Jdull w1th1n the 
accuracy of engineering estimates. Because of the major role of the gas 
turbine in PFBC systems, this approach is primarily suited to large elec­
tric utility use and not to smaller industrial users whose primary need is 
steam generation for process use. 

Fast Fluidized Beds 

While pressure is an important process variable in determin1ng 
the application of a flu'idized bed system, gas velocity through the bed h 
important in· the combustor design, and operation in the "circulating" 
fluidized regime {where slip velocity is greatest) may provide advantages 
not available from batch fluidization. The next step, combustion in 
continuous fluidization, more closely resembles the operation of a conven­
tional puvlerized coal burner, and loses many of the advantages offered by 
combustion in a classical or circulating fluidized state. 
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Figure 3.5.2.13 

'Pressurized FBC Boiler with Sorbent Regeneration· 
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Through their many years .of industrial experience with fluidized 
bed techno logy, the Gennan finn Lurgi Chemi e und Huttentechni k GmbH is 
familiar with the'concept of burning coal in a ·circulating ·bed combustor. 
Figure 3.5.2.14 i"s a schematic drawing of the Lurgi approach for two stage 
coal combustion.·· .. · · · 

F i gu re 3 • 5 • 2 • 14 

Two-Stage Combustion in a Lurgi Circulating Fluid Bed 
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. According to Lurgi, this technique can be used advantag~ously in 
low temperature· combustion of fi-nely grained solid fuels, esp~cially high 
ash containi·ng coals and· carbonaceous shales.2 The desire.d· feed size 
range for a device· of this type is somewhere between that of pul vet:i zed 
fuel boilers and that generally specified for classical (boiling ·type) 
fluiqized beds. By pneumatically injecting the coal feed into the lower 
section of.the bed (which is free of tube bundles to avoid erosion), com­
bustion is initiated under conditions which do not favor NOx-formation from 
fuel bound nitrogen.2 NOx which is formed is eventually decomposed again 
in the presence-of low percentages of residual carbon in the .bed material.2 
In the upper part of the circulating bed where the walls are constructed as 
tube walls for steam raising, combustion with a. minimum of excess· air is 
completed~ The circulating bed may consist mostly of ash, finely ground 
limestone·or any other similar material. · 

One of the advantages of t~e circulating bed concept is the high 
rate of heat transfer available due to the smaller particle sizes and 
higher gas velocities. Lurgi indicates that such an arrangement may allow 
for better load following capabilities, since changes in gas· velocity will 
gre~tly affect the heat available for steam raising.2 

The desulfurization reaction when burning coal with limestone 
occurs at faster reaction rates, greater limestone utilization and higher 
overall sulfur capture with fine particle siz~s. High degrees of sulfur 
capture with low Ca/S ratios (less than 1.5) can be expecteq, and th~· same 
effe~t is true for NO decomposition on car~on.2 

Internal feasibility studies at Lurgi show that .th~re is a poten­
tial for large power generation faciJities based on the circulating bed 
conc.ept, but not approaching_ the. pulverized fuel boiler u·pper capacity 
range. However, there seems· to be an ·interesting range of application in 
the industrial boiler field, deliver.ing process heat.2 

3.5.2.3. Environmental Control Technology 

One of the princi.pal incentives for pursuing fluidized-bed com­
bust.ic:>n is the ea~e of controlling environmental pollutants corrmon to 
convent i ona 1 coal combustion systems. The pollutants of primary concern 
are S02~ oxides of nitrogen (NOx), particulate matter, trac~ elements 
and solid waste. · 

<> 

The design of fluid- bed combustion systems to meet en vi ronmen­
tal factors will depend on a variety of factors: 
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1. Application- (electric utility, industrial, 
cogeneration, etc. ; tncl ud i ng 1 oad require-
men.t specifications) · 

2. Plant location - (as it affects availability 
of vari.ous sulfur sorbents, and variation in 
fuel heating value, sulfur and nitrogen con..: 
tents, and trace constit~ents) 

3. Environmental requirements - (specifically air 
emission stand~rds and solid wastes) 

4. Combl!stor design ~ (e.g. temperature contt·ol 
by heat transfer surfa~e, excess air or ci r­
~ulating solids) 

Thl!$, each F BC s.vstem under cons ide ration is opt i rna lly a cu stnm 
design which is compatible with specific site limitations and will function 
within prQcess an~ environmental constraints. 

· S02 Control 

Control of sulfur dioxide produced during the combustion process 
with limestone, dolomite or coal ash (in the case of low-rank coals) in 
the bed has been ·experi.mentally demonstrated. However, this is only one 
option for controlling S02 emissions. Table 3.5.2.2 lists this and 
other control methods. 

Table 3.5.2.2 

.Options for Increased S02 Control In 
Fluid-Bed Combustors 

t Increase Feed Rate of Fresh Sorbent 
(expressed as calcium-to~sulfur ratio, Ca/S) 

t Increase Gas Residence Time in Bed By 
- reducing gas velocity 
- increasing bed depth 

• Reduca Sorbant Particle Size 
(may require a re~uction in gas velocity) 
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The first option increases the number of active sorbent particles 
in the bed, thereby increasing the overall S02 removal rate. In addi­
tion, however, this option will result in a significant net energy loss due 
to ~ndothermic calcination of the sorbent:e 

heat + CaC03 · > CaO + C02 

Factors of secondary importance are increased capital investment for larger 
sorbent receiving, storage, handling and feeding facilities,· l~rger spent 
sorbent handling, processing, storage and disposal facilities, greater 
particulate control requirements, and increased environmental impact of 
spent sorberit. 

. The second opti.on, increasing gas residence time, . is ~ffective 
but has limitations. Lowering gas velocity requires that .bed cross sec­
tional area be ·increased to maintain a constant heat rate (overall, this 
has a·small effect on plant capital cost). Bed depths in AFBC are probably 
limited to about 6 ft of expanded bed depth due to significant auxiliary 
power consumption for pr.imary air compression and because of the 1 imited 
discharge pressure available from simple fans. lO,f 

The third option, finer particle sizes (down to about 500 micron~) 
may require bed operation at lower gas velocities and/or greater recycle 
of the material collected from the primary cyclones. This would have a 
minor cost impact. 10 

. The effect of FBC operating conditions on sorbent requirements 
is shown in Figures 3.5.2.15 and 3.5.2.16, where the calcium to sulfur 
ratio is e?<pressed as that required to achieve 90 percent removal with 
the two different limestone types (Grove and Carbon). The estimates 
through AFBC system using no sorbent enhancement options, and operating 
at 8150C with 70 percent excess air.lO In applying the curves to low­
rank coa 1 s, it mu.st be remembered that no effect has been assumed for 
sulfur absorption by alkaline ash. The estimates also assume that the 
carbon burnup cell releases an insignificant amount of S02. Figure 
3.5.2.17 gives sulfur removal performance based on Carbon limestone for 
a bed operating under two different sets of conditions; as ~redicted 
by a Westinghouse kinetic model.10 The effect of finer particle size 
and 1 ower gas ve 1 ocity in reducing the Ca/S requirement for a given remova 1 
percentage is clearly evident. · · 

esorbent calcination is necessary for a~equate sorbent perfor­
mance in the bed. 

fReferences for sections 3.5.2.2 - 3.5.2.5 are listed at the end 
bf section -3.5.2.5. 
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Figure 3.5.2.15 
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Figure 3.5.2.16 

· ·ca/S-Molar-Feed·Re~uired-to·Maintain 
9o%·su1fur·Remova1 ·;n-AF c·with·carbon·timestone 

Source: R~ference 10 

Solids Density= 2. 70 x 10-2 mole Ca/cc 
Bed Voidage = 0. 5 
Velum~ Fraction of Active Emulsion 

Phase in Bed= 0. 5 
Bed Temperature= 815°C 

o/o Excess Air= 20% 

--t-_, 

-431-

Expanded Bed Height 
Superficial Gas Velocity 



Figure 3.5.2.17 
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Particulate Control 

The lack of data on the behavior and physical properties of low­
rank coal ash in fluidized-bed combustion systems may present a serious 
problem in specifying particulate removal equipment. Furthermore, it is 
likely that such information, for any coal, must be derived from experience 
with a large scale system.6 

For AFBC systems conventional technology exists that may be capable 
of controlling particulate emissions at the 0.03 lb/MM Btu level. This 
incluoes hot ESP (7500F) or fabric filters. Cyclones have been proposed 
for carbon collection, but these primary devices would be inadequate for 
fine fly ash collection, and may even prove to be inadequate for carbon 
collection. However, ESP systems may be faced with serious problems. For 
hot side ESP's, it is reported that alkali salts in fly ash are a major 
reason for the high performance of these units. The low operating tempera­
tures in the fluid bed, and the tendency to retain alkali metals may 
therefore retard ESP performance. For low-rank coals, higher alkali metal 
concentrations in the ash may counteract this trend. Cold side ESP systems 
may have collection problems due to 1) excessive carbon resulting from poor 
combustion; and 2) the high ash resistivity from low S03 levels in the 
flue gas. This last point may be especially true for low-rank coal fired 
boilers operating with limestone or dolomite sorbents. 

Nitrogen Oxides 

Due to the low operating temperatures, the main sources of NOx 
emissions from fluid-bed combustors is fuel bound nitrogen and not 
"thermal" NOx produced in the combustion zone. 

In a statistical evaluation by Westinghouse;lO it was estimated 
that AFBC emissions would meet a 0.6 to 0.7 lb N02/MM Btu standard. The 

·.1979 standard for lignite and subbituminous coals is 0.6 and 0.5 lb. 
NOx/MM Btu, respectively. Whereas for the control of sulfur oxides and 
particulates, the control techniques and relationships to operating and 
design parameters are relatively clear, the emission of nitrogen oxides is 
largely uncontrolled. The relationship between emissions and operating and 
design parameters in FBC units is not clearly understood at present, but it 
is expected that continuing research will yield a sufficient understanding 
of the problem to meet existing emission standards. 

Trace Elements 

Inorganic trace emission studies by Argonne conclude that FBC 
P.missions will be similar to those of conventional boilers.6 
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Solid Wastes 

Disposal of the solid waste (spent lirnestone and coal ash) may 
be best handled by using it as a landfill material. However, the presence 
of lime (CaO) may complicate this solution; the lime produces high pH 
levels, in the leachate. Additional work is required to solve the disposal 
problem, but limestone regeneration may be an attractive alternative to 
disposal. 

3.5.2.4 Effects of Low-Rank Coal Properties 

Although fluidized-bed combustion is easily adaptable to a wide 
var1ety of fuels, the specific technical problems and economic incentives 
will differ importantly depending on such fuel characteristics as the 
sulfur and nitrogen content, the amount and composition of the inorganic 
content, and the properties of the ash residues. Low-ntnk. l;Udls dre 
particularly distinguished by their low sulfur content and the unique 
behavior of .low-rank coal mineral matter. 

The process data available for low-rank coals has been generated 
by a number of· pilot scale AFBC units, located at the Grand Forks Energy 
Technology Center. (bed cross sectional area: 2.2 ft2), the Morgantown 
Energy Technology Center (1.8 ft2). Combustion Power Corporation (7 .1 ft2), 
and Fluidyne Engineering Corporation (17.8 ft2). These data address 
low-rank coal .sulfur retention and emission characteristics, NOx emis­
sions, combustion efficiency and bed agglomeration tendencies during 
fluidized-bed combustion. During 1980, EPRI sponsored North Dakota lignite 
burns at the Babcock and Wilcox 36 ft2 AFBC at A 11 fance, Ohio, and at 
the Lurgi circulating bed facility in Germany. Results from these tests 
were not available at the time of this writing. 

Sulfur Retent1on and Emissions 

The alkaline nature of low-rank coal ash makes possible the use of 
this ash as a $Orbent for sulfur dioxide released during the combustion of 
these coals. Altho~gh coal ash may be inferior to dolomite or nahcolit~ ~s 
a sulfur sorb~nt, the low sulfur contents of low-rank coals provides an 
acceptable alkaline-to-sulfur ratio for this .1jse. Bituminous coals are 
unsuitable for this due to both their non-alkaline ash, and high sulfur 

'contents. · 

Sulfur retention tests have been performed at GFETC on North 
Dakota Lignite. Montana and. Wyoming subbiturninous coals, and a Utah bitum­
inous coal, and the following data' abstracted from refererice 11.a These 
tests cover a wide range of coal com~ositions, with sulfur ranging fro~ 0.4 
to 1.4 percent, and the ~.nherent alkali-to-sulfur ratio from about 0.8 to 
6.0. Data are available for both inert bed materials (alundum· and silica) 
and for beds containing active sorbents (limestone, dolomite, and nah­
colite). Texas lignites have·been tested in the METC AFBC test ·unit. 

aReferences for Sections 3.5.2.2 - 3.5.2.5 are listed at· the end 
of Section 3.5.2.5. 
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The most important factor in determining sulfur retention is the 
molar ratio of total alkali to sulfur found in the coal and added sorbent. 
The'total alkali is calculated o'n the basis of the calcium, magnesium, and 
sodium in the coal ash, and any alkali from added sorbents~ This ratio can 
predict the percentage sulfur retention over a very wide range of coals and 
additional sulfur sorbents, as indicated in Figure 3.5.2.4 (see section 
3.5 .2. 1). The shaded region in the figure represents the range of sulfur 
retention for Illinois No. 6 coal containing approximately 4 percent sulfur 
burned in a limestone bed at Ca/S feed ratios from 0 to 4.0.ll The keyed 
data points represent lignites and subbituminous coals burned either in an 
inert bed (with the inherent coal alkali as the only sorbent) or in beds 
containing some limestone, nahcolite, or trona (the latter two are natur­
ally occurring sodium carbonate/bicarbo~ate minerals). The beds containing 
additional sorbents were not at equilibrium, and sulfur retention may 
increase if the bed is allowed to become rich in sorbent material. It is 
important to note that most of the data points for the low-rank coals 
fall within the shaded region determined for the high-sulfur Illinois 
coal -- which leads to the conclusion that the inherent alkali in the coal 
and the two sodi urn sorbents a 11 performed about as effectively as 1 i me­
stone. This approximation is not exact, but it does illustrate the pre­
dominant effect of the stoichiometric ratio in determining sulfur reten-
tion. · 

The principal operating variables affecting sulfur retention are 
the average bed tempe_rature, superfi cia 1 gas ve 1 ocity, and ai r-to..:fuel 
ratio, for which data have been reported previously.ll,l2_,13 The effects 
of bed temperature and velocity, which are the important design variables, 
are shown in Figures 3.5.2.18 and 3.5.2.19. The retention of sulfur on the 
inherent coal ash alkali in North Dakota lignite is maximum at an 'average 
bed temperature of 14000F without ash reinjection and at l5000F with 
ash reinjection (at a superficial velocity of 7 ft/sec). ·The lower tempera­
ture for the maximum observed without ash reinjection is attributed to the 
temperature elevation above the bed average in the region of the burning 
coal particles where the sulfur capture by the inherent-alkali takes place. 
The effect of temperature can ~e different, depending on other operating 
conditions and the specific coal burned. For example, ·a Wyodak, Wyoming, 
subbituminous coal exhibited a continuously decreasing sulfur retention 
fro~ about 40 percent to 10 percent as the temperature was increased 
from .13500 to 15500f at a superficial velocity of 12 ft/sec.ll 

The parametric effect of superficial gas velocity on sulfur reten­
tion is·shown in Figure 3.5.2.19 for Wyodak subbituminous coal burned at 
15500F and 20 percent excess air. The sulfur retention versus alkali 
relationship is lowered by about 15 percent between 7 and 9 ft/sec, and is 
further reduced by 20 percent between 9 and 12 ft/sec. 

. . 

·The effect of gn increase in air-to-fuel ratio is generally to 
raise sulfur retention. 12 However, the data obtai ned to date show con­
siderable scatter and are not well correlated overall. It is reason­
able to expect that the effect of excess oxygen co~ld differ widely 
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depending qn the oxidation state of intermediate and fi na 1 products of 
reaction. The different compounds qnd form~ in which the s~v.eral alkaline 
elements are cont~i ned in the coal and additive$ may affe~t the sulfur 
sorbence of these compounds at differing excess air levels. The o~idation 
of sulfite to sulfate (So3= to so4=) may also be catalyzed by major or 
trace elements present in the ash. 

A comparison of different sorbents for a singl~ coal under identi­
cal operating conditions is shown in Figure 3.~~2.3 (s~e se.ction 3.5.2.1). 
The inherent alk9li-to-~ulfur ratio of 1~6 fqr BeulQh, Nqrth Dakota, 
lignite resulted in a sulfur retention of 55 per~ent. 'Three different 
additives were then tested at an alkali-to-sulfur add ratio of 1.0 (total 
alkali-to-sulfur ratio of 2.6). Limestone was th~ least effe~tive of the 
additives tested, resulting in a sulfur retention of just under 80 percent. 
The sodium sorbents were more effective, resulting in retentions of 96 
percent and 98 percent, respectively, for nahcolite and trona. Some other 
coals have been tested at two different add ratios of nahcolite. One 
Montana subbituminous coal with an inherent alkali-to-sulfur ratio of about 
3~0 to 1.0 was tested at ratios of 0.5 and 0.9, and showed retentions of 87 
and 90 percent, respectively. Sodium sorbents may offer the logistical 
advantage of shipping and handling a very small amount of additive ma­
terial, which is an important !=Onsideration in choosing ~ sorb~nt for a 
low-sulfur coal, particularly in geographi~ql regions w~ere limestone is 
not locally av9il~~le. The prinGipql pfOQlem with sodium sorbents is the 
produ~tion of a ~qluble waste~ ~odi4rn sulfate. 

In Figure 3.5.2.1 (~ee se<:tion 3.5.2.1), the emission of S02 in 
lb/MM Btu is <:ompared for ten We~tern lignites· and sub,bituminous coals 
[ctata points and solid cyrve (1)] and Texas lignites [da~hed curve (2)]. 
Again the retention/emission of sulfur is well correlated with the alkali­
to-~ulfur r~tia, wit~ ess~ntial agreement between the Western coals and th~ 
Texas lignites over most of the range. The leveling off indicated for the 
Texas. lignites at about 0.25 lb S02/MM Btu for high stoichiometric ratios 
may b~ d~vi~e-specific, gr th~ result of the operating conditions under 
which the d~ta wer~ taken~ 

~missions, ~f Nitro~~~. Ox~des 

The emission of nitrogen q~ides (NOx) in AFBC of low-rank coals 
i~ ~~termi ned primarily by bed temperature anq percent excess air and, to a 
less~r '(and 4ndetermined extent), by fuel nitrogen content. Th~ nitrogen 
~ontent of Narth~rn Great Plclins lignites 9v~rages qbo1,1t 1.0 + 0.3 
(moi~ture-:- · anq Q~h-free); that for Texas 1 ignites 1.3 + 0.4; and that for 
Montana subbituminous coals 1.5 + 0.2. No definitfve study has been 
p.erformed· on the mechanism of NO~ forma.tion/redu.ction for low-rank coals, 
but the currerit assumption would be that the small Vqriq't;:ion in total fuel 
nitrog~n cont~nt is not a $ignific9nt factor in d~termining the ~mission 
leve.l. · · · 
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The correlations of NOx emissions with average bed t~mperature is 
given in Figure 3.5.2.6 (see section 3.5.2.1) •. For Beulah~ North Dakota, 
lignite (1.0 pet maf N content), the NOx emission was doubled from o~4 to 
0.8 1 b N02/MM Btu as the bed temperature was increased from 12300F to 
over 15000F at 30 percent excess air. For Wyodak, Wyoming, subbituminous 
coal. (1.2 pet maf N content), the NOx emission increased from about 0.3 
to 0.4 lb N02/MM Btu between 13500F and 15500F; these lower levels of 
NOx are attributed to the lower excess air (20 pet) at which these tests 
were performed. 

The effect of excess air on NOx emissions is shown in Figure 
3.5.2.7 (see section 3.5.2.1) \'lhich presents data for f:ive Western coals 
(1 ignite, subbitumi nous, and bituminous) at a bed temperature of 14000f. 
Discounting experimental scatter, the data indicate a direct linear corre­
lation of NOx versus percent excess air, which increases the emission 
from 0.5 to 0.9 lb N02/MM Btu between 10 percent and· 90 percent excess 

. air. 

The 1979 NSPS for NOx emissions is 0.6 lb N02/MM Btu f()r lig~ 
nite in pc fired bo_ilers (0.8 lb/MM Btu for N.orth Dakota lignite in cyclone 
~urners), and .0.5 lb/MM Btu for subbituminous and higher rank coals. The 
majority of the data in Figures 3.5.2.6 and 3.5.2.7 at bed temperatures 
below 14000F and excess air levels ·below 30 percent meet these standards. 

Combustion Efficiency 

Combustion efficiency in AFBC can be a problem, more so than in 
conventional firing, because of the lower temperatures and the elutriation 
loss of carbon particulate at the higher velocity. The solution to the 
problem can be approached either by capturing unburned particles and 
burning them in a separate fluidized bed operating' at a lower velocity and 
higher temperature (carbon burnup cell), or by employing recycle of th~ 
collected carbon particulate back into the main bed. The extended contact 
time of particulates and S02 achieved hy P.ithe-r method improves sulfur 
retention marginally on the inherent coal alkali as well. 
I 

Combustion efficiencies for low-rank coals are shown in Figure 
3.5.2.20 as a function of average bed temperature. The solid curve repre­
sents data obtained with Western low-rank coals at velociti-es ranging from 
7 to 12 ft/sec without recycle. The dashed line is for data obtained with 
the Beulah lignite while ~ecycle of ash was taking place. The upper curve 
is from data obtained by Morgantown Energy. Technology Center on Texas 
lignite at 3 to 4 ft/sec and ash recycle. At 7 to 12 ft/sec the combustion 
efficiencies range from 92 to 96 percent, associated with the increase in 

·bed temperature from 13000 to 15500F. 
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In general, the combustion efficiencies shown for low-rank coals 
are higher than those observed for bituminous" coals under similar condi­
tions, which reflects a higher reactivity for the lower-rank coals. In 
systems with ash recycle, close to complete carbon utilization can be 
obtai ned. 

High Sodium Content 

One problem which could present a major drawback to the full 
utilization of lignite in AFBC is the observed tendency for the sodium 
to form agglomerations of bed material. After the combustion of the 
high-alkali Beulah, North Dakota, lignite in GFETC's 0.2 ft2 combustor at 
a test condition of 15QQOf for approximately 12.5 hours, fused pieces of 
bed material appeared in the removed bed material. Some of these agglomer­
ations appear to have been formed on cooling tubes or thermo-couple wells. 
This aggl orne rated bed material later broke off and fell to the bottom of 
the bed. The largest agglomeration was approximately 1 1/2 inches long, 
1/4 inch wide and 3/8 inch deep, and was apparently formed on·a cooled 
tube. 11 

High . magnification photomicrographs of bed agglomerates showed 
two distinct surfaces on opposite sides of some particles, one surface 
being fused completely and the other only partially fused. This indicates 
that agglomerates forming on cooled tubes showed a fused consistency on the 
exterior (bed side) surface, and only a partially fused surface on the 
tube-side. 

An analysis of the partially melted material next to the tube 
surface was made using the scanning electron microscope. This analysis of 
the inner surface, as presented in Table 3.5.2.3 shows a substantial 
enrichment of sodi urn in the deposit as compared to the coa 1 ash analysis 
(24 wt pet Na20 on the tube surface versus 6 pet Na20 in the ash). 

An analysis of a random location on the surface of the outer 
fused area is shown in Table 3.5.2.4. This outer surface has only a slight 
enrichment in sodium, which would suggest that the deposits formed on the 
tube are associated with the condensation of sodium and sulfur as sodium 
sulfate. The sodium material is volatilized out of the material as it 
grows away from the cooled surface and is fused. 

A very large agglomeration was formed around the lower portions of 
the 7 ft2 CPC combustor after a shakedown test with the high sodium 
Beulah lignite.ll However, this agglomeration was formed under an 
unusual operating condition, and may not represent what would happen during 
normal operation. The combustor was operating at about 18QQOF when an· 
electrical malfunction caused the combustor to automatically shut down. 
When the combustor was opened after the run, the large agglomerations were 
found, which were very likely formed at least in part when the hot bed was 
slumped. 
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Table 3.5.2.3 

Surface Analysis of Single Particles From 
Tube Side of Agglomeration 

Na20 
MgO 
Al203 
Si02 
P205 
S03 
K20 
CaO 
Fe203 
Ti02 

TOTAL 

Table 3.5.2.4 

Pet. 

24.3 
2.8 
3.4 
3.2 
0.3 

48.7 
4.7 
9 .3, 
3.3 
o.o 

100.0 

Surface Analysis of Fused Side of Agglomeration 

Pet. 

Na20 8.7 
MgO 4.8 
Al203 6.7 
Si02 8.7 
P205 .. 0.2 
S03 30.1 
K20 0.4 
CaO 30.1 
F~03 9.3 
Ti02 1.0 

TOTAL 100.0 

·· Source: Reference 11 
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Bed agglomeration proble~ in low-rank coals may be alleviated by 
limestone addition. In this event, the injection rate of limestone would 
depend on bed properties rather than S02 removal requirements. 

3.5.2.5 Current Status 

Fluidized bed technology is currently evolving from the research 
and deve 1 opment stage to the demonstration project phase. Conmerci ally 
available i~dustrial-s1ze units are now emerging· into the market place. 

Four pilot AFBC units are reported to have operated on low-rank 
coals. The Grand Forks Energy Technology Center has the .largest data base 
on the Northern Great Plains lignites and subbituminous coals.: The other 
units are at the Morgantown Enet·gy Technology Ctmter (METC), Combustion 
PQWer Company in Menlo. Park; California, an.ct thP, Fluictyne Engineering 
Corporation of Minneapoli"s, Mi-nnesota. -Other significant FBC units may 
be classified as developmental,' demonstration or co11111ercial: 

Developmental Systems 

• Babcock & Wilcox Ltd. (Renfrew Scotland) -
retrofit of conventional spreader stoker boiler. 

• Babcock & Wi fcox Research Center (A 11 i ance, 
Ohio) - 6' x · 6' FBC ·Development Facility steam 
generator under contract with the Electric Power 
Institute (EPRI). . 

I Battelle Sub..:scale Experimental Unit System ..;. 
preliminary program to Battelle Demonstration 
Project. · 

Demonstration projects· 

• Battelle Columbus Laboratories - steam generator 
for space heating.· · · 

• Combustion Engineering ·Corp. - steam generator 
for space heating and power generation. 

• Exxon Re$ea~·ch and Eng i neeri ny Cu. - crude o11 
heater fqr petroleum refinery. · · 

•: Fluidyne Engineering Co. - system to provide hot 
air fqr space heating and industrial heating. 
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• Georgetown University - steam generator for space 
-heating and possible power generation. . . 

• Rivesville Allegheny Power System- electric 
power generation. 

Commercial Systems 

1 British Babcock - State of Ohio Program - retro­
fit of a 60,000 1 b/hr stoker fi r~d boiler at an 
OMo State psych.iatric hospital.·. ·completed in 
1979. . 

·• Johnston Boiler Co. - developed under license 
f~om Combustion Systems Ltd. (~ group composed 
of three United Kingdom. companies) ·using Renfrew 
Boi 1 er data. 

• Riley Stoker Corp. - to be manufactured and 
marketed Linder agreement with B&W Contractors 
(Subsidiary of B&W Ltd.) - 5o,o·oo to 500,000 
pounds per hour steam capacity. This agreement 
was very ·recently annou need; ·therefore a de­
scription of· the Riley Stoker design is not in­
cluded in this presentation. 

,. 

The test devices which have burned low-rank coals will be de­
scribed first. 

GFEtC 

.The data developed at GFETC have come mainly from a 0.2 ft2 
atmospheric fluidized-bed combustor. The unit is constructed from schedule 
40, type 316 stainless steel, and uses a .flat drilled plate distributor. 
Heat is removed from the bed by vertical heat transfer tubes in the bed, 
which are cooled with a ·:flow of water. · The .nominal fuel feed rate to this 
COmbustor is 15 lb/hr Of lignite at 7 ft/sec SUP.erficial gas velocity and 
20 percent excess air. 
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GFETC is also operating a_ 2.25 ft2 experimental AFBC unit (Figure 
3.5.2.21). The combustor is a refractory-lined steel shell with a re­
movable door which provides for easy access to the combustor. Horizontal 
water-cooled tubes are installed through the access door allowing the sur~ 
face area of the heat removal system to be easily varied to provide for 
different operational conditions. The area of the heat exchange surface 
in the bed can be varied from 0 to 38.34 ft2 by increments of 1.6 ft2. 
The nominal fuel feed rate to this combustor is 180 lbs/hr of lignite ·at 
7 ft/sec superficial gas velocity and 20 percent excess air. The com­
bustor system has been designed to operate over a wide range of conditions, 
as listed below: 

Average bed temperature 
Superficial gas veloci~y 
Excess air 
Ash reinject 1 on (pet of 

cyclone catch} 

f300 - 2000 Of 
3·- 12 ft/sec 
10 - 50 percent 

0 to 100 perc~nt 

This AFBC uses a flat-drilled plate distributor which is inter­
changeable with other plates for different ("lj11:'r'i:\t1on cond1tions. The unit 
also has complete gas analysis and operational control systems dedicated to 
its operation. The systems control the percent of excess air (air-to-fuel 
ratio), average bed tempera~ure (through air preheat temperature modu­
latipn}, superficial gas veloCity, and ash reinjection rate._ The ex­
haust gase_s are continually nionito_red for, .02; C02, ·co, .. NOx, S02, total 
HC, and opacity. The~e and about 70 other ope rat i ana 1 and funct i ana 1 
paramet·ers .are measured and rec·orded automatically every hour. On-line 
data processin·g is available with the use of a mifli-computer which also 

"· provides system alarm and process .display data. 

To date over a dozen tests .have been run in this unit, and have 
shown excellent correlation with data obtained in the 6 inch device. Data 
from this unit are also in agreement with data taken from the CPC combustor 
(descr1bed later) for the same coals. 

MERC 

The Morgantown Energy Technology Center (METC} has two 18-inch 
diameter AFBC's in the pilot plant at Morgantown, West Virginia; unit 2 is 
shown in Figure 3.5.2.22. The bed surface of each of these units is 1.8 
ft2. Unit 1 is a steel-shened, refractory-lined unit with a conical­
shaped distributor plate. The nominal coal feed rate to the combustor is 
abatjt 110 lbs/hr. The. unit has in-bed and fr~~boqrd cooling tubes to 
control bed and flue g~s temperatures. The approximate range of operating 
parameters of Unit 1, in wliich llgnite has been burned, are: 
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Figure 3.5.2.21 

2.25 Sg Ft F1uidiied-Bed Combustor at ·GFETC 

Source: Reference 11 
-44~-



Source: Reference 11 

Figure 3.5.2.22 

1.8 Sq Ft Atmospheric Fluidized-Bed Combustor At 
Morgantown Energy Technology Center 
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Average bed temperature 
Superficial gas velocity 
Excess air 

Ash reinjection (pet 
of cyclone catch) 

1300 - 18000F 
2.5 - 6 ft/sec 
Substoi chi a-
metric - 60 percent 

0 or 100 percent 

This unit uses six individually water-cooled hairpin tubes of 
0.62 each, for a total of 3.6 ft2 in the bed for primary cooling. The 
-bed temperature control is obtained by taking out or bringing into service 
any number of these tubes. The heat transfer tubes are made from l/2 inch 
schedule 160, type 316 stainless steel, because they must withstand bed 
temperatures without cooling water flow. The flue gas from this com­
bustor is monitored for 02, C02, CO, NOx, S02, and total HC on-line. 
The Morgantown Center has the most AFBC performance data on Texas lignites 
and coal refuse. · 

Combustion Power Corporation 

Combustion Power Compnay, Inc. (CPC) of Menlo Park, California, 
is performing combustion tests on Beulah, North Dakota, lignite under 
contract to GFETC. The CPC combustor is 36 inches in diameter, for a bed 
surface area of 7.1 ft2. This unit is also a steel shell with refractory 
lining. The nominal feed rate is 500 lbs/hr of coal. Figure 3.5.2.23 is 
a photograph of the unit at the CPC facility in Menlo Park. The distribu­
tor plate used for these tests is a CPC design and is of a modified bubble 
cap design. The range of operational conditions under which the series of 
lignite tests is being performed are: 

Average bed temperature 
Superficial gas velocity 
Percent of excess air 
Ash reinjection (pet of 
eye 1 one catch) 

1300 - l8000F 
3 - 9 ft/sec 
1 0 - 50 percent 

0 or 100 percent 

The unit normally u~e~ about a G rt expanded bed, which leaves a 
freeboard of approximately 13 ft. Ash collected in the cyclone separator 
may be fed back to the bed if desired. The cyclone was designed to collect 
90 percent of all the particulate greater than 5 microns. Vertical cooling 
tubes have been installed in the combustor for the 1 ignite test program. 
Tubes of several different configurations are available and are selectively 

. installed to control operating conditions before the run begins. The. 
surface of these in-bed heat exchangers can be varied from about 2.3 to 
43.7 ft2. On-line flue gas analysis equipment is available to measure 
concentrations of 02, C02, CO, S02, NOx, and total HC. 
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Figure 3.5.2.23 

7;1 Sg Ft Atmospheric Fluidiied~Bed Combustor 
At Combustion Power · campany ~ Inc. 
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FluiDyne 

FluiDyne Engineering Corporation of Minneapolis has performed 
tests on North Dakota 1 ignite for a private company. They have tested 
lignite in both an 18 inch square combustor and a 40 x 64 inch combustor. 
A photograph of the Fluidyne 17.8 ft2 AFBC is shown in Figure 3.5.2.24. 
The range of conditions under which coal has been tested in this unit 
are: 

Average bed temperature 
Superficial gas velocity 
Excess air 
Ash reinjection (pet of 
eye 1 one catch) 

1350 - 16500F 
2 - 6 ft/sec 
20 - 200 percent 

100 percent 

The average coal feed rate to the bed is about 800 lbs/hr, but 
varies considerably with operational conditions. This is an air-cooled 
unit and is, therefore, somewhat different in performance, and is particu­
larly well suited for testing industrial process air requirements. The bed 
depth for most of the testing that has been done was 35 inches, but re­
cently tests with deep beds up to 54 inches have been conducted. FluiDyne 
has tested both an electrostatic precipitator and a baghouse on this unit. 
Flue gas analysis equipment is available to measure 02, C02, CO, S02, 
and NOxon-line. 

One important feature of the FluiDyne system is its distributor 
plate. Its proprietary design is based on small air nozzles and small 
diameter air holes uniformly distributed over an air distribution grid 
plate. A plate of this design is reported to have been subjected to 
more than 150 startup-shutdown cycles with no evidence of thermal deform­
ation. 

Important operating parameters for the FluiDyne combustor are 
nominally as follows: 

Bed Temperature 14650F 

Bed Depth 35-54 inches 

Freeboard Height 5 ft 

Excess Air 30% 

Superficial Air Velocity 3.6 ft/sec. 
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Figure 3.5 .2 .24 

Fluidized Bed Combustor Designed .For Air Heating 
- FluiDyne Engineering ·corporation 
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Heat Transfer Coefficients 

Tubeside Fluid: 

Liquid 
Low pressure air 
High pressure air 

Flyash Recycle (screw feed) 

Solids Feeding System 

Injection points 

Operational Flexibility 

Air Flow: 
Coal 
Limestone 
Turndown ratio 

Combustion Efficiency 

50 Btu/hr ft20F 
20 - 25 
30 - 40 

40% (to bed) 

Pneumatic 

combustor walls beneath 
bed surface 

1,000- 12,500 lbs/hr 
150 - 500 1 bs/hr 
50 - 180 1 bs/hr 
3 • 3 : 1 ( 1. 6 5 t o 5 • 5 MM Btu I h r) 

96.3% 

The other principal FBC units which have been tested are as follows: 

Babcock and Wilcox, Ltd. 14 

Although there are many experimental FBC systems around the world, 
the B&W unit at Renfrew, Scotland was the first one large enough to permit 
realistic optimization studies to be conducted on the scale-up engineering 
problems associated with boiler operation and control. 

The B&W Ltd. system was ori gina lly a spreader stoker water-tube 
boiler which was converted to a fluidized-bed combustor, Figure 3.5.2.25 
and reconvnissioned in May, 1975. Over 5,000 hours of satisfactory opera­
tion have been accumulated with this system. The unit has a bed area of 
100 square feet with a steam generating capacity of about 45,000 1 b/hr. 
All tests have been conducted with coal, but the boiler has recently been 
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converted for combined coal /oil /gas firing. The studies conducted with 
this facility, have included: startup, load control, temperature uni­
formity, fuel size and feeding arrangements, fluidizing velocity, particle 
elutriation and carbon losses, heat transfer rates, corrosion and erosion, 
sulfur retention and NOx generation. The data obtained with this system 
were used in the design of the Johnston Boilers discussed later. 

The operating parameters for this system are: 

1 Bed temperature 
1 Calcium to sulfur ratio 
1 Fluidized-bed depth 
1 Superficial air velocity 
1 Excess air 
• Flyash recycle 

1 Solids feeding 

location 

1 Operational flexibility 

turndown ratio 

1550 - l650.0F 
6:1 max 
3 ft 
4 - 10 fps 
Variable 
100% greater than 295 microns 
particle size 
Pneumatic 

Under bed 

2: 1 

The B&W Ltd unit is distinguished by its proprietary design which 
separates the functions of bed support from air injection and maintains a 
low plate temperature. 

Babcock and Wilcox Research FBC 

This unit was built by B&W under contract with the Electric Power 
Research Institute. 14 The main furnace structure of this system is an 
atmospheric pressure water jacket with fires ide refractory 1 i ni ng. It is 
a 6 x 6 foot unit with a steam generating capacity of 10,000 pounds per 
hour at 150 psig (saturated). It is large enough to help bridge the gap 
bet~Jeen the bench $Cale/pilot scale boiler$ nO\'/ in operation or proposed 
and large scale semi-commercial demonstration units. The system will also 
generate about 3000 pounds per hour of lOOOOF superheated steam in 
addition to the saturated steam. The saturated steam will be used for 
heating purposes at the Research Center but the superheated steam will be 
vented. 
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This program will obtain data to improve combustion efficiency, 
investigate the effects of hot bed oxidizing/reducing environment on 
metals, and provide heat transfer data. The effect of multiple coal feed 
points on combustion efficiency will also be evaluated. 

A schematic of the device is shown in Figure 3.5.2.26, showing 
the combustor and auxiliaries. 

Steam generation tubes are located both in the bed and in ~he 
freeboard space. The tube bank located in the bed utilizes 1 1/2 11 O.D. 
tubes designed for three types of heat transfer: {1) boiler water, 
{2) superheating and {3) two rows of tubes operating at 1000 psig utili­
zing sub-cooled water and instrumented to obtain heat transfer data. 

The upper {freebo~rd) steam section is designed to produce addi­
tion a 1 150 psi g steam while coo 1 i ng the combustion ~as to 9QQOf. The 
s tt!ctlll uru111 is d1 v1 d~d to separate the steam produced by the i n~bed tubes 
from that produced by the freeboard tubes. Flow through the circuit is 
produced by forced circulation. 

Output control is achieved by the number of beds in fluidization. 
The bed is divided into four quadrants, each with its own air and coal/ 
limestone supply. Four separate air ducts feed the plenum chamber. Each 
duct has a separate damper and venturi flow meter for control and measure­
ment. 

The original distributor plate was made of calendered woven 
nichrome wire mesh. This plate was unsatisfactory because of plugging due 
to dust in the incoming air stream, plugging due to fines in the bed and 
warpage due to high temperatures. The present plate is l/16 inch thick 
stainless steel sheet perforated by 0.093 inch diameter holes and has an 
open area of 2.0 percent. This plate is sandwiched between two stainless 
steel grids. The plate is designed for 10 inches water pressure drop at an 
air velocity of 8 feet per second. Although some plugging, leaking of bed 
material into the plenum, and plate warpage have been encountered, these 
problems have not greatly hampered facility operations. This plate has 
withstood temperature excursions better than the woven wire plate. The use 
of a refractory covered. bubble-cap plate, successfully tested on a smaller 
unit, is being considered for the 6 1 and 6 1 system. 

Four cyclone separators are mounted at the furnnc.P Pxit to collect 
particulates escaping the furnace. Material collected by these cyclones 
can be recycled to the fluidized-bed via the coal feed system or removed 
from the unit by the ash handling system. 
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Figure 3.5.2.26 

Babcock & Wilcox Alliance ·Research ·center 
Fluidized Bed Combustion Development Facility 

WATER JACKET VENTS 

4-W A Y SPLITTER .J,J;:;;::.:::;<::::c~~~ F1 
(ONLY 2 SHOWN) 
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The flue gas from the cyclones passes through a large venturi 
flow meter and is then cooled to 4opoF before it enters the induced draft 
fan and passes out the stack. 

The bed (ash) removal system consists of five drain pipes which 
extend from the bed through the distributor plate and the windbox into the 
boiler room basement. Each ash pipe has a separate shutoff valve activated 
by an air cylinder. Presently the bed depth and the rate of bed removal 
can be controlled by the pressure drop across the fluidized bed. Ash from 
these drains drops into a cooling conveyor which carries the material out 
of the boiler room basement to an ash hopper. 

Nominal operating parameters of the system are: 

• Bed temperature 
• Calcium to sulfur ratio 
• Bed depLh 
• Freeboard height 
• SupPrfir.ifll ilir velocity 
• l:.xcess a1 r 
• Heat transfer coefficient 
• Flyash recycle 
• Solids feeding 

location 

• Operational flexibility 

turndown ratio 

Battelle14 

1G000F 
5:1 milximim 
2.3 - 4 ft 
18 ft 
5 - 10 fps 
!:> - 30 percent 
45 - 50 Btu/hr ft20F 
none in current tests 
pneumatic injection 

under bed 

4 - 5:1 

The Battelle Multi-Solids FBC demonstration unit, conceptually 
shCMn in Figure 3.5.2.27 will generate 40,000 lb/hr of saturated steam 
at 100 psig for use in an existing space heating system. 

The Battelle system is unique because it employs two fluidized 
beds: one bed for the combustion process and a second ped for heat trans­
fer, which contains the steam tubes. The separation of the combustion 
process {rom the heat transfer process permits each to be optimized for 
maximum efficiency. A dense solid material, Ohio River river-bed pebbles, 
is fluidized with the coal and limestone in the combustion bed, while a 
lighter material (sand) continuously circulates from the combustion bed 
to the heat transfer bed where it transfers its heat to the steam tubes, 
and then returns to the combustiOn bed. Several of the advantages cl~imed 
for this process are: 
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• Erosion and corrosion of the boiler tubes mlm­
mized by the low gas velocities (1-2 fps) in the 
external boiler. 

• The external boiler may be designed to maximize 
heat transfer to the steam tubes. 

• Rapid shutdown by stopping air, coal and lime­
s tone feed. Bed does not require coo 1 i ng 
following shutdown so can therefore retain high 
temperature to facilitate rapid restart. 

• Improved calcium utilization and sulfur cap­
ture. 

The Dattelle :)y::.L~III lid; r1u !H'UVISIOfl for coal crush1ng or drying. 
The system is capable of burning 1-l/4 11 x l/4 11 coal with varying moisture 
content. The limestone will be -325 mesh. The beds will be initially 
charged with the sand and pebbles, which will remain in the system and 
replenished periodically as required by operational losses. The sand 
make-up loss will be approximately 22 pounds per hour. 

Coal and limestone will be gravity fed through the side walls 
beneath the bed surface by water-cooled air-purged drop pipes. The air 
purge will prevent back-up of bed material into the pipes. The pipes will 
be fed by screw conveyors from storage bins. 

Flyash will be recycled by means of a screwfeeder into the com­
bustion bed. Figure 3.5.2.27 shows the Battelle FBC system. As previously 
mentioned, this design is unique since the heat transfer system is located 
in a secondary (hot sand) bed which is separate from the primary or combus­
tion bed. Tubes are positioned both in the hot sand bed and in the free­
board space of the heat transfer chamber. Tubes within the bed are verti­
cal. Flow through the water circuits is by forced circulation. Approxi­
mately 27,000 pounds of steam per hour are generated in the secondary bed. 
The hot flue gases are then ducted to an existing boiler in which an 
additional 13,000 pounds of steam per hour are generated. 

The system uses horizontal sparger tubes located at three levels 
in the lower portion of the combustor. Air, when emitted from these tubes, 
which are perforated on their undersides, fluidizes that portion of the bed 
above the tubes. Air flow to each of the three 1 ayers of tubes may be 
independently controlled. 

A cyclone dust collector is used to remove large size particulate 
matter (flyash) from the flue gas stream. The flyash is recycled to the 
combustion bed. The gas stream from the cyclone system will pass through a 
baghouse filter for final particulate removal. 

Relevant operation variables for the Battelle · system are: 
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t Bed temperature 
1 Bed depth 
1 Freeboard height 
1 Superficial air velocity 
• Excess air 
• Heat transfer coefficient 
1 Flyash recycle (screw feeder) 
• Solids feeding 

location 

• Operational flexibility 

turndown ratio 

(Coal, air, limestone and 
and all variable) 

Combustion Engineering 

165QOF 
4.75 ft 
31 ft 
30 - 40 fps 
20 percent 
45 - 50 Btu/hr ft20F 
20 percent 
Gravity drop 

.. 
. in bed 

:. 

3:1 

The Combustion Engineering demonstration plant will generate 
50,000 lb/hr of superheated steam at 365 psig and 56QOF for space heating 
use at the u.s. Navy Great Lakes.Training Station, Illinois. The unit will 
be an addition to an existing power p 1 ant for space heating and power 
generation. The purpose of this program is to develop a pqckaged FBC steam 
generator which may be built and shipped as a modular unit. It must be· 
able to meet all environmental standards without the use of auxiliary S02 
removal equipment, and must be competitive with other coal-fired units. A 
cross section through the Combustion Engineering FBC System is shown 1 n . 
Figure. 3.5.2.28. The general arrangement of the system is shown in Figure 
3.5.2.29. - . 

Coal and limestone will be stored in bins, metered by weigh belt 
r.;. feeders and·mixed in a hopper. However, the coal, prior.to release to 

the·mixing hopper will be blended with recycled ash in a screw conveyor and 
then discharged to the hopper. A pneumatic feed system wi 11 deliver the 
coal to any of the individual bed segments. The coal-l'imestone mixture 
will be injected pneumatically through horizontal nozzles located in the 
bed just above the distributor plate. The nozzl~s will be fed from below 
the plate. 

This system uses a three drum des.ign (2 mud drums .- ·f steam drum), 
with boiler tubes in an 11A .. configuration having the. hori zonta 1 tubes at a 
100 slope as shown in Figure 3.5.2.27. The front and rear walls of the 
boiler are water-cooled. The superheater tubes are completely immersed in 
the ·fluidized-bed. The turndown will be contrQlled by varying the fluid-. 
i~P.c1 hec1 area, fuel feed and air feed rates.· 
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Figure 3.5.2.28 

Combustion Engineering-FBC Cross Section 
u.s. Navy Great Lakes Training Station 

~ 

~ 
I 

SUPERHEATER TUBES 

PLENUM~ 

I I I 
I I 

c·ROSS SECYIOf~ thru AFBC H~DUS .. fRIAL BOILER 

Source: Reference 14 
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The bed is segmented into six areas, each having an independently 
controlled air supply. The total bed area of 140 square feet is divided 
into four zones of 17.5 square feet each and two zones of 35 square feet · 
each. The number of beds in operation.provides the primary output control. 
Output may also be regulated by varying the temperature in each zone from 
14QOOF ·to 17000F by air and fuel flow control. It is anticipated that 
a wide turndown ratio may be achieved, the actual values of which will be 
established as part of the demonstration program. 

The flue gases pass through a cyclone for fly ash remova 1. The 
removed fly ash is transported by a pneumatic system to a separator, from 
which it falls into a storage silo. Approximately 85 percent of the flyash 
is blended with the coal· stream for recycle through the combustion bed. A 
baghouse house is used for final gas particulate removal. 

Nominal operating parameters for the C-E System are: 

• Bed temperature 
• Bed depth 
• Freeboard height 
• Superficial air velocity 
• Excess air 
• Heat transfer coefficient 
e Flyash recycle 
• Solids feeding 

1 ocat ion 

.Exxon 14 

1400 - 17000F 
3 ft 
9 ft 
7 fps 
20 percent 
50 Btu/hr.ft20F 
85 percent 
pneumatic injection 

below bed 

The purpose of this program is to extend the fluidized-bed com­
bustion state-of-the-art technology presently used for steam generation to 
the preheating of crude oil to 6000F or higher prior to distillation or 
other r~finery processing. 

Two areas of technology peculiar to oil process heat~r appli­
cation which differ from boiler applications are the affects of tube size 
and bundle configuration on heat transfer and the problem of oil degrada­
tion which results in coke deposits on the interior walls of the heat 
transfer tubes. 

Indirect fired process oil heaters usually have tubes which are 
4 to 8 inches in diameter in contrast to the 1 to 2 inch diameter tubes 
used for steam generation. The Exxon program will establish the affects of 
these larger tubes on fluidization characteristics and will define the 
optimum or acceptable configuration of the tube· bundle immersed in the 
fluidized-bed. The parameters controlling hydrocarbon coking and the 
affects of the coke laydown on heat transfer through the heater tubes will · 
also be investigated. 
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The Exxon project consists of a research and development program, 
Phase I,· (completed in 1979) and a demonstration program, Phase Ii. 

Phase I includes visualization studies now completed, using a 
cold flow two dimensional fluidized-bed unit, and hot flow studies using ·a 
Process Stream Coking Un.it .and a High Temperature H·eat Flux Unit. These 
units will utilize both electric and propane fired heat sources. The 
latter unit will also be fitted for coal firing. The flow plan for the 
High Temperature Heat Flux Unit is shown in Figure 3.5.2.30. 

If the tests. of Phase I are successful, the High Temperature 
Heat Flux Unit will be installed in an Exxon refinery for the demon~tration 
studies. This unit has a bed area of 9 square feet. When fired with coal, 
the anticip~ted thermal output capacity will be 10 - 15 x 106 Btu/hr with 
a coal consumption of about 1,560 pounds per hour. It is planned to burn 
coal having a sulfur content of 3 percent. Coal fired design parameters 
have not yet been established. 

Georgetown UniversitY 

The Georgetown dem6nstration facility, shown schematically in 
Figure 3.5.2.31, has a steam generating capacity of 100,000 lb/hr at 675 
psig. The steam system has been integrated into the existing university 
power plant which provides steam for space heating and cooling. The 
purpose of this program is to demonstrate the use of FBC to burn higti 
sulfur coal in an environmentally acceptable manner in a congested urban 
location without auxiliary S02 removal equipment. The FBC unit and all 
auxiliary equipment will be totally enclosed in a building which is to be 
aesthetically compatible with the surrounding university complex. The 
system can also produce steam .up to 625 'psig for possible power generation. 

Coal is stored in three 346 ton capacity bunkers, tran$ported 
by elevator to a crusher if not delivered presized, then fed by conveyor to 
a weigh scale which feeds a short term storage (20 ton) bin. Coal is 
delivered to the combustor by two stoker feeds locat~d in the· sidewalls 
above the bed. The stokers distribute the coal uniformly over the bed 
area. 

Limestone is stored in a 350 ton bunker and transported pneumat­
ically to 5 ton bins. From here the limestone is metered by weigh scales 
to two 4 inch diameter pipes which feed the combustor by gravity just above 
the bed surface. 

Both of the stoker f~eders and one of the limestone injection 
pipes is located on the side wall. The remaining limestone feed pipe is 
located on the ·front wall near the side wa11· which contains the coal 
feeders. 
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Figure 3.5.2.31 

Fluidized-Bed Steam Generator Georgetown University 
loo~ooo·[bs/Hr 675 PSIG Design Pressure saturated steam 

Gas _. 
outlet ... 

I / 

Stearn Outlet • 

Source: Reference 14 
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The Georgetown system includes three parallel steam generating 
circuits which consist of a convection boiler.bank, immersed bed tubes and 
water walls. A water-tube wall also divides the bed segments. Flow 
through the circuits is by natural circulation. The steam, generated at 
675 psig; is reduced to 275 psig for use in the existing university power 
plant steam system. 

Control of. the system is achieved by using the divided bed, each 
segment of which may be independently controlled to provide an overall 
turndown ratio of 4:1. Each bed is provided with a separate stoker 
spreader for coal feed and one four inch diameter 1 imestone feed pipe • 

. Mechanical (cyclone) separators at the boiler bank inlet and 
outlet remove flyash from the flue gas. The flyash is reinjected directly 
into the fluidized-bed. A baghouse will remove fine particulate matte-r 
from the flue gas. Spent bed materia 1 will be gravity fed to screw con­
veyor~ fur c;uo11 ng pr1 or to di sposa I. 

Nominal operating parameters for the Georgetown system are: 

t Bed temperature 
t Bed depth 
t Freeboard height 
• Superficial air velocity 
t Excess air 
t Heat transfer coefficient 
t Flyash recycle 
t Solids feeding 

location 

t Operational flexibility 

turndown r·atio 

Rivesvillel5 

16QQOF 
4.5 ft 
8 ft 
6 - 8 fps 
20 percent 
40 Btu/hr ft20F 
78 percent 
Stoker spre~der 

combustor walls, 
freeboard . 

4! 1 

Early · in 1970, the consulting engineering firm of Pope, Evans, 
and Rabbi ns approached the A 11 egheny Power System management with a pro­
posal to participate in a fluidized-bed combustion program. The Rivesville 
station, owned by the .Monongahela Power Company and located in northern 
West Virginia, was selected as the site for the demonstration project. 
Initial operation began in 1976, and within one year after start-up, the 
boiler nameplate rating had been achieved for a short period and s·ulfur 
capture demonstrated. 

The Rivesville·FBC operates at a minimum of three cell steam 
flow of 125,000 pounds per hour at 1200 psig and 9QQOF. Peak load stream 
is generated at 1250 psi g and 94QOF, and represents a turndown ratio of 
approximately 3:1. 
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Since 1978, the unit has experienced serious operational dif­
ficulties. These problems have caused major set-backs in the testing 
schedule, which originally called for a series of tests on low-rank coals, 
but were never carried out. A major milestone was reached early in 1980 
when the unit successfully completed a 200 hour demonstration run. Current 
plans call for demolition of the unit if FY-81 funds are not received; 
otherwise, the unit will be operated for six months and then dismantled. 

British Babcock - State of Ohiol4 

This commercial installation was initiated as a result 
crises encountered in Ohio during the severe 1977-78 winter: 
shortages and a conflict between the EPA S02 regulations and 
reserves of high sulfur coal which has in the past supported 
industrial base. 

of the twin 
acute fuel 

Ohio•s vast 
the state• s 

This unit is a retrofit of a 60,000 lbs/hour boiler at the Central 
Ohio Psychiatric Hospital in Columbus. The project was contracted by the 
Ohio Energy and Resource Development Agency with Woodhall-Duckham (USS) 
Ltd., a British Babcock subsidiary. 

The plant is designed to accept a wide range of coals and limestone 
and is intended to demonstrate, on an industrial scale, the reliability and 
operating economics of a high sulfur coal fired fluidized-bed combustion 
boiler under a variety of operating conditions. It is closely based on the 
results obtained with the Babcock Renfrew system. Design details are not 
available. 

Johnston Boiler 

The Johnston Boiler Co. commercial units, Figure 3.5.2.32, were 
developed under technology and patent license with Combustion Systems 
Limited, a joint British organization. The design is based on the results 
obtained with the B&W Ltd. Renfrew tests. The Johnston commercial units 
are packaged modular systems available in nine sizes. The steam generating 
capacity of these units range from 2500 lb/hr {3 x 106 Btu/hr) to 50,000 
lb/hr {60 x 106 Btu/hr). These units are designed to operate on a wide 
variety of fuels including natural gas, propane, No. 2 and No. 6 fuel oils 
and wood in addition to all grades of coal. 

The Johnston units are segmented into three zones, each of which 
is capable of independent operation. This provides a primary turndown 
ratio of 3:1. Ad~itional optional control may be provided by varying the 
fuel and air flow to each segment over a range of 2:1. Thus, by combining 
the two modes of control an overall turndown ratio of 6:1 may be achieved. 
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Tests, conducted to determine potential turndown ability, indicated 
a possible range of 10:1, but with efficiency penalties. Johnston hopes, 
however, to achieve this high turndown capability without efficiency losses 
in future designs. · 

The Johnston Boiler Units can be operated with coal having a 
maximum size of 1 l/4 inches. Coal and limestone feed hoppers are located 
above the combustor, integral with the FBC unit. Variable speed screw 
feeders transport the coal and limestone to gravity feed drop pipes, which 
pass through the combustor sidewall at a point just above the bed surface. 
Unburned carbon is recycled by pneumatic injection through the combustion 
chamber wall beneath the bed surface. 

Steam is generated by an integral firetube heat exchanger 
(Figure 3.5 .2 .32). · Although heat transfer tubes are not immersed within 
the bed, all surfaces of the combustion chamber are lined with water 
tubes, as shown in the figure. Water tubes are also used for bed dividers 
and baffles in the freeboard space. Cyclone dust collectors remove flyash 
which is recycled directly to the bed. Ash and spent bed material is 
pneumatically transported from the bed for disposal. 

Operating parameters are as follows: 

• Bed temperature 
• Fluidized bed depth 
• Freeboard height 
• Superficial air velocity 

(variation due to changing 
cross sectional area) 

• Excess air 
• Heat transfer coefficient 
• Flyash recycle 
• Solids feeding 

1 ocat ion 

• Operational flexibility 

turndown ratio 

l()OOOF 
3 ft 
6 ft 
12 fps (bottom) 
6 fps (top) 

25 percent 
7500 Btu/hr ft2 
Variable 
Gravity drop 

6:1 

. The following tables summarize operating parameters for some of 
the fluid-bed combustion systems described above. Table 3.5.2.8 lists 
foreign FBC projects. 
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Ste.sm C~p. 
· .Status (If •lr 

System Start-Up [•ate Heat Output 

B&W Ltd. R&D Operational 
B&W Res. Cent. R&D Operational 

45 ,•JOO Lb/Hr 
lO,O.JO{ Sat. )Lb/Hr 

Battelle Demo-1979 40,000 Ub/Hr 
Comb. Eng. Demo-1980 50,000 IJb/Hr 

I 
~ Exxon Demo-1975 ......., 
0 Fluidyne Oemo-1979 
I Georgetown Demo-1979 

15 .oc 10f Btu/Hr 
30 IC 1of Btu/Hr 
100•.000 Lb/Hr 

Johnston Colllllerci i.lly 10 ,COO li.b/Hr· 
Bojler Available 50 .ooo U.b/H r 

Source: Reference 14 

Nominal 

Table 3.5.2.5 

FBC Units 
General Description 

Bed Area, Coal 
Sq. ft. Type 

100 Various-
36 Ohio No. 6-

15 1111 noi s No. 6-
140 Midwest Bitum. 

g 
17.8 Illinois No. 3-

212 East Bitum. 

12-24 to All Grades-
60-120 
1!-ed Bottom 
and Top Areas 

feed 
Olal Size Rate Sorbent · 

Sulfur Cont. (Inches)· (Lb/Hr) Type-Feed Rate (Lb/Hr) 

3.5-5~ 951-1/8 lime·stone 
3.5-41 l/4 X 0 1,880 L imestone-600 · . 
H;~ 1-1/4 X l/4 4,700 Limestone-2240 
3.'51 1/4 X 0 6,710 Limestone--3260 

3J. 1,562 Limestone 
3.61 500 Dolomite-180 
3.291. 1-1/4 X 3/8 9,565 Limestone-3133 

H·.gh- 1-1/4 X 0 263- Limestone-
5,260 Approx. 501, 

of Coal Feed, 
(~ighly Variable) 



Table. 3.5.2.6 

Nominal Combustion Chamber Parameters 

Bed Calcium/ Fluidized Freeboard Superficial Excess Heat Trans •. Flyash Re-
Tenp, Sulfur Ratio Bed Depth, Height, Air Velocity Air Coefficient, Cycle, '£ of 

Of (Molarl Ft. F.t. Ft/Sec '£ Btu[Hr ft20F- Coal Feed Distributor 

B&lf Ltd. 1,550-1,6.50 6:1 .MAX 3 15 4-10 Exp. Exp. Var •. Exp. Var. Separate Bed· 
Var. Support & Air 

Injection Plates. 

B&H Res. Cntr. 1,600 5:1 .MAX 2.3-4.0 18 5-10 5-30'£ 45-50 Exp. Var. Proprietary 
(O'£.MIN) Design 

Battelle 1,650 3:1 4.75 31 30-40' 20 45-50 20 Sparger Tubes 
I 

.p. Comb. Eng. 1 ,40Ct-1, 7010' 4:1 3 9 7 20 50 85 Perf. Plate 0.1" 
-.....! __. Dia. Holes· ., 

Propr:i.~tary Design 

Fluidyne 1,465 1.1 :1 3.5 5 3.6 30 20-40 40 Propriet~ry .. Design 

Georgetown 1,600 3:1 4.5 8 6-8 20 40 78 Perf. Plate 
Prop. Des 19.!1· 
0.1" Hole's 
3/4" Pitch 

Johnston 1,600 2:1-3:1 3 6 12 (Bed 25 7500 Operating Hor1 zontal 
Boiler Bottom) Btu/Hr-Ft2 Variable Air Injection. 

6 (Bed Top) (Nomina 1 .. Proprietary Design 
Overall Rate) 

Source: Reference 14 



· Table 3.5.2.7 

Out~ut Control (Turndow~~ 

Air Flow Co.al F~ed Limestone Feed 
System Tur.ndown Ratio Segments Lb/Hr · LII/Hr Lb/Hr 

~&W Ltd. 2:1 . Multi- Experim • fxperi11. Experim. 
Variable No. Variable Variable Variable 

B&W Res. Cntr. 4-5 Objective 4 27,900 .MAX 3Jill0 .MAX lOOO.MAX 
I 
~ Batte 11 e 3:1 Silgl e Variable 4100 .MAX 2240.MAX ....... 
N (Not Specified) 
I 

Comb. Eng'- To E-e 6 Variable 6110 .MAX 3200.MAX 
DeU,rmlned 

Fluidyne 3.33 Single 
(1.65.-5.5 x 106 Btu/Hi-) 

1,000-12,500 150-500 50-180 

Georgctmn 4:1 2 

Johnston Boiler 3:1 STD. 3 Variable Vuiable Variable 

6:1 Optional 

Source: Reference 14 



Tab~e 3.5.2.8· 

Foreign FBC Projects 

Country Location Start-up Feedstock Process Project Product 

West Germany Spring 1980 Coal PFBC Gas turbine cycle with 3 MWe 
a pressurized fluid 
bed cot®ustor 

West Germany Essen 1972 Coal AFBC 16"x32" unit, burns 
100 lbs/hr - test 
unit 

West Germany Saarberg 1980 Coal AFBC Power fllant 

Ne~1 South Wa 1 es Camden October 1977 coal FDC Fluidized Bed Pilot 
Pla~t; 2.2 tJns/hr 

New South Wales Brown Coal 1.3 ft.2 FBC Test Unit 
I 
~ Cze<:hos lovak i a Bechovice 1958 Low Quality AFBC Commercial Plant --.....! 
w Brown coals- 25 MWe 
I can be used 

with 1 ignite 

Finland Kajaani April 1977 Coal FBC Commercial unit- lleat:ing only 
25MWth 10 ft. 
diameter bed 

France Grenoble 1968 Coal Corrmercia l 
25MWe 

Moi'(JCCO Casablanca 1968 Coal Corrmercia 1 
60MWe 

Ir.dia Trichy June 1976 AFBC Test Unit, 6 ft diameter, 22 tons/day 
20,000 pph steam 

India Hardwar Under 
Construction Coal PFBC 660 1 b/hr 
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3.5.2.5.1- Selected Reference Abstracts For Fluidized-Bed Combustion 

A broad overview of information on fluidized bed~ combustion of 
coal may be gained from the Tables of Contents of the Proceedings of the 
Annual I riternat i anal Conferences .on Fluid Bed Combustion sponsored by 
EPRI, EPA, and TVA. The papers contained in these proceedings are well 
organized, brief, and cover key areas of interest. In addition the pro­
ceedings contain good overview papers for 'those desiring only a brief 
introduction to the topic. 

In the specific area of low-rank coal use in fluid beds, the 
amount of-literature is remarkably small. However, several papers are 
available that can give the reader a quick appreciation of the various 
topic areas unique to low-rank coals. These are listed with comments 
below: 

1. "rluidii:ed Oed Combu5tion !:iy5tem5: Prog1·e55 ond Outlook," rower 
En!]i!v~·erin.!l Maaa.zine) November 1979. 

Excellent overview with a review of some key projects. Small refer­
ence to lignite fuels. 

2. McGowin, C.R., et al. Conceptual Design of a Gulf Coast Lignite-
fifed At~ospheric Fluidized Bed Pbwer Plant, presented at the 
Annual M~eting of the American Institute of Chemical Engineers, 
San Francisco, California, November 25-29, 1979. 

A moderately detailed 35 page paper presenting designs and economic 
comparisons of a nominal 530 megawatt net AFBC plant and comparable 
lignite fired pulverized coal plant oper~ted as minemouth systems. 
Summarizes current thinking on utility installations. 

3. Goblirsch, G.M. and E.A. Sondreal. Low-Rank Coal Atmospheric 
Fluidized Bed .Combustion Technology, Symposium on Technology 
and Use of Lignite, Grand Forks, N.D., May 1979, DOE GFETC/ 
IC .. 79/l, 1979, pp. 75-107. 

Describes some DOE test facilities, and· summarizes effect of sulfur 
retention with inherent alkali for several low-rank coals. Brief 
discussion of agglomeration with photographs and results of chemical 
analysis. 

4. Johnson, I., G.J. Vogel, S.H.D. Lee, et al. Support Studies in 
Fluidized Bed Combustion, Quarterly Report, Argonne National 
Laboratory, Argonne, Illinois. 

The Argonne reports summarize work in a variety of topic areas, but 
those reports beginning in mi d-1978 include information on turbine 
corrodent studies. specifically removal of alkali metal compounds 
that would damage turbomachinery used in pressurized FBC install­
ations. 
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3.5.3 Gasification 

3.5.3.1 Introduction and Summary 

The incentives for using low-"fank coals as feedstocks for coal 
gasification systems depend upon a wide variety of factors. Although 
political and regulatory influences are important, their influence is 
secondary in·comparison to questions of a technical or economic nature. 
The range of application of coal gasification technology varies from low 
pressure, low-Btu gas generation to high pressure pipeline gas designs. 
These systems employ fixed, fluidized and entrained flow gasifiers blown 
with air or oxygen (and in some cases, hydrogen or steam) which operate in 
non-slagging, agglomerating or slagging modes with or without the aid of 
catalysts. 

In reviewing the application of low-rank coals to the various 
gasifiers commercially available or under development, it is clear that 
testing of low-rank coals in these units has been far from exhaustive. 
For the many reasons outlined in this report, low-rank coals are good 
gas ifi cation feedstocks, and in many cases better overall than bituminous 
coals. Because of their suitability to gasification, demonstrations of 
gasifier performance may benefit from the inclusion of low-rank coal~ in 
the test program, a practice which has not been common to date. 

Fixed-bed gasifiers may be operated in either slagging or non­
slagging modes. Non-slagging fixed-bed gasifiers are in wide commercial 
use and therefore represent the lowest risk systems available today. 
The slagging version of the fixed-bed design, although not commercial, 
represents an improvement in throughput (by a factor of three), thermal 
efficiency and reduced steam consumption. 

Fluidized-bed.systems have been in industrial use for many years, 
although the Winkler design is the only commercial coal gasifier available. 
Fluidized-bed gasifiers offer the possibility of operating with a sulfur 
sorbent directly in the bed, thereby reducing the requirement for down­
stream H2S remova 1. Ash remova 1 in fluidized-bed gasifiers generally 
requires that the ash be in an agglomerated state. 

Entrained flow gasifiers are operated in a slagging mode, and 
their high temperature, cocurrent flow assures that no higher organics 
remain in the raw gas. As a rule, these systems have the highest through­
put of the three configurations (fixed, fluidized, and entrained) and are 
also the largest consumers of oxidant per unit weight of coal gasified. 

Environmental control issues for coal ~asification address air, 
water and solid waste pollutants. The lower sulfur content of low-rank 
coals will reduce the cost of meeting sulfur emission standards relative to 
the gasification of higher rank coals. Liquid phase pollutants result from 
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raw gas and ash quenching, and process condensate blowdown; The degree·of 
cleanup required will depend to a great extent upon the gasifier desi·gn, 
with fixed-bed units generating the dirtiest effluents. Low-rank coals may 
be expected to produce greater amounts of phenols than higher-rank coals, 
exacerbating the water treating problems. Solid wastes from gasification 
plants may also pose environmental concerns, primarily due to the poten­
tial for water leaching of hazardous components. Finally, trace element 
emissions may occur in air, water or solid waste emissions and although 
mass emission rates are small, the potential health hazards may be signifi­
cant. 

Low-rank coals have physical and chemical characteristics which 
significantly affect their performance as coal gasification feedstocks 
relative to bituminous coals. The non-caking property of lignite and 
subb i lund nou s coals s i gni fi cant ly simp 1 i fi es the nperat ion of fixed-bed 
gasifiers, and is also beneficia'! in the .operation of fluidized-bed gasi­
fiers. Although' entrained flow reactors handle both types of coal suc­
cessfully. the non-caking feature can also reduce complications associ­
ated with pneumatic solids handling in gasification systems wher·e high 
temperatures are encountered during solids transfer operations. 

High moisture contents present in low-rank coals act to dilute 
gasifier energy production, result in large volumes of waste liquor, and 
in extreme cases, may be too high for use in fixed-bed slagging gasifiers. 

The higher reactivity in gasification reactions displayed by 
lignite and subbituminous coals may mean higher allowable reactor space 
velocities (and hence higher throughputs), higher carbon conversion and/or 
lower gasification temperatures. 

The higher content of volatile matter (ratio of volatile matter 
to fixed carbon) in low-rank coals, and in particular the higher content 
of phenols, means a significantly different wastewater treating system will 
be required for plants based on fixed-bed gasifiers.. · 

The ash properties of low-rank .. coals are significantly different 
than that found in other coals. This ash has been shown to be an important 
catalytic agent in promoting gasification reactiqns, and displays different 
temperature viscosity behavior than other coal ashes. Its chemical reac­
tivity with certain refractory materials has caused problems in test 
experiments, and will continue to be an issue when selecting compatible 
refractory linings for gasifier walls and hearths.· 
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Low-rank coals display lower sulfur contents than eastern coals, 
whi<;:h may offer unique opportunities for their use in small installations 
without environmental control equipment. The resulting lower content of 
H2S in raw gas streams reduces the requirements imposed on acid gas 
recovery systems, thereby lowering cap ita 1 and operating costs. Fugitive 
s~lfur emissions are also expected to be lower as ·a result of lower initial 
concentrations in the feed coal. 

These unique low-rank co a 1 properties as applied to the various 
types of gasification systems raise a number of key issues which impact the 
utilization of the resource: 

Key Issues for Gasification 

A. High Moisture Content 

1. Effect on gasifier operation 
2. Effect on wastewater treating system 
3. Effect on ability to minimize plant 

water consumption 
4. Effect on feeding system requirements 
5. Effect on process yields 

B. Fines Problems 

1. Effect on gasifier selection 
2. Effect on design of feeaing system 

C. High Coa 1 Reactivity 

1. Effect on gasifier throughput 
2. Effect on optimal gasifier design 

D. Non-caking Characteristics 

1. Effect on choice of gasifier type 

E. Vol'atile Matter Content 

1. Effect on wastewater treating 

· F. Ash or Slag Charactertistics 

1. Define important characteristics of 
low-rank coal ash and slag 

2. Role in catalysis of gasification 
react ions 

3. Effects on refractory linings in 
slagging gasifiers 
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G. 

H. 

4. Effects on downstream equipment 
and disposal requirements 

5. Effects on processes using added 
catalysts 

6. Slag viscosity 

Low Sulfur Content 

1. Effect on choice of acid gas 
remova 1 system 

2. Effect on gas cost 
3. Advantages for use in small 

gasifier installations 

Higher Oxygen Content 

1. Effect on process yields 
2. Effect on reaction rates and 

reactor throughput 
3. Effect on product slate and 

marketabi 1 ity 

The following is a discussion of these key issues and an assess­
ment of the processes which show the best applicability to the gasifi­
cation of low-rank coals. 

A. High Moisture Content 

Effect on Gasifier Operation 

The high moisture content of some lignites may cause problems in 
slagging fixed-bed gasifiers when levels are sufficiently high to quench 
the reaction or cause operational difficulties. As the moisture level 
increases, the heat produced from the gasification/combustion reactions in 
the lower region of the gasifier will be insufficient to vaporize the 
moisture in the incoming feed. The resultant drop in bed temperature may 
stop the flow of molten slag, shutting down the unit. Tests at Grand Forks 
Energy Technology Center indicate that the maximum allowable moisture 
content for successful operation of their pilot scale fixed-bed gasifier is 
between 37 and 40 percent.l In an entrained flow gasifier, a similar 
problem may result if the react ion temperature drops be low the required 
temperature for ash fusion. Non-slagging gasifiers do not face this 
p r o b 1 em , s 1 n c e s 1 a g r c rno v a 1 o c c u r !l i 11 L h e s u 1 i d p h as e . I n f d c t , t II e 
Lurgi dry ash gasifier requires large amounts of steam injection to pre­
vent slagging of the ash. The fluid bed should reach its operational 
limit at some level between the slagging fixed-bed and dry ash gasifiers 
since ash is generally recovered in an agglomerated form. 
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Effect on Wastewater Treating System 

Although high moisture levels in low-rank coals increase volumes 
of wastewater to be treated, the extent of this problem in comparison 
to higher rank coals is not completely clear. Depending upon the waste­
water treatment process involved, the concentrated liquors from bituminous 
coal gasification may have to be diluted before treatment can be effec.tive. 
However, treatment of a large volume of dilute contaminants also poses 
difficulties, particularly when removal must be made to very low levels. 
Therefore, the effect of high moisture contents in the feed coa 1 depends 
upon the wastewater treatment system used, the extent to which water is 
recycled, and the ultimate level of treatment required. In circumstances 
where concentrated liquors from bituminous coals do not have to be diluted, 
the large volumes of wastewater generated from low-rank coal gasification 
will be more costly to treat, from both capital and operating viewpoints. 

Minimization of Plant Water Consumption 

Current process designs for coal gasification plants reflect 
their need for large quantities of fresh water and their production of 
large amounts of dirty water. As such, the siting of these plants in 
locations where water supplies are minimal or uncertain may be subject to a 
host of legal, social, political and economnic questions. In particular, 
the arid West and some possible plant sites in the East are subject to 
local and temporal water shortages. In all regions, the discharge of water 
which has been contaminated by coal conversion operations is constrained by 
environmental regulations. 

Due to the fact that the transportation economics of coal are 
sensitive to the high moisture contents, the commercialization of coal 
gasification technologies using low-rank coals is likely to first occur 
as minemouth installations. If coal gasification is to be a viable enter­
prise in these arid regions, then the use of water for evaporative cooling 
must be minimized, process effluents must be recycled, and unusual water 
sources such as muni ci pa 1 waste or brackish groundwaters may have to be 
utilized. 

The production of gaseous fuels from coal may be regarded in 
part as a hydrogenation process in \'lhich water acts as a hydrogen source. 
However, the difference in hydrogen to carbon ratio of products versus 

· feed represents only one consumer of water. Other net consumers of water 
are blowdown from power generation, and evaporation due to wet cooling 
tower operation. In addition, water is required for mining, coal prepa­
ration, and ash disposal, and these must therefore also be considered 
along with the plant water requirements. · 

Although it is not feasible to completely eliminate the plant re­
quirement for fresh water,2 it is at the discretion of the plant designer 
to reduce water consumption to very low levels. The use of techniques such 
as air cooling, waste water purification and recycle, and collection and 
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utilization of water from high moisture coals is however, . not without 
added cost. The largest consumer of plant water is evaporative cooling, 
the quantities depending mainly upon the overall plant energy efficiency. 
In other words, heat which is not recovered in a product must by some means 
be rejected to the environment. An appreciable fraction of this waste 
heat will be lost directly to the atmosphere, and the remainder may be 
disposed by forced air convective cooling or evaporative cooling, depending 
on temperature level and process requirements, economics (air cooling is 
often indicated for streams above 1400F) and water availability. In 
water rich areas, typically 25 to 65 percent of the total unrecovered heat 
is absorbed in water evaporation, while in arid sectors or areas of high 
water cost only 10 to 30 percent of the unrecovered heat would be used in 
this manner.3 

IIi a11 estimdl~!:. of woter consumption, reuse or recycling of water 
is assumed, and the required water treatment facility ·is integrated into 
the coal gasification facility. For the highest level of treatment re­
quired to minimize the consumption of water, the complete water treatment 
cost including amortized capital costs should be in the range of $0.02 to 
$0.10/106 Btu in the product fuel.3 This cost is not likely to exceed 
five percent of the sale price of the product fuel from a ~oal gasification 
p 1 ant. 3 A 1 ess extreme approach using both wet and dry coo 1 i ng which is 
designed to reduce (by one-half to two-thirds) but not minimize plant water 
consumption can be carried out at cost not likely to exceed one percent 
of the sale price of the product fuel.3 · 

For a commercial-sized (250 million SCFO of pipeline gas) coal 
gasification plant designed to reduce water consumpt:_ion, the actual re­
quirement (not considering uses for mining and disposal) may be of the 
order of 4 million gallons per day, as compared to the commonly quoted 
range of 9 to 40 million gallons per day.4 If recovery of moisture from 
the raw gasifier .effluent is used as a method to further reduce fresh water 
consumption, the effect of using a high moisture coa 1 feedstock can be 
substantial. For example, a coi11Tlercial plant of this size will consume 
approximatelY 28,-000 tons per day of lignite having a moisture content of 
35 percent.!> This represents over two million gallons per day of water, 
the recovery of a·substantial portion of which could represent a signifi­
cant offset in the plant's fresh water requirements. 

From the standpo1nt uf wate~· conservation; it is fortun;,te that 
high moisture coals are present and available as coal gasification feed­
stocks in arid regions of the country. Although the utilization of their 
mui~Lure to reduce fresh wate~ consumption imposes added costs, these costs 
together with costs for increased use of air cooling and additiulldl water 
purification and recycle may not be excessive or prohibitive. The issue is 
therefore one. of engineering design and economic t radeoffs which wi 11 
differ for each individual case according to technical, economic, environ­
mental and political constraints. 
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Effect on Feeding System Requirements 

The high moisture content of low-rank coals.causes a reduced 
energy density in the slurry as compared to equal amounts of higher rank 
coals. An appreciable fraction of the moisture content of the low-rank 
coals is bound and hence this water is not useful in the slurry process but 
will be detrimental to the energy balance in the gasifier. Correction of 
this problem will require a higher ratio of coal to water in the slurry 
which .may require special drying or. other preparation techniques. This 
higher coal to water ratio will further aggravate already troublesome 
pumping problems and seal erosion in equipment. 

Effect of Moisture Content on Process Yields 

The high moisture content of low-rank coals requires that greater 
quantities of coal be fed to the gasifiers to achieve the same process 
energy input which are obtained from higher-rank coals. The greater solids 
handling requirement and the greater volume of gases and liquids generated 
as a result of the increased coa 1 feeding rate result in 1 arger process 
equipment from coal handling through waste heat recovery and water treating 
(although acid gas removal requirements may be greater ·for certain applica­
tions due to larger amounts of C02 which result from lignite gasifi­
cation). This effect is expected to be most pronounced for lignite and 
to a lesser extent for subbituminous coal. 

In certain cases, the additional water vapor present in the raw gas 
may partially offset the reduced yield of fuel gases anticipated from a 
low-rank coal feedstock. For example, for synthesis gas uses and in the 
~anufacture of SNG, shift conversion is carried out to produce additional 
hydrogen from carbon monoxide generated in the gasifier. Water vapor is 
required as a reactant and is introduced by injection.·of steam in cases 
where raw gas water vapor pressure is too 1 ow. This advantage is not 
applicable when the desired product is a medium- or low-Btu gas, since 
shift conversion is not required in these cases. In fact·for low-But gas 
production the water vapor may lower the product gas ·heating va 1 ue to 
unacceptable levels for certain end uses, particularly ·.if entrained flow 
gasifiers are used. Due to their high operating temperatures, these 
gasifiers produce only CO and H2 as fuel components of'·the product gas, 
and in air blown configurations have a maximum heating.value of approxi­
mately 160 Btu/SCF (which is rarely achieved). 

Significant amounts of water vapor or other di luents can reduce 
this heating value to low levels (although gas turbines· can be designed 
to function reliably on gas of 100 Btu/SCF or greate~ heating value). 
Gas.ifiers requiring water slurry feeds or high rates of steam injection 
will compound the effect and may necessitate product gas drying by a 
.series of low-temperature knock out drums or a glycol drying system. 
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A clearer definition of the incentive. for using lignite and subbi­
tuminous coals as gasification feedstocks could be gained from an engi­
neering/economic analysis of the performance of the two feedstocks as 
compared to bituminous coal in plants which have been modified to take 
advantage of the.properties of each feedstock. 

B. Fines Problems 

Fines are produced during crushing and handling of all types 
of coal. In addition, slacking or decrepitation is a process whereby the 
surface moisture of the coal evaporates, causing cracking and crumbling of 
the surface. This occurs particularly in lignites and can be the principal 
source of fines if long-term exposure to weather is allowed. 

Effect on Gasifier Selection 

Fines are a particular problem to fixed-bed gasifiers.7 This 
problem occurs because of the need to maintain the proper gas flow which in 
turn requires a well-contr-olled particle size distr1but1on (plus 1/4 inch). 
Introduction of fines near the top of the gasifier results in their en­
trainment out of the. bed. Fines can also be a problem in flu1d-bed sys­
tems if required gas· velocities are sufficiently high to cause carryover 
of the fines. This may result in eros1on, fouling or plugging in down­
stream equipment and a thermal efficiency reduction if the fines contain 
unreacted carbon. Contrary to these difficulties, entrained flow gasifiers 
require a pulverized coal feed. 

Effect on Feeding System Design 

Fines can be a major problem in water slurry feed systems. ln 
addition to making the slurry flow thixotropic, a high fines content in­
creases the slurry viscosity resulting in increased pumping power re­
quirements. Fines have also caused erosion problems in pump seals and have 
lead to rapid deterioration of moving parts. In lock hopper systems, 
abrasion due to fines has been a problem. This is compounded by high 
silica levels present in some Western coals. New dry pumping systems being 
developed will likely encounter similar abrasion problems. 

C. High Coal Reactivity 

Effect on Gasifier Throughput 

The rate at which coal can be converted In Llle gasifier is il 
funcl'ion of several parameters, includi11g the t·eactivity of th~ coal. It 
has been shown that low-rank coal chars can display over 100 times greater 
reactivity towards gasification than chars from higher-rank coals.8 Due to 
this property of low-rank coals, it is possible to process these coals at 
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higher space velocities than common for higher-rank coals. This translates 
into lower capital costs in the gasification sector, due either to smaller 
allowable sizes for the gasifiers, or a fewer number of units required. 

This property of low-rank coals has particular application to dry 
ash fixed-bed units. In this case, the 1 ow operating temperatures required 
to maintain the dry ash condition also significantly _slows the gasification 
rate in comparison to slagging operation. Thus, highly reactive low-rank 
coal feedstocks show an advantage over bituminous coals in this area. Due 
to the increase in _reactivity with temperature, this difference is much 
less noticeable at slagging temperatures. 

The importance of maximizing coal throughput in the gasifier· is 
limited by the relatively small fraction of the total plant capital cost 
accounted for by the gasifiers (approximately 10 percentS). In addi­
tion, considerations of mechanical reliability suggest that high mass flux 
devices may encounter more operational difficulties or a more frequent 
maintenance schedule. It may be necessary therefore to place added empha­
sis on operational reliability as a part of ·reactor design efforts on high 
throughput devices, particularly those associated with electric power 
generation. 

Effect of High Reactivity on Optimal Gasifier Design 

It may be possible to take advantage of the high reactivity of 
low-rank coals with a gasifier which has been specially designed for this 
purpose. For example, in the hydrogasification of,coal to produce methane, 
the reaction equilibrium is shifted toward methane at low temperatures and 
high pressures. Using a highly reactive coal may allow good reactor 
conversions in a short residence time reactor. Reactor design consider­
ations should then address reactor temperature profile, pressure gradients, 
and the degree of mixing of the reactants. Reactor geometry and injection 
method and orientation will be important factors in determining the com­
pleteness of mixing and conversion efficiency in the reactor. 

Since the problems and advantages associated with the coal feed­
stock may vary considerably according to the rank of coal, it may be 
desirable to explore optimal reactor designs for individual coals in 
specific applications. In some cases it may be possible to achieve a 
substantial improvement in performance with only minor modifications of an 
existing design. It is likely that a laboratory study to define the 
relationship between reactor design arid performance for low-rank coals 
would yield information· applicable to other coals, and would represent a 
significant increase in the current knowledge in this area. 

D. Non-Caking Characteristics 

The non-caking characteristics of low-rank coals make them es­
pecially valuable as feedstocks to certain types of gasifiers. This prop­
erty allows a simplifed coal preparation system and alleviates some of 
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the severe operational problems found in fixed and fluidized-bed gasifiers 
with higher-rank coals. Caking coals generally require pretreatment or, 
for fixed bed gasifiers, mechanical stirrers to prevent coal agglomeration. 
These methods are not required for low-rank coal systems and hence costs 
are somewhat reduced. 

In the case of fluid bed systems, coal particles are diluted by 
char, ash, or other inert materials (such as a sulfur sorbent) to prevent 
agglomeration. Although caking coals can be used to some extent due to the 
reduced coal concentration in the bed, low-rank coals may be used at any 
concentration without concern for caking problems. 

Since particle interaction is minimized in the gas stream for 
entrained flow systems, caking tendencies are not a problem within the 
reactor. Howevet·, pneumalh:: conveying systems operating at high .temper­
atures (such as in a char rP.r:yr.le loop) may be very sensitivg to nozzle 
plugg"irtg with caking coals. Again, low-rank coals ho.ld an advantage in 
this application. 

E. Volatile Matter Content 

In fixed-bed gasifiers, volatile matter is driven off in the upper 
·regions of the reactor. Hence, the heating value of the raw gas produced , 
·from 1 ow-rank coals can be enhanced by the presence of 1 i ght hydrocarbon 
gases. In addition, devolitilization of oils, phenols, napthas and other 
components in low-rank coals, will require different separation and treat­
ment systems from those associated with higher-rank coa 1 gas ifi cation 
because of differences in composition and quantity. 

In entrained flow systems, where gasification temperatures are very 
high, partial oxidation of all tars and oils occ~r and hence the need for 
complex gas liquor treatment facilities is eliminated. 

Effect on Wastewater Treating 

There are two· contaminants in most gasification wastewatE;!r that 
present major problems, phenols and ammonia. Phenols are one of the most 
toxic constituents of the wastewater and are generally removed by one of 
three methods; recovery. degradation, or a combination of these methods·. 
Recovery processes include distillation, solvent extraction, crystalli­
zation and activated: carbon adsorption. These methods concentrate the 
phenols for further use. Degradation techniques include bio-oxidation, 
ozonation, incineration and activated carbon adsorption with thermal 
regeneration. The techni q~e selected for use is dependent primarily on the 
concentrat~on level and cleanup requirement. 

' 

. Ammonia is typically a by-product of the coal conversion process 
and its formation 1 s favored by 1 ow temperature, high pressure reactor 
conditions. Ammonia levels in the water may reach 3600 mg/1 to 14,000 mg/1 
or more, far above the allowable discharge concentration. The presence of 
anunonia can be damaging to gasification equipment metallurgy as well as to 
the environment. It can also inhibit phenol removal when certain solvent 
extraction processes are used. 
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Recovery of ammonia is economically advantageous in that anhydrous 
ammonia or ammonium sulfate are readily salable items. The recovery is 
complicated however by the presence of C02 and H2S as well as the phenols. 
In some cases, ammonia may be stripped off with the acid gases. There qre 
a number of proprietary processes available for ammonia recovery. · 

F. Ash or Slag Characteristics 

Important Characteristics of Low-Rank Coal Ash and Slag 

The unit operations in coal gasification plants place a number of 
requirements on the chemical and physical properties of the coal mineral 
matter. Within the gasifier, important ash characteristics are temperature 
viscosity behavior including ash softening and initial deformation points, 
corrosive and erosive action on refractory surfaces and other gasifier 
internals, and catalytic effects on gasification rates. Ash properties may 
also affect downstream equipment and disposal requirements. 

Role of Inherent Catalysis in Gasification Reactions 

Reaction rates in coal gasification are dependent upon ~everal 
factors, including temperature, pressure, presence of catalysts, composi­
tion of reactants and physical properties of the coal (number of active 
sites, porosity, etc.). In particular, gasification rates are strongly 
dependent upon temperatur~. The use of coals having catalytically active 
mineral matter is most advantageous in lower temperature gasifiers. The 
exploitation of those coals having inherent catalytic mineral matter may be 
a way to enhance the technical and economic viability of proposed gasifi­
cation processes. 

Researchers at Ford Motor Co.9 have found that the rates of 
steam gasification of low-reactivity coals and graphite can be signifi­
cantly enhanced by the additi.on of ash from highly reactive lignites. 
However, it was not possible to distinguish clearly between a catalytic 
1 oweri ng of the activation energy for the reaction; and an increase in the 
number of the gasification sites. An understanding of the mechanism of 
catalytic activity would help to ·choose optimal reactions for a given coal 
in a specific process, and may also identify which coals available in the 
resource are 1110::;L valuable w1th respect to use in ·reading gasification 
projects. An increase in demand for low-rank coals may also arise-as part 
of b 1 ending schemes where processors are seeking enhanced reactivity of 
higher-rank feedstocks. 

Effects on Refractory Linings in Slagging Gasifiers 

Some coal gasifiers rely on a·n interior lining of refractory 
material to limit heat losses and preserve the structural integrity of the 
vessel during. high temperature operation. If these gasifiers are operated 
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in a slagging mode, the refractory liners may be subject to corrosive 
attack by the molten mineral matter in the coal which may reduce the life 
of the liner to unacceptably low time periods~ Replacement of refractory 
materials requires shut down of the reactor (and a proportionate decrease 
in plant output if another unit is not brought on line) and can be overall 
a rather costly procedure. 

Some low-rank coals have high fraction of calcium.in their mineral 
matter, which has been shown to be corrosive to silicon carbide refractory 
liners. However, low-rank coals are also generally lower in iron, which is 
also a corrosive agent in certain cases (lower iron contents also reduce 
the two-phase slag proble~ encountered in fixed-bed gasifiers). 

To insure a reasonable service life from refractory liners in 
slagging gasifiers, an effort must be made to estab11sh chemical compat­
abil ity between 1 i ncr and slag. This can ·only ba assured after a. labori'l­
tory or pilot plant test. program has identified the agents present in 
low-rank coal mineral matter which are corrosive to those refractory liners 
in question at slagging conditions over extended time periods. 

Effects of Low-Rank Coal Mineral Matter on Downstream Equipment 
and Disposal Requirements 

Ash particles escaping from the gasifier in the raw gas effluent 
may have a corrosive or erosive effect on downstream process equipment. 
However, it is expected that this problem will differ more according to the 
type of gasifier than to the rank of coal fed to the gasifier. 

Disposal of mineral matter from coal gasifiers may be complicated 
by the pass i bil ity of cant ami nation of groundwaters with harmful canst it­
uents by water leaching of the buried material. This issue is not a 
concern associated with slagging gasification and the problems arising from 
dry ash disposal are similar to those encountered by electric utilities in 
the disposal of fire box and fly ash (for a discussion of this issue, ~ee 
Direct Cornbu st ion). 

Effects on Processes Using Added Catalysts 

Enhancement of coal gasification reaction rates may be accomplished 
by the addition of a catalyst material to the coal before or during gasifi­
cation. The possibility ·exists for the mineral matter inherent in low-rank 
co a 1 to react with these· added catalysts in such a manner as to: a) in­
crease their effectiveness in promoting gasification; b) inhibit their 
catalytic effect, or c) reduce the availilhility of the catalyst for re­
covery and recycle. 

Depending on the cost of the added catalysts, the process design 
may specify a catalyst recovery step, or may allow the added catalyst to 
be disposed along with the asho Low-rank coals have shown some tendency 
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towards cation exchange with potassium in Exxon•s Catalytic Gasification 
Process. Since the potassium catalyst is expensive, a fairly high re­
cycle is necessary to maintain attractive process economics. The ex­
change of potassium fo·r sodium and calcium in low-rank coal makes a pro­
portion of the added catalyst inaccessible to the normal catalyst recovery 
system, and is ultimately disposed of along with the coal ash. In addi­
tion, catalyst recycle loops may require a purge stream to prevent buildup 
of" exchanged ions, thus representing another pathway for catalyst loss. 

The chemical interaction of low-rank coal mineral matter with added 
catalysts to produce enhanced or inhibited reaction rates is a potentially 
important and catalyst specific topic. Certainly these possible inter­
actions and their effect on gasification rate should be well characterized 
before proceeding past a laboratory scale development program. 

Slag Viscosity 

Ash or slag removal from the gasification zone is a topic of prime 
importance due to its effect on gasifier operation. In a dry ash fixed-bed 
gasifier, the ash is removed from the gasifier through a slowly rotating 
grate. Fluidized-bed devices rely on a continuing removal of solid inert 
material (often a mixture of ash and sorbent) to maintain proper bed 
height. Slagging gasifiers require a cert~in minimum slag viscosity 
to assure proper slag flow through the tap hole and into the quench vessel. 

In order to assure proper operation of the gasifier, the con­
sistency of the ash or slag must fall within predetermined limits at the 
gasifier operating temperature. 

Prediction of the behavior of the slag under operating conditions 
can therefore be an important tool in assuring proper operation. In 
cases where the viscosity of the slag is not low enough for proper slag 
flow, fluxing agents may have to be added. Low-rank coals in certain 
cases may have lower fluid temperatures than bitumi.nous coals. 

Depending upon the type of molten slag discharge used, slag vis­
cosity will take on varying levels of importance. Where the slag is 
removed by intermittent tapping, as in BGC device, the flow properties are 
1 e:;s hu~Jur·Ldut than in the Koppers- Totzek gas 1f1er, for example, where slag 
f_low is continuous. In gasifiers which operate at' lower temperatures, slag. 
consistency is also important. The agglomerating a'sh concept requires that, 
ash particles adhere to each other at bed temperatures so that segregation 
can be achieved by virtue of agglomerate particle· size and density. Dry 
ash removal systems would be fouled by a sticky or fluid ash. 
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For several coals which have been studied to date, initial attempts 
are being made to predict the viscosity-temperature relationship of low­
rank coal slags by using a correlation developed at the Grand Forks Energy 
Technology Center.lO Successful operation of a gasifier requires a prior 
knowledge of ash or slag behavior, particularly when faced with a varying 
coal feedstock. Researchers at the National Bureau of Standards have made 
progress in this area by investigating the effect on viscosity of varying 
concentrations of chemical compounds found in coal ash.11 Although 
their work was ~onducted for application to MHO dev~lopment, minor extra­
polations of their data may yield information relevant to coal gasification 
studies. · 

rn light of the difficulty in determini·ng a coal slag viscosity by 
experiment, the correl_ative work done so far should be extended to other 
coals and other process conditions. If possible, it should also be broad­
ened to include predictions for other physical prop~rties as a function of 
mineral matter composition, temperature and the presence of other chemical 
agents (such as fluxes). · 

G. Low Sulfur Content 

Effect on Choice of Acid Gas Removal System 

Sulfur removal from the gasification product stream is required to 
meet environmental regulations but is also required to prevent catalyst 
poisoning and corrosion of process equipment. The low sulfur content of 
low-rank coals translates into a reduced requirement for removal to meet 
environmental standards and satisfy process needs.· However, signific·ant 
volumes of C02 are produced from the gasification of low-rank coal and·in 

~ cases where non-selective acid gas removal is required the increase in size 
and operating requirements imposed by the additional C02 more than offsets 
the decreased volume of sulfur compounds. 

Systems removing both the H2S ~nd the C02 are referred to as 
11 non-se 1 ect i ve.. while those ·that preferentially separate these compounds 
are referred to as 11 Selective. 11 Most absorption systems rely on direct 
gas-liquid contact with the acid gases being absorbed into the solution. 
A number of aqueous agents are available as the absorbing fluid. An 
example of a non-selective absorber is a potassium carbonate system while 
some amine-based aq~eous systems operate selectively. 

One problem faced in non-selective treatment systems is disposal of 
H2S from the absorber once the synthesis gas stream has been cleaned. One 
option is the Cl&us process where the H2S is first thermally oxidized 
to S02 and the S02 is reacted again with H2S to produce elemental sulfur. 
However, the Claus process requires a minimum -level of H2S in the ·feed 
gas, and may not be applicable in some low-rank coal based gasification 
plants. Other sorbents used for selectively removing sulfur include 
activated carbon, iron oxidet zinc oxide or molecular sieves, although 
sulfur levels are generally too high to justify use of these systems, even 
when low-sulfur ~oals are used as gasification feedstocks. 
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Effect on Gas Cost 

As mentioned earlier, acid cleanup from the. gasification .of low­
rank coals is economically attractive due to the low sulfur content but the 
incr:eased C02 production is a negative aspect of their use. A useful 
comparison would be to evaluate the engineering/economic tradeoff between, 
reduced sulfur levels and increased C02 pro9uction in low-rank coals. 

Applications of Low-Sulfur Coal to Small Gasifier Installations 

The low-sulfur content of Western coal may be advantageous for use 
in small gasifiers where controlling regulations. are much less stringent. 
For units with power inputs less than 75 MW, the North Dakota sulfur 
emission standard is 3.0 lbs/106 Btu. For lignite with a heatirtg value 
of 6500 Btu/lb, all coal with less than 2 percent sulfur will meet emission 
standards. This will include all of North Dakota's lignite. With no 
sulfur removal requirement, the economics. of these smaller units become 
much more attractive, and could become a major base for expansion of 
low-rank coal utilization. 

H. High Oxygen Content 

Effect on Process Yields 

The high oxygen content of low-rank coals affects the proc~ss 
yields in much the same way as the high moisture content in that it has a 
dilution effect. The same external oxygen input is required for the 
gasification of low-rank coal as for the higher rank. but much of the 
low-rank coal is already partially oxidized and hence the energy conte~t of 
the product gas is lower. Since. the energy content of the raw gas is 
decreased, the throughput must be increased to produce an equivalent energy 
content in compa~ison t6 the high-rank coal. 

Effect of High Oxygen Content on Reaction Rates and 
.Reactor Throughput 

The reactivity of the low-rank coals is higher than bituminous 
coals. In the gasification process, as discussed earlier, a significant 
amount of C02 is produced. This freed oxygen opens reaction sites in' 
the coal which increases the reactivity and hence reduces the required 
operating temperature. 

Effect of High Oxygen Content on Product Slate 

In fixed-bed qasifiers, many of the high volatile compounds may be 
captured as condensates. Some of these compounds will be partially oxygen­
ated and may provide useful chemical feedstocks. 
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Assessment of Processes with Best Applicability to 
Low.,:Rank Coals 

The chemical properties and physical characteristics of low-rank 
coals differ significantly from those associated with higher-rank coals, 
and therefore present advantages and disadvantages when considered as 
feedstocks for gasification processes. Many of the propertie~ of low-rank 
coals which are most significant to coal gasification apply to a greater or 
lesser extent to all gasifier types. Some properties however, apply only 
to specific gasifier configurations or end uses for the product gas. 

The properties of low-rank coals which impact the choice of 
gasifier or process application are the following: 

• High moisture content 

• Luw sulfur t;UIILtmL 

• High oxygen content 

• Volatile matter content 

• High coal reactivity 

• Non-caking properties 

• Slag viscosity and chemical behaviDr 

Due to the extremely wide variety w.hi ch can be observed in coa 1 s of any 
rank, it is not always possible to make general statements regarding the 
behavior of low .. rank coals as a group. In addition, a property which may 
be an advantage in one gasifier or in producing a particular gas product 
may be ·of no. advantage whatsoever in another circumstance, and may indeed 
be detrimental. Therefore, these characteristics of the resource should be 
evaluated with respect to their application to specific cases. 

Depending upon the conditions of pressure and type of oxidant 
chosen, coal gasification reactors can be operated to produce a gas suit­
able for different uses. Gasification at high pressures produces a taw gas 
which may be used for combined cycle power generation, ch.emical synthesis, 
or transmitted via pipeline for use as an industrial fuel gas. Conversely, 
low pressure gasification could be considered for combined cycle power 
generation only if the product gas were compressed prior to combustion, a 
costly process alternative. Low pressure gas may also.be restricted in its 
use as a feedstock for chemical synthesis, and certainly cannot be trans~ 
mitted long distances for use as a fuel gas. · 
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The use of oxygen as the oxidizing agent produces a medium-Btu gas 
which may be used as fuel, or a chemical synthesis feedstock. Air blown 
gasification results in a low-Btu raw gas. Either gas may be used to 
produce methane, although most systems require a medium-Btu feed for shift 
conversion and methanation. 

The gasification process applications which should be evaluated 
·relative to use with low-rank coals are: low-Btu gas (for use as an 
industrial fuel and as a utility power generation fuel), medium-Btu gas 
(for use as a chemical synthesis feedstock and fuel gas), and high-Btu gas 
(derived from shift conversion and methanation or hydrogasification). 

Low-Btu Gasification 

Fuel gas generation is one objective of air blown coal gasifica­
tion. It is primarily oriented at firing utility and industrial boilers 
on-site, and therefore can be generated at low pressures. Because of the 
structure of current environmental regulations, low-rank coals may find 
particular application to firing industrial boilers (new or retrofit) or in 
other industrial applications which qualify for a higher sulfur emission 
rate as a result of being smaller than a certain maximum size. For ex­
ample, in North Dakota, energy consumers smaller than 75 MM Btu/hr hav~ an 
allowable emission rate of 3 lb S02 per MM Btu fuel charged, compared to 
a much more stringent standard for larger facilities. Although large users 
of energy are required to achieve a lower emission rate and will therefore 
require environmental control equipment regardless of coal fired, low-rank 
coals are advantageous due to the fact that less sulfur will ultimately be 
removed. 

Because the facilities which could use low-rank coals without 
sulfur recovery equipment are small energy consumers, it is likely that 
capital cost will be a major factor in the decision to gasify coal instead 
of burning oil or gas (if indeed a choice is available). Unlike the case 
of a large coal gasification complex where the capital cost of the gasifi- · 
cation equipment is of the order of 10 percent of the plant cost, the 
gasifier cost will be a significant capital item for a small industrial 
user. In addition, many potential users of this technology may have 
limited plot area for installation of a gasification system and associated 
coal handling equipment. These considerations imply that gasifier through­
put would be an important criterion in selecting a system, because high 
mass flux (entrained) gasifiers are likely to have a lower capital cost and 
require less plot area per unit of rated coal capacity than either fixed or 
fluidized bed gasifiers. 

The high operating temperatures found in entrained flow gasifiers 
inay create boiler tube fouling problems·when low-rank coals are used as 
feedstocks. However, the high inherent reactivity of low-rank coals would 
~llow lower temperature operation while still maintaining a high throughput 
capability. This property could be further enhanced by catalyst addition. 
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Maintenance of proper slag flO\'/ characteristics could be assured by the 
addition of fluxing agents. 

Combined cycle gas turbine sy.stems are most cost effective with a 
pressurized (15-20 atm) gasifier. The high moisture content of low-rank 
coals could prove to be less of a problem in this system if hot gas cleanup 
is employed, although it is emphasized that this is still a developmental· 
technology •. In this case, water vapor which would normally be condensed 
and require treatment remains in the vapor phase at high pressure and is 
available for pow~r generation. Hot gas cleanup also reduces the problems 
associated with recovery of unreacted o·rgani cs from fixed-bed gasifiers, 
since these components are burned to carbon dioxide and water vapor in the 
power generation step. The difficulties of implementing hot gas cleanup 
systems could be reduced by using a fluidized-bed gasifier operating with 
sulfur sorbent. Removal of sulfur compounds 1s requ1red prior to the gas 

. turbines due to their effect on turbine blade life. Large amounts of water 
and undesirable organics are condensed when fixed-bed gasifiers are used in 
conjunction with a cold gas cleanup system. 

Medium-Btu Gasification 

Medium-Btu gases are derived from oxygen blown gasification 
and range in heating value from approximately 300 to 600 Btu/SCF depending 
upon the hydrocarbon content of the raw gas. Principal process applica­
tions include fuel gas production (including combined-cycle power genera­
tion and boiler firing) and use as a chemical feedstock for synthesis of 
methanol, formaldehyde, acetic acid, gasoline and other end uses. All 
applications of medium-Btu gas production benefit from the low sulfur 
content of low-rank coals. 

Fuel gas production can occur at atmospheric or elevated pressures, 
the latter case applying to long-distance pipeline transmission, chemical 
synthesis or gas turbine firing. Medium-Btu fuel gas generation at atmos­
pheric pressure is restricted to on-site use as boiler fuel. This system 
is less likely to be implemented by small users due to the requirement for 
oxygen, although certain retrofit applications may require a medium-Btu gas 
due to derating or equi·pment modification problems anticipated with low-Btu 
gas. If a high heating value is required, low-rank coals are well suited 
to use in a fixed-bed gasifier due to their higher ratio of volatile matter 
to fixed carbon. Devolatilization of the coal in the upper region of the 
gasifier results in the release of high heating ·value volatile matter. 

As in air blown combined cycle !jy!:tCm!j, oxygen blown combined cycle 
power plants using hot gas cleanup mioht face fewer problems nue tn .thP. 
handling of large volumes of wastewater and the loss in power production 
due to moisture condensation. 

Gasification of low~rank coals in fixed-bed gasifiers may be 
attractive if a high .heating value fuel gas is desired, due to the high 
production of hydrocarbons in the vapor phase. Due to the low initi·al 
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levels, sulfur recovery may pe accomplished to adequate levels by using a 
fluidized bed gasifier employing a sulfur sorbent without additional acid 
gas scrubbing. 

The generation of medium-Btu gas for use as a chemical feedstock 
generally requires a high degree of sulfur recovery. The high moisture 
content of low-rank coals is not a drawback in this case, since water vapor 
is required for shift conversion downstream. Since stoichiometric quanti­
ties of carbon monoxide and hydrogen are required, the presence of organic 
compounds in the raw gas from fixed-bed (and to a lesser extent from 
fluidized bed) gasifiers is not advantageous and may be harmful depending 
upon the type of catalyst used. 

High-Btu Gas 

Generation of a gas product having a heating value of 900 to 1000 
Btu/SCF has been proposed to offset the current use of natural gas in the 
residential, commercial and industrial sectors. The primary component, 
methane, can be produced in several ways including shift conversion and 
methanation of medium-Btu gas, catalytic coal gasification and direct 
hydrogasification of coal. · 

SNG production with a medium-Btu feed gas by shift conversion and 
methanation takes advantage of the high inherent moisture content of 
low-rank coals to achieve the shift conversion.· Other considerations 
relating to low-rank coals as feedstocks are also identical to those for 
pressurized medium-Btu gasification to produce synthesis gas. 

The reaction equilibrium to produce methane from a mixture of CO, 
H2, H20 and carbon is shifted toward methane at lower temperatures. 
Since reaction rates are a strong function of temperature, coals which 
display a natural catalytic activity toward gasification (such. as low-rank 
coals) are desirable feedstocks from this viewpoint. The use of added 
catalysts to further accelerate reaction rates at low temperatures is 
complicated by possible interaction of th~ catalyst with the inherent coal 
mineral matter. In the case of the Exxon Catalytic Gasification process, 
this results in an ion exchange between potassium from the added catalyst 
and several cations· present in the raw coal; making catalyst recovery 
difficult and therefore adversely affecting process economics. 

Hydrogasification is a method of producing SNG which has been 
explored in entrained flow gasifiers in the United States (IGT and Rock­
well) and extensively by Rheinbraun in Germany using a fluidized bed to 
gasify lignite. The novel feature of the Rheinbraun process is the in­
tegration of a high temperature oxygen blown Winkler gasifier which pro­
duces high pressure hydrogen (and carbon monoxide) in a separate fluidized 
bed. The high oxygen contents of low-rank coals detract from the system 
economics by consuming hydrogen. However, high moisture contents tend to 
shift the equilibrium in the opposite direction, and the high reactivity of 
low-rank coals towards hydrogasification make them attractive feedstocks 
overall. 
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3.5.3.2. Technology Description 

Coal gasification is· a process in which coal is converted to a 
chemical synthesis gas or gaseous fuel product by reaction with air, 
oxygen, steam, or mixtures of these gases. In addition, the use of hydro­
gen as the principal gaseous reactant is termed hydrogasification. Con­
version processes can be classified according to the type of oxidant used 
(air or oxygen), ·the pressure at which gasification takes place (atmos­
pheric or pressurized), the type of gasifier employed (fixed bed, fluidized 
bed, or entrained flow), and the physical state of the ash in the gasifier 
(slagging, non-slagging, or agglomerating). 

The gases produced by coal gasification vary in chemical compo­
sition and potential use according -to the method used to produce them. 
Generally, the gas products are categorized by their heating value, which 
is directly determined by the chemical constituents in the gas, as shown in 
Tab 1 e 3 . 5 . 3 . 1. 

Low- and medium-Btu gasification plants have been used extensively 
in the past. · One form of low-Btu gas known as 11 town gas .. was in prevalent 
use as a residential fuel gas throughout Europe, Britain, and the United 
States in the first half of the century. Conversion to natural gas took 
place in the United States in the 1930•s and 194o•s, while the last units 
to operate were shut down in parts of Britain and Europe in the 1960•s. No 
commercial medium-Btu and virtually no low-Btu gasification plants cur­
rently (1980) exist in this country. 

High-Btu (pipeline quality) gas has never been produced from coal 
in large quantities. However, medium-Btu synthesis gas is still produced 
at many locations in Europe, Britain, and South Africa. The two commercial 
scale plants in South Africa are based on technology developed in Germany 
before WW II for the production of liquid fuels from coal via synthesis 
gas. Numerous deve 1 opment a 1 programs are currently underway to address 
applications of low-, medium-, and high-Btu gasificati.on, and are sponsored 
by both government and private organizations. 

The need to supplement natural gas supplies and to displace a 
portion of the domestic and foreign oil consumed in the Uniled States 
provides most of the incentive for coal gasification projects currently 
under consideration. One such example calls for an. industrial fuel gas 
(either low- or medium-Btu) which could be used in· place of oil or gas 
to fire process heaters or steam generators. High-Btu gasification plants 
will provide a source of pipeline qualitJ gas for residential, commercial, 
and industrial use. Medium-Btu synthesis gas can be used as a basic 
chemical. feedstock to plants producing a variety of industrial chemicals 
such as ammonia, methanol, and formaldehyde. 
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Table 3.5.3.1 

Typical Gas Products Resulting From Coal Gasification 
(Dry Basis) · 

Heating Value Major Gas 
Btu/SCF,HHV* Components Source 

High-Btu Gas 900-1000 CH4 {>90%) Oxygen-blown gasification 
followed by methanatiort or 
direct hydrogasification of 
carbonaceo~s mat~rial 

Med1um-Btu Gas 300-550 Hz ,CO ,CH4 . Oxygen-blown. ga~ification 
with acid gns remova]. 
Methane formed.under high 
pressure equilibration or 
by catalytic methanation 

Low-Btu Gas <200 N2 0'50%) .H2, Air blown gasification 

co, C02, 

CH4, ( 3%) 

* H1gh heating value.in Btu per standard cubic foot, as measured at 
600f and o'ne atmosphere pressur·e . 

. · 
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Proposals have been made for new combined cycle electric power 
plants based on coal gasifiers.l,a Here, hot low- or medium-Btu gas 
from the coal gasifiers is cooled to.produce high pre~sure steam. After 
sulfur removal and final particulate cleaning, the cold fuel gas is fed 
to gas turbines where it is burned with excess air and expanded for power 
generation. An alternate design calls for hot gas cleaning of the raw 
gasifier effluent, which is then passed directly to gas turbines at high 
temperature. The hot turbine exhaust. is coo 1 ed against steam generation 
and vented as flue gas. Steam raised here and elsewhere in the plant is 
expanded in steam turbines for additional power generation. Based on 
currently available gas turbines (20000f inlet temperature); combined 
cycle power plants are thermodynamically more efficient than conventional 
coal-fired power plants based on steam as the only working fluid.2 Incor­
poration of hot gas cleanup systems is expected to result in a further 
efficiency increase, but considerable development is still required for 
these devices. 

. A typical coal gasification process is depicted in the block 
"diagram of Figure 3.5.3.1. Several of the product options discussed above 
are shown on the figure with dashed lines. One observation that can be 
made for any of the alternative process configurations is that the gasi­
fier itself represents a small fraction of the total equipment (or cost) in 
the plant. This implies that further optimization of the gasification 
process itself may not have much of an impact on net gas cost unless the 
change is one which significantly affects upstream or downstream processing 
requirements. 

In the generalized exampl~, coal is transported from the storage 
area to the coal preparation section, where grinding, pulverizing, clean­
ing, size classification, and gasification pretreatment (for caking coals 
only) may be performed. In the gasification step, the prepared coal is 
charged to a reaction vessel, which may be of fixed bed, fluidized bed or 

J entrained flow design. This step produces either a·low- or medium-Btu gas, 
depending on the oxidant (air or oxygen) selected,.for gasification. The 
hot gas leaving the reactor may carry with it particles of unreacted coal 
or char, as well as solid, molten, and vaporized ash species. 

The next process operation may be one of three alternatives, de­
pending on the composition and solids and liquids content of the raw 
gas, and its end use. Some designs call for direct water quench of the 
gasifier effluent, thereby cooling and humidifying the gas. Other sys­
tems, such as ·for combined cycle power generation, cool the hot gas by 

aReferences for sections 3.5.3.2 - 3.5.3.6 ar~ .listed following section 
3.5.3.6. 
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generating high pressure steam (for power generation) or by oxidant pre­
heating for gasifier use (especially in air blown systems). Because of 
difficulties with high temperature heat exchange equipment handling dirty 

. gas streams, designs using first a quench followed by waste heat recovery 
have been proposed. A third possibility under development involves par­
ticulate and/or sulfur removal from the gas at high temperatures. Demon­
strati on of this concept may all ow higher thermodynamic effi ci enci es for 
certain processes. 

Acid gas removal usually takes place after the raw gas has been 
cooled. In this step, sulfur compounds are removed (in processes not 
having hot gas clean-up) along with partial and sometimes complete re­
moval of carbon dioxide. This step produc~s a fuel or synthesis gas 
which is environmentally acceptable, and will not poison downstream 
catalysts sensitive to sulfur compounds. Fouling and corrosion of metal 
surfaces will also be reduced as a result of acid gas removal. 

The clean gas produced in acid gas removal may be used in a variety 
of ways. It inay be expanded in a gas turbine for power generation {al­
though the combustion cans of turbines intended for methane-rich fuels will 
require modification for some coal-derived fuel gases), the exhaust gas of 
which is normally cooled against steam production for additional power 
generation. Alternatively, the clean fuel gas may be used as an industrial 
fuel gas. 

Production of pipeline quality gas or chemical f~eqstock requires 
additional processing. Shift conversion is a catalytic process which in­
crea.ses tne hydrogen content of the CO-containing proce~s stream by the 
water gas·shift reaction: 

This technique is used to adjust the H2/CO ratio to a level appropriate 
to the downstream use of the gas. For example, methanol can be produced 

·by reaction over a copper based catalyst at typically 800 psi: 

2H2 + CO < > CH30H 

which consumes hydrogen and carbon monoxide in a ratio of 2:1. For me­
thane production, hydrogen is consumed at a rate of 3 to 1 over a nickel 
catalyst by the predominant reaction 

The actual gas composition used may vary somewhat from these exact molar 
ratios to optimize reaction rates or account for other production re­
actions. In the case of high-Btu gas production, the high hydrogen con-
tent may be obtained by several stages of shift conversion separated by 
C02 removal units. 
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After the desired degree of shift conversion, the hydrogen-rich gas 
is used· either as a chemical feedstock in the production of methanol, 

·ammonia, formaldehyde or other products, or in the methanation process. 
Methanation involves the catalytic formation of methane and water vapor 
from the reaction of hydrogen with CO and C02 (if any): 

CO + 3H2--?»CH4 + H20 and 

C02 + 4H2---~H4 + 2H20. 

Dehydration of the product gas produces a clean fuel with a heating value 
similar to that of natural gas. 

When synthetic natural gas (SNG) or medium-Btu gas for combined 
cycle power generation is the d~sired product, it may be argued that 
gasification should be .carried out at elevated pressure. This is because 
the medi um•Htu gas must be at high pressures for gas turh1 nP. usP. ur SNG 
pipeline transmission, a·nd it is more economical to obtain this pressure by 
oxidant compression rat.her than- product gas compression due to the volumes 
of gas involved~ 

When. choosing between air and oxygen blown systems, use of the 
gas is again the deciding factor. Production of chemical feedstocks or 
methane is usually done from medium-Btu gas (from an oxygen blown gasifier) 
since use of low-Btu gas would require removal of nitrogen from the product 
gas, and may retard reaction rates in the synthesis step. Medium-Btu gas 
is also favored for atmospheric pressure retrofits to steam-boilers due to 
the boiler derating which is experienced when firing low-Btu gas. However, 
low-Btu gas may still be used in this application if the size of the boiler 
facility is not ·large enough to justify an oxygen plant, and can accept a 
significant (20-40%) derating of the boiler~ Low-Btu gas is well suited 
for use as an on-site source of process heat or· as a fuel for combined 
cycle power generation. Due to compression requirements for gas trans­
mission, low-Btu gas is not suited for pipeline transport over long 
distances. 

3.5.3.3 Gasifier Types. 

Although there are number of ways to classify the different gasi­
fiers which are currently avail_a,ble or under development, they are gener­
ally categorized into three different areas according to the . method of 
contacting reactants.· Fixed bed (also known as gravitating or moving bed), 
fluid bed, and entrained flow types are being considered for all applica­
tions discussed in section 3.5.3.2. 

Fixed bed contacting is the oldest of the three. techniques and 
has applications in many other process industries in addition to coal 
gasification. Fixed bed coal gasification results in efficient utilization 
of the avai'lable reaction volume due to the countercurrent flow of fuel 
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and gaseous reactants resulting in essenttally complete carbon conversiori. 
However, problems arise if swelling or caking coals are used in these. 
gas·ifiers. This has been one of the major motivations for developing the 
fluidized bed and entrained flow types. 

Fluidized bed gasification offers enhanced flexibility and control 
over fixed bed designs. Swelling coals do not present as much of a prob­
lem due to the severe bed agitation; however, highly caking coals often 
cannot be used without pretreatment or a higher char recycle. As with 
fixed bed operation, fines result in particulate carryover from fluid beds 
using crushed coal as a feedstock, but pulverized coal fluid bed gasifiers 
are less susceptible to this problem. Excessive carryover of fines will 
result in decreased conversion efficiencies unless carbon can be recovered 
from the entrained ash and recycled to the bed. Ash removal in fluid beds 
is critical, and high ash coals find less application in ·this type of 
gasifier. 

Entrained flow gasifiers can use all ranks of the coal as feed­
stock, ·but gasification efficiencies can be sensitive to coal reactivity 
due to short residence times in the gasifier. This is generally not a 
problem because, at the high operating temperatures of these devices, 
reaction~ rates are extremely high. Atmospheric pressure ent'rained flow 
gasifiers use standard pulverized coal as fuel, and pressurized versions 
use either a coal slurry (in water or oil), or a pneumatic injection system 
for coal feeding to the gasifier. Entrained flow gasifiers are generally 
of the slagging type. 

The three gasifier types are shown schematically in Figure 3.5.3.2, 
along with typical temperature profiles for each gasifier. Table 3.5.3.2 
compares the fixed bed, fluid bed, and entrained flow gasifiers on a 
variety of key operating parameters • 

. Among the air blown gasifiers, the U-Gas fluid-bed type has the 
highest consumption of air, followed by the· Foster-Wheeler design. The 
extremely low air consumption of the Texaco design is possible since steam 
is not being used as a moderator. 

Steam rate is highest in the Lurgi.dry ash gasifiers, and is lower 
in the slagging gasifiP.r regardless of bed type. 

. . " ~ 
Gasifier outlet temperature . is a parameter which in some cases 

can be used to determine the content of phenols, tars, oils and unreacted 
hydrocarbons in the raw gas. In cases of countercurrent flow between coal 
and product gas, sensible heat is lost by the gas in heating and devolatil­
izing the incoming coal. Th'ese unreacted components are, therefore, never 
exposed to high temperature regi O!lS in th~ reactor where they waul d be 
cracked to simpler molecules. Thus, gasifiers having gas outlet tempera­
tures of l5QOOF and above generally have s i gni fi cant ly reduced contents 
of condensable materials in the raw gas. 

Among fixed bed gasifiers, cold gas conversion efficiencies are 
on the average higher than those achieved by the other gasifier types, 
for several reasons. First,. coal residence time in fixed bed devices is 
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Figure 3.5.3.2 
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Table 3.5.3.ze 

lPerforman.ce Comparison of Leading c-rctal and Developmental Coal &astfters 

~!XED BED GASIFIERS FLUIDIZED ago GASIFIERS 
lurgt 

Performance Parameter ~n 
Dry Ashj BGC Slagger4 GFETC Slagger1'Sco Acceptor5 u-wl 
Oxygen Blown Oxygen Blown Oxygen Blown At~ Blown Atr Blown Oxygen Blown 

Coal Type llltnots llltnots llltnots ltgnt.te ltgntte 1111nots llltnots 

Gastfter Outlet TemperAture,°F· 9S5 1080 820 340 1500 1660 1550 

l&astfter Outlet Pressure,pstg 25 25 25 200 150 25 25 

Atr or .Oxygen Consumption, 2.56 
lb/lb. MAFb Coal 

0.54 0.53 0.45 2.6 3:44:. 0.71 

Oxidant Feed Temperature,°F 342 321 214 9sof 390 900 480 

Steam Cons1111pt~n, 1.65 
lb ~0/lb MA Coal 

2.58 0.34 0.25 1.1 0.65 0.59 

Steam Inject ton Temper~ture, °F 590 590 620 95of 1200 BOO 800 
. c 

iastfter Cold Gas Efficiency 90.9 91.2 96.4 88 77d 83.3 89.4 

,!lpproxtmate Coal ResidE-nce Tt~ 1 hr. 1 hr. 15 mtn. 45 mtn. 1 hour 

Approximate Gas Restderce Ttme 5 sec 5-10 sec. 2-5 sec 

• llgnlte coal feed 
b Moisture and aslf free 
c Cold gas efftctency a ht tf an x 100 

• Cooled, cl_!!aned product gas 
e References for sections 3.5.l.2 - 3.5.3.6 are ltsted following section 3.5.3.6 
f Thts is the steam-oxy;en mixture temperature entering the gastfter 

Foster-llhftleli' 
Atr Blown Owen Blown 

llltnots 111 tnois 

1700 1700 

360 360 

2.86 0.61 

BOO 335 

0.15 0.62 

453 453 

77 N/A 

--5 sec---

--5 sec---

mJ!!INED FUll GASIFIERS 

T'xaco 1KQppers-Totzek 
Atr Blown Oxigen Blown 9!\Yaen Blown 

(s urry feed) 

230D-2600 2300-MOO 2700 

&GO 600 25 

1.08 0.86 0.9 

1000 300 480 

0.009 0 0 

N/A .N/A N/A 

78 94 75 . 

-100 mtlltseconds-,- sec 

--'100 mtllts~a~nds- sec 



longer than for any other type, resulting in essentially complete carbon 
convers1ons in the reactor. In addition, since a large amount of raw gas 
sensible heat is used for drying and devolatilizing the incoming coal, the 
raw gas temperature leaving the gasifier is generally lower than for other 
types of gasifiers. Thus, less heat is 11 lost 11 when calculating the cold 
gas efficiency based on a product gas temperature of 6QOF. Finally, the 
1 arge amounts of steam fed to the fixed bed unit do not appear in the 
efficiency calculation, and would represent a significant decrease in the 
quoted gasifier efficiency if included. 

Although there is a considerable variation in coal residence 
times between the various gasifiers, the gas residence ttmes are all 
somewhat similar, with the exception of the Texaco entrained flow gasi­
fier. 

When using the table for comparative purposes, it is extremely 
important to keep in mind that data for the individual cases often is 
based on different coals as feedstocks, different operating pressures, 
and different oxidant and steam injection temperatures. These data can 
significantly affect the apparent performance ot the gas1f1er. 

Fixed Bed Gasification 

Fixed bed gasification refers to a constant depth fuel bed that 
is supported by a grate or other means. The coal moves slowly from the 
top of the bed through a gasification zone and residue is removed at 
the lower extremity of the bed. The bed is maintained at constant depth 
by th.e addition of coal to the top of the bed as residue is removed at 
the bottom and coal is consumed in the gasification process. The general 
layout of the fixed bed gasifier is shown in.Figure 3.5.3.3. 

I 

The figure shows a cross section of the fuel bed resting on a 
grate. The gasifying medium (air or oxygen and steam) flows counter­
current to the flow of co a 1, and feed co a 1 is added at the top of the 
unit. In a dry bottom unit, ash lies directly on the grate which serves to 
insulate the grate from high temperatures in the gasification zone. In the 
gasification zone above the grate, the hydrogen and carbon monoxide compo­
nents of the raw gas are formed by partial oxidation, steam decomposition 
and water gas shift reactions. The high temperature gases created in this 
zone rise to partially devolatilize the coal, forming the higher hydrocar­
bons, tar and methane components of the gas. Above this zone, the slightly 
cooled gases preheat and dry the incoming coal. 

Due to the mechanical motion of the grate, the temperature of 
gasification, the velocity of the gas passing through the bed, and the 
limited time for reaction, the most important determina11ts of the design 
of a fixed bed gasifier are: . 
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• amount of steam required for 
gasification {lb/lb coal) 

• amount of oxidizer required 
for gasification {lb/lb coal) 

• coal size consist 

• caking behavior 

• ash fusion temperature 

t reactivitY 

Steam has a dual function in coal gasification. It promotes 
the formation of hydrogen through the water gas shift reaction 
(H20 + CO# C02 + H2) and by the oxi dat. ion of carbon (H20 + C-> H2 + CO) 
In its other rolel steam quenches the gasification reaction due to its high 
heat capacity and the endothermic nature of the above reactions. Its 
degree of participation in either of these roles depends upon the tempera­
ture of the steam relative to the gasification zone temperature, and the 
presence or absence of catalysts. 27 In the case of dry bottom gasifiers, 
the maximum operating temperature is set by the fusion point of the coa 1 
ash. Thus, the amount of steam required to maintain the gasification 
temperature below the ash fusion point will be an important coal char­
acteristic for any given gasifier. 

Oxidant consumption determines the heating value of the cold 
raw product gas s i nee the amount of oxygen consumed in the reaction is 
inversely proportional to the amount of combustibles in the raw gas. The 
oxygen content of the co a 1 influences the content of oxidized species in 
the product gas, and hence high oxygen contents in coal are undesirable 
because of .the lower quality ~as produced from such coals. 

Because of the importance of proper gas flo~ rate, the coal feed 
for fixed bed gasifiers must have well-controlled {plus 1/4 inch) par­
ticle size distribution, containing a minimum of fines. This will in­
sure maximum gas-solids contacting, minimum pressure drop and minimum 
fines carry-over. The caking tende·ncy of the coal is also important, 
since caking coals must undergo pretreatment before use if adequate bed 
agitation is not provided. Surface oxidation of the coal has been shown· 
to be effective against caking, as has blending wlth noncaking coals. 
If a coal has only moderate caking tendencies, mechanical stirring of 
the bed may obviate pretreatment. 

Slagging {Wet Bottom) Fixed Bed 

As an alternative to dry ash operation, fixed bed gasifiers rnay 
be designed for slagging gasification. Schematically, the slagging fixed 
bed gasifier can be represented by Figure 3.5.3.3, with the exception of 
Ilia 1 ten, instead of dry, ash remova 1 at the bottom of the bed. 
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Maintenance of the slagging condition requires combustion zone 
temperatures of approximately 2500-30000F for most coals. Some low-rank 
coals are expected to require combustion temperatures at the high end of 
this scale, due to their higher slag viscosity, although slag properties 
depend on ash chemical composition which exhibits a wide range of vari­
ability. Similar to the non-slagging version; endothermic gasification, 
devolatilization and drying processes take place above the combustion zone 
reducing the outlet gas temperature to the order of 400-lOOOOF, depending 
on the coal moisture content. 

Since steam is used in the dry bottom gasifier largely as a re­
action moderator to keep bed temperatures below the ash fusion temperature, 
steam consumption in the slagging fixed bed gasifier is greatly reduced. 
Because the volume of gas passing through the reactor is much lower per ton 
of coal gasified, coal throughput is greatly increased (about fourfold) in 
a slagging gasifier as compared to a dry bottom unit of the same d1ameter. 
In addition to increasing the efficiency of gasification and lowering 
costs for steam consumption, the reduced steam usage drastically lowers the 
volume of condensed waste liquor normally associated with the cooling 
of the raw gas downstream .of the gasifier. 

Slagging fixed bed gasifiers have been operated with caking c~~ls 
in short experimental tests at Westfield, but this has been made possible 
by the addition of mechanical devices which break up agglomerates. Use of 
caking coals in these gasifiers still presents difficulties. Coal sizing 
is still required, but fines may be fed to a limited extent (less than 10 
percent below 1/8-inch for Lurgi) if they are injected with the steam at 
the bottom of the gasifier. However, entrainment of fines still remains a 
problem if fines are present in the upper portion of the bed. 

In summary, the primary advantages of slagging fixed-bed gasifiers 
-~ are their relatively high throughput, low steam consumption, low volume of 

gas liquor produced, and the more rapid reactions that occur at higher 
temperature (important. for non-reactive coals). The major problem areas 
requiring further development are related to materials selection and 
mechanical reliability of the slagging section. No suitable refractories 
have been found that can withstand corrosi~e attack at the slag taphole for 
extended periods; however, a water-cooled metal hearth plate developed at 
GFETC may prove successful. 

Fluidized Bed Coal Gasification 

Fluidized beds have been a part of industrial technology for nearly 
half a century. The catalytic cracking of petroleum hydrocarbons in 
fluidized beds represented a major breakthrough in refining technology 
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during the 1940 1 s and has played a major part in the processing of crude 
oil ever since. The technique has also been successfully used for a wide 

·variety of other process applications, including chemical reaction, ab­
sorption (including drying), and coating processes. Fluidized bed prin­
ciples were first applied to coal gasification with the advent of the 
Winkler process in the 1920 1 s. 

The general principles of fluidization and fluid bed operation were 
described in the chapter on fluidized bed combustion, and these comments 
are also applicable to the use of fluidization for coal gasification (see 
Figure 3.5.3.4). Several advantages may be attributed to the use of 
fluidized bed gasificatfori, relative to coal gasification in fixed bed or 
entrained flow reactors: 

• High tolerance to a wide range of feedstock com­
positions 

• High specific gasification rate resulting from high 
heat and mass transfer rates 

• Sulfur removal may be accomplished by adding lime­
·stone or dolomite to the bed 

• Gasification temperature is high enough to eliminate 
tar formation, but low enough to avoid clinker for­
mation 

t High product uniformity results from turbulent en-
vi ronrnent · 

However, fluidized bed coal gasification also implies several 
disadvantages: 

t Gas velocities required to sustain fluidization 
in the bed are often high enough to result in a 
substantial carryover of fines. · This may result 
in erosion, fouling or plugging of downstream equip­
ment and a loss in thermal efficiency if the fines 
contain unreacted carbon. 

• Acceptab 1 e carbon conversions require a high ash 
content in the bed, lowering the rate of gas produc­
tion p&r·squars foot. 

• Turndown capability may be limited due to the require­
ment of maintaining fluidizing gas velocities. 

• Unlike fixed bed gasifiers, the .gas ·leaving the 
reactor is at the same temperature as the reaction 
zone. Therefore, sensible heat in the hot gas is not 
utilized for drying or devolatilizing and must instead 
be ei~her quenched or processed through waste heat 
recovery equipment. 
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The most important coal characteristics relative to fluidized bed 
coal gasification are caking behavior, size distribution, ash content and 
fusion temperature, and reactivity. The absence of caking properties is 
one desirable property of low-rank coals which is important to fluidized 
bed operation. In spite of the tremendous degree of agitated motion in the 
bed, caking coals may agglomerate to form lumps, thereby altering the fluid 
mechanical behavior of the system and lowering the rate of gasification. 
Coal particle size distribution is also an important factor, since proper 
fluidization of the bed requires a wide range of particle sizes. Fines 
carryover may occur in any fluidized bed, and will result in a loss of 
efficiency if carbon-bearing particles are not recovered from the overhead 
gas stream and returned to the bed. Fluidized bed coal gasifiers using 
puvlerized coal may not require fines recovery equipment, since fluidiza­
tion velocities will be low relative to gasifiers using crushed coal, 
thereby reduci na the amount of .fines carryover. 

The ash fu5ion t~Mp~~atu~e 1s ~ con~~rn in fluid bed gasifier& for 
several reasons. In gasifiers where a sulfur absorbent such as dolomite or 
limestone is added, the gasification temperature may be chosen to optimize 
sulfur recovet·y and ash properties at the bed temperature must b~ com­
patible with the ash removal mechanism. Maximization of gasification hot 

·gas thermal efficiency occurs as gasification tempe~atures increase, but 
minimizing volatile ash carryover by lowering bed temperatures is a com­
peting influence. Effective ash removal is in general a problem and 
high ash coals are undesirable for this reason. Coal reactivity determines 
the hold-up time in the reactor, and therefore for coals of low reactivity, 
larger gasifiers will be required for equal coal consumption rates, as 
compared to more reactive {such as low-rank) feedstocks. 

Low-rank coals thus display advantages to higher rank coals due 
to their higher reactivity and noncaking character, and may show advantages 
or disadv~ntages with respect to their use in specific gasifiers owing to 
the different physical properties of low-rank coal ash. 

Fluidized bed coal gasification systems may be considered under two 
separate categories; integra 1 processes which produce high-Btu gas t and 
isolated gasifiers proposed for low- or med.ium-Btu gas production. Table 
3.5.3.3 summarizes these differences: 

Tdule 3.5.3.3 

Fluidized Bed Gasification Systems 

J.~.tegrated, High-Btu Systems 

Hygas 
Synthane 
Exxon Catalytic 
C02 Acceptor 
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Figure 3.5.3.5 
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The Winkler gasifier is the only fluidized bed gasification system 
which can be considered commercially available. 

Entrained Flow Gasification 

Entrainment of solid particles by liquids or gases is a well 
known technique for contacting chemi c.a 1 reactants or bringing about 
physical change. Entrained flow coal gasification processes may involve 
upfl ow, downfl ow, hori zonta 1 flow or eye 1 one (swirling) flow of the co­
current solid and .gaseous phases, where the solids may move at velocities 
equal to or less than that of the entraining gas medium. The entrained 
upflow arrangement shown in Figure 3.5.3.5 is a special case of the fluid­
ized bed configuration, known as a fast fluid bed or lift pipe reactor. 

. Because of the fact that all solid particles are carried along by 
the gas stream in entrained flow coal ga~if1cation, gas velocities must 
exceed the terril1nal velocity of the largest particles (in upflow config­
urations·). Pulverized coal is generally used in entrained flow gasifiers, 
which requires lower gas velocities for entrainment and less time for 
complete reaction due to the larger surface area available· for reaction per 
unit weight. Faster particle consumption and lower particle speed give a 
combined effect of reducing the size of the gasifier as compared to what 
would be required for crushed or larger coal particles. Size consistency 
therefore, is not a major concern except that a maximum size limitation be 
observed. 

Particle-particle interactions in the reaction zone are minimized 
because of the high void volume in the gasifier. Ash agglomeration or 
caking tendencies are therefore unimportant in the gasifier, although 
caking coals may still adversely affect the operation of certain coal 
feeding systems (pneumatic systems in particular). Ash fusion temperature 
of the coal is important since it determines the slagging or non-slagging 
behavior of the coal. 

Although entrainment implies a relatively dilute (with respect 
to co a 1) process stream, the high reaction rates brought about by co a 1. 
pulverization make high mass throughouts feasible and therefore high energy 

·output per unit volume may be achieved in entrained flow designs. However, 
entrained flow gasification conversion efficiencies may be sensitive to the 
rank of coal used in the process. For example, it has been estimated that 
the Koppers-Totzek process can obtain conversion efficiencies of greater 
than 98 percent when using 1 ignite coals, about 85 percent for subbi­
tumi nous coals, and a maximum of 60 percent for anthracite.9 This ·de­
creased conversion is probably due to the lower reactivity of higher rank 
coals acting in concert ·with the short residence times characteristics of 
entrained flow gasifiers. In addition, entrained flow gasifiers are also 
relatively large consumers of oxidizer per pound of fuel, as was indicated 
on the comparison chart (Table 3.5.3.2). 
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3.5.3.4. Environmental Control Technology 

There are four specific areas for environmental concern in coal 
gasification: 

1 gaseous emissions 

• liquid effluents 

1 solid waste disposal 

In general, sources of atmospheric pollutants are .coal dryers, 
coal gasifiers, sulfur plant tail gas, cooling towers, process furnaces, 
and carbon.dioxide rejected from acid gas removal. Water effluents con­
sist of gas liquors process condensate blowdown, ash and slag quench 
water, and rain runoff from coal storage. Gas liquors can contain high 
concentrations of tars, oils, phenols, naphthas, sulfur and nitrogen 
compounds, particulate matter, and dissolved solids •. Solid wastes arise 
pri rna rily from coal cleaning, ash recovery, and sludge from waste water 
treatment. As part of each of these streams, trace element emissions 
result from gas cleanup system volatiles, oil products, and .leaching 
from soltd waste. · 

Gasedus Emissions 

The prominent gaseous pollutants of coal gasification are sum-
.marized in Table 3.5.3.4. Assuming the absence of leaks, gasifier emis­
sions may"occur when coal is charged to the reactor or when slag or ash is 
withdrawn.· Most of the emissions· which arise from this source are raw 
product gas.lO,a · 

Several different acid gas removal systems are under consideration 
for use in coal gasification systems. Each of these however, has its own 
unique problems in meeting the objective of high sulfur removal, producing 
a. concentrated H2S stream for sulfur recovery, and producing a clean 
C02 ·vent.· stream. It is particularly important that contaminants in the 
rejected C02 stream be kept to a minimum, since the flow. rate of this 
effluent is quite large. 

·aReferences for sections 3.5~3.2 - 3.5.3.6 are listed following section 
3.5.3.6. 

-515- . 



Table 3.5.3.4 

Gas Emissions From A Typical SNG Plant 

Stream 

Synthetic Natural Gas 
Coal Dryer Vent Gas 
C02 From Acid Gas Removal 
N2 From Oxygen Plant 
Claus Plant Tail Gas 
Flue Gas From Utility Furnace 
Air From Cooling ·1 ower 
H20 Evaporated in Cooling Tower 

Source: Reference 10 

Million 
std. eli. ft/day 

250 
100 
275 
425 
85 

770 
55;000 
1,270 

Relative 
Volume 

1 .0 
0.4 
1.1 
1.7 
0.3 
3.1 

220.0 
5.1 

Although the cooling towers process only water, it has been shown 
· that they are a major source of emissions in other industries.l6 Water 

passing through cooling towers also circulates through heat exchangers, 
gasifier cooling coils, acid gas removal reboilers, and other process 
operations where equipment leaks can contaminate the water with appre­
ciable amounts of sulfur compounds, oil, particulates, and trace elements. 
These contaminants may be stripped out and carried off as airborne pollu-· 
tants while passing through the cooling tower. In coal gasification, 
high process pressures of the order of 500 to 1000 psi increase the leak-

·v age potential. However, the main problem will result from the fact that 
partially cleaned wastewaters would be used as make-up water for cooling 
towers, resulting in evaporation of residual contaminants present in 
those waste water streams. Aside from cooling water pollutants, the water 
itself may form mists or plumes of water droplets that are carried out of 
the tower. These mists can form deposits on equipment, buildings, roads 
and vehicles and can cause road icing during winter months. 

The lower sulfur content of low-rank coals is expected to result 
in a decreased level of atmospheric sulfur emissions relative to gas1-
fication of higher ~ulfur bituminous. 
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Liquid Effluents 

The major sources of liquid waste streams in coal gasification 
plants result from quenching raw gas and ash, and from .process conden­
sate blowdown. 

Gas quench 1 i quor wi 11 be present pri rna ri ly in raw gas streams 
resulting from fixed bed gasification processes, since fluidized and 
entrained flow gasifiers substantially consume these components. As 
soon as the raw gas temperature is 1 owe red, either by direct quench or 
heat exchange, liquid components of the vapor phase begin to condense. 
This liquor is removed in knockout drums between successive stages of 
cooling. If a direct water quench is used, the condensate collected 
after gas cooling will consist largely of water and will be determined 
by the process, the coa 1 moisture content and the make-up/b 1 owdown rate 
for low-moisture coals. The other components most likely to be in this 
stream are the following: 

Tar 
Tar Oil 
Naphtha 
Phenols 
Particulates 

Ammonia 
Hydrogen Sulfide 
Organic Sulfur Compounds 
Hydrogen Cyanide 
Trace Elements 

Concentrations of these components will depend upon their raw 
gas concentration and the method and degree of quenching. Ash which is 
washed out of the raw gas stream is separated from the quench liquor in a 
settling tank, but such separation techniq~es are not completely effective. 
A complex water treatment system will be required to remove these contam­
inants and produce discharge water meeting standards set by the Federal 
Water Pollution Control Act (state standards also apply, and are at least 
as stringent as Federal law). Of the possible components of the gas quench 
liquor, phenols require the most complete processing. Extensive dephenol-

. ization treatment systems, such as Phenosolvan, Koppers Light Oil Ex­
tract"i on, and Barrett, Jones and Laughlin, may have to be used in 1 arge 
gasification plants. In many cases, dephenolization may be followed by 
biological oxidation treatment, the effect of \'lhich is shown in Table 
3.5.3.5 (data taken from pilot plant and commercial coal gasification 
u.nits). 
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Table 3.5.3.5 

Some Contaminants in Gasifier Sour Water, Parts/Million 

Item 

Phenol 
Fatty Acids 

Gas Liquor To Biox 
F;rom 
Biox 

0.1-0.3 
9 

· Ammonia 

2,000-4,000 

8,000-11 ,000 
5-10 

100-500 
500-1 '500 
200-1,000 5-10 

0.1 · · Thiocyanates 
Fluoride 

1 
56 

2,500 
1,100 

6 

·, 

BOD 
COD 

Source: Reference 10 

10,000-20,000 
75 
82 

Water used in the ash quench tank is generally recycled gas quench 
'.liquor, which is used for both ash cooling and transport. However, blow­

down streams· from other process units may be used. Thus, the ash quench 
water wi 11 contain ash particulates and any water 1 eachab 1 e substances 
present in the ash quench tank, in addition to its contaminants which were 

·present before being charged to the quench vessel. This water may be sent 
to evaporation ponds for thickening,but air emissions may result from the 
volatile components. Alternatively, a settling tank may be used to 

. separate an ash slurry from the liquor. The slurry will have a solids 
loading of approximately 25 percent to 35 percent, the composition of the 
solids being essentially the coal ash and any unreacted carbon discharged 

. from the gasifier. Water recovered from the ash settlers is suitable for 
recycle to process condensate or gas.quench liquor streams. The dewatered 
ash or ash slurry is a waste product requiring ultimate disposal. Ash 
slurry may be combined with dry ash prior to disposal.l! 

Solid Waste Disposal 

The major solid waste streams in coal gasification plants requ1r1ng 
disposal are coal cleaning refuse, ash or slag from gasification, waste 
water sludge, and possibly solids from evaporat1on of cuull11y Luw~r· blow• 
down liquors or other final wastewater disposal techniques used to achieve 
a zero liquid discharge. for coal clean1ny refuse, thorough planning will 
be required for d1 sposal methods such as 1 and fi 11 with revegetation, due 
to the extremely large volumes involved (as much as 800 acre-ft/year for a 
large gasification plant). Coal ash recovered from gasification and 
utility plant areas require similar consideration. Wastewater sludge 
recovered from the biological oxidation unit, however, may cause odor 
problems unless appropriate cautions are taken. Owing to its high surface 
area, char recovered from gasification may be useful for activated carbon, 
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but will ultimately require disposal. Preliminary bench scale tests 
have shown that it will remove over 90 percent of the phenols present 
in wastewater. 

Leaching of salts and trace metals from solid waste disposal 
dumps into ground waters mu~t be evaluated for each proposed gasificati.on 
site. Leaching behavior of low-rank coal ash and slag will be considerably 
different than that for higher rank coals. Monitoring may be required to 
insure that minerals such as magnesium sulfate, sodium salts, calcium 
chloride, sulfur compounds and trace metals do not cpntaminate water 
sources (chlorine contents of low-rank coals are low except for some Texas 
lignites). The situation bears some resemblance to acid mine water, and 
such background experience should be taken into consideration. 18 

Trace Elements 

Coal contains a wide variety of trace elements, many of which 
are toxic (such as Hg, As, Pb, Cd, Be and others) and have an appreciable 
volatility under the high temperature conditions pre~ent in gasification. 
Metal cations present in raw coal may be reduced to the metallic state by 
carbon or other reducing agents in the gasifier, and in the case of low 
boiling point elements such as mercury, arsenic, cadmium, selenium, and 
zinc, will be carried out of the gasifier at temp~ratures above 17000F. 
Metal halides are also relatively volatile. Reactions of metals with 
carbon monoxide to form carbonyls of iron, nickel and cobalt, and formation 
of arsenic, antimony, selenium hydrides also represent sources of volatile 
taxi~ compounds. Most alkali metal salts have appre~iable vapor pressures 
at gasification conditions as well. Table 3.5.3.6 shows the estimate 
volatility of trace elements present in coal.l9 For a 12,000 ton/day 
gasification plant, the data show the amount of trace elements subject to 
carryover in wastewater, tar, and solid effluents streams as well as' in 
gas vent and product gas streams. Past studies have shown that as much as 
90 percent or more of the chlorine in the feed coal is ultimately released 
in gas streams as hydrogen chorlide.l8 However, the chemical form and 
process stream in which most of the other components are found remains 
unknown. 
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Table 3.5.3.6 

Estimated Volatilit~ of Trace Elements 

Typical Coal 
parts/million % Volatile* 1 b/day** 

Cl 1,500 90+ 32,400 
Hg 0.3 90+ 6 
Se 1.7 74 30 
As 9.6 65 150 
Pb 5.9 63 89 
Cd 0.8 62 12 
Sb 0.2 33 2 
v 33 30 238 
Ni 12 24 6Y 
Be 0.9 18 4 
Zn 44 C.!1.10 106 
8 165 e_.g.lO 396 
F 85 e.g.lO 204 
Cr 15 nil nil 

*Volatility based mainly on gasification experiments (18) but chlorine 
taken from combustin tests, while zinc, boron, and fluorine taken at 10% 
for illustration in absence of data. 

**Estimated amount volatile for 12,000 ton/day of coal to gasification. 

Source: Reference 10 

Environmental Control Equipment 

Atmospheric Control Techniques 

Many processes for the control ot atmospheric emiss1ons f1nd 
application to coal gasification as well as direct combustion. A complete 
discussion of these processes may be found in sect1on 3.5.1.3 under Direct 
Corubu s Lion. 

Acid gas removal systems are not found in coal direct combustion 
plants; they are required for removal of H2S and C02 from gasification 
process streams. Air quality regulations place limitations on sulfur 
emission levels. In add1t1on to meeting environmental standards, sulfur 
removal may also be required to prevent catalyst poisoning in certain 
~rocesses, or to protect process equipment from corrosion. 
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Carbon dioxide faces no current atmospheric environmental regu­
lations and in most cases does not cause severe corrosion. Due to the 
large C02 volumes resulting from coal gasification, C02 absorption greatly 
increases the cost of acid gas removal, which is a major capital item in 
coal conversion plants. Its removal is usually justified in cases where 
product gas heating value is important or where the gas is being trans­
mitted long distances and will require compression. Carbon dioxide is 
also removed before synthesis gas is charged to processes in which the 
presence of C02 would limit reaction conversions by acting as a diluent 
or participant in a reverse or competing reaction. A potential beneficial 
use of C02 is in enhanced oil recovery. 

In processing situations requiring removal of both carbon dioxide 
and sulfur compounds, the acid gas removal system is referred to as "non­
selective." Conversely, systems which recover sulfur compounds prefer­
entially are termed "se 1 ect i ve." 

Several different techniques exist for acid gas removal from 
gas streams. Some processes rely on gas-liquid contacting for either 
physical or chemical removal, or gas-solid contacting which may use 
activated carbon as a physical adsorbent, iron oxide or zinc oxide as 
chemical recovery agents, or molecular sieves for selective recovery 
of desired chemical species. 

Gas-Liquid Contacting Systems 

In general, most absorption systems (both selective and non­
selective) which are based on gas-liquid contacting have several major 
features in common. Figure 3.5.3.6 is a simplified flow sheet which 
can be used to represent either a selective or nonselective acid gas 
removal system in its most basic form. Raw gas enters the absorber 
and passes up through the vessel, contacting the absorbing medium counter­
currently. Acid gases contained in the raw gas are absorbed in the solu­
tion. Absorbing solution rich in dissolved acid gas is heated by heat 
exchange with lean solvent before it is stripped of acid gas in the 
stripper. Acid gases released in the stripper are sent to the sulfur 
recovery system. Lean solvent from the bottom of the stripper is recycled 
through the heat exchanger and back to the absorber to be used again. 

Many modifications to the configuration in Figure 3.5.3.6 are 
possible, and are aimed at increasing sweet gas purity, H2S concentration 
in the acid gas stream, reducing column size, solvent circulation rate or 
stripping steam usage. 

Acid gas removal systems using aqueous solutions of potassium 
carbonate and proprietary additives are usually operated for nonselective 
gas absorption. Amine-based aqueous systems are generally operated 
selectively. In addition to these types, there exist a variety of other 
chemical compounds that are used for acid gas removal. However, selective 
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or nonselective operation may be achieved with any type of system, and is 
determined by the difference in absorption rate between H2S and C02 
(H2S is usually more absorptive} and the gas residence time in the 
absorber. Table 3.5.3.7 lists and ·compares the major acid gas removal 
processes. on the basis of several key performance parameters. Caution 
should be exercised when using Table 3.5.3.7 to compare utility require-

. ments, since feed and product gas conditions may differ as noted in the 
Table. 

One problem faced by a nonselective system when cleaning a coal 
derived producer gas (containing approximately 7 percent C02 and 0.5 
percent H2S} is the disposal 6f the H2S contained in the acid gases 
which have been removed from the producer or synthesis gas stream. For 
acid gas streams containing at least 15 percent H2S, the Claus process is 
widely used to produce high purity elemental sulfur which may be sold as a 
by- product. 

The Claus process involves a thermal oxidation stage where H2S is 
converted to so2. 

(1} 

The S02 so formed reacts with H2S to produce elemental sulfur: 

(2} 

Since reaction (2} is reversible, the presence of sulfur limits the conver-. 
sion of H2S. Vapor phase elem·ental sulfur is removed by condensation, 
and the remaining gases are heated and passed through one or two reaction. 
chambers where reaction (2} is promoted catalytically by a bauxite or· 
alumina catalyst in the converter. 

Because the first step i nvo 1 ves the fl arne oxidation of hydrogen 
sulfide, H2S must be present in high enough concentrations to support a 
flame front. Generally, 15 mole percent is recognized as the lower limit, 
although some operations have succeeded at 7 mole percent using special 
techniques. Acid gas removal systems which produce acid gas streams lower 
than 15 percent H2S (because of dilution with C02 and other gases} may 
require a different sulfur recovery system •. Since amine-based sy!>tems are 
generally designed for H2S selectivity, they will produce sufficient 
H2S in the acid gas stream for Claus processing, if the raw gas stream is 
concentrated enough in H2S. 

Gas-Sol1d Contracting Systems 

Activated Carbon Process 

Activated carbon adsorptionll is a lGw temperature process 
developed in the 1920 1 s and is currently in wide conmercial use in the 
United States. However, it is not practical for application to primary 
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U1 
N 
.;:. 
I 

Performarce Raramet~r 

State of Oevelopmen·: 

Absorber •Jper.abil it; lirtits 
Temperature, °F 
Pressure, tsia 

Purifica"ion Limits for n2s 

Principal Ab!Orbent(s) 

Shell 
AOIP 

Conmercic:l 

100-140 
0-100().-t 

<Sppm 

di- i sopr·~paaal amine. 
(aqueous I 

PhysicaltChelilical t.bsor·xion Cher;~ical 

Typical l•tillty RequireDents 
For Feed Gls Co11pos ition 
H2S/CG;: m()l % 

and Prod1ct Gas Conposition 
H 2S/CO~ mal % 

Steam Gonsumption 
lbiMM ~CF Feej Gas 
Coolin~ Water 
Ga ·, IM11 SCF Fe2d Gc s 
El ectr· city 
kwhVMH SCF Feed G~s 
Solven-: loss 
1 bttiM :DCF Feed Gas 

0 .• 51./7 .G% 

_10 ppll/~ .6% 

7900 

NIP. 

3B 

Mechani :a 1 leakage 
oniy 

Table 3.5.3.7 

Acid Gas Removal Processes 

Amine Based Systems 
Dow Chemica 1 Eickmeyer · 

HOEA CATAMlNE 

Commercial Commercial 

80-125 100-250 
0-1000+ 0-1000+ 

<4 ppm <Sppm 

rnethyl-diethanolalltne: proprietary 
(aqueous) 

Chemical Chemical 

0.6%/10.0% 0.5%/7.0% 

50 ppm/3.3% 10 ppm/5.2~ 

10,700 7500 

II/A 
so.goo 
(30 F rise: 

15 25 

0.5 N/A 

Page 1 of 2 

Black, Siralls, Bryson 
SULFIBAN 

Col!lllercial 

100 
Q-1000+ 

,....:.1 ppm 

more-ethanolamine 
(aqueous) 

Chemical 

l.l%/9.7% 

2 ~pm/0.0% 

49,000 

161 ,000 

5C 

1.6 

She It 
SULFINOL 

Commercial 

65-125 
0-1000+ 

<1 ppm 

di-1sopropanolamine 
(aqueous) 

Physical/Chemical 

0.46%/4.9% 

3 ppm/ .05% 

10,000 

N/A 

60 

N/A 



Table 3.5.3.7 {continued) Page 2 of 2 

Acid Gas Removal Processes 

carbonate Based S~stems Other Processes 
Benfield Eickmeyer lurgi All i e<l Chemica 1 

Performance Parameter ·!Ho.t Carbonate} CATACARB RECTI SOl SElEXOl STRETFORD 

Sta:e of Development Commercial Commercial Commercial Commercial Commercial 

Absorber Operability limits 
Temperature, °F >50-280 60-290 -100 to 0 20-100 80-120 
Pressure, psia High Pre~sure High Pressure 200-3000 500-1000 0-100 

Opera f1 on Favored Operation Favored 

Purification limits for H2S <1 ppm < 1 PPlll < 0.1 ppm <1 ppm < 1 ppm 

I Principal Absorbent(s) Potassium carbonate Potassium carbonate Methanol Polyethylene glycol- ADA (anthra-quinone disulfonic 
U'1 dimethyl ether acid), Sodium metavanadate 
N (aqueous) (aqueous) (aqueous) U'1 
I 

Physical/Chemical Absorption Chemical Chemical Physical Physical Chemical 

Tot~l Utility Requirements 
Fo· Feed Gas Composition 
H2S/C02 mol % 0.5%/7.0% 0.5'1./7.0% l%/5.5% 0.5%/35.0% l.0%/0.2%HCN 

and Product Gas Composition 
H2S/C02 mol % 1J ppm/0.01% 10 ppm/0.01% < 0.1 ppm/0. a < 0.1 ppm/11.0% 1 ·ppm/0.0% HCN (no C02 removal) 

Steam Consumption 
lb/MM SCF Feed Gas 8~00 11,100 2550 3000 730 
tbali.ng ~Ia ter 
Gal/MM SCF Feed Gas 30,000 40,000 121 ,000 35,000 2160 
Electricity 
kwh/MM SCF Feed Gas 90 55 550 900 19 
Solvent loss 
1 b/MM SCF Feed Gas NiA N/A 40 0.5 15 



sulfur recovery in coal gasification processes, due to its limitation on 
feed gas sulfur content. Operation of the process calls for absorber bed 
regeneration after the bed becomes saturated with sulfur compounds. Process 
streams containing more than approximately 30 ppm of sulfur compounds 
(low-rank coals may produce sulfur concentrations approximately 100 times 
greater} require regeneration too frequently to·justify use of the process. 

Iron Oxide Process 

Another 1 ow temperature 
as chemica 1 absorbent· for gases 
a 11 owed to flow over a bed of 
sulfide is removed by oxidation: 

cleaning system, iron oxide has been used 
containing hydrogen sulfide. Feed gas is 
hydrated ferric oxide, in which hydrogen 

. . . 

After most of the iron oxide has been sulfided, atmospher-ic oxygen regen­
erates the oxide, producing elemental sulfur. 

This cyclic process is repeated until an excessive pressure drop 
develops in the bed due to the accumulation of sulfur. At this point the 
bed material is removed and replaced with fresh oxide, and in some in­
stances the sulfur is recovered. In the manufactured gas industry, iron 
oxide is mixed with wood shavings as· a support. These are placed in trays 
inside large 11 dry boxes... Continuous revivification in-situ is accomp-
li~hed by bleeding a small air stream into the feed gas. · 

The iron oxide process is not as limited ~ith respect to fe~rl gas 
H2S concentration as is the activated carbon process. The latest instal­
lations of iron oxide absorbers are 1 imi ted to gas streams having H2S 
CQncentrdlions in the· range of 160 to 1200 ppm, still to low for primary 
acid gas removal in coal gasification plants. 

Zinc Oxide Process11 

Zinc oxide is also in wide corrmercial use as a low temperature 
sulfur absorbent, but faces limitations similar to those for activated 
carbon and iron oxide process~s. Although these iystems are not suitable 
for primary acid gas absorption in coal gasification, they may find appli­
cation as sulfur guards to protect mcthanation catalysts or other sulfur 
sensit1ve processes. 

· Moleculaf Si~ve Adsorption11 

Molecular sieves belong to a class of chemical compounds known as 
zeo 1 ites, and .function in separation processes by phys i ~ale adsorption of 
molecules within the interstices of the molecular matrix. Adsorption in 

/ 
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molecular sieves is a highly selective process, and is determined by the 
pore size of the matrix. Molecular sieves are in wide commercial use, 
particularly for sweetening natural gas, petroleum and petrochemical 
process streams. 

Of the acid gas removal processes based on solid-gas contacting 
molecular sieves are the best suited for handling gas streams with high 
H2S concentrations. Streams of up to one mole percent hydrogen sulfide 
are currently being desul furi zed at low temperatures down to as low as 4 
ppm H2S with this method. However, higher concentrations require shorter 
cycle times between absorption and regeneration as with the other gas­
solids contacting processes previously .dis~ussed. This drawback is com­
pounded by the fact that molecular sieves having the proper pore size for 
adsorption of H2S and other sulfur compounds will also adsorb H20~ 
leaving the gas stream completely dry. In coal gasification processes, the 
raw gas stre~m usually contains at least a few percent water vapor, which 
would require frequent regeneration of large beds of molecular sieve 
material. 

Hot Gas Clean-up Systems 

Still a development concept, hot gas clean-up systems are proposed 
for high temperature removal of sulfur compounds, and in some cases parti­
culate~matter, from coal gasifier effluent streams. The proposed concepts 
are usually based on fluidized bed or entrained flow contacting of the 
solid sulfur absorbing material (iron oxide, for ·example) and the raw 
gasifier effluent in one vessel, and regeneration of the sulfur absorbent 
in a separate vessel, with continuous sol~ds transfer.between the two. One 
study projected a substantial improvement in thermal efficiency and econom­
ic performance for a Lurgi coal gasification combined-cycle power plant 
fitted with hot gas cleanup. over conventional cold gas cleaning methods.12 
However, the same study showed only a marginal incentive for not gas 
cleaning when applied to the Foster-Wheeler entrained flow gasifier in a 
combined cycle plant. The increase in performances for the Lurgi system 
with hot gas cleanup was attributed to the presence of large amounts of 
steam and tar, which were not quenched and removed as in the cold cleaning 
system. Other gasifiers requiring low st~am injection rates and producing 
small quantities of tars might thus be expected to show only a slight 
advantage for hot gas cleaning. The study's conclusions were ba~ed on the 
assumption that a number of significant technical problems with hot gas 
cleaning systems could be overcome. 

Wastewater Treatment Systems 

The wdstewater stream that presents unique treatment problems in 
coal gas i fi.cat ion plants is foul condensate produced when cqa l reactor 
product streams are cooled. Wastewaters arising from other sources are 
similar to wastewaters from coal fired power plants and therefore do not 
require unique treatment systems. For example, methanation reactor conden.­
sate is clean enough to be used as boiler feed water after minor treatment. 
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Wastewater treatment methods are designed for phenol recovery, 
ammonia stripping, biological oxidation, residual sulfur removal, and 
cooling tower water control. Composition of the wastewater stream is 
largely determined by coal rank, proce.ss type, and amount of water or steam 
in the reactor effluent. The initial wastewater treatment step is usually 
$Olids and oils removal, after which the water treating sequence may take 
either route depicted in Figure 3.5.3.7, or may be interrupted at any point 
and the partially treated water returned for process use. 

Phenol Recovery 

Phenols constitute one of the most toxic of all wastewater con­
stituents associated with coal conversion. Most of the experience in 
phenol recovery to date has been associated with petroleum processing and 
coke oven plants. One important research need is therefore to compile a 
data base adequate to design an optimal phenol· recovery system for coal 
conversion. 

Biological oxidation may be used to prepare phenol-contaminated 
wastewaters for use in cooling towers. Phenols exert a BOD of approxi~ 
mately 2 lb. oxygen/lb phenol and can be reduced to the order of 100 mg/1 
by bi-ox processes.l3 The suitability of this concentration depends on 
the reuse application of the water. Reuse will be necessary to meet the 
zero liquid discharge requirement. 

The alternatives for phenol recovery from wastewaters usually can 
be classified as one of the following types: 

1. Recovery 
2. Degradatiu11 
3. Combined recovery and degradation 

Recovery processes include distillation, solvent extraction, 
cry~;talliz.;~.tinn, and activated carbon adsorption and synthetic !Julymer 
adsorption with solvent regeneration. When these methods an!. u~ed, the 
phenol components of wastewater streams are collected and concentrated for 
further use. 

Degradation techniques include b1u-uxit..l.dliurl, ozonation, incinera­
tion, and activated carbon adsorption with thermal regeneration. When 
degradation techniques are applied, no recovery of phenols occurs. 

Recovery may also be supplemented by degradation for ultimate 
disposal. 

Process economics are dependent upon phenol concentration in 
wastewater streams, and the tota 1 vo 1 ume of wastewater treated. A<;. an 
example, the cost of solvent extraction is virtually independent of phenol 
concentration in the inlet stream giving solvent extraction an advantage 
over other techniques at high contamination levels. However, when high 
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removal efficiencies are required, capital .costs for solvent extraction 
increase sharply, making it unlikely that this method would be used alone 
for treating dischargeable effluent. Biological oxidation is one process 
which can· be used to supplement solvent extraction, and is economic at 
inlet stream Phenol concentrations of 1000 mg/1 or below.13 At interme­
diate concentrations, absorption with solvent regeneration may be used 
economically, as a back up to solvent extraction, or by itself. Ozonation 
and activated carbon adsorption find application only for extremely low 
pollutant levels, and hence are unsuitable for primary wastewater treatment 
in coal conversion processes. Other methods, such as incineration, are 
usually impractical for coal conversion. 

Ammonia Recovery 

Depending upon conditions within the coal conversion reactor, 
nitrogen present in coal and introduced with oxidents may react with 
hydrogen to form am~Oh1a, NH3. Ammonid furmation is favored by low 
temperatures and high pressures in the reactor, and conversions of up to 60 
percent of influent n1truyen l1dve L>een r·eported for the Synthane process. 
In low temperature conversion processes such as Hygas or Lurgi gasifica­
tion, ammonia concentrations in raw gas quench condensates may range from 
3,600 mg/1 to 14,000" mg/1 or more.l3 These levels are orders· of magni­
tude above those found in common wastewaters (raw sewage may conta1 n 35 
mg/1, for example) and are far beyond acceptable levels for direct dis­
charge. High temperature reactors such as the Texaco, Combustion Engineer­
ing, and Foster-Wheeler designs are relatively clean gasifiers and may not 

·require ammonia recovery processes as part of their wastewater treatment 
·schemes. Coal nitrogen in these gasifiers appears primarily as N2· 

·Ammonia must. also be limited in recycled process waters, since it 
can accelerate bacterial growth, corrode copper tubing, deactivate zinc 
corrosion inhibitors, and escape as an airborne containment from cooling 
towers. In plants where process condensate 1s recycled for coal slurrying 
or as a reactor feed, steady state condensate ammonia levels may be exces­
sively high and therefore must be controlled at some level, as is also the 
case for cooling tower operation. This level must be determined for each 
process and coal, and should be the subject of a research study. An 
optimum ammonia level exists for biological oxidation processes; concentra­
tions above approximately 1800 ppm cause inhibition of oxidation reactions~ 
and a minimum concentration is required to provide bacterial nutrients.1~ 
Commonly, a phenol to nitrogen ratio of 14 to 1 is used. 

Choice of sequence for the processing operations of phenol and 
ammonia remova 1 depends on several cons ide rations and will vat·y depending 
on the coal co~version process in question. If phenol is to be recovered 
by solvent extraction, ammonia may or may not cause problems, depending on 
the nature of the solvent used. However,. the presence of phenol in the 
ammonia stripper will introduce phenol in the stripper overhead, which can 
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accelerate catalyst deactivation in sulfur recovery processes downstream.l3 
Of course, high reflux ratios in the ammonia stripper may be used success­
fully to limit phenol concentrations ·overhead, but this imposes added costs 
and would not.normally be practiced unless other circumstances dictate this 
mode of stripper operation. Thus, upstream phenol separation may be 
desirable, but low phenol concentrations may dictate ammonia recovery first 
followed by biological oxidation for phenol degradation. 

The prob 1 em of ammonia recovery is comp 1 i cated by .the presence of 
C02, H2, as we 11 as pheno 1 s in co a 1 conversion .process condensates. 
Recovery of ammonia in a salable form such as anhydrous ammonia or ammonium 
sulfate is a motivating factor in water treatment design, due to the 
relatively high value of this commodity. 

Ammonia and acid· gases may be stripped from wastewaters simulta­
neously fo 11 owed by ammonia separat.ion and recover-y from the gas phase. 
Alternatively, the acid gases may be stripped with ammonia held in the 
aqueous phase by reflux or water wash followed by ·ammonia concentration in 
a second stage. 

The Phosam-W process may be used for anhydrous ammonia recovery. 
Although the design is a proprietary process of USS Engineers and Consul­
tants (U.S. Steel Corporation), a general description of the processing 
sequence is available. The four major components of the system are: 1) a 
wastewater stripper in which H2S, C02, NH3, and any other volatile 
components are recovered in a gas phase, after wh·i ch the wastewater is 
available for continued processing or use; 2) an absorber which selectively 
absorbs ammonia from the mixed gas phase, and allows the acidic components 
to pass on for further treatment; 3) a "Phosam" stripper which provides 
recovery of the ammonia absorbing solution for reuse, and produces an 
aqueous ammonia stream; and 4) an ammonia fractionater with a total con­
denser where aqueous ammonia is reduced to anhydrous ammonia product. 

Fertilizer grade ammonium sulfate may be produced from the ammonia 
present in gasifier wastewater. After ammonia is recovered from a conden­
s·ate stream, it is contacted with sulfuric acid to form ammonium sulfate. 
Although this may be one way to utilize both the ammonia and sulfuric acid 
by-products which may be produced, current markP.t. economics for ammonia and 
ammonium su·lfdte do not justify this practice (ammonium sulfate is gener­
ally cheaper than ammonia). 

A proprietary process for ammonia recovery by distillation only·is 
offered by Chemie-Linde-Lurgi (CLL). Although the details are unknown, the 
design consists of two columns. The first tower strips off acid gases with 
steam while ammonia is held in solution. The second fractionator concen­
trates the ammonia to either a 30 percent solution or all the way to 
anhydrous ammonia. 
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Biological Oxidation 

Biological wastewater treatment requires the presence of bacteria, 
organic matter, and usually oxygen, and is a process in which these bac­
teria bring about the reaction of dissolved oxygen and organic matter. 
Bacterial growth takes place, and organic matter is consumed and converted 
into smaller residual molecules such as carbon dioxide or methane. This 
results in an aqueous phase which has .had most of its organic content 
eliminated, and a suspended separable sludge consisting of living and dead 
bacteria. Approximately half the weight of BOD (biological oxygen demand) 
is converted to weight of sludge. 

Several processes involving biological oxidation have been devel­
oped for other treatment needs, and in most cases are not applicable to 
coal conversion wastewater treatment due to the sensitivity of the bacteria 
tu toal derived chemical~, or differing treatment ohjPctives. 

Bacterial conversion in the absence of oxygen (anaerobiC tredllnent) 
results In the production of methane. Although this approach has the 
advantage of not requiring large energy inputs for oxygenation or det·'ation, 
evidence is lacking that anaerobic oxidation can be easily integrated into 
coal conversion wastewater treatment. Similarly, bacterial conversion of 
ammonia to nitrate compounds has been demonstrated, but in most cases is 
probably too costly for conversion of the high ammonia concentrations found 
in coal conversion condensate streams. In this process, water which has 
had its ammonia converted to nitrates is denitrified anaerobically in 
another vessel to produce gaseous nitrogen which again is accomplished by 
bacteria. Nitrification must be carried out in the presence of oxygen but 
at very low concentrations of carbonaceous compounds. The reverse is true 
of denitrification, and methanol is sometimes added to provide the required 
carbon content. 

Although most of the organic r.ontent of coal conversion wastewaters 
is biodegradable (molecules that are not biodegradable are referred tu as 
biorefractory), high concentrations of organic biodegradables or ammonict 
are toxic to bacteria. As an example, phenol is readily biodegradable at 
low conc~ntrations. and is usally kept below 500 mg/1. 

For most wct5tewaters, the bact~rial concentration resulting from a 
nne-pass reactor is not high enough to assure an adequate reaction rate. 
Recycle of a portion ot the rectctor effluent sludge maintains a high 
bacterial concentration in the reactor and is known as the activated sludge 
process. The trickle filter concept achieves high bacterial levels with a 
different approach by growing the organisms on a solid surface and passing 
the wastewater in a thin film over the solid substrate. Bacterial agents 
in biological oxidation will show a varying reactivity to organic com­
pounds, depending upon strain. Sludge obtained from municipal waste 
treatmnent plants consists of ordinary soil bacteria; which will display a 
lower efficiency at tredting phenolic wast~waters than will sludge obtained 
from coke oven wastewater treatment, which has been acclimated to phenols. 
Bacteria which have been mutated deliberately for phenol consumption are 
available and seem to be more efficient than other types. 
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The Air Activated Sludge (AAS) Process 

The activated sludge process is widely used in municipal waste 
processing plants and can be applied to sour process condensate streams as 
shown in Figure 3.5.3.8. The liquid wastewater feed must come from a 
hold-up tank or storage pond to minimize fluctuations in flow rate and 
concentration to· the bioreactor. Since phosphorus is an essential bac­
terial nutrient, it must be. added along with the wastewater stream. The 
bioreaction process is accomplished in one or more stirred basins arranged 
in series, and is such that reactor effluent composition is very nearly the 
same as the composition of the reactor contents at any given time. Good 
distribution of feedwater to the reactor may be necessary to avoid high 
local concentrations which may be toxic to the bacteria in the bioreactor. 

Oxygen addition must be maintained to support biological oxidation.· 
A dissolved oxygen level of 1.5 to 2 mg/1 is common in the bioreactor, 
which may be attained with a variety of process equipment. Surface aera­
tors are rotating stirrers located near the interface of air and water, and 
are intended to either spray water into the air, or introduce air bubbles 
into the main body of water. Turbine mixers are rotating stirrers located 
near the bottom of the body of wastewater and discharge compressed air from 
a pipe just below the stirrer. Diffusion systems employ porous distribu­
tion pipes or sprargers at the bottom of the aeration reactor, resulting in 
fine gas bubbles rising throughout the aquequs mass. 

The sludge separation step. is an essential part of the activated 
sludge process. Clarification serves two needs; removal of suspended 
matter from the treated water stream, and thickening of the solid sludge 
for recycle of a sufficiently high concentration of biologically active 
sludge. 

High purity oxygen may also be used for oxygen enrichment of 
wastewaters instead of air. In addition to the requirement of a source 
of oxygen, several differences arise when the activated sludge process 
is operated in this mode. Since oxygen is present in the gas phase at a 
higher part i a 1 pressure, its con cent ration in the· aqueous phase may be 
maintained at a higher level than with air usage. Assuming the reaction 
rate is dependent somewhat on oxygen concentration in the wastewater, this 
together with the staged reactor configuration often used (intermediate 
between a perfectly mixed reaction system and a plug flow arrangement) will 
result in a smaller reaction volume required for similar conversions. 
However, high levels of phenols or other toxic components in the feed will 
have a smaller volume in which to be mixed, and therefore the risk of 
excessively high local concentrations is greater than in the well mixed 
reaction system. 

The oxygenation and mixing requirement diminishes from the initial 
to final stages, allowing a reduction in capacity for these two para­
meters. This reduc.tion in mixing and agitation due to oxygenation is 
conducive to flocculation and agglomeration of the floes which aids in the 
clarification step downstream. 
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Trickle Filtration 

Unlike the air activated or high purity oxygen activated sludge 
processes, trickle filter processes rely on the thin film contacting of 
wastewaters on solid ·bacterial substrates. As such, a liquid (wastewater) 
instead of a gas (air or oxygen) is pumped resulting in lower operating 
costs. Trickle filters will generally not give as clean an effluent stream 
as will an activated sludge process. In wastewaters with high organic 
loadings, the fraction of the BOD converted may be as low as 40 percent. 
Use of trickle filter treatment together with an activated sludge process 
is an established practice, and in the case of coal conversion, a trickle 
bed treatment system would most likely be placed in front of the activated 
sludge process to act as a roughing filter. Although this configuration 
has been used successfully on other wastewater streams, its use associated 
with .coal conversion has not been reported and is therefore regarded as 
experimental. 

Cooling Tower Control 

Cooling towers operating in coal conversion plants handle process 
and raw waters from a variety of sources, and are faced with a unique 
set of problems which arise from the mixture of different waters used. 
Optimization of the costs involved in wastewater treatment requir:es a 
tradeoff between the cost of ultimate water treating and the resulting 
normal cooling tower problems, and no wastewater treating and the following 
categories of operational and maintenance problems. 

Scale Formation 

Since cooling towers function by evaporation these air-water 
contacting devices act as concentrators for dissolved salts in their 
feedwaters, sometimes to the point of precipitation. Scale formation will 
lead to a loss in heat transfer rates for other equipment. Treated process 
concentrate may have a lower dissolved salt content but higher levels of 
BOD, COD, and ammonia than raw river water, suggest1ng that cooling .tower 
control will be highly specific to recycle rates of treated water and 
treated and raw water compositions. 

Scale formation and deposition may be controlled by limiting the 
concentration of certain chemical species, particularly those whose solu­
bi 1 ity decreases with increasing temperature. These salts will then tend 
to drop out of solution and adhere to heat exchanger surfaces. The anions 
and cations which must be controlled are those of calcium (ca2+), magnesium 
(Mg2+), carbonate (C032-), phosphate (Po43-) and dissolved silicon dioxide 
(Si02). The presence of phosphate is quite uncommon in the cooling 
waters of industries· other than coal conversion, but arises here due to its 
addition in biological oxidation (where it is not all consumed) and in the 
cooling tower water itself to encourage biological oxidation. 
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The relatively high concentration of carbon dioxide in coal con­
version wastewaters 1 eads to an increase in pH due to formation of HCOJ­
ions. During passage through the cooling tower, C02 may be driven off, 
causing formation of C032- ions and subsequent precipitation. This may 
be prevented by the addition of small amounts of sulfuric acid. Water 
softening by lime or soda ash will precipitate calcium ions and carbonate 
alkalinity, and can be used to control calcium sulfate precipitation. The 
phosphate anion may also.be removed with lime and the water softener may be 
operated to remove magnesium cations as the hydroxide which has the added 
benefit of partial silica adsorption. Even though precipitation may occur, 
scale formation may be limited by the addition of chemicals which retard 
crystal growth, such as acrylate and acrylamide polymers. Despite the use 
of any process, the total dissolved solid level will increase without the 
use of some blowdown in the cooling water circuit. Droplet loss in the 
cooling tower constit•.Jtes one form of blowdown, although for systems having 
high TDS levels, droplet settlement may cause damage to ful idge and proper­
ty, and i~ thus not an acr.eptdble form of blowdown. In general, designers 
must be sensitive to possible odor and health problems wh1ch may adse from 
trace organics emitted from cooling towers operating on treated wastewater 
streams. 

A balance between successful bi o-oxi dati on of contaminating or­
ganics and an over-population of bacteria must be maintained in the cooling 
tower water. Chlorination has been used for bacterial control, but is not 
reconvnended for coal conversion processes due to the possible release of 
toxic chlorinated phenols and other organics. Other non-chlorine biocides 
are available for control, such as acrolein. 

F1ltration, rather than clarification, is suggested for fouling 
control by suspended solids in the circulating water. This is because 
clarification requires the addition of chemicals to promote flocculation, 
although it can handle a higher suspended solids in the feed water. 

L1miLdLion of Corro~ion 

Both metallic and nonmetallic corrosion inhibitors are available. 
For cases where the surface contacted by the cooling water is not particu­
larly hot (usually the case in coal convers1on plants), nonmetallic inhibi­
tors are preferred. For higher temperature service applications, corro­
sion resistant alloys should be used. In particular, copper alloys are to 
be avoided due to the presence uf dlmnoni a in co a 1 conversion process 
streams. 

Solid Waste Control Techniques 

The methods used to control and dispo~e of the solid wastes from 
coal gasification except for bio-oxidation processes are similar to those 
used for direct .combustion and will not be repeated here. 
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Bio-oxidation processes are not found_ in direct combustion opera­
tions, and produce a solid material requiring disposal. The procedure 
involves transfer of the sludge together with its supernatant liquor from 
the bi-ox unit to a digester vessel, where some of the sludge is converted 
to a combustible gas. After digestion is complete, the remaining sludge 
may be dewatered, dried and disposed of in a sanitary landfill. The 
procedure may be complicated by the presence of leachable trace contami­
nants, which would then require disposal in a class 1 site. 

3.5.3.5 Effects of Low-Rank Coal Properties 

The properties associated with coal rank have significant influence 
on gasification behavior, process selection, and process design. The 

. predominant effects are on the gasifier itself, but properties of the coal 
do affect many of the other unit operations as well. Although there are 
both positive and negative factors involved, low-rank coals are basically 
preferable feedstocks for the corrmercially available gasification pro­
cesses. In fact, a major portion of the ongoing R&D effort in gasification 
process development is motivated by the inherent difficulty of gasifying 
caking bituminous coals. Nevertheless, there are some unique problems 
associated with low-rank gasification, which are identified below. · 

Caking Properties 

Bituminous coals become plastic and agglomerate to form coke as 
they pass through the temperature range 750-9500F. Coal particles tend 
to adhere to each other in this state, decreasing the surface area for 
reaction, and in severe cases plugging up the reactor. Low-rank coals do 

·not have this property. Depending on the type of gasifier, this allows the 
low-rank .coals to be processed in a simpler, less expensive coal prepar­
ation and reactor system. 

The caking problem is most severe in the fixed bed gasifier type. 
Some pretreatment step to reduce or eliminate the caking tendency may be 
used; oxidation of the coal particle surfaces· at 700-7500F is one pre­
treatment step that works for some caking coals. The Slagging BGC-Lurgi 
fixed-bed process, with a mechanical stirrer in the proper reactor zone, 
has been operated successfully on nontreated caking coals in short-term 
tests at Westfield, Scotland. Lignite and subbituminous coals do not 
require anti-caking pretreatment or stirrers (although drying, size re­
duction, and classification may still be necessary). 

In fluid bed reactors, the caking problem can be controlled by 
keeping the coal particles so diluted (with char, ash, or other inert 
materials) that agglomeration is prevented. For example, in the t\'10-
stage pressurized process operated by Westinghouse for DOE, a high ratio 
(up to 100:1) of recycle solids to coal feed is maintained to control 
agglomeration of the coal. This degree of dilution is not necessary 
when operating fluid bed reactors on low-rank coals. 
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Entrained flow reactors can handle caking and non-caking coals 
equally well because particle interaction is minimized in the flowing 
gas stream. 

Moisture Content 

The very high inherent moisture content of low-rank coals acts 
primarily as a diluent in the gasification process; less carbon is avail­
able for reaction per pound of feed compared to lower moisture content 
(high-rank) coals. Predrying of the coal requires considerable heat and 
causes particle size degradation (generation of fines)~ Coal fines can be· 
accepted as f~ed to fluid .bed or entrained· flow gasifiers, and thus a 
predrying step is feasible in conjunction with these gasifiers if the 
economics ju5tify it. Fixed hP.d gasifiers require a feed free of fines and 
thus are not well suited to pre-dried low-rank coals due ·to the1r tendt!ncy 
to decrepitate. · 

Gasification of high-moisture coal in fixed bed units results in 
large volumes uf wd:;te liquor. 'lhc mo1~ture i;tnc1 volatile matter are evap­
orated in the upper portion of the gasifier due to the countercurrent flow 
temperature profile. This results in a requirement for large gas liquor 
separation and waste water treating sections. 

Some U.s. 1 ignites have so much moisture that they cannot be used 
directly as feed to slagging fixed bed gasifiers. For example, the moi~­
ture content of Gascoyne lignite (greater than 40%) exceeded the limit for 
which successful operation could be obtained in the GFETC slagging fixed 
bed gasifier. The heat produced from the gasification/combustion reactions 
in the lower region of the gasifier was found to be insufficient to vapor­
ize the moisture in the incoming feed coal. As a result the temperature of 
the fuel bed gradually decreased and slag flow stopped. 15,a 

The Texaco entrained flow gusificr utilizes a c:;lurry feed system. 
In order to obtain adequate coal concentrations in the slurry, drying or 
high-moisture lignite prior to the slurry preparation step. may be re­
quired. The Koppers-Totzek gasifier also requires that high-moisture 
lignites be dried. 

CoaJ feed P . .t:.QP.~f~ i es 

Fixed bed gasifiers require lump particle sizes with a m1mmum 
of fines. This imp-oses a des1gn requlr·t!111ent on fixed. bed, ·low-rank r.nill­
fed plants Lllat a su1tublc u~e for the large quantity of fines can be 
found. · The approach taken by the Great Plains Gasification Associated 
project is a good example. In that project, the gasification plant will be 
integrated with a pc-fired power plant. Screened lignite (plus 1/4 inch) 
will be fed to the Lurgi gasifiers at a rate of 28,400 tons per day; the 

aReferences for section· 3.5.3.2.,.3.5.3.6 are listed following 
section 3.5.3.6. 
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15,600 tons per day of undersize coal will go to the power plant.30 A 
similar proposal by Fll!Or Corporation would involve the integration of a 
slagging Lurgi (fixed bed) gasifier with a Texaco (entrain~d-bed) gasifier. 
The plus l/4 inch portion of the coal would be fed to the Lurgi unit; the 
minus l/4 inch .portion would be slurried with phenolic liquor (recovered 
downstream of the Lurgi unit) and fed to the Texaco gasifier.? Other 
proposed designs call for briquetting of the coal fines, or injection into 
the bottom of the gasifier along with the steam. 

For gasifi~rs which utilize a slurry feed system (e.g., high 
pressure entrained flow systems such as Texaco), the properties of low­
rank coal may present problems.· Coal slurries ,nay be comprised of either 
oil or water as th~ slurry agent. For higher rank coals in water slurries,. 
the solids concentration is limited by the require~nt that the slurry be 
pumpable. In the case of lignite, however; the solids concentration is 
limited by the high moisture content of the co a 1 , or in the case of dried 
lignite, by the high reabsorption of moisture. Some drying processes may 
remove moisture in a way that limits reabsorption and thus. allows a more 
concentrated slurry to be formed. Such a claim is made for the Koppelman 
Process, which involves the heating of lignite in water under pressure 
(lOOOOF, 1500 psi).29 

Reactivity 

Lignite ·~nd subbituminous coals are in general more reactive 
in gasification reactions than higher rank coals. For the gasification 
step, this may mean higher reactor space velocities (higher through­
puts), higher carbon conversions, and lower gasification temperatures. 

This factor might be expected to have more importance in the 
gasifiers which involve shorter gas-solid contact or residence times, 
namely the entrained flow and fluidized bed types. For example, it has 
been estimated that the Koppers-Totzek (entrained flow) process can obtain 
conversion efficiencies of greater than 98 percent when using lignite, 
about 85 percent for subbitumi nous coal, and a maximum of 60 percent for 
anthracite.3 · 

The C02 Acceptor process is an example of a process designed 
specifically for highly reactive low-rank . coals, and is only operable 
with that type of feedstock. 

Volatiles 

In fixed-bed gaSifiers, liquid materials such as tars, oils~ 
phenols, naphthas, and other components are produced largely throug~ 
devo 1 at i 1 i zat ion mechanisms. The chemi ~a 1 composition of these substances 
produced from low-rank coals is significantly different from the devola­
tilization products of higher rank coals.9 Therefore, separation, 
treatment, and utilization of these by-products will be different in plants 
using low-rank coals than in plants using high-rank coals. 

'In high-temperature gasification processes such as the entrained 
flow systems, tar and oil are consumed, thus eliminating the need for 
complex gas liquor treatment facilities. 
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Ash Characteristics 

The ash of low-rank coals has significantly different chemical 
and physical properties from high-rank coal ash, which can affect gasi­
fier design and performance in a number of ways. Alkaline components. 
of low.;..rank coal ash may act catalytically to promote gasification re­
actions, and ~ay explain in part the higher reactivity attributed to 
lignite and subbituminous coals. In addition, these ashes will display 
a different temperature-viscosity relationship than higher rank coal 
ash and therefore require different gasification temperatures to main­
tain slagging or non-slagg1ng conditions. Behavior of these ash materials 
toward refractory materials and sulfur capture in the gasifier is also 
expe·cted to be different than for ashes of high-rank coal'i. 

Sulfur Cont.e·nt 

L_ow-rank coals contain on the average a significantly lower sulfur· 
content than higher-rank coals. Although few low-rank coal sources are low 
enough in sulfur to eliminat~ the need for sulfur removal iri the acid gas 
recovery section, the lower sulfur content is expected to reduce the 
operating requirements of acid gas scrubbers. This is particularly true 
for selective H2S scrubbing systems, and a lower capital cost for these 
systems may also be expected. 

3.5.3.6 ·current Projects 

rn this ·section, leading commercial and developmental gasifiers 
are described and their development status discussed relative to both 
foreign and domestic activities. The specific effects of low-rank coals on 
each gasifier type are compared and contrasted to the use of higher rank 
coals in the same gasifier. The unique environmental control consider­
ations which may be associated with each specific gasifier type are also 
indicated. Unfortunately, in many individual cases specific data concern­
ing the performance of low-rank coals is not available and therefore 
remains uncertain. 

3.5.3.6.1 Fixed Bed Gasifiers 

Single Staye Ga~>i fier·s 

Lur·gi Dry Dottom Gasifier 

The first cbmmercial demonstration of the lurgi gasifier took 
place in Germany in 1936. Although there are no commercial scale install­
ations in the Unhed States, the 18 plants world-wide are summarized in 
Table 3.5.3.8. The dry bottom Lurgi process is shown schematically in 
Figure 3.5.3.9 and the gasifier is depicted in Figure 3.5.3.10. The 
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Location 

Hirschfelde, 
Centra 1 Germany 

Bohlen, 
Central Germany 

Bohlen, 
Central Germany 

Most., CSSR 

Zaluzi-Most., CSSR 

Sasolburg, 
South Africa 

Dorsten, 
West Gennany 

Morwell, Australia 

Daud Khel, Pakistan 

Sasolburg, 
South Africa 

Westfield, 
Great Britain 

Jealgora, India 

Westfield, 
Great Britain 

Coleshill, 
Great Britain 

Sasolburg, 
South Africa 

Luenen, GFR 

Sasolburg, 
South Africa 

Source: Reference 14,a 

Year 

1936 

1940 

1943 

1944 

1949 

1954 

1955 

1956 

1957 

1958 

1960 

1961 

1962 

1963 

1966 

1970 

1973 

Table 3.5.3.8 

Lurgi Gasifier Installations 

Fuel 

Lignite 

Lignite 

Lignite 

Lignite 

Lignite 

Subbituminous 

Caking Subbituminous 

Lignite 

High Volatile Coal 

Subbituminous 

Weakly Caking 

Different Grades 

Weakly Caking 
Subbituminous 

Gasifier 
I. D.· 

3'9" 

8'6" 

8'6" 

8'6" 

8'6" 

12 '1" . 

8'9" 

8'9" 

8'9" 

12'1" 

8'9" 

tVA 

8'9" 

Caking Subbituminous 8'9" 

Subbituminou5 12'1" 

Subbituminous 11'4" 

Subbituminous 12'4" 

Capac tty 
(MM SCFD) 

1.1 

9.0 

10.0 

7.5 

9.0 

150.0 

22.0 

22.0 

5.0 

19.0 

28.0 

0.9 

49.0 

46.0 

75.0 

1400 MM 
Btu/hr. 

190.0 

·No. of 
Gasifiers 

2 

5 

5 

3 

3 

9 

6 

2 

2 

3 

5 

3 

5 

3 

aReferences for sections 3.5.3.2~3.5.3.6 are·listed following section 3.5.3.6 .. 

-541-



I 
<.T1 
.;:. 
N 
I 

COAL------. 

··' COAL 
BUNKER: 

COAL LOCK 
FILLING GAS ---.-.1 

OXYGEN/AIR __ __. 

WET ASH 

Source: Reference 5 

Figure 3.5.3.9 
Lurgi Gasifier 

QUENCH. 
LIQUOR 

STEAM 

CONDENSATE 

'. 



GRATE 
DRIVE 

-cf 
STEAM I 
OXYGEN 

Source: · Reference 5 . 

Figure 3.5.3.10 

The Dry Bottom Lurgi Gasifier 

0 CRUSHED COAL 

ASH _ 
--+-+-- LOCK HOPf)ER 

-543-

~GAS TO 
• ~ WHB 

., . 



gasifier is a vertical cylindrical steel pressure vessel varying from 8 to 
12 feet in diameter and operating at 350 to 450 psig. Screened coal in the 
1/4 to 1-1/2 inch size range is introduced into the system via a lockhopper 
mounted above the reactor. A motor driven distributor insures even 
allocation of the coal over the coal bed. The bed depth varies from seven 
to ten feet. Coal moves slowly downward under the influence of gravity and 
against a countercurrent flow of gas. Gasification of caking coals cannot 
be achieved without a rotating mechanical· stirrer in the gasifier. Steam 
and either air or oxygen are injected at the bottom of the bed through the 
slowly rotating grate. 

Raw gas is removed from the top or side of the unit at a tempera­
ture between 700 and llOOOF and flows into a scrubber cooler where it is 
washed by a circulating liquor stream. Typically, the gas passes through a 
waste heat steam generator and one or more additional cooling stages in 
which condensable materials such as oils, tars, and water vapor are knocked 
out of the process gas stream. The low- or med·iurn-Btu gds leaving this 
section is usually n0\'1 processed for acid gas removal and is then available 
as a fuel or synthesis gas. 

The use of air or oxygen for gasification will depend upon the end 
use of the gas. Significant differences between these two operating modes 
can be noted in Table 3.5.3.9, where some selected operating data are 
provided. Comparison of the gas production rates reflects the nitrogen 
diluent present in gasification air. The dry raw gas composition indicates 
the higher nitrogen content for the airblown case. The higher hydrogen 
content of the oxygen blown product gas is due almost entirely to the 
absence of the nitrogen diluent in the gas. Methane content of the oxygen 
blown gas is considerably higher due to the higher partial pressure of 
hydrogen, which may form methane by reaction with carbon, carbon monoxide, 
or volatiles. Although comparisons are difficult due to differences in 
pressure, coal and steam rate, this may explain the fact that the carbon 
monoxide contents are equal in both cases, whereas we would expect CO to be 
higher in the oxygen blown case due to the lack of diluent. The higher 
gas heating value for the oxygen blown case reflects the absence of nitro­
gen diluent, but on an equivalent basis (if the nitrogen were removed from 
the air blown product gas) the air blown gas would have the higher heating 
value. 

On a lb 02/lb coal basis, the air blown case displays a lower 
consumption (a range of 0.3 to 1.0 lb 02/lb coal for air versus 0.5 to 
1.4 1 b 0211 b co a 1 for oxygen). Temperature cant rol 1 s thus ach h!ved 
at higher steam expense in the oxygen case, producing the same gas out­
let temperatures. 
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Table 3.5.3.9 

Lurgi Gasifier 
Typical Operating Data 

Gas Production, MM SCF/hr 

Gas Composition, Volume %: 
Hydrogen 
Carbon Monoxide 
Methane 
Nitrogen 
Carbon Dioxide 
Other 

Total 

Gas Higher Heating Value, 
BTU/SCF (Dry Basis) 

Feed Requirements, lb/lb coal: 
Air 
Oxygen 
Steam 

Operating Condit ions 
Gas Outlet Temperature, Of 
Pressure 
Residence time, minutes 
Turndown Capability 

Coal Feed: 
·Type 
Size, Inches 
Free Swelling Index 
Ash Fusion Temperature, Of 
Feed Rate, tons/day 

Thermal Efficiency, %: 
Hot Raw Gas 
Cold Clean Gas 

By-Product Rate, lb/lb coal: 
Tar 
Oi 1 

Low BTU 
Gas 

2.3 

23 
17 

5 
39 
15 

1 

100 

198 

1.3-4.2 

0.6-1.3 

700-1100 
20 atm. 

60 
4: 1 

Subbitumi nous 
0.25-1.25 

2 

0.07 
0.07 

Medium BTU 
Gas 

1.3 . 

39 
17 
10 
1 

31 
2 

100 

298 

0.5-1.4 
2.0-7.0 

700-1100 
30 atm. 

60 
4:1 

Bituminous 
0.25-1.25 

3 

200-500 

. 93 
68 

0.08 
0.008 

NOTE: Table may not he internally consistent due to averaging of values. 

Source: Reference 14 -545-



.The Lurgi dry ash gasifier has been selected for a number of 
proposed SNG plants in the U.S., including the Westco, Panhandle Eastern, 

·NGPL, and Great Plains Gasification Associates (GPGA) projects •. The 
following paragraphs provide preliminary design data on the GPGA plant 
proposed for Beulah~ North Dakota.l4 

Phase·l of the coal gas project will use a multiple train of 
Lurgi pressurized,. fixed-bed gasifiers •. These gasifiers, of the new Mark 
IV design, will operate at a pressure of about 430 psig, reacting steam anQ 
oxygen in countercurrent flow with coal. Present design for the Phase 1 
plant contains· 14 gasifiers. The material balance calls for operation of 
11 or 12 gasifiers, each at an output of 52,000 normal cubic meters (about 
1.84 million SCF) per hour of raw gas. This allows for a minimum of 2 
spare gasifiers.· Phase II will add 12 gasifiers, giving a total of 23 
operating ga_sifiers and 3 spares. With an individual expected gasifier 
availability or 87 percent, GPGA anticipates an overall availability for 
the gasifi~r area of d!Jout 100 percent. The major rnai ntenanC'e it.~m r:on­
tributfng to down time in this area is expected to be lock hopper valve 
assemblies, which will be replaceable on a unit basis. 

The crude gas leaving the gasifiers has a heating value of 310 
Btu (HHV). . One-third of this gas is passed through shift converters, 
containing a sulfur-resistant cobalt molybdenum catalyst. Carbon monoxide 
reacts with steam, a'djusting the H2/CO ratio to slightly more than 3 to l 
in preparation for methanat ion. The two-thirds crude gas and the shifted 
gas are cooled, removing tar, tar oils, and other compounds such as ammonia 
and phenols. 

Gas purification continues with a low-temperature methanol wash to 
remove carbon dioxide, sulfur compounds, and naphtha. Sulfur-containing 
gases from this Rect.i.sol system will be converted to elemental sulfur in 
parallel Stretford units. Sulfur-free synthesis gas, on the other hand, 
passes to hot gas recycle methanators, which react carbon oxides and hy­
drogen over a reduced-nickel-base catalyst to . form methane and water. 

A clean-up methanator removes the remaining traces of carbon 
monoxide, leaving a .gas with a higher heating value of 977 Btu per cubic 
foot (dry basis).c :The gas is cooled, dried, and compressed to pipeline 
pressure of 1,440 psig in two stages of compression. 

BGC-Lurg1 Slagging Gasifier 

In 19!5!5 the Br·iLi~t. Gas .Council in collaboration with the Ministry 
of Power pu~'chased an experimental three foot diameter slagging gasifier 
which. the German Lurgi Company had been developing at Aberhauser-Holten. 
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The gasifier w~s erected at Solihull, England, and testing and development 
were .·conducted there until 1964 when further work was suspended indef-

. initely as a result of the North Sea gas discovery •. In 1975, the British 
Gas Corporation resumed slagging gasification development at Westfield, 
Scotland under the sponsorship of Conoco Coal Development Company and. other 
U.S. sponsors. The Westfield slagging gasifier is·similar in design 
to the Lurgi dry ash gasifier (and in fact is a scaled down version of the 
.dry Lurgi), ·but the Westfield test unit is somewhat smaller {6 feet) in 
diameter. Oxygen and steam injection are accomplished through tuyeres 

. located in the gasifier wall toward the bottom of the bed. A water jacket 

.encircles the vessel, and refractory lining is used inside the steel vessel 
walL . Slag is intermittently withdrawn from a slag tap hole at the .bottom 
cif the bed, below which it is quenched .with water in an unlined vessel. 
Slag and quench water ~emoval takes place through~ slag lockhopper located 
below the quench vessel. Coal is introduced through a lockhopper and 
distributor arrangement, similar to the non-slagging version. Figure 
3.5.3.11 ·shows a process flow diagram schematic for a proposed SNG demon­
stration plant based on high sulfur Ohio coal, sponsored jointly by Conoco 
and DOE. 

F i gu re 3 • 5 • 3 • ll 

British Gas/Lurgi Slagging Process for Proposed 
DOE/Conoco Ohio Demonstration Plant 

GAll FIE A 

ITIAM -OXYGEN 

Q 

Source: Reference 5 
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In this design, the raw gasifier effluent passes through a shift 
conversion followed by cooling of the gas stream and condensation of the 
gas liquor. Wastewater treatment recover~ oils, phenols, ammonia, and 
produces a treated water stream. The cooled gas stream is treated for acid 
gas removal and naphtha recovery, and sulfur is produced as a by-product of 
this processing sector. The clean, cooled gas is then available for 
methanation and drying before being sold as pipeline gas. Utility require­
ments are met by gasification of approximately 18 percent of the coal in a 
dry ash Lurgi gasifier, which is used to fire a boiler plant to produce 
steam and electricity. 

Table 3.5.3.10 compares the slagging and non-slagging versions 
of the Lurgi gasifier. It is emphasize'd that data for the slagging unit 
have been provided from an experimental test model, and therefore may not 
be as representative of what can be expected of commercial scale operation 
as the data from the non-slagging version. A notable difference in crude 
gas compositions is in the content of carbon dioxide. The higher concen­
tration of CO in the slagging case reduces hydrogen concentration by the 
water gas shift reaction, relative to the non-slagging case. The higher 
total concentration of CO and H2 for the slagging gas1f1er reflects its 
crude gas higher heating value. 

One very significant factor in determining gasifier performance is 
the steam consumption of the non-slagging version. Steam is injected to 
limit the reaction temperature below conditions of slagging and clinker 
formation, and has an important effect on gasifier efficiency and waste 
liquor yield as is reflected by some of the other fig~res in the Table. 
Although gasification in the slagging gasifier occurs at temperat~res above 
25oooF, its oxygen consumption is only slightly higher than for the non­
slagging version in which bed temperatures are of the order of 13000F. 

In choosing a coal feedstock for either the slagging or non­
slagging Lurgi gasifier, several considerations apply:5 

• Coal should range in size from 1/8 to 1-1/2 inch 

• Moisture level should be below 35 percent 

• Non-caking coals should be used unless a mechani­
cal stirrer can be provided 

• Up to 10 percent coal fines (<1/8 11
) may be used 

if they are injected with the steam at the bottom 
of the bed 
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Table 3.5.3.10 

A Comparison Between the Perfo1 ,narices of a Commercial 
Lurgi Gasifier and the Experimental Slagging Gasifier 

Operating pressure, psi 

Cross-sectional area of shaft, ft2 

Fuel 
Rank 
Size range, in. 
Ash (including flux), % 
Moisture, % 

Steam/oxygen ratio, vol/vol 

Crude-gas 
C02 
CH4 
co 
H2 
CnHm 
N2 

composftion, vol % 
(dry bas.is) 

Calorific value, Btu/ft3 

~asifier loading 

Ste~ co~sumptj~n, ton per ton of coal 

Oxygen consumption, scf per ton of coal 

Crude gas, except lock gas, MMBtu/ton 

F~~l rating, lP/hr per ft2 

Th~rmal rating, M.~Btu/hr. per ft2 

Net tar yield, gal per ton of coal 

Liquor yield, ton per ton of co a 1 

Gasification efficiencies 
Crude gas' + tar +oil + benzole 

a. .coal gasified x 100 

Cr·uue yasa 

Crude gas.a 
c. 

Source: Reference 5 
*Source: · Reference 28 -549-

Lurgi SJ~gging 
ga~ifier g.as ifi er 

Westfield 
355 3,00 

66 28 

Pittsburgh #8 Pittsburgh #8 
902 902 
1-1/2 to 1 1-1/2 to 1 

14.6 11.4 
15.6 12.7 

1. 10 

.24 .6 6.5* 

. 8.7 6.2* 
24.6 59.8* 
-39.8 .26.3* 

·1. 1 0.5* 
'1.2 0.7* 

100.0 100.0 

309 345 

Norma 1 N.orma 1 

1.46 0.31 

12,474 13,580 

25.2 24.6 

210 981 

2.36 11.3 

10.8 15,4 

1.36 0.25 

89.0 90.0 

68.3 76.2 

62.6 68.3 



The characteristics of low-rank coals have the following impli­
cations with respect to thei·r. use in Lurgi gasifiers: 

• The absence of any caking tendencies for low-rank 
coals allows their use in either version of the 
Lurgi gasifier·: without any mechanical stirring 
d~vices · ·· · 

• Low-rank co~ls· .having low ash fusion points may 
be susceptible(·to clinker formation in the non­
slagging Lurgi 'if operating temperatures approach 
the initial deformation temperature 

• Some low-rank coals have mois·ture contents in· 
excess of }5 percent requiring drying before gas­
ification. ·T~~ tendency of low-rank coals to 
produce con.sid~·rable quantities of· fines dur1ng 
drying may limit the use of low-rank coals in 
the Lurgi process without some concurrent use 
for the fines generated 

• The 11 low ·nia'ctivity .. of bituminous coa·l in a 
dry ash Lurgi is the reason given by Conoco 
for advocattng the slagging design particularly 

·for bitumin-ous coal. By this criterion, low­
rank coals ··ar"e suitable for dry ash fixed bed 
gasifiers 

Due to the significant production of tars, oils, phenols, naphthas, 
hydrocarbons, and ammonia, the Lurgi process requires extensive wastewater 
treating facilities •. However, no other unique environmental problems are 
characteristic of the Lu.rgi gasifier. 

GFETC Slagging Fi~ed Bed Gasifier 

GFETC is operating the only s 1 aggi ng fixed bed gasifier in the 
United States. The pilot plant gasifier was first operated under the 
Bureau of Mines -during-the period 1958-1965 to demonstrate the feasibility 
of slagging operating ·and assess operational parameters. Operations were 
resumed in 1976 to investigate the environmental concerns associated with 
ccimmerGial scale fixed bed coal gasification facilities. In September 
1978, gasifier operation \'las suspended for modifications and updating of 
the existing equipment and to expand the operational capabilities. The 
facilities as originally constructed were designed for gasification of 
non-caking coals. Experiments were generally of 8 to 12 hours duration 
because of equipment and .personnel limitations. The present program 
provides modifications which will permit tests of up to 5 day duration and 
operational capability on Eastern bituminous coals. Operation of the pilot 
plant resumed during 1980. · 
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Figure 3.5.3.12 shows the details of the gasifier as modified. 
Formerly, the unit had only one lockhopper and no stirrer. Figure 3.5.3.13 
shows the process flow sheet for the modified pilot plant. Up to 1 ton/hr 
of lignite can be gasified in the unit at 400 psig operating pressure. 

Coal moves by gravity flow from the lockhopper into the gasifier. 
The coal is continuously gasified by an oxygen-steam mixture introduced 
through four water-cooled tuyeres at the bottom of the gasifier. Molten 
slag is formed at the hearth and flows through a central one-inch diameter 
taphole into a water quench bath. Gas from the high-temperature reaction 
zone can be drawn through the taphole to aid slag flow. This gas is cooled 
and metered in a separate circuit. 

The product gas leaving the gasifier contains water vapor and 
~ar. It is .scrubbed in a spray washer with condensed recycle liquor. The 
gas liquor is periodically discharged from the spray washer to a settling 
tank. The washed gas is then cooled to 6QOF in an indirect cooler before 
being sampled, metered, and flared. The heating value of this gas is 
approximately 350 Btu/scf. 

Table 3.5 .3. 11 shows some of the results obtai ned in the GFETC 
unit (prior to the modifications) for four different low-rank coals at the 
same operating conditions. 

The most critical operating problem with this gasifier has been the 
failure of hearth zone materials and interruption of slag flow. Various 
types of hearth plate materials in combination · with different types of 
cooling coils and taphole inserts have been tested. Erosion occurred on 
all of the refractory hearth plates in areas that weren't sufficiently 
cooled. 

Results from testing refractory hearth plates demonstrated the need 
to develop an alternate approach to the problem. A water-cooled metal 
hearth plate was designed as shown in Figure 3.5.3.14. Water flow is 
maintained at a high rate to prevent film boiling. The water flow pattern 
through the hearth plate is shown in the figure. Fifteen runs using the 
water-cooled hearth plate were made and slag flow was achieved during each 
test. One test of 25 hours was terminated only due to exhaustion of the 
coal supply. This type of plate offers the best potential for extended 
operation. However, the design of this particular hearth plate is not 
scaleable to commercial size (i.e., 14 foot diameter) with its single slag 
tap hole. A different geometric configuration using multiple tapholes 
would be required for that scale. 
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Fjgure 3.5.3 . 12 

Cross Section of Modified GFETC S1agging Gasifier 

COAL LDO< VALVES--

COAL LOO<S -----1 

GAS OFFTAKE--__,. 

~-~~~~~~~r 

SlJG BFIEN<ER----w~~~ 

~ nA£-------~ 

SLAG LOCK--------\ 

MCJ'TtAZED PUJG v.&..VE---...:: 

Source: Reference 15 
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Figure 3.5.3.13 

Process Flow Sheet of Modified Gasifier System 

' SLAG REMOVAL 

INCINERATOR 

Source: Reference 15 
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Table 3.5.3.11 

GFETC Slagging Gasification Results for Thre.e Lignites and 
a Subbituminous Coal at the Same Operating Conditions 

Run Number •...••....•...•....... 
Operating Pressure, lb/sq.in •.•• 
Co a 1 ••••••••.••••••••••••••• ~ •• 
Moistu~e in Coal, pet ...•.••••.• 

Test Conditions: 
o·xyg.en rate, std.cu.ft./hr. 
Oxygen/steam molar ratio .....• 
Calculating period, hr ....•.. 

Fuel Rate (as-charged), lb./hr . 
FuP.l Rate (Maf), lb./hr ........ 
Product Gas Rate, 

std.cu.ft./hr •....•.•••...... 
Slag Rate, lb./hr ......•....... 

Oxygen Consumption: 
cu.ft./1000 cu.ft. gas ...... . 
cu.ft./1000 cu.ft. CO+~ .. . 
cu.ft./lb. maf fuel ...••.•..• 
lb./lb. maf fuel 

Steam Consumption: 
lb./1000 cu. ft. 
lb./1000 cu. ft~ 
1 b./1 b. maf fuel 

gas .•.. ·· .... 
CO + H •••••• 

2 ............. 

Production, cu. ft./lb. maf fuel. 
Gas .......................... . 
CO + H

2 
•••••••••••••••••••• .' •• 

Product Gas Composition, ·pet: 
C02 ......•.••......... ~ ..•..•.. 
H2 .... • ' • .............. , ...... . 
co .......................... . 
c2. -c4 hydrocarbons ••........ 
CH4 ..................... _ ....... . 

Gas Heating Value, Btu/SCF(HHV). 

RA-31 
200 

Baukol Noonan 
30.3 

4,000 
1.0 

11.7 

1,180 
751 

21,736 
95 

185.4 
211.6 
5. 33 
0.45 

8.81 
10.05 
0.25 

28.72 
25.17 

·6.4 
30.5 
57.3 
0.7 
5. 1 
348 

RA-40 
200 

Indian Head 
34.7 

4,000 
1.0 
8.9 

1 '264. 
747 

22,038 
54 

181.5 
212.5 
5.35 
0.45 

8.62 
10.09 
0.25 

29.49 
25.19 

8.4 
32.5 
53.6 
0.6 
4.9 
339 

11 
RA-57 . 

200 
Gascoyne 
40.5 

4,000 
1.0. 
3.6 

1,364 
709 

22,841 
66 

175.1 
201.7 
5.54 
0.48 

8.32 
9.58 
0.14 

32.22 
27.98 

7.7 
31.3 
56.1 
0.6 
4.3 
337 

11 
RA-43 

200 
Rosebud 

22 .. 0 

4,000 
1.0 
1.3 

1,063 
709 

19,05~ 
93 

210.0 
236. i 
5.65 
0.4~ 

9.97 
11 .22 
0.27 

26.89 
23.91 

4.1 
26.9 
62.6 
0.9 
5.5 
361 

ll Results determined on tests of limited duration. Gasifier IT!aynot have reached 
equi.librium. 

Source: Reference 15 
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Figure 3.5.3.14 

GF.ETC Slagging Gasifier Hearth Design and Slag·Flow Control ·system.-
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The main thrust of the GFETC gasification project is to develop 
the support data base requir~d for scaleup and demonstration of the slag­
ging fixed-bed gasification process, with emphasis on environmental-related 
data on by-products and effluents. Tests will be run with a variety of 
coals to establish production rates of effluents, fate of trace elements, 
waste disposal constraints, and occupational health and safety faCtors. 
These studies will identify process limitations, and differences in prod­
ucts and effluents, as a function of coal source, type, chemical and 
physical properties, and moisture content. 

We 11 ma·n-Ga 1 usha 

The Wellman-Galu.sha coal gasification process was first used 
coninercially i~n 1941 in Germany and is. currently lic¢nsed by the McDowell­
Wellman Engineering Company of Cleveland, Ohio.. It is an atmospheric 
pres!:jure reactor that can b9 operated with A sr.eam/n1 r or steam/ox_vgen 
gasifying medium. Eight systems are currently in operation in the United 
States. S6me 150 gasifier~ have been installed world-wide since its 
introduction in 1935. Table 3.5.3.12 summarizes the later installations of 
these gasifiers and their application. All of the earlier installations 
involved only one gasifier, whereas later plants have multiple units. Many 
gasifiers _are still operating; the majority bf these are air blown systems 
for a wide variety of appli~ations using a wide range of coal types. 

The gasifier is a vertical tylindricai steel vessel with a diameter 
ranging from 1-1/2 to 10 feet. The vessel is either refractory lined or 
water jacketed for coo 1 i ng. Crushed coa 1 is fed to the gasifier through 
vertical feed pipes. The fuel bed can be unstirred or stirred. Agitation 
is a necessary requirement with caking coa 1 s but capacity increases of up 
to 35 percent can also be realized with the stirred bed. A steam and 
air/oxygen mixture is introduced from the bottom of the vessel and the 
product gas ~xits from the top of the unit. Gas leaving the vessel is at 
about 900-12000F and can be us~d directly as a fuel gas after passing 
through a ceramic lined cyclone to remove particulate. 

Table 3.5.3.13 shows typical operating conditions for air-blown and 
oxygen-blown gasification. The gas composition differs in hydrogen, carbon 
dioxide, and carbon monoxide content very nearly to the extent that nitro­
gen is present as a diluent 1n the air-blown gas pt·oduct. Placed on· an 
equivalent basis, the two designs consume similar amounts of oxygen per 
pound of coal. Operating conditions and other parameters are also s1m11ar. 
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Table 3.5.3.12 

Commercial Installations·of·Mc:Dowell-Wellman Gasifiers 

No.l)f G11sirier Coni Gns 
Company/Locltion Units Diameter, rt. ~ 13TU/SCF Application Status 

Gypsum Lime Ltd. 10 Bituminous J.ow Lime Kiln lnopcra tive since 
Beechville, t·nt. with agitator 1965 

Stelco Limited 10 Bituminous Low Heat Treating Inoperative since 
Beech ville, O•t. with ngitnto_r Furnace 1963 

Mississippi Li.,e, 10 Bituminous Low Lime Kiln lnopernt ivc since 
St. Genevieve. MO with agitator 1964. In plnce. 

Union Carbide, 3.5 Coke Medium Chemical Feedstock Inoperative. In 
Nopco Chemioeal Division place. 

NL Industries National Lead 2 Coke Medium Chemical Feedstock lnoperat ive since 
Division, South Amboy, NJ 1966. In place. 

Allied Chemieal, Ltd. 3 Bituminous Low Fuel Gas lnopr.ra t ive 
Corunna,·ont. 

I New Jersey Zinc 6.5 Coke Medium Chemical Feedstock Operating 
(.T1 Ashtabula; Ohio with agitator 
(.T1 
-...,j U.S. Bureau ol Mines 3.5 Bit./ Lignite Low-Med. Experimental with Operating 
I 

Morgantown, West Virginia 300 psi pressure 

U.S. Bureau cil Mines 10 . Bit./Lignite Low Iron Ore Pellet Kilns Opernting 
Twin Cities, Minn. 

Olin-Mathieson 5 Petr./Coke Medium Feedstock in Pro- Operating 
Ashtabula, Ohio ducing Phosgene 

Riley-Stoker 2 Bit. anthr.- Low Performing with Operating 
Worcester, M3ss. coke, lignite with :vnr!ous coni• 

Glen-Gery Ccrp. 12 10 Anthracite Low. Brick Kilns Operating 
Reading, PA with agitator 

National Lime & Stone Co. 2 10 13ituminous ]..OW Lime Kiln Operating 
Carey, Ohio with agitator 

Pikeville Energy Center 2 6.5 Bituminous Low Commercial Fuel 1979 Operation 
Pikeville, Ky. with agitator Gns 

Can Do, Inc. 2 6.5 Anthracite Low Industrial Fuel Gas 1979 Operation 
Hazelton, PA 

Taiw11n Fertilizer Co. 7 10 Korean Anthr. Medium Ammonia Feedstock Operating 
Formosa 

Nickel Processing Corp. 14 10 Bituminous Low Industrial Fuel Gas Operating 

Source: Reference 14 



Table 3.5.3.13 

Wellman-Galusha Gasifier 
Typical Operating Data 

•. I f·,' 

Gas Production, MM SCF/h.r· '.' 
.. , 

Gas Composition, Volume %: 
Hydrogen 
Carbon Monoxide · · · 
Meth e:me 
Nit.rogPn "·· 

Carbon D1ox1de · · 
Other 

Total 

Gas Higher Heating Value,·· 
BTU/SCF (Dry Basis) 

Feed Requirements, lb/lb coal: 
Air 
Oxygen 
Steam 

Operating Conditions 
Gas Outlet Temperature, Of 
Pressure 

Residence time, minutes 
Turndown Capability 

Coal Feed: 
Type 
Size, Inches 
Free Swelling Index 
Ash fusion Temperature, Of 
Feed Rate, 'tons/day 

Thermal Efficiency, %: 
Hot Raw Gas 
Cold Clean Gas: 

Low BTU 
Gas 

0.3 - 0.4 

19 
25 
'1 
49 

6 

100 

160 - 210 

3.5 

.0.4-0.7 

BOO ·- 1200 
5-6 in. H20 

120 - 500 
4: 1 

Bituminous 
1.25 - 2.0 

no limit 
2100 

B4 

91 - 95. 
75 

Medium BTU 
Gas · 

36 
.47 

1. 
? 

14 

roo 

25B - 270 

O.B 

BOO - 1200 
5-:6 in. H20 

120 - 500 
4:1 

Bituminous 
1.24 - 2.0 

no limit 

'91 - 95 
75 

NOTE: Table may not be internally .con~istent due to averaging of values. 

Source: · Reference 14 
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The DOE Morgantown Energy Technology Center has an experimental 
Wellman-Galusha gasifier modified for pressurized operation in the 100 to. 
300 psig range. The project's objective is to produce a low-BTU gas for 
testing, cleanup, and combustion systems. Figure 3.5.3.15 shows a process 
flow design diagram of this installation. 

From the gasifier, the gas is passed through a cyclone and a tar 
condenser to remove particulates and tar. It is then scrubbed with water 
in a venturi scrubber, a disengaging chamber, and a direct cooler/scrubber 
for final cleanup and cooling. H2S is removed and converted to sulfur in 
a high pressure Stretford plant. The gas is passed through a pressure 
1 etdown valve ~nd vented. 

The pilot plant test program will continue in FY 1980, and a tar 
combustor and nove 1 waste water evaporator will be added. The products 
from the tar combustor will be reinjected into the producer; the waste 
water evaporator precludes the need for a conventional water treatment 
system. · · 

Advantages claimed for the Wellman-Galusha design include the fact 
that it is a mature technology. Its high fuel inventory due to the fixed 
bed design provides for greater safety and a high turndown ratio. High 
efficiencies result from the countercurrent flow of gases and fuel and the 
long coal residence time (up to four hours) in the gasifier. 

However, the advantages are moderated by several drawbacks. For 
example, the coiTI11ercial sized unit has not been operated under pressurized 
conditions and therefore does not have the advantage of increased through­
put. Coals with low ash softening points may require the addition of steam 
to maintain bed temperatures below slagging conditions, adversely affecting 
gas1fier efficiency. In addition, high moisture content coals may cause a 
problem in handling, and can lead to lar~e amounts of tar liquor condensa­
tion from the exit gas. Formation of such tars reduces the carbon avail­
able for conversion· to combustible gas (a problem inherent in the fixed bed 
design). 

Coal to be gasified must normally be crushed to 1 to 2 inches 
requiring a s 1 i ght energy investment. As much as 20 percent of the coa 1 
may be 1 inch or smaller. Ash softening temperatures of 22QQOF or higher 
are preferred; but may be as low as 18QQOF if steam is added. 

Low-rank coals also have the following characteristics which may 
affect their performance in the Wellman-Galusha gasifier: 

t. Moisture content - the high moisture level in some 
1 ow- rank co a 1 s may cause prob 1 ems in the handl i ng 
of the crushed coal, and may reduce the temperature 
of the gasifier effluent. High levels of moisture 
in the feeq coal will lead to increased production 
of tar liquor in the gasifier effluent. 

-559-



Soui"''-t:: Reference 14 

Figure 3.5.3.15 

We11man-Ga1usha Gasifier at METC 
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t Ash characteristics - those 1 ow- rank co a 1 s hav­
ing ·ashes with 1 ower softening points wi 11 re­
quire close temperature control and possibly 
additional steam injection. This will reduce 
gasification efficiency, and increase tar 
1 iquor yield. 

Special environmental considerations for the Wellman-Galusha 
gasifier should be directed to wastewater treating in cases where tar 
production is higher than average. 

Riley-Morgan 

The Riley-Morgan unit was developed by Riley-Stoker Corporation as 
an outgrowth of the Morgan Gas Producer, which was used in several commer­
cial i·nstallations. A single demonstration unit started up in 1975 exists 
in the United States. The gasifier is a rotating vertical cylindrical 
refractory lined steel vessel 10-1/2 feet in diameter with a 6-l/2 foot bed 
depth. Ash is removed from the rotating ash pan via a helical plow. An 
air-steam mixture enters the bottom of the ash pan through a. blast hood. 
Typical operating conditions are shown in Table 3.5.3.14. 

Operating conditions, performance, and requirements are similar for 
both cases, with the exception of higher coal throughputs for oxygen blown 
operation. · 

One limitation many coals may face (including low-rank coals) 
is the requirement of a 24000F minimum ash fusion temperature. Other 
coal feed requirements are as follows: 

t Coal feed should range in size from 1-l/4 to 
2 inches, or 3/4 to 1-1/2 inch for coke 

t Fines may be accepted in quantities up to 10 
percent of coa 1 feed. This may impose a second 
limitation on the use of low-rank coals due to 
their tendency to form fines during coal prepa­
ration. 

High rates of steam consumption in the oxygen blown case may limit 
efficiency, and will impose a requireme'1t for extensive wastewater treat­
ment facilities. 

Two Stage Gasifiers 

Woodall-Duckham (Gas-Integrale) 

This two stage gasifier was developed by IL Gas Integrale of 
t1ilan, Italy,· approximately 30 years ago for the production of indus­
trial fuel gases from coal. ·Previous to its use in this capacity, it 
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Table 3.5.3.14 

Riley-Morgan Gasifier 
Typical Operating Data 

·Gas Produ_ct ion, MM SCF /hr ·-. 
. ' 

Gas Composition, Volume.%i 
Hydrogen , '· ; .. 
Carbon Monoxide · · · 
Methane · ·. 
Nitro~en 
Carbon Dioxide 
Other 

Tutal I l-

Gas Higher Heating Val~e, 
BTU/SCF (Dry _Basis) 

. ; 

Feed Requirements, tbj~& coal: (a~ fed to gasifier) 

Low BTU 
Gas 

0.4 - 0.5 

19 
25 
1 

49 
b 

100 

185 - 201 

Air 3 - 3~4 
Oxygen 
Steam 0.6 

Oper·ating Conditions 
Gas Out let T einperature, Of 
Pressure · ·. 

Residence time, m1nutes 
Turndown Capa~l'.iity 

Coal Feed: 
Type 
Size, Inches 
Free Swellin~ Index 
Ash Fusion Temperature, Of 
Feed Rate, tons/day 

·Thermal Efficiency, %: 
Hot Raw Gas 
Cold C-lean Gas 

By":'Product Rate, lb/lb coal: 
· Tar 

Oil 

10:1 

Bituminous 
1..25- 2.0 

<8.5 
2400 

90 

88 - 90 
71 - 78 

0.08 
0.009 

Medium BTU 
Gas 

0.36 

39 
41 
1 
1 

18 

Ioo 

262 - 305 

0.6 - 0.7 
1.3 - 1.5 

-10:1 

Bituminous 
1.25 - 2.0 

<8.5 
2400 

156 

75 

0.08 
0.009 

NOTE: Table may not be internally consistent due to averaging of values. 

Source: Reference 14 
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was used for approximately 20 years in a cyclic process. The gasifier is 
now licensed by Babcock Contractors of Pittsburgh, Pennsylvania. 

Forty-seven Woodall-Duckham gasifiers have been operated to produce 
industrial fuel gas, 39 in public utility gas plants, and 24 in synthesis 
and water gas plants, all of.which are outside the United States. 

The gasifier is a vertical cylindrical steel structure with a 
rotating grate at the bottom of the. vessel. A vertical cross section of 
the gasifier is shown in Figure 3.5.3.16. The gr~te is composed of concen­
tric rings that distribute the air/steam mixture and also remove ·ash. The 
gasifier contains two zones: 1) a lower zone in which gasification takes 
place, and where a water jacket provides close temp~rature control, and 2) 
a refractory lined drying and distillation zone through which the coal 
descends before entering the gasification zone. ·sized coal enters the 
vessel via a lockhopper and coal distributor. Coal is dried in the drying 
zone shown in the figure by a fraction of the gases generated in the 
gasification zone. The coal descends through the dfstillation zone where 
the coal is partially devolatilized. Negligible cracking of the tar occurs 
because of the slow heating rate. In the distillation zone, caking coals 
partially melt and resolidify as semi-coke and noncaking coals form a 
char. The semi-coke or char then enters the gasification zone where it is 
almost completely gasified with steam and oxidant..,-i.n an unagitated counter-· 
current flow fixed bed. Incoming oxidizer and steam are preheated before 
contacting the coal by heat exchange with t~e des~ending ash. Ash is then 
removed from the vessel by the rotating grat~, and falls into·an ash 
lockhopper. 

The water jacket is a unique feature of the Woodall-Duckham gasi­
fier, and functions primarily for temperature control, which reduces 
t_he steam requirement in the gasifier. Steam ysed 'in the gasifier is 
generated in the water jacket, and the ratio of' ~team to oxidizer is 
critical in determining the physical form of the ash when it is removed. A 
low steam injection rate results in clinker formation whereas high steam. 
~ates give a fluffy quality to the ash. Thus, t)l~ combined water jacket 
and steam injection format allows for higher efficiencies and lower a­
mounts of waste liquor while still maintaining dry bottom operation. 

Two gas streams results from this gasifier. A portion of the gas 
formed in the gasification zone is withdrawn from the lower portion of the 
gasifier, is termed 11 Clean gas ... 11 TOp 11 gas is obtain~d from the top of the 
gasifier, and consists of the remainder of the gas from the gasification 
zone which has also passed through the distillation and drying sections. 
Distillation zone temperatures are controlled by varying the amount of 
clean gas withdrawn. · 

Typical operating data for this gasifier are given in Table 
3.5.3.15. The gas compositi~n data show a more than do4ble hydrogen 
cont·ent for the oxygen b 1 own case, i ndi cat i ng that this difference is not 

.due entirely to the presence of the nitrogen diluent. High C02 levels 
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Figure.3.5,3.16 

Woodall-Duckhani/.Gas Integrale Gasifier 

COAL FEED 

STEAM 

ASH 

Source: Reference 14 
-564-

MIXED 
GAS 

ZONE 

ClEAR 
GAS 

GASIFICATION AND 
COMBUSTION ZONE 

JACKET 



Table 3 .::.> .3 .15 

Woodall-Duc;kham Gas if'ier 
Typical Operating-Data 

Gas Production, MM SCF/hr 

Gas Composition, Vo 1 ume %: 
Hydrogen 
Carbon Monoxide 
Methane 
Nitrogen 
Carbon Dioxide 
Other 

Total 

Gas Higher Heating Value, 
BTU/SCF (Dry Basis) 

Low BTU 
Gas 

0.4 

17 
28 

3 
47 

5 

100 

175 

Feed Requirements, lb/lb coal: (as fed to gasifier) 
Air 2.3 
Oxygen 
Steam 0.25 

Operating Conditions 
Gas Outlet Temperature, Of 
Pressure 

Residence time, minutes 
Turndown Capability 

Coal Feed: 
Type 
Size, Inches 
Free Swelling Index 
Ash Fusion Temperature, Of 
Feed Rate, tons/day · 

Thermal Efficiency, %: 
Hot Raw Gas 
Cold Clean Gas 

By-Product Ra~e, lh/lb coal: 
Tar 
Oil 

250 - 1200 
atm 

4: 1 

Bituminous 
Q.2~- 1.0 

<2.5 
>.2200 

~2 - 84 

O.Ol 
( ) 

92 
77 

Medium BTU 
Gas 

38 
38 
4 
2 

18 

100 

280 

250 - 1200 
atm 

4: 1 

Bituminous 
0.25 - 1.0 

<2.5 
>2200 

0.07 
( ) 

NOTE: Table may not be internally consistent due to averaging of values. 

Source: Reference 14 
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are noted for the oxygen case, correspondingly reducing· the carbon avail­
able for conversion to carbon monoxide. This is reflected in the gas 
heating values, the air blown case being lower than that for oxygen blown 
operation, but is higher than what would be obtained if the oxjgen blown 
product gas were diluted similarly with nitrogen. Other operating af"!d 
performance characteristics ·are similar. It should be noted that mediLim­
Btu gas may be ·produced by operating the gasifier in a cyc.lic mode with air 
as the oxidant. As soon as the bed is heated to high temperatures, steam 
gasification of the bed is carried out until temperatures fall too low· for 
reaCtion. 

In 1977, ERDA chose two separate proposals involving the use 
or potential use of Woodall-Duckham gasifiers for small scale industrial 
applications. One project involves the Erie Mining Company for gasifi­
cation of 500 TPD of high-su}fur, high-caking ctials for heating iron-ore­
pellet shaft furnaces in a taconite plant. The second project falls under 
the DOE's Gasifiers-in-Industry program, and proposes the use of a Woodall­
Duckham gasifier for switching brick kilns from natural gas to low-Btu gas. 
The project is scheduled for start-up in 1980. 

The Woodall-Duckham gasifier has the advantage of being conmer­
cially mature. In addition, its small reactor size makes it feasible for 
use on a small industrial scale. Predrying of the coal is not required; 
and its two stage operation yields a fairly high thermal efficiency. 
However, for large scale applications, the small reactor size would require 
many gasification trains. The process is currently limited to noncaking 
and weakly caking coals only. 

The use of low-rank coals having low-ash fusion points may require 
a higher .rate of steam addition than for other coals, due to the require­
ment of maintaining the ash in solid form. Thi.s will decrease thermal 
efficiency, and result in a higher rate of waste-liquor production. Fines 
production due to surface slacking of low-rank coals may be a problem, 
since coal should be double screened at 1/4 to 1 inch and l/2 to 1-1/2 
inch. Free swelling index of the coal feed must be below 2-1/2. Other 
low-rank coal characteristics of importance to their use in this gasifier 
are: · 

Caking properties: Although a development program 
is underway to Qil5ify caki'ng coal5, the absence or 
caking properties in low-rank coals is an advantage· 
relative to currently existing commercial units. 

Moi5ture content: Low-rank coals of high moisture 
content are not excluded fr·om use in this gasif·ier. 

Although tars arid ofls are· produced by this process, no unique env1ron­
mental problems are associated with the use of the Woodall-Duckham gasi­
fier. 
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Wellman-Incandescent 

· .. The two stage Wellman-Incandescent. gasifier is mechanically identi~ 
cal to the International Furnace Equipment Company Ltd. gasifier that was 
commercially available in the 1950's. Currently, Applied Technolbgy 
Corporation markets the system in the United States. Interesting features 

·of th-is unit are its rotating drum, self-sealing feed system and its water 
.seal between the ash pan and the reactor walls. Ash must be removed wet as 
a result of the water seal. Tar laden top gas is cleaned in a hot cyclone 
at 24QOF and the bottom char gas is cleaned of dust in a separate cyclone 
at ll7QOF. the tombined stream has a heating value of about 200 Btu/scf 
at 69QOF. 

Coal us~d in the Wellman-Incandescent gasifier is subject to 
several limitations: 

t Coal size should be from 2 to 3 inches 

t Less than 10 percent of the feed can be between 
5/16 inch and 2 inches, and 1 ess than 15 percent 
of the fines can be smaller than 5/16 inch 

t Ash fusion tem~erature should be greater than 
22QQOF 

The use of low-rank coals may face some limitations here because 
of the difficulty in gasifying fines (generated by surface slacking). In 
addition,- low-rank coals with low ash fusion points may not be acceptable 
cand~dates fo~ gasification. 

Sto-i.c 

This South African designed two-stage gasifier has been in conm­
ercial operation for a_ number of years. The system is marketed in this 
country by Foster-Wheeler Energy Corporation. 

The design is quite similar ~o other fixed bed two-stage designs 
and resembles the Wellman-Incandescent with its ash pan-gasifier vessel 
water sea 1. The unit has operated -on bituminous coa 1 .and is described 
as suitable for ~peration with subbituminous coal and lignite. 

The Stoic gasifie-r is part of the Department of Energy's Gasi­
fiers~in-Industry program. A unit has been installed at the University 
of Minnesota to provide fuel gas for a campus heating and steam genera-
tion .plant. · · 
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Operating conditions and fuel product characteristics are shown 
for a subbituminous feedstock in Table 3.5.3.16. The gasifier is air 
blown, and produces a fairly high heating value gas for this operational 
mode. Production of C02 is low, i ndi cat i ng efficient contacting of so 1 i d 
and gaseous reactants. Methane content is also fairly high at 2 to 3 
percent for atmospheric operation. Consumption of oxygen in lb 02/lb 
coal is reasonably low at 0.5, as compared to other air blown gasifiers, 
and steam consumption is not excessive. · 

Feed coal should be in the size range of 3/4 to 1-1/2 inches. 
The higher reactivity of low-rank coals is of little consequence in th.is 
gasifier due to the long solids residence time of approximately eight 
hours. Low-rank coals are suitable for use in this gasifier, and no 
special environmental problems are associated with its operation. 

3.6.3.6.2 Fluidized Berl Ga5ifiers 

Low/Medium Btu Gas Producers 

Winkler 

The Winkler gasifier was originally used in a commercial in­
stallation in 1926 in Leuna, Germany. Davy Powergas Inc. currently markets 
the system in this country. There are currently no installations in the 
U.S. but there have been 16 .installations in foreign countries of which 
three are still in operation. Table 3.5.3.17 summarizes 16 installations. 
All of the later installations have been synthesis gas plants, indicating 
the declining trend of water gas (town gas) usage in favor of natural gas 
during the 1940's and 1950's. The only three presently operating gasifiers 
are located in India, Turkey, and Yugoslavia, and are all for synthesis gas 
production. 

Figure 3.5.3.17 shows the Winkler unit. The gasifier is of v~rt1-
cal cylindrical construction with a refractory lined steel shell. Coal 
is fed into the bed via variable speed screw feeders which are located in 
the lower portion of the gasifier. Steam and oxygen (or air) are charged 
through nozzles located at several levels in the fluid bed. The flufdized 
bed occupies only part of the gasifier volume, while the remainder serves 
as a disengaging zone. Secondary st~am and oxygen ·Injection ·is provided 
above the bed level to gasify unconverted fly carbon leaving the bed. 
Above this level, a radiant heat boiler is installed to recover heat from 
the gases before they leave the gasifier and to condense any molten or 
vaporized ash species which may have been carried out of the bed. 

S i nee the reactants are intimately mixed, un1form temperature is 
quickly reached between the solids and the gases, and the coal gasifi­
cation reactions approach equilibrium. The main reactions occurring in 
the bed are the combustion and water gas reactions. Because the bed is at 
a relatively high temperature, all of the tars and heavy hydrocarbons 
are gasified. 
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Table 3.5.3.16 
I 

Stoic Gasifier 
Typical Operating Data 

Gas Production, MM SCF/hr 

Gas Composition, Volume %: 
Hydrogen 
Carbon Monoxide 
Methane 
Nitrogen 
Carbon Dioxide 
Other 

Total 

Gas Higher Heating Value, 
BTU/SCF (Dry Basis) 

Feed Requirements, lb/lb coal:(as fed to gasifier)_ 
Air 
Oxygen-
Steam 

Operating Conditions 
Gas Outlet Temperature, OF 
Pressure 
Residence time, minutes 
Turndown Capability 

Coal Feed: 
Type 
Si~e, Inches 
Free Swelling Index 
Ash Fusion Temperature, OF 
Feed Rate, tons/day 

Thermal Efficiency, %: 
Hot Raw Gas 
Cold Clean Gas 

By-Product Rate, lb/lb coal: 
Tar 
Oil 

Low BTU 
Gas 

0.4 - 0.5 

14 - 16 
29 - 30 
2 3 

47 51 
2 4 

lOO 

186 - 207 

2.1 

0.4 

750 
atm 
500 
5: 1 

Subbituminous 
0.75- 1.5 

<3 

108 

85 - 95 
69 - 76 

0.2 
( ) 

NOTE: Table may not be internally consistent due to averaging of values. 

Source: Reference 14 
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Table 3.5.3.17 

Winkler Gasifier Insta.llations 

Capacity 
Per Generator No. of 

Location Year Product 1000 SCFH Gasifiers 

Leuna-Werk 1926- Fuel Gas 2240 5 
Leuna, · Gennany 1930 Water Gas 1120 

Braunkohle-Benzin AG 1936 Water Gas 1030 3 
Bohlen, Germany 

Braunkohle-Benzin AG 1936 Water Gas 1030 3 
M~g~eburg, Germany 

Ya~ag1 1!J37 Water t:ias ~~u 
Japan 

Braunkohle-Benzin AG 1938 Water Gas 840 3 
Zeitz, Germany 

Dai-Nihonyinzo-Hiryo 1938 Synthesis 520 2 
Japan Gas 

Nippon Tar 1938 Water Gas 520 2 
Japan 

Toyo-Koatsu 1939 Synthesis 560 2 
Japan Gas 

Sudentenlandische Treibstoffwerke 1943 Water Gas 1030 5 
Brux, Czechoslovakia 

*Fabrika Azotnih Jendinjenja . 1953 Synthesis 190 
Gorazde, Yugoslavia Gas 

Calvo Sotelo 1954 \l!ater Gas 350 
Puertollano, Spain 

Union Rheinische Braunkohlen '1956 Synthesis 450 
lojesseling, Germany Gas 

Calvo Sotelo 1957 Synthesis 350 1 
Puertollano, Spain Gas 

*Azot Sanyyii TAS 1959 Synthesis 450 2 
Kutahya, Turkey " r.~s 

*Neyveli Lignite Corporation 1959 Synt.hPc;ic; 1'550 3 > 

Madras, lndi a Gas · 

Union Rheinische BraunkahlP.n· 1960 Synthocic !lSO 
··I.Jesseling, Germany. Gas 

*Presently Operating 

Sour.ce: Reference 14 
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Figure 3.5.3.17 

Winkler Gasifier 
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Residual ash particles are segregated in the fluidized bed ac­
cording to size and specific gravity. The heavier particles drop through 
the fl~idized bed and pass into the ash discharge unit at the bottom of the 
gasifier, while the lighter particles are carried up through the bed with 
the product gas. This process results in approximately 30 percent of the 
ash being removed at the bottom and the remaining 70 percent being carried 
overhead in the product gas stream. Table 3.5.3.18 summarizes some typical 
operating data for both air and oxygen blown modes of the Winkler gasifier 
with lignite and subbituminous coals as feeds. 

For the particular air-blown example presented, a relatively high 
(56%) concentration of nitrogen is noted. The concentrations of hydrogen, 
carbon monoxide, methane, and carbon dioxide in the uxygen blown case 
are proportionally higher to the extent· that nitrogen is a diluent in the 
air blown case. The ·higher concentratiqns ·of the combustible components 
are reflected in the higher heating value of the gas product; 

Consumption of oxygen is slightly higher in the air blown case 
in terms of lb 02/l b co a 1, but it must be remembered that thP. r.nmp~ri son 
is between two different low-rank coals. Higher consumption of air is 
reflected in the nitrogen content of the low-Btu gas, which is higher than 
for most air-blown coal gasifiers. However, this results in a greater 
volume of gas passing through the reactor and therefore a higher gas outlet 
temperature due to the limited time available for heat transfer and more 
oxidant available for reaction. Thus, the air blown gasifier will have 
associated with it a considerably larger heat recovery system as a result 
of the greater gas volumes and their higher outlet temperature. Steam 
consumption for the oxygen blown case is considerably higher, due to the 
need for temperature control in the bed. 

The original commercial gasifier operated at atmospheric pressure. 
Some testing has been done at 20 psig, with plans to go to pressures in 
excess of 200 psig. Present day commercial units would probably be de­
signed for approximately 50 psig. 

Thermal efficiencies for oxygen-blown operation appear to be 
marginally higher than for air-blown operation. The Winkler gasifier is a 
commercially available design, with considerable operating experience at 
atmospheric pressure. In addition, the gasifier has a high throughput 
capacity with good operational stability and reliability. High turndown 
ratios can be imposed. without affecting gas quality or reactor performance. 
Since the gas leaves the reactor at high temperatures relative to most 
fixed bed units, no significant production of tars, oils, and other such 
compounds takes place,· greatly reducing the size and .extent of wastewater 
treating requ1red. A wider range of particle sizes can be tolerated, and 
all types of coal can be gasified without pretreatment except very strongly 
caking feedstocks. Most of the operational experience has been with 
lignite or subbituminous coals. 
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Table 3.5.3.18 

Winkler Gasifier Typical Operating Data 

Gas.Composition, Volume%: 
Hydrogen 
Carhon Monoxide 
Methane 
Nitrogen 
Carbon Dioxide 
Other 

Total 

Gas Higher Heating Value, 
BTU/SCF (Dry Basis) 

Feed Requirements, lb/l b coa 1: 
Air 
Oxygen 
Steam 

Ope~ating tbnditions 
Gas Outlet Temperat~re, 9F 
Pressure · 
Coal Residence Time, Minutes 
Turndown Capability 

Coal Feed: 
Type 
Si ze_s, Inches 
Free Swelling Index 
Ash Fusion Tempera.ture, ~ 
Feed Rate, tons/day 

Thermal Eff·iciency, %: 
Hot-Raw Gas 
Cold Clean Gas 

Low BTU 
Gas 

1:4 
22 

1 
56 
7 

100 

126 

"2. 5 

0.2 

1450 
atm. 

. 20-30 min. 
4:1 

Subbitumious 
. <0.38 
< 2.5 

1100 

72 

Medium BTU 
Gas 

35 
48 

2 
1 

14 

100 

288 

0.5 
0.4-0.7 

1150 
atm. 

20-30 min • 
4:1 

Lignite 
<0.3 
<2.5 

81.8 
74.9 

NOTE: Table may not be internaily consistent due to averaging of values. 

Source: Reference 1 
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However, operation of the Winkler gasifier is ~aced with high 
carryover of ash and char. Ash recovery requires effective particulate:· 
'removal equipment, and maintenance of good thermal efficiencies demands-·. 
char recovery from the overhead solids and recycle of this carbonaceous 
matter to the gasifier. Finally, unproven performance of the gasifier at 
high pressures m!}y limit the applications for which the Winkler gasifier 
may be co~sidered. 

Crushed coals of 3/8 inch size or smaller 
gasifier, with a wide particle size distribution. 
gasifier is· achieved with coals having a swelling 
The use of low-rank coals in the Winkler gasifier 
the following considerations apply: 

should be used in the 
Best operation of the 

index of 2.& or less; 
appears favorable, and 

• Coals with high ash content 
feedstock ash content may be 
setting gasifier operation. 
feed coals to operating units 
as 50 percent 

or a nuctuating 
used without up­

Ash content of 
has been as high 

• Lignites of up to 18 percent moisture content 
have been handled and gasified without further 
drying. However, the limit on coal moisture 
content will vary for individual cases, and 
is determined by the economics of air or oxygen 
~lOW!"! ·gasification · · 

• Coals with high reactivity, such as low-rank 
coals, are preferred since their higher reaction 
rate reduces the amount of unconverted carbon 
carried overhead with the product gas 

t Noncaking coals (low-rank coals) are preferred 
so that proper gas-solid contacting may be main­
tained, and proper particle size distribution 
be preserved 

• Coal particles up to 3/8 inch are used, and 
fines can be handled in the bed under most cir­
cumstances. Friable coals may thus be used 

• The maximum allowable temperature in the fluid 
bed depends on the ash softeni'ng. point, and must 
he maintained 35 to 500F below this level 
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Design of environmental equipment for the plant will be based on 
the plant • s lower production rate of tars, oils, phenols, naphthas, and 
hydrocarbons. No. other unique environmental considerations apply. 

The High Temperature Winkler (HTW) Process25 

Operation of the standard Winkler process was discussed in the 
previous section in light of its advantages and disadvantages. Several of 
the drawbacks discussed are not inherent to the fluidized bed configu­
ration, and merit investigation as to design changes which may be feasible 
for improving gasifier performance. These limitations are.: 

• Operating pressure - The reactor is not operated 
under pressure. This means limited outputs per 
gasifier unit and high compression energy re­
quired for the raw gas. 

1 Operating temperature - Si nee the ·operating tem­
perature in the reactor has to be bel ow the ash 
softening point, only comparatively low operating 
temperatures can be used for different types of 
coal. Compared to the high temperature Winkler, 
l6w CO and H2 contents result in the raw gas. 

• Carbon conversion - The maximum carbon conversion 
r.ate obtai ned has been 90 percent~ 

·A German firm, Rheinische Braunkohlenwerke AG (Rheinbraun) is 
developing the High Temperature Winkler process under the sponsorship of 
the Federal Minister for Research and Technology of the Federal Republic of 
Germany. The aim of this development is to operate a fluidized bed at 
elevated pressures and temperatures that are higher than have been known up 
to now for comparabl~ types of coal in a Winkler-type gasifier. · 

The use of elevated temperatures raises the gasification rate. 
At the same time, the gas quality is improved (higher carbon monoxide and 
hydrogen contents). · · 

The higher gasification temperatures involve the risk of ash 
fusion and this interferes with a smooth operation of the gasifier. 
Preliminary experiments on a bench-test seale of the "I ns·t itut fUr 
Ei senhuttenkunde" :of Techni sche Uni vers it at, A~chen have shown, that by 
adding limestone, lime or dolomite~ the fusion point of the ash, for 
example of Rhenish lignite, is .raised and ~rumbled ash is formed in the 
fl~idized bed of the gasifier. A desir~ble side-effect is that sulfur 
will be t)ound to the lime and thus discharged wit~ the ash. Operation 
under pressure has the following advantages: 



• The gasificiation rate increases. This permits 
units with higher capacities. 

• The costs for providing the oxidizing agent under 
pressure are more than compensated by savings in 
product gas compression. 

It is planned to raise the carbon conversion rate up to 95 percent by 
returning carbon containing flue dust to the gasifier. 

A schematic diagram of the gasification system is shown in Figure 
3.5.3.18 . 

. Crushed coal, if necessary with the addition of limestonet is 
fed via a lockhopper system to the pressurized gasifier by means of a screw 
cuuveyur·. The gasification agent, i.e. oxygen/steam, or air, can be 
injected into the gasifier at several different levels. It is possible to 
preheat the gasification agent. The coarse grains in the effluent gas are 
separated'from the raw gas and fed back to the fluidized bed. The coarse 
ash particles which are collected on the bottom of· the gasifier are with­
drawn by means of a lockhopper system. 

The use of low-rank coals in the HTW system may require special 
attention due to possibly lower ash fusion temperatures. Although this is 
also a consideration for other coals, low-rank coals may require especially 
high additions of refractory agents such as limestone. Additional problems 
with low-rank coals due to higher temperature and pressure operation are 
not anticipated. · 

U-Gas (Ash Agglomerating Gasifier) 

The U-Gas process was developed by the Institute of Gas Technology· 
under the sponsorship of the Amer1can Gas Association and the Office of 
Coal Research. Initial operation of a 4 foot diameter PDU was in 1974. 

Figure 3.5.3.19 depicts the U-Gas gasifier. The pressurized 
fluidized bed reactor has a unique method for ash discharge. The bottom of 
the reactor is shaped like an inverted cone. Steam and oxygen enter and 
flow through a venturi pipe section at the very bottom tip of this cone. 
The hottest zone of the reactor bed is just above the oxygen inlet. Any 
particle of ash that has lost most of its carbon content and strays into 
this hot zone becomes sticky and adheres to the nearest ash pellet. Ash 
rich penets grow by agglomeration unt11 they reach a critical mdSS suffi­
cient for them to fall out through the venturi throat. Ash pellets in the 
pilot plant are about 1/4 inch in diameter. 
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Figure 3. 5. 3. 18 
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Figure 3.5.3.19 

U-Gas Pilot Plant Reactor Cross Section 
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Source: Reference 26 
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Both air and pure oxygen have. been used in test runs since 1974. 
Since pilot plant operating pressures are limited to 50 psig by mechanical 
design considerations, the potential pipeline gas applications of the U-Gas 
process have not been proven. However, the u;..Gas reactor. fs being consid­
ered for the first reactor stage of the Hygas demonstration project dis­
cussed below. Table 3.5.3.19 provides general operating information on the 
U-Gas process. 

The cold gas efficiency is somewhat higher for the oxygen blown 
operation compared to air blown gasification, although it is noted that the· 
data were taken for different coals. Consumption of oxygen is considerably 
higher in the air blown case when put on a comparable lb 02/lb coal basis 
(average 0.70 for air compared to 0.55 for oxygen). This results in 
hydrogen, carbon monoxide and methane contents which are lower than that 
which could only be explained by the presence of the nitrogens as a dil­
uent. Heating value trends follow this gas composition difference. Other 
operating conditions in the gasifier are s·imilar b,etween air and oxygen 
blown cases. 

The U-Gas gasifier is not commercially available. However, a 
demonstration-plant program is underway to establish the technical and 
economic feasibility of the process. After completion of this program, the 
gasifier will be available for commercial use. The unique method of ash 
agglomeration and removal for recovery of low carbon ash from a high carbon 
environment promises a significant advantage over established fluid bed 
technology. As a result of this technique, carbon conversions as high as 
98 percent have been demonstrated in the test gasifiers, and the gasifier 
is flexible enough to handle a· wide variety of coals and a wide range of 
particle sizes. 

However, highly caking coal may not be suitable for use in the 
gasifier without pretreatment. Some ·uncertainty sti 11 exists concerning 
the vi~bility of the full scale unit~ ~ince complete sets of pilot data are 
not yet available. In comparison to fixed bed gasifiers, efficiency may 
suffer somewhat due to unconverted carbon contents which can range from 5 
to 6 percent (compared to <1% for many:fixed bed designs). 

In addition, the gasifier requ~res close control of the bed temper­
ature to insure a proper fluidization and ash agglomeration. Thus,. accu­
rate control of the steam-to-oxidant ratio is critical, and disruptions in 
the coal feed rate or variations ·in coal properties could cause operationa·l 
difficulties. · 

The use of low-rank coals in the U-Gas gasifier is subject to 
the following considerations: 
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Table 3.5.3.19 

Operating Parameter-s far the U-Gas Process 

Product Gas Compositon 
(dry basis) mol % 

co 
H2 
co? 

.... 
CH4 

H
2

S.+COS 

N
2

+Ar 

High Heating Value, Btu/SCF 
(dry ba~is) 

Steam Consumption, lb/lb coal 
as fed to gasifier 

Oxident Consumption lb/lb coal 
as fed tri gasifier 

Gas Residence Time 

Coal Residepce Time 

Turndown Ratio 

Operating Pressure 

Cold Gas Efficienc¥ 

Gas Outlet Temperature 

Air Blown 
Operati<;m 

19.6 
17.5 
9.9 

3.1 

0.7 

48.9 

154 

0.2 - 0.6 

2.8 - 3.3 (air) 

1-2 sec. 

45-60 min. 

50- 350:*" psi y 

75..7·* 

170Q ... l900 °F 

+Hi~her pressure operation not yet demonstrated. 

*Illinois bituminous coal. 
**Montana subbjtuminous coal. 

Source: Reference 26 
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Oxygen Blown 
Operation 

41.4 
35.8 
16.1 

5.9 

0.2: 

0.6 

320 

0.? - 0.6 

0.55 (ox~gen) 

1-2 sec. , 

45-60 min. 

J.: l 

GO- 350+ psi g· 

RO.fi** 

17oo-19oo0
F" 



• Reactivity - due to the tendency to produce 
unreacted carbon, highly reactive low-rank coals 
may be more suitable than others. 

• Caking properties - low-rank coals are more 
desirable and will not require pretreatment 
since they do not display caking character-
istics. · 

• High moisture - low-rank coals may affect the 
flow of crushed co a 1 in· freezing weather or 
if surface moisture is present, but will not 
be detrimental to gasifier operation. 

• Ash softening point - some low-rank coals will 
require an adjustment to the ash softening tem­
perature. The relationship which describes this 
change is entirely different from that for higher 
rank coals, and may require different additives. 

• High concentrations of fines from crushed low­
rank coals do not represent a problem, since they 
are returned to the bed by a series of cyclones. 

No production of tars or oil type compounds takes place due to the high 
temperatures in the gasifier. Wastewater treatment is thus simplified. 
Further environmental considerations apply equally well to other gasifi­
cation technologies. 

Westinghouse· 

The design phase of a 15 TPD .pilot plant began in 1972 and con­
struction was started in January 1973_. at Waltz Mill, Pennsylvania. Con­
struction w~s mechanically completed in 1974, and hot flow operations have 
been conduc'ted'since 1975. The program for 1979 calls for integrated 
operation of a complete coal gasification system including the devolatil­
izer, the gasifier/agglomerator and associated support equipment. Figure 
3.5.3.20 depicts the Westinghouse multi-stage gasification system. The 
g~sifier and associated equipment consists of two vertical, cylindrical 
~essels, one a recirculating-bed devolatilizer/desulfurizer and an agglom­
eratirg, fluidized bed combustor/gasifier. Enthalpy required by the 
devolatilization vessel is provided in a hot gas stream arising from the 
partial.oxidation of char in the gasifier/agglomerator. 

Crushed, dried coal is fed at the bottom of the devolatilizer. 
The incoming coal then mixes with internally recycled solids consisting of 
char and dol amite, and is carried upward at 20 to 40 fps through a draft 
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Figure 3.5 .3 .20 · 
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tube by the hot gas stream from the gasifier/agglomerator. This entrained 
flow of the fresh feed coal prevents agglomeration of caking coals as they 

!' devolatilize and pass through the plastic phase. As the solids approach 
the top of the draft tube, a dense dry. char is formed and mixes with other 
char in the bed to descend in the annular space at weight rates approxi­
mately 20 to 50 times the coal feed rate. 

Remova 1 of sulfur bearing compounds may be accomp 1 i shed by the 
addition of dolomite to the bed material. Sulfided dolomite is dense and 
settles to the lower portion of the bed to be withdrawn in the dolomite 
draw-off pot. Char is stripped frdm the dolomite and returned to the 
devo 1 at il i zer by a s 1 i p-stream of recycle pr~duct gas. . · 

Char gasification occurs in the agglomerating fluidized bed com­
bustor/gasifier. Fines and· char collected from the devolatilizer are 
oxidized to completion in the lower portion~·.providing the main heat source 
for the process. Ash agglomerates in thi's ·vessel at temper,atures between 
1800 and 200QOF for most coals, and settles· to .the lower leg for removal. 
Hot gases generated in the combustion proces:s rise into the upper fluidized 
bed gasification sect ion. High temperature steam gasifies char to form 
hydrogen and carbon monoxide, which is then ·charged to the devdlatilizer to 
provide its endothermic heat requirements.· Gas from the devolatilizer 
enriches the lean gas from the combustor/gasifier to produce a 130 Btu/scf 
product gas. 

Table 3.5.3.20 gives operating data for the Westinghouse gasi­
fication process. Slightly higher than average contents of N2 are· pre­
sent in the product gas, even though oxidant consumption is reasonably 
low. Lower than average hydrogen contents combine with a fairly high C02 
content to keep the heating value of the gas below average for air-blown 
gasifiers. Operation of the gasifier at 250 psig may allow sufficient 
pressure for use in a combined cycle plant, although it is likely that this 
major intended use for the Westinghouse system would dictate operating 
pressures in excess of 300 psig. Since efficiency is a critical parameter 
in the performance of combined cycle plants, the system's high efficiency 
is an important factor. 

The Westinghouse system has achieved successfui operation of 
the gasifier and devolatilizer. In addition, a wide variety of coals can 
be handled. Caking coals can b~ processed without pretreatment, coals of 
any sulfur content can be used, and ashes of any composition can be sepa­
rated from the coal and effectively agglomerated. 

However, complete integrated PDU demonstration is required before 
tommercialization can be justified. As ~ith the U-G~s agglomerating 
gasifier, the operating range may be s·omewhat limit~d, because of the need 
to maintain proper fluidization and ash agglomerating conditions. Solid 
entrainment may also be a problem. High-moisture coals may require drying, 
but not pretreatment before sizing. Erosion may be a problem in the 
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Table 3.5.3.20 

· Operating Data for the Westinghouse 
Gasification S1stem 

(Eastern Co a ) 

Air Blown Operation 

Gas Composition, mol % 
(dry basis) 

co 
C02 
H? 

"" H2S + COS 

CH4 
N2 + Ar 

Gas Higher Heating Value, 
Btu/SCF (dry basis) 

Feed Requirements · 

Air consumption, lb/lb coal 
Steam consumption lb/lb coal 

Operating Conditions 

Gasifier/combustor,temperature, °F 
D~volatilizer, temperature, °F 
Pressure, psi g 
Gas Velocity, fps 

Thermal Efficiency 

Hot raw gas 
Overall thermal efficiency+ 

* cold clean gas 

Source: Reference 5 
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19.2 
9.3 

14.4 

0.1 

2.8 
54.3 

135 

2.2 - 2.8 
0.2 - 0.4 

1700 - 2000 
1500 - 1700 
200 - 250 

2-3 

97% 
9~% 



devolatilization vessel (but has not been observed), due to the extremely 
high circulation rates of solids. Finally, separation of the unburned char 
from the dolomite must be achieved in the integrated system, or carbon 
conversion efficiency will be reduced. · 

The noncaking property of 16w-rank coals is not a particular 
advantage in this process since the Westinghouse gasification system 
tolerates caking coals. Since sulfur removal is accomplished by the 
addition of dolomite, lower contents of sulfur present in low-rank coals 
reduces the rate of consumption of dolomite. Fines content is not an 
extremely important factor, since fines are cycled to the combustor/gasi­
fier. The presence.of dolomite will tend t~ raise the ash softening 
temperature of lignite ash, while the opposite effect is observed for 
bituminous coal ash. This may be a significant consideration in choosing 
reaction parameters. The temperature viscosity dependence of the specific 
coal in question will also determine the allowable range of operating 
temperatures with respect to this characteristic. 

Production and disposal of spent dolomite will be an environ­
mental consideration not common to most other gasifiers. However, removal 
of sulfur in the gas ifi cation step obviates downstream recovery, thereby 
simplifying acid gas removal and the air, water and solid waste pollution 
problems associated with sulfur removal and recovery. 

Fast Fluid Bed Process 

The Fast Fluid Bed Process has been under develppment at the 
facilities of Hydrocarbon Research Inc. since 1976. The PDU was started 
up in 1978, and has the following design param~ters: 

1 Coal Feed Rate: 

1 Solids Density in Fast Bed: 

1 Average Gas Velocity in 
Fast Bed: 

1 A vera ge T emperat.1.1 re in 
Fast Bed: 

1 Pressure: 

600 lbs/hr 

7 1 bs/cf 

10 ft/sec 

17000F 

150 psi g 

Gas/solid contact in the fast fluidization operational mode 
occurs at high gas velocities in the range of 7 to 20 feet per second and 
high solids loadings in the range of 10 to 20 pounds per cubic foot. This 
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mode of operation can be considered intermediate between (1) the (standard) 
fluidized bed that operates in the range of 0.5 to 5.0 feet per second gas 
velocity and at solids loadings of 20 to 40 pounds per cubic foot; and (2) 
the entrained or dilute-phase transport· mode that operates in the range of 
30 to 60 feet per second gas velocity with a solid loading in the range of 
one to ten pounds per cubic foot. 

Operation of the reactor in this flow regime provides the following 
advantages for the fast fluidized ped design: 

1 Higher gasif.ication capacity by an order of 
magnitude over the standard fluid bed· 

1 No formation of tars 

1 Higher turndown capability with a minimum ef­
ficiency loss 

1 Lower operating temperature than the entrained 
flow mode, allowing increased flexibility in 
the materials of construction 

1 Decreased potential for the formation of ex­
plosive mixtures 

1 Potential elimination of pretreatment for highly 
caking coals 

A process flow diagram for the fast fluidized concept is provided 
in Figure 3.5.3.21. 

In the fast fluid-bed process, -20 mesh coal is fed into the 
lower section of the gasifier. The incoming coal is mixed with char fed 
from a companion slow fluid-bed gasifier at a rate of ten parts char to one 
part feed co a 1. The co a 1 and char react with air and steam fed into the 
bottom of the generator. The gasifier is operated at approximately 200QOF 
~o 24000F and 10 atm. 

The gas and solids from the gasifier pass through a primary cylone 
to remove practically all solids, which are then discharged into the 
nitrogen-gas charged fluidized-bed reactor directly be low. The char from 
the slow bed reactor is then fed ·into. the fast fluid-bed reactor vi a a 
transfer leg. As~ from the fast fluid-bed reac~or drops to the bottom 
and is discharged. Gas and particulate matter from the priamry cyclone 
are passed on to a secondary cyclone for further separation. 
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Figure 3.5 .3 .2:1 
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Initial testing of Eastern bituminous coal has taken place at 
l7000F, and plans call for increasing reaction temperatures with a va­
riety of coals. 

The higher reactivity of low-rank coals is one factor to indi­
cate their preferred use in this process. The low-ash fusion point of 
some low-rank coals, howe~er, may limit the reaction temperature when 
these coals are gasified. Fines, as content and moisture content will not 
limit gasifier performance, but operation of the coal feeding system may be 
affected by the raw coal rnoi sture content. The noncak i ng character of 
low-rank coals is not an advantage over caking coals in this gasifier, 
due to the flu:id mechanics of th·e fast fluid-bed and the dilution of feed 
coal with recycle char. . . . 

No unique environmental considerations are associated with tbe 
fast fluid-bed process. 

Integrated High Btu Gas Processes 

HYGAS 

The HYGAS process was deyeloped by the Institute of Gas Technology 
in the late 1960's under American Gas Association and Office of Coal 
Research sponsorship. Initial pilot plant operation of a 75 TPD system 
began in 1974 and continues today. The HYGAS process is one of three 
selected for the design of a high Btu gas demonstration plant sponsored by 
DOE. A process flow diagram of the pilot plant is shown in Figure 3.5.3.22 
and an enlarged view of the gasifier is presented in Figure 3.5.3.23 • 

. Figure 3.5.3.22 

HYCAS Pilot Plant Configuration 
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Source: Reference 5 
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Coal is crushed, screened for oversize, weighted, and fed to 
an agitated tank where it is slurried in light oil. A positive displace­
ment pump feeds the slurry at high pressure into the gasifier. This 
reactor operates at 500 to 1200 psi.. It has four internally connected, 
fluidized beds in which the reaction of-gases with the coal is staged and 
in reverse flow. The upper bed dries the coal slurry. From there, the 
coa 1 flows by gravity into a di 1 ute phase riser stage which is the first 
step of hydro-gasification. Here, coal particles are heated to llOOOF by 
hot gases, which react with about 20 percent of the coal to produce meth- . 
ane. The partially reacted coal (now char) flows to the second gasifi­
cation step, where it is heated in a fluidized bed to about 17000F and is 
further gasified by the steam and hydrogen-rich gas rising from the steam­
oxygen gasification ~tage below. The third gasification stage, at the 
bottom of the reactor (see U-Gas), receives the feed gases made up of steam 
and oxygen. The temperature here of 18000F results from the balance of 
the heat in the fe~ds, the exotherm f~om th~ oxygen reaction and the 
endotherm from the steam-carbon reaction. The ascending stream of hot gas 
provides heat and hydrogen to the rest of the reactor. Fluidization is 
sufficientlY vigorou~ in this state to prevent slagging of the ash. 

The high-ash spent char from the lower bed of the reaction sys­
tem vessel is discharged through a solids control valve and carried away by 
steam. A circulating pump mixes it with water and maintains a slurry of 
even consistency with up to 30 weight ·percent solids. The coal ash slurry 
is let down ~n pressure using a special tungsten-carbide coated valve. The 

·slurry is filtered at low pressure, and the filtrate is recycled to the·. 
quench vessel. 

A conceptual design for a commercial scale demonstration plant 
.;s_ now being completed by Procon Inc. for construction consideration. 
Additional ~etails of the HYGAS process are shown in Table 3.5.3.21. 

-The most notable feature about the gasifier effluent is th~ high 
methane content, due to the high pressure of operation. Carbon dioxide is 
al~o quite high, and CO is relatively low for an oxygen blown gasifier. 
The gas heating value is high, reflecting the high methane content. Oxygen 
consumption is lqw at approximately 0.23 lb/lb coal (as fed to the gasi­
fier), but would be somewhat higher for a bituminous coal (0.24 to 0.26 
lb/lb coal).· Steam consumption is quite high, since this is used as a 
reactant in thP. process. 

The HYl:iAS process has the advantage of having been tested with 
a variety of coals, from lignite subbituminous to bituminous coals. The 
s 1 u rry feed system used in the HYGAS process prevents the 1 oss of gases 
experienceq in lockhopper operation. The high content of metharH:! in the 
raw gas reduces the size of the downstream methanation equipment. Approxi­
mately two-thirds of the total methane production occurs in ·the gasifier. 
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Tab 1 e 3. 5 . 3 .21 

Operating Parameters for the HYGAS Gasifier 
(Montana Subbituminous Coal) 

Gas Composition, mol % 
· (~ry basis) 

Heating Value, Btu/SCF 

co 26.1 
C02 24.1 

- H2 . 30.7 

CH4 . 1'6 .6. 
higher hydrocarbons 1.7 

N2+Ar 0.2 
H2S+COS 0.2 

NH 3 0.4 

(dry basis) 375 
Pressure, ps ig ~ 1160 
Feed Requirements 

Oxygen, lb/lb coal · 0.22 - 0.25 
Steam~ lb/lb coal 1.0 - 1.2 

(as fed t~ gasifie~) 
. 

Thermal Efficiency 
hot gas 74% 

Source: Reference 5 
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Thermal efficiency of the HYGAS process is enhanced by lower temperature 
operation which limits sensible heat losses, by the slurry feed system 
which reduces compress ion requirements associated with lock hopper opera­
tion, and by high methane production in the gasifier. In general, the 
series arrangement of the fluidized beds provides sufficient inventory of 
fuel to ensure safe and steady operation. 

The HYGAS process is not yet developmentally mature enough to 
proceed with the conmercial scale design. The process is oriented to 
methane production, which is an advantage in SNG applications but not in 
some low- or medium-Btu gas uses. Cakjng coals will require pretreatment 
to prevent bloGkage of slurry discharge and transfer lines, as well as 
agglomeration in the reactors. Although the efficiency of conversion of 
coal to methane is higher in the HYGAS process than for systems based on 
fixed bed gasifiers, consistent operation above 80 percent coal to gas 
conversion for bituminous coal is being sought in the current test program. 
One factor limiting conversiQn is the carbon content of the ash withdrawn 
from the gasifier, which is projected to be approximately 10 to 25 percent, 
representing a 2 to 3 percent .loss of feed carbon. The use of low-rank 
coals may prove to be advantageous in the HYGAS process. It is possible 
that their higher reactivity may reduce the amount of carbon lost in the 
ash withdrawal stream. Low-rank coals also maintain the advantage over 
agglomerating coals (which require pretreatment) of not plugging the slurry 
discharge and high temperature transfer lines. However, the tendency for 
dried low-rank coals to reabsorb moisture may limit solids content in 
slurry lines. Fines are not a problem in the HYGAS process, which uses 
pulverized coal as a feedstock. 

Although ash from the HYGAS gasifier contains approximately 10 to 
25 percent carbon, it may still be disposed of by landfill. Wastewater 
streams undergo moderate treatment and are recycled to the gasifier. Toxic 
element studies have been completed for the plant, and acid gases will 
undergo conventional removal and sulfur recovery to protect process cata­
lysts and meet environmental standards. 

Synthane 

In 1961, work was started at the Pittsburgh Energy Technology 
Center to develop a high-Btu gas from coal process. A 75 TPD pilot plant 
was completed in 1975 by Rust Engineering, but further development on the 
concept has been stopped. A process flow diagram is shown in ~igure 
3.5.3.24. 

Coal, crushed to -20 mesh, is dried, pressurized to approximately 
70 atm, and is transferred into the fluidized-bed pretreater ·by means of 
high pressure steam and oxygen. Pretreatment provides a mild oxidation of 
the coal particle surface so that caking coals will not agglomerate in the 
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gasifier. The coal overflows from the pretreater into the top of the 
fluidized-bed gasifier about 10ft. above the bed level, falls through hot 
gases rising from the fluidized bed, and is devolatilized. This devolatil­
ization contributes significantly to the methane yield. Steam and oxygen 
enter the gasifier just below the fluidizing gas distributor. The gasifi­
cation reaction occurs within· the fluidized bed. Unreacted char flows 
downward into a bed fluidi.zed with steam and is removed through lock­
hoppers. The product gas is passed through a venturi scrubber and a water 
scrubber to remove carryov.er ash, char, and tars. The concentration of 
hydrogen and carbon monoxide in the gas is then adjusted to a three-to-one 
ratio in a shift converter. The acid gases are absorbed in a hot­
potassium-carbonate scrubber. The purified gas is then sent to a methan­
ator· for final upgrading. 

Table 3.5.3.22 provides additional operating information for the 
process. 

Two methanat ion systems have been proposed: a tube wa 11 reactor, 
in which the catalyst is sprayed onto tube wa 11 s of an exchanger, and a 
hot gas recycle methanator,' in which the catalyst is sprayed onto metal 
plates. · 

Tests on Rosebud coal and caking bituminous coals were successful; 
however, the p 1 ant has been deactivated on the basis that the techni ca 1 
and economic potential of the process did not warrant continued develop­
ment. 

Table 3.5.3.22 

Synthane Process Data 
. . . 

OWNER/I)ESIGNER Bureau of Mines, Pittsburgh Energy Technology Cer)ter (PETCI 
48oo Forbes Ave. 
Pittsburgh, Pa. 15213 

LOCATION 

DESCRIPTION 

Bruceton, Pennsylvania 

• Synthane process combined gas flow from fluidized bed pretreater and 
fluidized bed gasifier 

• Pressure 1000-1500 psig; temperature 1800°F 

. SIZE 75 TPO. 

STATUS In pilot plant operational stages 

YEARS OPERATION Since 1976 

COAL TYPE All types 

MAJOR PRODUCTS SNG precursor 

ENVIRONMENTAL Effluent emi55ion and soli~ ch;;uar;terivttion and monitoring are ongoing 
STATUS 

OXYGEN 0.3 tons ~er ton of coal 
CONSUMPTION 

Source: Reference 9 
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C02 Acceptor 

The C02 Acceptor process was developed for operation on 1 ignite 
··and subbituminous coals by the Consolid'at'ion Coal Company/Conoco Coal 

Development Company starting in the early T960•s. The deve·lopment of the 
C02 Acceptor process includes successful operation of a 40-TPD pilot 
plant to identify and resolve process and equipment problems relevant to 
commercialization. Most major operadng problems in the pilot plant were 

·solved, and the technology can be· considered a candidate for a future 
demonstration plant. 

The novel feature of the C02 Acceptor process is that it uses the 
revers i b 1 e exothermic carbonation-endothermic ca 1 ci nation reactions of an 
acceptor (limestone or dolomite) circulated between two reactors (gasifier 

· and regenerator) to provide h~at for the g~~ification process. · C02 reacts 
with MgO·CaO inside the fluidized bed gasifier. The MgO•CaC03·· 'produced 
is regenerated in a char-fueled., air-blown fluidized bed. 

The features of this process include: 

t Production of an SNG suit ab 1 e for conversion 
to pipe 1 i ne gas without the use of .. oxygen 

t Use of exothermic energy from the carbonization. 
reaction 

• Hydrocarbons other than CH4 absent in the SNG 

t Near-total carbon util.i zation ('more than 99%) 

• H2 to CO ratio in excess of three to one; i.e.;· 
shift reaction not needed before methanation 

• Minimal C02 and H2S concentrations in the SNG 

The rna in 1 imitations of the process are the mechani ca 1 . operating 
problems that attend the integrated and balanced operation of the multiple 
fluid beds. 

A C02 Acceptor Process Flow diagram is shown in Figure 3.5.3.25. 

In this process, lignite or subbituminous coal is reduced to 8 
by 100 mesh, dried to 5 percent moisture, fed into a fluidized-bed pre­
heater, and conveyed to a lockhopper system. The preheated coal is fed to 
the bottom of a fluidized-bed gasifier operating at l40 psia and 15QQOF. 
The acceptor, calcined limestone or dolomite, is fed at 187QOF from a 
regenerator to the top of the gasifier•s fluid bed. Steam is injected at 
the bottom. Devolatilization and gasification of coal take place in the 
presence -of steam, CO, H2, and the acceptor. Char ·from the gasifier is 
fed to the fluidized bed of the regenerator. The regenerator also receives 
streams of air, steam, and a partially carbonated acceptor from the 
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gasifier and sends waste gas to an energy recovery system. The circulating 
solids, introduced as limestone or dolomite, evolve C02 and absorb energy 
in the regenerator, accept C02, and release sensible and chemical energy 
in the gasifier. The heat needed to regenerate the acceptor is obtained 
through the combustion of char. 

The gasifier product gas flows through a steam-gen~rating heat 
exchanger, a quench tower, a scrubber, an acid gas removal system, purifi­
cation, and finally to a packed bed methanator. The technical feasibility 
of this process has been demonstrated by pilot plant operation with lignite 
and subbituminous coal. 

From 1972 to 1977, more than 42 runs were made by ConsoHdation 
Coal Company in the pilot plant at Rapid City, South Dakota. Many suc­
cessful runs, including one of 251. hours of operation at steady-state 
temperature conditions and a demonstrated process efficiency of 77 per­
cent, were achieved. 

Figure 3.5.3.25 
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Typical operating data for the C02 acceptor process are given 
in Table 3.5.3.23. Very high hydrogen contents anq relatively high methane 
contents characterize the gasifier raw gas composition, and provide a 
fairly high heating value. Oxidant consumption in the regenerator is 
reasonably low on a lb 02/lb coal basis, but steam consumption is rela­
tively high because this is a reactant stream. 

Technically, the process is attractive on several points. For 
example, coal fines may be used in the gasifier. In addition, oxygen is 
not required to produce a synthesis gas with quite a high heating value, 
and water requirements are greatly reduced compared to the Lurgi dry ash 
process. Due to high temperature operation, tars and oils are not pro­
duced, and minimal contamination from H2S, C02 and higher hydrocarbons 
wou 1 d be present in a SNG product from the C02 acceptor process. Very 
high carbon conversion efficiencies have been achieved. 

The process is limited to the use of low-rank coals due to ·their 
high reactivity. The difference in reactivity for low-rank coals is 
probably nowhere as evident. as it is in the C02 acceptor process. Higher 
rank coals cannot be economically gasified due to their decreased reactiv­
ity relative to low-rank coals. However, low-rank coals must be dried to a 
maximum of 5 percent moisture by weight, which is a difficult and expensive 
pretreatment step, at least for the higher-moisture lignites. 

The waste products of .this process include dry ash, acid gases, 
sour water, and spent dolomite. Dolomite disposal is the only environ­
mental feature of the plant not corrmon to most other coal gasification 
p 1 ants. 

Exxon Catalytic Gasification23 

Since 1968, the Exxon ~esearch and Engineering Company has been 
developing (under government sponsorship) the Catalytic Coal Gasification 
process to produce substitut~ natural gas. The Process Development phase 
of work is currently being performed under joint DOE/GRI sponsorship. This 
phase of the project is slated.:to continue until March 1981, and a major 
task in this phase is the demonstration of continuous operation of a one 
TPn Pror.P.ss OP.vP.lopmP.nt Unit. 

The process produces high concentrations of methane directly in the 
gasifier, so that the methane can be separated as SNG Without a meth.anation 
step. It is based on the princ·iple that the thermodynamic equilibrium for 
the react ion of steam and carbon in the presence of H2 and CO favors high 
yields of CH4 at lower temperatures. To achieve acceptable rates of re­
action at appropriate temperature levels, a catalyst must be annP.n. 
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T ab 1 e 3 • 5 • 3 • 2 3 

Operating Data for the co2 Acceptor Process 
{lignite feedstock) · 

Gas Composition, mol % 
(dry basis) 

co 
C02 
H2 
CH · 4 

H2S.+ COS 
N

2 
+ Ar 

Raw Gas Heating Value~ Btu/SCF 

Feed requirements 
air, 1 b/l b co a 1 (regenerator) 
steam, lb/lb coal (gasifier) 

· ("as fed to units) . 

Operating Conditions 
. Pressure,· .PS 1 g · 

Temperature, °F 
rP.gP.nP.riltnr, 

. gasifier 
~as veloc1t1es, fps 

Therma 1 Effid ency . 
cold gas 

.. ~ . 

.,. 

15.5 
9.1 

58 .. 8. 

13.7 

0.0 
2.9 

385 

2.3 
1.1 

150 

1R50 
·1~00 

.1 .8 -. 2.4 {gas1f1~r) 

77% 

Source: Reference 5 
' 
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The catalysts being studied by ~xxon for use i"n this process are 
basic and weakly acidic salts of potassium. The use of potassium salts has 
three major benefits with respect to coal gasification: 

1 The rate of steam gasification is increased: 

2CH + 2H20---->-;. 2CO + 3H2 

1 Swellihg and agglomeration of caking coali is 
reduced 

1 Methanation equilibrium is promoted: 

.. Th~ three catalyst features are utilized in the process flow 
diagram of Figure 3.5.3.26. Coal is crushed and dried before being im­
pregnated with catalyst solution (about 15% catalyst in coaJ). Water from 
the catalyst addition is removed in an entrained flow drying column, and 
the prepared coal is then fed to the gasifier by means of a lock hopper 
arrangement. Gasification takes place at about 13QOOF and 500 psia in a: 
simple fluid-bed reactor. Due to the presence of th~·catalyst, reaction 
rates are increased, but gas velocity and gas production per unit of 
reactor volume is low. Also, because catalytic gasification takes place at 
rehtively low temperatures, high. methane concentrations are· achieved due 
to the favorable shift in equilibrium achieved. 

Reactor effluent flows through a series of cyclones for fines 
recovery, which are then recycled to the gasifier. A final cyclone is used 
after high temperature heat recovery, and the last remaining particulate 
matter is removed in a venturi scrubber. Acid gases are. removed from the 
clean low temperature gas stream with conventional recovery systems. 
Product methane is recovered frorri the CO and H2 components of the gas 
by cryogenic distillation, and the methane so produced·. is available for 
pipeline distribution. The carbon monoxide and hydrogen are recycled to 
the gasification reactor. Thus, the only net products are C02 and 
CH4, along with minor amounts of H2S and NH3. Therefore, the net re­
action may be written·as: 

The overall reaction is only slightly end6thermic, and only small 
quantities of heat are required for coal preheating and to account for 

• heat losses. 

Due to the rather high cost of the catalyst, the economics of 
the Catalytic Gasification process are sensitive to the amount of catalyst 
which cun be recovered and rP.used in the gasifier. The catalyst leaves 
the gasifier with the ash material, and approximately /0 percent of it is 

. -599-



I 
0'1 
0 
0 
I 

COA,L PREPi"RATION 

FLUE 
GAS 

CATALYST 
HEC'J'CLE 

-Source: Reference 23 

Figure 3.5.3.26 
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water soluble, (but depends on the initial loading and nature of the coal 
ash), suggesting a water leach recovery step. However; any recovery of the 
remaining catalyst, most of which is in the form of potassium alumino­
silicate, will require added measures such as the ·addition of calcium 
hydroxide. In any event, make up catalyst in the form of potassium hydrox­
ide will be required, and is added in the catalyst recovery step. 

Several ·advantages may be associated with the Exxon Catalytic 
Gasification process: 

1 Since high yields of methane are produced di­
rectly, no shift or methanation steps are re­
quired 

• Problems associated with slagging operation 
are e 1 imi nated 

1 C ak i n g co a 1 s are more e as il y gas i f i e d d u e t o 
the presence of the catalyst 

• Tars and oils are not produced, simplifying 
wastewater treatment 

• Low temperature gasification permits the appli­
cation of existing technology to recover high 
level heat from the gasifier effluent 

• Moderate reaction conditions mitigate materials 
and operating problems 

• Oxygen is not required for gasification. 

The process, however, is still in a developmental state. Techni­
cally and economically, adequate catalyst recovery must yet. be achieved, 
and continuous reliable operation must be demonstr.ated. In addition, 
despite the use of a catalyst, gas production rates remain low; only about 
10 percent of the capacity of the slagging Lurgi (per unit of cross 
sectional area) has been demonstrated in the Exxon gasifier. 

The use of low-rank coals in this process is subject to several 
considerations: 
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1 The different chemical compositjon of low-rank 
coal ash may. have a different effect on catalyst 
activity. or recovery than that associated with 
higher rank coals. The predominantly basic 
nature of. most low-rank ~oal ~sh. may leave more 
of the basic catalyst in a water soluble form • 

. 1 The leaching properties of low-rank coal ash can 
be expected to affect the catalyst recovery pro­
cess, since soluble sodium or magnesium salts 

·from. the ash would be expected to build up in the 
catalyst recovery wash. ·Up to a point, this 
could. be tolerat~d, since the coal-ash alkali 

. would be expected to have some catalytic effect. 
However, at a point. where the most potent cata~ 
lytic effect of the potassium was unacceptably 
diluted, it would be necessary to increase blpw~ 
down from the recovery circuit and increase 
catalys~ make-up rate~ to control concentrations. 

1 Higher ash .contents pre~ent in some low-rank 
coals may increase the difficulty of catalyst 
recovery due to the higher volume of inert ma­
terial requiring processing. 

1 The high moisture content of some low-rank coals 
may complicate the drying and catalyst impreg­
nation step. 

1 Higher reactivities of low-rank coals may in­
crease the already high output of the catalytic 
gasifiers. 

The ~ff~ct of unrecoverable. cata.lyst on the ~olid waste disposal 
problem will have to be addressed as part of the environmental impact 
assessment and control technology development for this process. 

3.5 .J .6 .3 Entt'ained Fluw Gasi.f1cat1on 

Texaco 

T~e Texaco entrained flow reactor is a one-stage vertically 
·mounted cylindrical JJr~ssure vessel. Coal, oxidizer, and steam are reacted 

under slagging conditions in vertical downflow. After passing out of the 
refrac~ory · lined partial oxidation chamber, the products are quenched 
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with water and some of the entrained slag is removed in a slag quench bath, 
which is then discharged through the slag pot {see Figure 3.5.3.27). An 
alternate method for gas cooling is also under consideration. Here, raw 
gas leaves the gasifier-at high temperature and is cooled in q high pres­
sure steam generator. Choice of gas cooling options depends on the.end use 
of the gas ~roduct. 

The Texaco gasifier has been developed as a result of many years 
of related experience in the partial oxidation of petroleum residual 
oils. Most of the work on the gasifier has been done with oxygen as 
the oxidizer, because this is the operational mode preferred by the major-
ity of potential industrial clients Texaco has· contacted.24 However,. 
air-blown gasification tests have been done in the past;· and Texaco is 
currently engaged in air-blown testing for a cli~nt. The Texaco gasifier 
has been considered as a gas· producer for combined cycle power generation, 
and part of the-present test program is to provide data for this operating 
mode. Texaco claims that the gasifier operates equally well with air 
or oxygen. 

A ten-fold scaleup from the Montebello unit has been successfully 
operated for over a year in Oberhausen, West Germany. Another important 
aspect of this unit has been the demonstration of a waste heat boiler at 
the gasifier outlet. The ·waste heat recovery system, the performance of 
which is of critical importance in determining plant efficiency, is of the 
radiant box type. Radiant box exchangers are relatively expensive due to 
their large size. 

Dow Chemical is currently in the final stages of construction 
on a 150 TPD air-blown Texaco gasifier to provide fuel gas for an existing 
combustion turbine at their Plaquemine, Louisiana plant. 

Detailed design of a 1000 TPD commercial sized unit- is now under­
way for lOOMW combined cycle power plant to be located at Southern Calif­
ornia Edison's Cool Water station. Startup is slated for-1984-85. The $28 
-million' design phase of the project is being funded· jointly by SCE, EPRI, 
and Texaco. · ; · 

Because of the very high mass throughputs and very short contact 
times between coal and oxidizer in the Texaco gasifier, th~ high re­
activity·· of low-rank coals is _expected to. enhance the operational ef­
ficiency. Since the Texaco gasifier relies on a refractory lining, any 
benefit attributed to the alkaline nature of low-rank coaJ ash {such 
as reduced refractory degradation) on ceramics will apply here._ 

Since one operat·ional ·configuration of "the. Texaco gasifier calls 
for a slurry fee·d system, the use of· low-rank· coals may be. limited for 

.: the Texaco design. The solids content of the ·water slurry is limited 
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by the high moisture content of the raw coal·, or in the case of dried 
coal, by the reabsorption of moisture. It may be necessary to utilize a 
drying process that limits reabsorption of moisture. The use of low-rank 
coals which may have acceptable slag viscosities at lower temperatures than 
higher rank coals may be advantageous. Operation of the gasifier at lower 
temperatures can mean decreased consumption of oxygen and pass i b ly 1 ower 
produc;:t ion rates of C02, 1 oweri ng the capita 1 cost associ a ted with the 
oxygen plant and the acid gas removal equipment. However, this is very 
coal specific, and will not apply to low rank coals having high ash fusion 
temperatures. Based on the limited data available, low-rank coals with 
high ash calcium levels experience a drastic lowering in viscosity once the 
melting point has been reached. Thus, acceptable slag viscosities may be 
reached without i ncreas i"ng temperatures far beyond the me 1 t i ng point for 
these coals. 

The Texaco gasifier displays several advantages over other gasi­
fiers currently available or under development. Since the device operates 
at relatively high temperatures, formation of tars, oils, phenols, naphthas 
and ammonia is expected to·be minimal, limiting the extent of the wa~te­
water and by-product handling facilities required. 

Other advantages of the Texaco gasifier include its ability -t:o 
accept any type of coal. The system is also capable of very high coal 
throughputs as a result of its short residence time. This feature is noted 
in comparison to most other entrained flow gasifiers, and is particularly 
significant when comparing fluidized bed and fixed bed reactors. The 
extensive commercial experience Texaco has had in residual oil gasification 
gives their coal gasifier an important head start in development status. 

However, larger scale operations are needed to commercially demon­
strate the process with coal. In addition, the coal feed slurry system is 
complex and a potential source of problems in large scale operations. 
Slurry pumping ·is by positive displacement, meaning erosion from coal 
particles and higher maintenance c~sts over periods of 1 ong cant i nuous 
operation. Due to the presence of water in the slurry, heat is absorbed in 
gasification which effectively raises the amount of OxYgen required to 
maintain operational temperatures. This results in a decrease in gasifier 
efficiency and production of more carbon dioxide in the gasifier, and hence 
a larger acid gas removal system downstream compared to dry feed injection. 
Quenching of the raw gasifier effluent can also result in a thermal loss. 
Oxygen-blown gasification implies close control of OxYgen and coal feed 
rates to maintain reaction temperatures at slagging conditions without 
producing too much carbon dioxide. Close control of oxygen rate is also 
highly important from a safety standpoint. 
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Koppers-Totzek 

The atmospheric pressure Koppers- Totzek ( K- T) process was or1 gl­
na lly deve 1 oped by Heinrich Koppers GmbH under the sponsorship of the 
Republic of West Germany.. Subsequently, ·the commercial process was de­
veloped by Fri.edrich Totzek of Essen and Koppers Company, Inc. (USA) in 
1949 following U.S. Bureau of Mines demonstration in 1948~ No instal­
lations .exist in the U.S. but some 22 foreign plants have been started up 
since 1949. Nineteen of these utilize coal as feedstock and·are listed in 
TaL<: 3.5.3.24. 

A 11 K- T foreign i nsta 11 at ions have been devoted to syngas pro-
duction for ammonia or hydrogen manufacture. Unlike several other gasi­
fiers in a mature state of deve 1 opment, i nsta 11 at ions of the K- r system 
have occurred as late as 1975, with the largest installations occurring in 
1969, 1970, and 1972. Earlier units used a variety of fuels other ·than 
coal, including peat, gasoline, Bunker-C oiJ, petroleum gases, naphtha, and 
lignite. Due to changing economics for some of these fuels, later instal­
lations have coal and lignite exclusively as feedstocks. 

Figure 3.5.3.28 shows a cross section of the gasifier vessel and 
Figure 3.5.3.29 shows a process flow diagram of the marketed system. 

The K-T gasifier is horizontal and ellipsoidal in shape, with 
two heads shaped as truncated cones mounted on the ends. A waste heat 
boiler is mounted on the top to recover heat from the hot effluent gases. 
Two adjacent burners are installed in each of the heads. Coal, steam, and 
OxYgen are injected through the four ·burners. The gasifier shell has a 
double-walled construction; the inner shell is protected 'from the high 
temperatures of gasification by a castable refractory lining. Heat es­
caping through the refractory is recovered by water circulating through the 
annulus between the in~er and outer shells. The annulus is conne~ted to a 
steam drum. K-T also makes four-headed ga5ifiers which employ burner heads 
900 apart and a total of eight burners. These larger units resemble 
inters~cting ellipsoids and also have a double-walled constr~ction. 

Coal to be gasified is pulverized to minus 200 mesh and dried, 
depending on rank, to moisture contents of 2 to 8 percent •. A variable 
speed screw feeder moves the pulverized co a 1 to the injection nozzles 
(burners) where it contacts a premixed stream of oxygen and steam. This 
mixtur·e or fu~l dllt.l uxlc..l'lzer 1s 1njected 1nto the gas1t1er at velocities 
high enough to prevent flashback. The multiple headed design provides 
turbulence in the reaction zone, improving product gas ~onipos it 1 on by 
breaking up rich and lean pockets of fuel and oxidi·zer, and providing 
increased safety through continuous ignition. · 

Coal is oxidized in the gasifier, producing a temperature of 
approximately 35000F with reaction completion in one second. Heat losses 
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Table 3 .5.3.24 

Koppers-Totzek Coal Gasifier Installations 

Use. of Year 
No. Capacity Synthesis of 

Location Fuel Gasifiers (MM SCFD} lias Order 

Mazingarbe Works Coal 5.58 Methanol 1949 
Paris, France Anmoni a 

Typpi Oy, Coal 3 5.21 AR1110nia 1950 
Oulu, Finland Peat 

Nihon Suiso Kogyo Kaisha Coal 3 7.82 Anmonia 1954 
Tokyo, Japan 

Nitrogen Works Lfgnfte 3 9.0 Anmoni a 1954 
Coruna, Spain 

Typpi Oy, Coal 2 5.21 Anmonia 1955 
Oulu, Finland Peat 

Arnoniaco Portugues Gasoline, 2 6.3 Anmonia 1956 
Lisbon, Portugal Lignite 

Nitrogenous Fertilizer Plant Lignite 4 23.45 Anmonia 1959 
Ptolemais, Greece Bunker-C 

Nitrogen Works Lignite 6.5 Anmonia 1961 
Coruna, Spain Naphtha 

Chemical Fertilizer Company Lignite 8.0 Anmonia 1963 
Lampang, Thailand 

Azot Sanayil, T.A.S. Lignite 4 28.85 Anmonia 1966 
Kutahya, Turkey 

Kobe Steel Ltd. Coal 7.98 Anmoni a 1967 
Zari>ia, Africa 

Nitrogenous Fertilizers Lignite 6.15 Anmonia 1969 
Ptolemais, Greece 

The Fertilizer Corporation Coal 4 74.45 Anmoni a 1969 
Ramagundam Plant, India 

The Fertilizer Corporation Coal 4 74.45 Anmonia 1970 
Talcher Plant, India 

Nitrogenous Fertilizers Lignite 9.0 Anmonia 1970 
Ptolema1s, Greece 

The Fertilizer Corporation Coal 4 74 .45 Anmonia 1972 
New Delhi , India 

AE & CI Ltd. Coal 6 80.0 Anmoni a 1972 
Johannesburg, S.A. 

Indeco Chemicals Ltd. Coal 8. 22 Anmonia 1974 
Lu!;aka, .Zari>i a 

Indeco Chemicals Ltd. Coal 2 16.44 Anmonia 1975 
Lusaka, Zarmia 

Source: Reference 14 
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and endothermic reactions occurring within the gasifier reduce the gasifier 
effluent to approximately 27QQOF. Approximately 50 percent of the molten 
slag flows down the gasifier walls and drains into a slag quench tank where 
it solidifies into a granular form. The remainder of the ash leaves the 
gasifier as fine slag particles entrained in the gasifier effluent. 

The entrained siag is solidified at the gasifier exit and the 
gas cooled a few hundred degrees by water sprays. Solidification prevents 
particulate matter from adhering to the waste heat boiler tubes. Sensible 
heat in the gas is recovered in the waste heat boiler and high pressure 
steam is generated. Gas leaving the waste heat boiler is water-scrubbed 
and cooled in a washer cooler and Theisen disintegrator system. The 
particulate matter is reduced here to a negligible amount. Water from the 
gas cooling and cleaning system is sent to a clarifier. The separated 
sludge is sent to disposal along with slag from the gasifier; the water is 
sent to a cooling tower and then recirculated to the cooling and cleaning 
system. The $Crubbcd and cooled gas is processed in a sulfur removal 
system, resulting in a clean medium-Btu product gas. 

Coals of any rank and a wide variety of ash fusion points may 
be handled in the gasifier. Coals having a large percent·age of refractory 
ash may require the addition of fluxing agents to lower ash fusion tempera­
tures and promote slag flow. The moisture content of the raw coal may 
affect its transfer in pneumatic conveying lines, but generally the pulver­
izing and simultaneous drying operation reduces the moisture content below 
8 percent. Thus, the effect of the coal moisture content on gasifier 
performance is usually kept within these bounds. Coals with very high 
initial moisture contents may be difficult or uneconomic to reduce to low 
moisture contents but may nevertheless be processed by the gasifier if 
appropriate adjustments are made in the steam/oxygen ratio. 

. Typical operating parameters for the K-T gasifier are given in 
Table 3.5.3.25. The gas is high in hydrogen and carbon monoxide, but has 
no meth.ane due to the high temperature and low pressure in the gasifier. 
As such, the gas heating value may be slightly lower than many fixed or 
fluid-bed gasifiers. Consumption of oxygen is also relatively high at 0.9 
lb/lb coal, increasing the size of the oxygen plant relative to other 
gasifier types. Steam consumption is quite low, allowing the gasification 
temperature to·remain high. The turndown capability of the K-T gasifier is 
somewhat limited relative to others. 

The K-T gasifier has the advantage of being commercially avail~ble 
with over 25 years of successful commercial operating experience. Many 
types of fuel may be gasified, including a full range of coal types with 
wide ranges of ash and moisture contents. Gasifier steam consumption is 
low, and zero in the case of lignite feeds. Wastewater treating facilities 
are simplified du.e to the absence of any tars, oils, phenols, naphthas or 
hydrocarbons in the raw gasifier effluent. Carbon conversion is generally 
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Table 3.5.3.25 

Koppers-Totzek Gasifier 
Typical Operating Data 

Gas Production, MM SCF/hr 

Gas Composition, Volume %: 
Hydrogen 
Carbon Monoxide 
Methane 
Nitrogen '·' 

Carbon Dioxide 
Other 

Total 

Gas Higher Heating Value, 
BTU/SCF (Dry Basis) 

Feed Requirements, lb/lb coal:(·a~_fed ~o gasifier) 
Air 
Oxygen 
Steam 

Operating Conditions 
Gas Outlet Temperature, OF 
Pressure 
Residence time, minutes 
Turndown C apabi 1 i ty 

Coal Feed: 
. Type 

·.Size, Inches 
Fre~ Swelling Index 
Ash Fusion Temperat~re, OF 
Feed Rate, tons/day 

Thermal Efficiency, %: 
Hot Raw Gas 
Cold Clean Gas 

By-Product Rate, lb/lb coal: 
· .T..ar 

Oil 

. ' ... 

1· .• • 

Medium BTU 
Gas · 

1 :.. 1.7 

36 
52 

1 
10 
l 

100 

290 

. . 0.9 
· ·n - o .4 

2700 
atm 

<1 
2: 1 

any 
70% < 200 rnesh 

no 1 imit 
' .. 

600 

75 

0 
0 

NOTE: Table may not be internally consistent due to averaging of values. 

Source: Reference 1 
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higher than in fluid-bed units, ranging from 92 to 95 percent for bi­
tuminous coals, and nearly 100 percent for lignites. Loss of effiCiency 
due to the water quench may be partially offset by the use of a cold gas 
quench system patented by the Koppers Co., Inc. 

However, the gasification system faces certain disadvantages. 
The atmospheric pressure operation limits the number of potential applica­
tions for this technology. Although coaJ moisture content does not limit 
operation of the gasifier, pneumatic conveying problems may result if 
surface moisture contents are too high. Oxygen consumption of this gasi­
fier is higher than many others, especially nonslagging devices. Insuffi- · 
cient oxygen supply can result in clinker formation. Ash removal can be 
a prob 1 em even in the presence of sufficient quantities of oxygen. This 
may occur if the initial deformation, fusion and fluid temperatures of the 
ash are close together and in the region of 27QQOF, causing solidifi·­
cation of ash on the gasifier walls. In these cases, the addition of 
fluxing agents may prevent the adhesion problem. A thermal loss which is 
not easily recoverable occurs in the water quench at the gasifier outlet 
since the latent heat ot vaporization for the water can only be re~uver~d 
at low temperatures. However, the product gas must be cooled below the ash 
deformation temperature to prevent slag buildup on heat recovery equipment. 
Finally, the direct contact of sour product gases on heat exchanger sur­
faces at high temperatures may cause corrosion problems. 

The use of low-rank coals in the K-T gasification process is 
associated with some important considerations: 

• The higher reactivity of low-rank coals means 
high carbon conversions and therefore higher 
process efficiencies 

t High moisture content low-rank coals do not 
require steam injection as do higher-rank coals 
thereby improving process eff1c1enc1es 

t According to the Koppers Co., high moisture coals 
may be difficult to dry to levels suitable for 
handling in the pneumatic conveying system. 
Therefore, each feedstock must be evaluated 
with respect to this problem 

• S1nce caking coals may be gasified equally well 
as noncaking coals, low-rank feedstocks do not 
hold this advantage relative to the K- T gasifier 

• Gasification of low-rank coals at lower temper­
atures may reduce the efficiency .loss in the 
water quench step by decreasing quench water 
rates 
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No unique environmental considerations are associ9ted with the K-T gasi­
fier. 

BI-GAS 

Th~ Bi-gas process was originally developed by Bituminous Coal 
Research, Inc. under the sponsorship of the Offic~ of Coal Research and the 
American Gas Association. A PDU was completed in 1971 and a pilot plant 
employing a two st~ge entraineo flow gasifier was cqmpleted in 1976! An 
air blown v~rsion of the 8i-gas gasifier is proposed by Foster-Wheeler 
Engineering Co., but is in a very imm~ture state of development. 

A schematic diagram of the gasifier is shown in Figure 3.5.3.30. 
The unit is of vertical cylindrical construction with an outer pressure 
she 11 • The gasifier consists of three separate zones: 1) a s 1 ag quench 
zone in the bottom; 2) stage 1, where char burners are located; and 3} 
stage 2, where coal feed is injected and gasified. 

The wa 11 s of stage 1 are made of vert i ca 1 c 1 ose ly spac~d, water­
coo 1 ed tubes covered with dense refractory. The tubes ·are bent inward to 
form a throat which aids in separation of the molten slag formed in stage 
1. The walls of stage 2 consist of an inner layer of precast dense refrac­
tory and an outer layer of lightweight insulating refractory to minimize 
heat losses. Temperature control is achieved in the vessel by a row of 
vertical wall tubes located just inside the pressure shell. Water circu­
lation in the tubes minimizes hot spots, H2S corrosj6n, and hydrogen 
d~mag~. 

Recycle conveying gas transf~rs c6al into the t\'/O gasifier in­
jection nozzles. Steam· is also injecte~ in the nozzl~~ by a separate 
annular region. The two streams combine at the tip of the ~ozzle and join 
the rising hot gases from stage 1 converting th~ coa 1 i n.to synthesis gas, 
methane~ and char. · 

Tpe char is then trans porte~ by ste~m to the three char burners 
ir stage 1, Here recycled char is oxidizeo with oxygen and steam to 
proquce a hot gas which enters ~tag~ 2 to gasify·and entrain the incoming 
coal. Ste~m is introduceq near t~~ thrp~t between th~ .. stages to solidify 
any ~ntraineq mqlten slag. Slag sep~r~tion is ¢nh~nc~d by the swirling 
motiop ~f th~ gas, imparted by the directional firing pf the c~qr burners. 
Molter! ~lag separated in this manner tren flow~ c,iown the Wqlls of stage 
l~nq into the slag quer1ch ~one. The molten ash shatters into a ~ranular 
form as it GPntacts the wat~r, a~d is ed!Jc;:ted t~rqugh sl~g lock~oppers~ 

l'. ' ' - . ' 1 

figure 3,5.3.31 shows the integration of the ei-gas r~~ctor in 
a high-Btu gas plant. Gas a,nd char l~aving the gasifier gre quenched by 
atomf~e,q WP.t~r a!ld fed to a cycloneseparator, .Raw gas leaves t;he cyclone 
for further :proc~ssing, whil~ the solid material is recycled to the gasi,. 
fier. · · · · 
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Source: Reference 21 

Figure 3.5.3.30 
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Uncollected char and ash are scrubbed from the raw gas in a water 
scrubber which also cools the gas and condenses water vapor. The char-free 
gas product is the medium-Btu gas product, which may then be further 
processed for methane production. 

Table 3.5.3.26 presents -operating data for the Bi-gas reactor. 

Due to the high pressure of operation, the cooled raw gas has a 
fairly high methane content, which accounts for its relatively high heating 
value. H0wever, large amounts of C02 are present, which affect the size 
of the acid gas removal unit required_before methanation. Steam and oxygen 
consumption rates are moderate in comparison to other gasifier types. 

Several advantages may be cited for the Bi-gas system: 

• A 120 TPU pi1ot plant has been operated 

• The two stage gasifier is an integral unit and 
should be suitable for scale-up 

• Pressurized operation yields a synthesis gas 
product that may be transmitted by pipeline 

• Nearly all coals may be handled successfully 

• No by-product tars, oils or other similar com­
pounds are produced 

• Char recycle allows high c·arbon conversions. 

However, several limitations face the process: 

1 S'Lt:::dU.Y upP.r'til'.ff.ln has not been achieved in the 
gasifier, and other opernt.ional difficulties 
have plagued the pilot plant 

• The high pressure operation used to promote 
methane format 1 on is unnecesarry for synthesis 
gas production 

1 Temperature control in the slagging region must 
be reli.able to maintain adequate flow and avoid 
blockage!~ 

• Contr·ol of the proper fuel/oxygen ratio may be 
difficult due to the low concentration of fuel 
in the gasifier at any given time 
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Table 3.5.3.26 

Bi-Gas Reactor Operating Data 

Gas Composition, mol % 
(dry basis) 

co 
C02 
H2 
CH4 

H2S + COS 
N2 + Ar 

High Heating Value, Btu/SCF 
(dry basis) 

Steam Consumption, 
lb/lb coal 
(as fed to gasifier) 

Oxygen Consumption, 
lb/lb coal 
(as fed to gasifier) 

Operating Temperature, Of 
Stage 1 
Stage 2 

Operating Pressure, psig 

Coal Residence Time, sec 
Stage 1 
Stage 2 

Cold Gas Thermal Efficiency 

Coal to High-Btu Product Gas 

Source: Reference 5 

Montana Coal 
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12.74 
23.46 
42.46 
6.74 
0.08 

14.52 

246 

62.9 

Oxygen-Blown Operation 
Pittsburgh Coal 

29.3 
21.5 
32.0 
15.7 
0.8 
0.7 

356 

0.4 

0.5 

2300 - 3000 
1700 

500 - 1500 

2 
10 

69% 



1 Coals ·With high ash fusion points may require 
. fluxes to maintain slag flow at gasification 

temperatures 

1 An energy penalty must be paid to prepare and 
process the coal-water slurry. High rates of 
erosion in the char and coal eductors is ex­
pected and erosion of refractory material in 
the vicinity of the coal and char injectors 
may occur. 

The use of low-rank coals in the Bi-gas gasifier is subject to 
several considerations: 

1 S1nce cak1ng .coals may be gasified, low-rank 
coals hold no advantage with respect to this 
characteristic · 

1 Char recycle is expected to be lower for low­
rank coals due to their higher reactivity 

1 Reabsorption of moisture by dried low-rank coals, 
or coals with high initial moisture cont~nts may 
prevent attaining high concentrations of coal in 
the water slurry used to feed the gasifier. 

Waste streams from the Bi-gas process consist mainly of granular 
ash. Sma 11 amounts of char and oil are produced, but no unique en vi ron-
mental problems are associated with this gasifier. 

Combustion Engineering 

Combustion Engineering, Inc. proposes ·an entrained flow, atmos­
pheric pressure gasifier to produce low-Btu gas for electric power gener­
ation. Conceptua 1 design studies were initiated in 1972 to deve 1 op a 
gasifier, the design of which was funded in 19/4 by the Ut"fice of Coal 
Research to be part of a 120 TPD pilot plant.: The p.ilot plant was com-:­
pleted in December 1977, and is now in operation. 
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Figure 3.5.3.32 shows a schematic· of .the Combustion Engineering 
gasifier. The ·vessel is of vertical cylindrical £onstruction and is 
designed for atmospheric-pressure operation. Coal . ts injected at two 
points, the lower area being a combustion section where a swirling motion 
is imparted to the hot gases. Here, complete combustion of coal and recyle 
char occurs in a slagging mode. These gases then rise to the second 
section where they contact· another coal stream resulting in devolatili­
zation, g~sification and entrainment of.this second coal feed. The walls 
of the reactor in the gasification section are refractory lined and water 
cooled, P.roducing high pressure steam. In a commercial s.ize plant, raw gas 
exiting the gasifier is cooled in a waste heat boiler for steam gener­
ation. Jhe cooled ·gas is then sequentially processed in a spray dryer, a 
eye lone and a scrubber for remova 1 of part i cu 1 ate matter. Char and ash 
collected 1n this manner are ultimately recycled tp the combustion section 
of the gasifier.· The cooled, particulate-free raw gas is then sent to acid 
gas remov~l, where sulfur is recovered and a clean low-Btu gas is produced. 

Table 3.5.3.27 presents operating data for the Combustion Engi­
neering gasifier. 

Due to the high operating temperatures and low pressures in the 
gasifier, no methane or higher hydrocarbons are present in the gasifier 
effluent. The gas heating value of 127 Btu/scf is somewhat lower than 
other air blown gasifiers, and is due to the high consumption of air. 
However; t~e gasifier consumes no steam, repr~senting an efficiency plus. 
Slagging conditions are achieved in the combustion zone, and the gasifi­
cation products remain at a fairly high. temperature before leaving the 
gasifier, thus cracking any large molecules into H2, CO, and C02. Be-
cause of this, no tars, oils, or similar compounds are produced. The 
cold gas ·effi.ciency listed in the table represents an isolated gasifier, 
and hence credit is not given for sensible heat in the gas below the 
reactor outlet temperature. An integrated p-lant would recover this heat 
and hence would show a higher efficiency. 

The Combustion Engineering gasifier n.as several advantages: 

• The viability of the concept has been proven 
in a 120 TPD pilot plant, and should he suitable 
for·scale up to commercial size ·-

• The . atmospheric pressure operation of the gas i­
fier is well suited to simple systems for coal 
feeding and ash removal 

• The system can process virtually any kind of 
coal 
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Table 3.5.3.27 

Operating D~ta for the Combustion Engineering Gasifier 

Product Gas Composition, mol % 
(dry basis) (Kentucky bituminous coal) 

co 
H2 
C02 
CH4 
N2 + Ar 

H2S + COS 

High Heating Value, Btu/SCF 

Steam Consumption, lb/lb coal 
(as fed to gasifier) 

Air Consumption, lb/lb coal 
(as fed to gasifier) 

Operating Conditions 
Temperature, Of 

Combustion.Zone 
Gasifier Outlet 

Pressure 

Cold Gas Efficiency* 

*Energy recovery will be higher in an integrated plant. 

Source: Reference 5 
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17.0 
7.0 

22.1 
0.0 

53.3 
0.6 

127 

0.0 

4.5 
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1700 - 1800 
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• Tars, oils, phenols, naphthas and hydrocarbons 
wi 11 not be produced due to the high operating. 
temp-eratures 

• Ash removal .is simplified due to. the slagging 
condition ' 

t Char re·cycle will provide for a high ·carbon 
conversion efficiency. ~ 

The system ~lso faces several limitations: 

• Although pilot plant operation has been demon­
strated~ commercial operation ~as not 

• Product gas compression will be required for 
most applications 

• Close control over the fuel/air ratio must be 
maintained due to low gasifier inventories · 

• Flux addition may be required when gasifying 
coals with a high refractory ash content 

• The recycle of char may represent additional 
energy requirements, thermal loss and a source 
of· erosion in the system 

• Heat transfer surfaces may require frequent 
·cleaning to maintain adequate transfer co­
efficients. 

The use of low-rank coals in this gasifier is associated with several 
considerations:. · 

t The higher reactivity of low-rank coals may be 
an important factor in attaining high single 
pass carbon conversions, thus l·imiting the amount 
of char 'recycle required 

• The tendency of low~rank coals to produce fines 
1s not a drawback in this application, since 
pulverized coal is the r'equired form of coal 
feed · 
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• The noncak i ng character of 1 ow- rank coa 1 s is 
not advantageous in the Combustion Engineering 
gasifier, since caking coals can be processed 
equally we 11 

• High moisture content low-rank coals may require 
more air to achieve slagging conditions, since 
most other coals will be dried to 1 or 2 percent 

. moisture during the pulverizing process. 

Waste products of the process include quenched slag, acid gases 
and sour water. No unique environmental considerations apply to the 
Combustion Engineering system. 
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3.5.3.7 SELECTED REFERENCES 

In order to aid the reader in selecting useful general or com-' 
prehensive references from among the many listed, selected references 
are discussed below. 

l. Economic Studies of Coal Gasification Comb·ined Cycle Systems for 
Electric Power Generation, prepared by Fluor,· Inc., EPRI Report 
No. AF-642, Palo Alto, CA; 94394, January 1978. Economics of 
Fuel Gas from Coal - An Update, prepared by Fluor, Inc., EPRI No. 
AF-782, May 1978. 

Mass and energy balances. for the conceptual flow diagrams of four coal 
gasifiers in fuel gas generation applications are presented. Estimates of 
the economic performance of each design are also presented, and are based 
on capital and operating, co~t estimates. The updated version (AF-782) 
presents the results of an economic screening study for British Gas Corpor­
ation oxygen blown slagging coal gasification process to ·produce i.ntermedi­
ate-Btu fuel gas, and an update of the economic sections nf AF-244, which 
included air and oxygen blowri Lurgi moving bed, U-Gas fluidized bed and 
Combustion Engineering's entrained process for fuel gas production. 

The conclusion reached in the supplementary report .is that, within the 
accuracy of the study, fuel gas costs projected for the moving bed process 
(using the BGC slagger) are competitive with costs projected in· earlier 
studies based on fluidized bed and entrai.ned processes. :The major assump­
tion underlying this conclusion is that the BGC gasifier will 1 operate 
s~ccessfully on a commercial scale, arid in the manner assumed by the 
performance estimates used in the study~ · · 

. These reports are excellent for establishing comparisons between gasifier. 
types, taking into account the complete system required for fuel gas 
production. 

2. Hartman, H.F., et al. Low-Btu Coal Gasification Processes, Volume 
2, Selected Process Descriptions, ORNL/ENG/TM-13V2, November 
1978. 

A suryey was madeof 102 reported processes that produce low and intermedi­
ate Btu gas from coal •. Volume l contains the sunvnary, screening, an~ 
comparison matcri a 1 rc5ult i ng from the survey. Cenci se ~unmari es are 
provided for 47 processes and include status, operating conditions, and a 
description of the gasifier. Characteristics of different types of gasifi­
cation processes are compared and specific comparisons are made for the 
processes that were investigated in depth. Other process cons ide rations 
such as potential applications, ·problem areas, economics, and environmental 
considerations are discussed. Volume 2 contains the detailed descriptions 
and information on the 21 more promising processes that were selected. The 
report summarizes work completed froin July 1976 through August 1978 and can 
be used as a source of information for additional comparisons and evalua­
tions. 
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3. Handbook of Gasifiers and Gas Treatment Systems, The Dravo Corp. 
Pittsburgh, Pennsylvania, February 1976. 

Similar to the above r~ferenc~, · Low·Qtu Coal 'Gasification Processes, the 
Dravo handbook contains ·gasifier descriptions, and sununaries of operating 
conditions and status.· "In addition;· gas treatment systems for removing 
H2S and C02 from gasifier raw gas streams are covered. Due to its 
earlier date of publication, it should pe used as a source of information 
on gasifiers only if t~e desired data is.not av9ilable in the above refer­
ence. 

4. Comparative Evaluation of High and Low Temperature Gas Cleaning for 
Coal Gasification-Combined CycleqPower SYstems, by Stone and 
Webster·Engineering Corp:, EPRI Report No. AF-416, April 1977. 

This screening-type study examined the incentives for developing hot gas 
clean-up technology for use in coal yasification combined cycle power 
plants. The iron-oxide process developed at MERC was used as the study 
basis. The process is designed to remove H2S from the raw yas at lOQQOF. 
Five process and economic evaluations were performed; air and oxygen blown 
dry ash Lurgi gasification air and oxygen blown· ent'raineq f1qw gasification 
(Foster Wheeler), and moving bed slagging gasification (oxygen blown) by 
BGC. 

The study identified a large incentive for rot gas clea!1-UP applications 
for dry ash L~r9i system~, but none for th~ advanced gasifier$. 

This study is a good introduction to the technical and economic tradeoffs 
and other considerations pertaining to hpt gas clean-up technology~ · 

5. Wastewater Treatment in Coal Conversion, Interagency Energy/Environ­
mental Research Laboratory, Research Triangle Park, N.C. 27711, 
EPRI Report No. 600/7-79/133, August 1979. 

A thorough discussion of leading systems applicable to coal conversion 
wastewater treatment is presented. The report incli,Jq~s detailed perfor­
mance characteristic;s and process design data. The ~u1tability of each 
system to various wastewaters is discus~ed, and economic'data is preserlted 
to aid designers in selecting appropriate tre~tment system~~ 
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6. Ellman, R.C., et al. Slagging Fixed-Bed Gasification Project 
Status at the Grand Forks Energy Technology Center, Symposium 
on Technology and Use of Lignite, Grand Forks, N.D., May 1979, 
DOE GFETC/IC-79/1, 1979, pp~ 236~277. 

The Grand Forks .Energy Technology Center has been a leader in research on 
fixed bed coal gasification for years. The goal of the current GFETC 
gasification program is to develop data which will support co111111ercial 
and demonstration applications of fixed bed gasification. The paper 
describes the gasifier and a series of 50 tests which were made on it 
using a variety of lignite and subbituminous coals. Typical reported 
data include oxygen consumption, steam consumption, gas production and 
composition and operating conditions. Experimental technique is also 
presented. 
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3.5.4 Coal Liquefaction 

3.5.4.1 Introduction and Summary 

Coal liquefaction processes break down the molecular structure of 
the coal and increase the hydrogen-to-carbon ratio of the products to form 
liquids. The technology (~mbodied in many different proc~sses) has existed 
since the early 1900's, but has been applied coJTillercially only in the 
context of severe national need (i.e., in the German war effort and in 
South Africa). In essence, the technology has been, and remains today, too 
costly to be justified on other than national security grounds. 

It now appears that just such a consideration applies in the United 
States. Domestic oi.l production has begun to decline and will continue to 
d() so. Demand for.oil continues to grow (domestically and worldwide} and 
increasing supplies can only be provided by the Middle East. To the extent 
th:at political instability, supply interruptions, and Soviet influence 
continue to characterize that area, our increasing dependence is equivalent 
to increasing vulnerability. Therefore, coal liquefaction processes are of 
immediate national interest, whether they are cost-competitive or not. The 
questions to be considered in this study are: (1) how do these processes 
best apply to low-rank coals; (2) what are the unique problems encountered 
in converting lignite and subbituminous coals to liquids; and (3) what 
research, development, and demonstration projects should be funded by the 
Federal government to enhance the utilization of low-rank coals in these 
processes? 

The only commercial liquefaction plant operating today is the SASOL 
installation in South Africa. The process utilized is indirect liquefac­
tion, which consists of gasifying coal with oxygen, cleaning and shifting 
the gas, and synthesizing a large number of liquid products from CO and 
H2· in catalytic reactors. Compared to other liquefaction processes, this 
method is expensive. However, it has the advantages of being commercially 
proven and reliable, and of produc1ng relative·ly clean, simple chemicals 
from the basic :building blocks CO and H2. Variations on the SASOL 
process include producing methanol from the synthesis gas, and in turn 
producing high-octane gasoline from the methanol by a highly selective 
catalytic process ·being developed hy the Mobil Corporation. 

Indirect liquefaction, therefore, is well su1ted for producing high­
quality, light liquid fuels and chemicals suitable for a wide variety of 
uses (e.g., transporation fuel). It is not an efficient or cost-effective 
process for producing liquid boiler.fuels. Because indirect liquefaction 
js a gasif1cat1oh process as far as its interaction with coal is concerned, 
low-rank co~ls a~e in many respects prefetred feedstocks for this techno­
logy in comparison with bituminous coals. The reasons for this are ex­
plained in Section 3.5.3, Coal Gasification, as are the unique problems and 
key issues associated with gasification of low-rank coals. The problems 
and .research needs associated with manufacture of chemicals and fuels from 
synthesis gas are not unique to low-rank coals in any way, and are not 
considered in this study. 
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j 
) Direct liquefaction processes are designed to react coal with 

a process derived solvent and a reducing gas (hydrogen or synthesis gas) 
at high temperature (750-8800f) and pressure (1500-4000 psig). Initially 
the coal•s weakest bonds break thermally to form free radicals that must 
be stabilized by hydrogen to produce a first set of products (gas, light 
oil, asphaltenes, and preasphaltenes or asphaltols). Additional hydrogen­
ation brings about defunctionalization of the initial products. Suitably 
designed catalysts can be used to influence rate and selectivity in both 
primary liquefaction and secondary treatment for upgrading products. 
The solvent used for slurrying the feed coal and donating hydrogen atoms 
to free radicals is a portion of the plant•s product oil which is recycled. 
In some processes this recycle solvent is catalytically hydrogenated to 
improve its hydrogen donor quality. 

These processes are not in commercial use today; only a few com­
plete, integrated, large-scale pilot plants have been operated continuously 
in recent years. Although many difficult engineering and operational 
problems remain to be solved, the individual process steps are relatively 
well.characterized. One of the most difficult of these is to consistently 
achieve 11 Solvent balance .. in a continuous plant with a variety of coals; in 
other words it has not always been possible to produce, separate, and 
recycle the desired fraction of product oil at the desir.ed rate to keep the 
plant operating continuously. 

Direct liquefaction processes typically produce ·a synthetic crude 
oil consisting of a huge quantity of very complex organic compounds boiling 
over a wide range. Cyclic compounds predominate; these can be hydrocracked 
and hydrogenated to form high-quality distillate fuels, naphtha, etc. 
Alternatively, the raw liquid (which may be a solid at room temperature) 
can be burned directly as a low-sulfur, low-ash boiler fuel. 

Three direct liquefaction processes are currently receiving majer· 
attention and funding - Solvent Refined Coal (SRC-I- and -II); H-Coal; and 
Exxon Donor· Solvent (EDS). Two SRC pilot plants (50 TPD and 6 TPD) have 
been operating .for several years. Large H-Coal and EDS pilot plants have 
just been constructed and will be operated during 1980. All three of these 
projects have selected bituminous coals as their primary design and test 
feeds; although in each case (particularly EDS) some significant \'/Ork with 
low-rank coals has been done and is planned. However, it is fair to say 
that none of these projects is addressing the problem of optimizing a 
direct liquefAction process to best utilize the unique properties of 
1 ow- rarik co a 1 s. 

U.S. low-rank coals are distinguished from higher rank coals by 
high moisture and oxygen contents, low sulfur contents, and a finely 
dispersed alkaline ash content. These properties affect. the liquefaction 
behavior of low-rank coals in terms of reactivity, reductant requirement, 
product yields and quality; solids accumulation in reactors, and catalyst 
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life. The effects of the unique properties of low-rank coals are not 
sufficiently well defined at present to permit direct application of the 
leading liquefaction processes developed for bituminous coals. Current 
understanding of the important effects of these properties is summarized 
below, and explored in more detail in the discussion of liquefaction key 
issues which follows. 1,4 

Oxygen and sulfur content - Higher contents of functional groups 
containing oxygen and the generally low sulfur in low-rank coals 
affect liquefaction chemistry, hydrogen consumption, catalyst 
selection, and to some degree, product d)stribution. 

Reaction with carbon monoxide - Low-rank coals, particularly 
lignite, react very rapidly with carbon monoxide. The chemistry of 
the reactions includes both removal of part of the coal oxygen 
(probably the carbonyl) and interaction with coal moisture to 
provide 11 in situ .. hydrogen. This provides the basis for c:onvP.rsion 
processes for lowarank coals based on ~ynthes is gas rather than 
more expensive hydrogen. 

Mineral matter - The alkar1ne and alkaline earth mineral constit­
uents in low-rank coals may catalyze liquefaction reactions which 
is particularly important in the SRC and EDS processes where no 
catalyst is added to the liquefaction reactor. The dispersed 
character of the mineral matter in low-rank coals may cause cata­
lyst poisoning in systems using synthetic catalysts. Also, ash 
agglomerates containing carbonates may be a problem in processes 
operated on low-rank coals. 

High moisture content - Excess moisture content in low-rank co a 1 s 
adds to the pressure of the liquefaction process unless it is 
removed. Drying tends to deactivate the coal because of surface 
oxidation and collapse of the pore structure. These factors are 
unique to )ow-rank coals in considering research strategies to 
lower pressure in a liquefaction process. Also, evolution of lar~e 
amounts of C02 1 n the process affects both process pressure and 
the related problem of cleaning recycle gas. 

High product viscosity- It is not known which characteristic(s) of 
low-rank coals cause the liquefaction vacuum bottoms product to be 
very viscous. However, this is a consistently observed phenomenon 
which requires more severe operating conditions (higher tempera­
ture, longer residence time) to remedy. 

In summary, the properties of low-rank coals can be expected to 
importantly affect both the process design and the overall. cost of lique­
faction. Positive characteristics of low-rank coals are their relatively 
low cost, high reactivity, natural catalytic activity, and rapid reaction 
with CO. Negative characteristics are the requirement for some additional 
reducing gas, lower liquid yields, and possibly a requirement for higher 
process pressure. 
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Key Issues 

The key issues associated with application of direct li·quefaction 
processes to low-rank coals are listed below and discussed. in the sections 
which fall ow: 

1. Optimization of Process Variables for Low-Rank Coals 

2. Optimization of Recycle Solvents 

3. Control Reactor Solids (Calcium Carbonate) 

4. High Bottoms Viscosity 

5. Techniques for Drying Coal Without Loss of Reactivity 

6. Catalytic Effects of Mineral Matter 

7. Regenerable or Disposable Catalysts 

8. Two-Stage Liquefaction of Low-Rank Coa 1 s 

9. Minimization of ~later Requirement 

10. Economics of Low-Rank Coal Liquefaction 

1. Optimization of Process Variables for Low-Rank Coals 

The significant differences in coal properties· and liquefaction 
behavior as a function of rank imply that the optimal process configura­
tions and conditions will also be significantly different for coals of 
different ranks. The available experimental evidence tends to support this 
hypothesis, as summarized below. Directionally, the effects of the major 
proces~ variables on liquid yields and quality in the leading liquefaction 
processes have been characterized for at least a few low-rank coals. 
However, ·integrated process optimization studies (requiring extensive 
bench- and PDU-scale data gathering, pilot-scale process operability 
testing, and economic tradeoff analyses) have not been performed~ 

The tendency in the current major DOE 1 i quefact ion projects has 
been to test low-rank coals at conditions only marginally different from 
those used fQ.r bituminous coals. This may not be sufficient to identify 
optimal processing schemes for the low-rank coals, since these processes 
have been designed for bituminous coals. In contrast, the liquefaction 

·projects at GFETC and the University·of North Dakota have been exclusively 
concerned with low-rank coals. However, these efforts are orders of mag­
nitude smaller than the SRC, EDS, and H-Coal projects, and do not incor­
porate all of the R&D components (mentioned abo.ve) required to resolve 
this key issue. 
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The process optimization objectives include: (1) production of 
high yields of high-quality liquids (with low viscosity being the primary 
concern for the heavy liquid product); (2) reasonably low hydrogen consump­
tion; (3) low gas yields; (4) minimization of potential operating problems; 
and (5) maximization of overall process economics, as measured by rate of 
return on a project. 

The primary process variables which affect these objectives are the 
liquefaction reactor temperature, residence time, and pressure; the hydro­
g~n donor quality (and other properties) of the recycle solvent; the use of 
synthesis gas versus purified hydrogen; and the sol vent-to-coa 1 ratio in 
the reactor slurry. In addition, many other unit operations in the lique­
faction pl~nt impact, or are impacted by, the process optimization problem. 
Examples are the gas handling and cleanup circuit, the heavy liquids/solids 
processing train~ and the hydrogen (or syngas) generation unit. The 
effects of many of these variables are summarized below: 

Reactor Temperature 

~evera 1 studies have shown that in the presence of a good donor 
solvent, higher reactor temperature combined with shorter residence time 
can improve product yield and viscosity. Tests at GFETC on lignite have 
shown that as temperature is increased from 44ooc to 48QOC:l · 

a. The heavy bottoms yield remains about the same while its 
molecular weight distribution shifts towards lighter compounds, 
and thus its viscosity decreases. 

b. The distillate yield increases from about 30 wt. percent (on 
MAF coal) to about 60 wt. percent. 

c. Total net liquid yield (MAF basis) increases from about 60 wt. 
percent to 95 wt. percent. 

d. The yield of C1-C4 gases (MAF basis) increases from· about 7 
percent to 20 percent. 

e. Synthesis gas consumption increases from about 1.2 percent to 
2. 5 percent. 

.. 
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Similarly, process variable studies on Wyodak Subbituminous coal by 
Exxon .showeq that the C4-lOOOOF liquid yield at 8800F (4710C) and 
25 minutes residence time was equal to that .obtained at 8400F (4490C) 
and 60-80 minutes residence time.2 . An economic evaluation showed that 
the higher temperature operation was somehwat more attractive; however, it 
was eliminated from furth~r consideration in the EDS program due to poten­
tial operability problems. 

a. Use of a heavier solvent to suppress vaporization would involve 
mod if icat ion of . the atmospheric p ipest i 11 overhead system. 

b. High film temperatures in the. slurry furnace tubes would 
·increase the risk of coking, plugging, and tube failure. 

In summary, operating at higher temperature may be advantageous 
with low-rank coals if high solvent quality can be maintained and potential 
operating problems can be solved. 

Reactor Residence Time 

EDS process data indicate that at a constant temperature, the yield 
of C4-lOOOOF liquids tends to increase, peak, and·then decrease as 
liquefaction resident time increases.3 The maximum occurs at different 
residence times for different coals (see Figure 3.5.4~1). At 8400F, the 
yield from Monterey (Illinois) bituminous coal peaks at about 40 minutes; 
Big Brown (Texas) 1 ignite produces the highest y.ield at about 20 minutes; 
and the liquid yield from Wyodak subbituminous levels off at residence 
times above 60 minutes. In addition, for a given coal, the residence time· 
at which the C4-lOOOOF yield is maximized can shift dramatically as the 
temperature is changed. For Wyodak coal at 8800F, the maximum yield 
occurs at a residence time below 25 minutes. 

The reactor residence time can·also have a significant effect on 
the viscosity of the heavy product oil from low-rank coals. EDS data show 
that' both Wyodak and Big Brown bottoms viscosities decline rapidly as 
residence time increases at 8400F, asymptotically approaching the uni­
formly low viscosity of Monterey bottoms3 (see Figure 3.5.4.2). 

An increase in temperature also reduces the bottoms viscosity. Data 
on lignites from batch autoclaves and a continuous stirred tank reactor at 
GFETC corroborate the effects of residence time and temperature on viscos­
ity; these data also provide some interesting insights on the effects of 
residence time distributions in the different reactors.l 
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·F.igur~. 3.5.4.1. 

Yield Response to Liquefaction Residence Time 
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F.i gure 3 .. s. 4. 2 

Effects of Coal Type and Process Conditions on Viscosity of EDS Residual Liquefaction Bottoms 
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Solvent Hydrogen Donor Quality 

Positive effects of operating at higher temperature have been 
cited; these are strongly dependent. on the presence of a good hydrogen 
donor in the reactor. The GFETC experiments which showed dramatic in­
creases in distillate and total liquid yields with temperature using 
tetralin i·n ·anthracene oil as the solvent, showed equally dramatic de­
creases in these yi~lds with temperature using anthracene oil alone. 
Tetralin is a known hydrogen donor; anthracene has no donor quality. 

Catalytic hydrogenation of the recycle solvent to give it good 
hydrogen donor capabilities is the key to the EDS process. The importance 
of solvent quality is also recognized in the SRC process development work. 
The production of ·a high-quality ~ecycle solvent is sufficiently important 
and complex that it is discussed separately as a key issue below. 

However, one "systems integration .. problem that exists in low-rank 
coal liquefaction using synthesis gas does affect the solvent hydrogenatidn 
step. In a process based on synthesis gas, hydrogen remains relatively 
unreacted while most of the carbon ·monoxide is consumed. It may be impor­
tant to find optimum mean~ for using hydrogen-rich purge gas to catalyti­
cally hydrogenate recycle solvent. 

Finding the best conditions for liquefaction of low-rank coals will 
require more exhaustive testing than has been accomplished thus far over 
the domain ·of the three principal variables: temperature, reactor resi­
dence time, and hydrogen donor quality. 

Synthesis Gas versus Hydrogen 

Low-rank coals react preferentially with carbon monoxide in the 
presence of hydrogen and water removing coal oxygen as C02 and for'trdng in 
situ hydrogen by the water-gas shift reaction. This provides the oppor­
tunity· to desi·gn a liquefaction process using synthesis gas rather than 
purified hydrogen as the reactant. This should be advanta-geous, since it 
eliminates the shift and hydrogen purification units from the recycle gas 
system, and reduces overall hydrogen corisumption. 

The use of synthesis gas for liquefaction has been the primary mode 
of operation in the GFETC and UND projects, and is believed by those 
researchers to be the preferred operating procedure -when using 
lignite.4,5 Experiments· in UNO's Solvent Refined Lignite PDU indicated 
that the totul conversion of coal, and yields· of 1 iyhl oil and SRL, in­
creased as the fraction of hydrogen in the feed gas mixture was 
increased.5 ~oweyer, the yield of. 11effect iv~ solvent" for recycle ,was 
maximized _at about 50/50.CO/H2. Overall, the maximum yield of solid SRL 
and so 1 vent was favored by temperatures of 820 to 8300F and 50/50 H2/CQ. 
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The use of synthesis gas has also been briefly examined during the 
development of the EDS and SRC processes. During Exxon's "predevelopment". 
phase, synthesis gas and water were found to ~e as effective as pure 
hydrogen as a liquefaction treat gas when a donor solvent was used. The 
percentage of hydrogen donated by the solvent was higher in synthesis gas 
liquefaction.? The final configuration selected for the EDS process 
utilizes hydrogen, however, even when low-rank coals are the feedstocks. 

In tests at the SRC Wilsonville facility, a North Dakota lignite 
was processed with pure hydrogen and with two mixtures of CO and H2 .a 
In apparent contrast to results at UNO, higher cqnversion was obtained as 
the CO contentration was increased. However, because a larger percentage 
of the CO reacted than H2, an imbalance was felt to exist (presumably 
this would require. the removal of a hydrogen-rich purge stream from the 
reactor system). Also, the yield structure obtained from the lignite under 
all conditions led to a recycle solvent deficiency. Similarly unfavorable 
results were obtained on a Belle Ayr subbituminous coal, using hydrogen as 
the treat gas.9 SRC yields were relatively low, solvent balance was not 
achieved, and high yields of gas (particularly C02 and H20) were 
produced. These unfavorable results were at least partly the result of 
air-drying the feed coal to 7 percent moisture, which oxidized the coal and 
collapsed its pore structure. 

Reactor Pressure 

The driving force for liquefaction reactions. is a function of the 
hydrogen partial pressure in the reactor. Because of the high oxygen and 
moisture contents of low-rank coals, large amounts of C02 and H2 enter 
the vapor phase in the reactor, diluting the concentration of hydrogen. 
Thus a higher reactor pres~ure is required to obtain a specified hydrogen 
partial pressure., compared to a bituminous .coal case in which the hydrogen 
is more concentrated. 

Plant. costs increase significantly at higher pressu're. The lique­
faction reactor requires a thicker shell, and possibly a more costly alloy 
of reduced strength to avoid susceptibility to high-pressure hydrogen 
attack.2 Furnace, separ.:~tion, ;:md hydrogen makeup compression cos~s are 
also increased. In short, there is a strong incentive to decrease the 
reactor.pressure. 

Until recently, the liquefaction experiments at GFETC have been 
conducted at about 4000 psig. Recent work at higher temperature, shorter 
resident time, and with good donor solvents has determined that reducing 
the reactor pressure to 3000 psig causes only minimal differences. At 2000 
psig, the overall conversion was lower, but yields of distillate oil were 

.high.lO The Solvent Refined Lignite tests at the University of North 
Dakota were largely conducted at a reactor pressure of 2500 psig. In both 
of these projects, the lignite was fed with its full moisture content 
( typi c;a liy 30-40 percent); however, the recent GFETC work mentioned above 
has incorporated partial drying of the coal with promising results. 
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In comparison, the EDS and SRC processes, optimized for bituminous 
coals, operate at nominal reactor pressures of 1500 psig. Exxon's extensive 
work with Wyodak subbituminous coal, and limited work with Texas and North 
Dakota lignites, has largely been conducted at this relatively low pressure 
level. The use of a slurry drying step in the EDS process is very likely 
the major factor allowing successful operation with low-rank coals at 1500 
psig. Economic studies by Exxon have determined that increasing the 
pressure is so costly that it is not justified, even under the optimistic 
assumption that the solvent hydrogenation system could be eliminated with 
no yield or operability debits.2 

Solvent-to-Coal Ratio 

The concentration of coal in the reactor feed slurry affects yields 
. and oper~bility, In the absence of these effects, higher concentrations 
would be desirable because less recycle solvent would have to be processed 
and pumped. However, as solids concentration increases, the ratio of 
hydrogen donor to coal decreases. Potential plugging problems also become 
more likely. GFETC data show that the yield of heavy bottom (the 11 Soluble 
but non-distillable fraction 11

) increases with coal concentration in the 
slurrY.. However, the effect on overall process yields is relatively 
small.l Typical· ranges for coal concentration in the various processes 
are 35-45 wt. percent (or solvent-to-coal ratios of 1.2:1 to 2:1). 

2. Optimization of Recycle Solvents 

As described previously, the recycle solvent quality is a critical 
variable which impacts on coal liquefaction yields and product quality. The 
primary function of the donor solvent is to prevent repolymerization of 
coal derived free radicals, and coking. As illustrated in Figure 3.5.4.3, 
the donor solvent contains hydroaromatic compounds such as tetralin that 
donate their hydrogen to thermally decomposed coal fragments, forming 
stable product molecules. ln addition to donating hydrogen, the so·lvent is 
the vehicle for transporting the coal into the liquefaction reactor and for 
promoting the dissolution of the coal particles. 

The issues relative to optimization of rec.vcle solvents for low­
rank coal liquefaction include: 

a. Establishing criteria for solvent effectiveness in a liquefac­
tion process optimized for low-rank coals. 

b. Developing an accurate index for solvent quality applicable to 
low-rank coal liquids. 

c. Determining the effectiveness of low-rank coal recycle solvents 
as a function of reaction conditions, separation techniques, 
upgraqi ng. 
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The criteria for solvent effectiveness (in addition to H-donor 
quality} would be determined by the process requirements. For example, 
high temperature operation with low-rank coals requires a: solvent with a 
sufficiently low vapor pressure to remain substantially in the liquid 
phase.. The choice of a coal drying technique might also impact on -the 
preferred solvent properties. The choice of boiling range of the recycle 
fraction may be constrained by the process yields; i.e., the process must 
produce enough of the des ired fraction for recycle in a continuous mode. 
Data from the SRC, SRL, and EDS continuous units indicate that solvent 
balance is tenuous with low-rank coals. 

The development of an accurate solvent quality index is a prereq­
uisite to reproducible process variable studies arid valid comparisons 
between different invest i gat'ions. Exxon • s proprietary So 1 vent Quality 
Index was developed from extensive studies of model compounds and process­
derived solvents. 7 It varies with the degree of hydrogenation of the 
$Olvent and with the coal. Control of the index is achieved by adjusting 
the hydrotreater temperature and the so'lvent-to-coa1 rat19

1
2 Exxori 

determines the Solven~ Quality Index by mass spectrometry.! Other 
analytical techniques, such as NMR, might be preferable. 

The determination of most effective recycle solvents for low-rank 
coals will require significant efforts. Recent batch autoclave work by 
GFETC and UNO has shown that a heavy process-derived solvent gives better 
yields of dist i

1
ld able oi 1 than hydrogenated anthracene, tetra 1 in plus 

anthracene, etc. However, the additional yield appears to come from 
conversion of the heavy solvent rather than the oil. 

Similar evidence that certain high-boiling liquids have .unique 
hydrogen-transferring abilities has been noted in the SRC development work 
with bituminous coals. In the Wilsonville pilot plants, there has been a 
strong correlation between the presence of nondist i 11 able 1 iqu ids in the 
recycle solvent, and higher coal conversion.l2 (This has been attributed 
at least in part to the increased presence in the reactor of catalytic 
mineral matter, e.g., pyr1tes.) 

In the EDS process, the recycle solvent is a relatively .light 
distillate fraction {440/85QOF boiling range). The selection of this 
fraction was made primarily to minimize catalyst deactivation (by heavier 
liquids) in the solvent hydrogenation reactor.? Both bituminous and 
subbituminous coa·l liquefaction y1elds are stronyly dependent on solvent 
quality, as shown for a generalized case in Figure 3.5.4.4 (with and 
without gaseous hydrogen present in the reactor). Bottoms viscosity is 
s imilarl.Y affected, increasing rap idly as the so 1 vent qua 1 ity inde·x de­
creases.Z Low.:.rank coals tend to produce solvents w1th more sdturdtt:!s 
(poor hydrogen donors) when hydrotrcatcd in tht:! EDS process.· llowever, 
results of EDS process variable studies on Wyodak coal are typically 
reported at an index value of 4; this implies that a high-quality recycle 
solvent can be produced from this coal.2 
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Figure 3.5 .4 .4 
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3. Control of Reactor Solids (Calcium Carbonate) 

A widely experienced operating problem with low-rank coals has been 
the accumulation of solids in the liquefaction reactor. These solids are 
observed both as wall scale and as free-flowing agglomerates. Problems 
caused by the accumulation of solids include: 

a. Reduction of available reactor volume and slurry residence 
time. 

b. Reduced conversion and more viscous bottoms, which can lead to 
solidification and plugging. 

c. Plugging of the reactor or downstream process by the reactor 
solids. 

I~ qeneral, there are two categories of solids which accumulate in 
rea dot'S: B 

a. Coke-like carbonaceous materials, typically formed at high 
temper·dLun:! when solvent donor quality 1s low nr· rlP.pleted. 

b. Minerals and unreacted macerals, which in bituminous coals are 
typically reduced forms of pyrite, plus quartz, anhydrite, and 
calcite; in low-rank coals, these solids are predominantly 
calcium carbonate, which grow continuously in shell-like 
fashion on walls or around inert particles. 

The growth rate of calcium carbonate deposits is a function of the 
ion-exchangeable calcium content of the coal. Low-rank coals typically 
contain 1-2 wt. percent calcium in the form of salts of humic acids. 
(Bituminous coals typically contain one-tenth this amount of calcium, in 
the form of calcite and gypsum, which are stable under liquefaction condi­
tions). The calcium humates decompose in the reactor to form calcium 
carbonate. 

Exxon has studied the formation of these deposits durinq low-rank 
coal liquefaction and has developed several control techniques.~4 Tests 
with Wyodak subbituminous coal, Big Brown lignite, and Indian Head lignite 
showed essentially the same behavior. Both wall scale and oolites (par­
ticles of clay, silica. etc., wh1ch have a un'iform layer of calcium carbon­
ate growing around them) accumulate in the reactor, relatively unaffected 
by temperature, space velocity, solvent quality, or hydrogen rate. A 
significant increase in the accumulation rate was noted, however, when 
pressure was increased from 150U to 2500 ps1g. The wdll ~cale is located 
mostly in the first halt of the reactor, with the heaviest depo~its in the 
zone corresponding to 15-25 minutes residence time. 

Control techniques developed by Exxon include periodic withdrawal 
of free-flowing solids, acid washing of reactor walls during shutdowns, and 
coal pretreatment by ion exchange. The· fi r·st two techniques have appar­
ently have been very effective, and are used as the basis for reactor 
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solids control in Exxon's Study Design Update for Wyoming coal.l5 Pre­
treatment with sulfuric acid, sulfur dioxide, and· f.err.ous sulf~t~ (tp form 
stable calcium sulfate) has been ~ffectiv~ 'in reducing c;:alcium carbonate 
scale in Exxon's bench sc~le units. However, in th~ larger Recycle Coal 

Liquefaction Units, pretreated coal gave no signifi(:ant reduction in the 
amount of solids accumulated (although the percentage of calcium carbonate 
in the solids did decrease).2 

Techniques tried unsuccessfully by Exxon included the addition of 
surfactant rriateri al s to the rea.ctor, and feeding the coal at its as­
received moisture level instead of dried.2,14 

Solids accumulations were routinely observed and studied in the UNO 
Solvent Refined Lignite Pou.15 Two apparent mechanisms were observed: 

a. Settling of clay minerals such as feldspar and quartz along 
with large particles of pyridine-insoluble organic material. 

b. Formation and settling of calcium/magnesium carbonate crystals, 
such as calcite and dolomite. 

Similarly, reactor plugging and retention of agglomerated solids in 
the dissolver were observed at the SRC Wilsonville pilot plant during their 
tests of subbituminous coal and a lignite.8,9 It should be noted that 
the three facilities mentioned above in which calcium carbonate deposition 
has occured utilize tubular reactors with no i~ter~~ls and cocurrent upflow 
of slurry and gas at low space velocities. · 

No buildup of calcium carbonate h&s been detected in the stirred 
batch and cant i nuous reactors at GFETC. However, coke formation has been 
a problem under certain operating conqitions (not related to calcium car­
bonat:e deposition). Reactor coke material from a· recent CSTR run showed 
no enrichment of calcium, magnesium, iron, or sodium.l7 The deposit was 
apparently formed by polymerization, not agglomeration. After approxi­
mately three days of operation, the upp~r l/3 of the reactor was solid 
coke. The bottom of the reactor is stirred by marine propellers. GFETC 
has postulated that the high C02 and H20 CQncentrations in this reactor 
might account for· the absence of calci!Jm carl:>on~te. It is also possible 
that turbulence in the stirred reactor prevents agglomeration. 

4. High Bottoms Viscosity 

Another widely observed probl~m in the liquefaction of low-rank 
coals has been the production' of an extremely visCOL!S bqttoms fraction. 
Th1~ is a JH·oblem both in term~ of product quqlity (e~g •• fuel oil atomiza­
tion specs), and in plant op~rability. For ex~mpl~, in the EDS process, 
high vi seas ity adversely affects thP operation of the vac!Jum tower and the 
fe~d system to bottoms processing (pumping probl~ms occur ~t viscosities 
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above about 50 poise).3 One remedy to·this problem is to change the 
botto~s cut point to include approximately 15 percent of the 10000f 
material. .This lighter material is not consumed in the FLEXICOKING pro­
cess, so no-significant loss of distillate oil yield occurs .. 

Exxon data on the vi seas it ies of .'three 1 iquef act ion bottoms pro­
ducts were shown on Figure 3.5.3.2 in the discussion of the effects of 
reactor residence time. At 8400f~ the low-rank coals must be subjected 
to long residence times in order to bring their bottoms viscosities down to 
comparable level with the bituminous coal bottoms. An alternative is to 
.increase the reactor temperature. At. 25 minutes residence time, Wyodak 
bottoms viscosit}! declines from 160 poise at 8400f (4490C) to 12 poise 
at 8800f (4710C).2 . 

Extensive work at GFETC molecular weight distributions of liquefac­
tion bottQms using calibrated gel permeation chromatography has 
shown:l8_,1 ,5 

a. The viscos.ity is a direct function of the average ~olecular 
weight and the concentration -of pre-asphaltene material. 

b. Tenperature has the greatest effect on the molecular weight 
distribution, with the major peak shifting from 1500 MW to 250 
MW as temperature is increased from 4040C to soooc. 

c. At temperatures of 435 to 45ooc, significant re~uctions in 
molecular ·weight have been observed with increasing residence 
time, especially in the greater than 750 MW material. 

d. The MW distribution is also shifted downward by increasing the 
tetralin (hydrogen donor) content in the feed; this effect is 
more pronounced at 4040C than at 46ooc·or soooc. 

In sunmary, although low-r.ank coals do have a problem with high 
bottoms viscosity compared to bituminous coals, ·solutions do exist. These 
invo·lve either the selection of appropriately severe reactor conditions, or 
changing the distillation cut point to include some lighter material. 

5. Techniques for Drying Coal Without Loss of Reactivity 

The high moisture content of low-rank coals acts·- as an expensive 
diluent in the gas 'phase of the liquefaction reactor, increasing both the 
size and the required pressure of the reactor. ThP.refore, removal of the 
inher-eul moisture tram the coal before feeding it to the reactor is desir­
a b 1 e . II owe v e r , co h vent i on a ·1 a i r-dry i n g t ends to de act i vat e the co a 1 
because of surface oxidation and col_lapse of the pore structure. 
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.. Penetration of the donor solvent into the pore structure of the 
coal is of crucial importance to the achievement of high conversion.!~ 
The physical interaction of the solvent with the coal matrix causes exten­
sive fracture (chemical conminution) of the particles in the early stages 
of liquefaction. This is critical because.to prevent repolymerization, a 
source of hydrogen atoms for capping off free radicals must have a high 
probability of being within a few Angstrom units of any molecular event 
inside a particle in which a thermal decomposition occurs. 

Although conventional drying collapses the pore structure of the 
coal, it also is·kriown to expose highly reactive sites to oxidation. 
Therefore is should be possible to remove the inherent moisture in an inert 
1 iquid or gaseous rnedi.um which would preserve or enhance the react·ive 
surface area of the coal for liquefaction. 

The EDS process employs a slurry drying step which appears to be of 
interest in this regard. Exxon developed the process to .simultaneously dry 
the coal while preparing the coal slurry feed for liquefaction.? (In 
addition to the effects of conventional drying on liquefaction reactivity, 
Exxon cites the large energy consumption, particulate cleanup requirements, 
and potential fire and explosion hazards as other disadvantages of conven­
tional air drying.) In this scheme, crushed coal and hot recycle solvent 
are fed separately to a well-stirred tank maintained at about 250-35QOf 
and near atmospheric pressure. Moisture evo 1 ves from the co a 1 particles 
and bubbles up through the hot solvent. No oxygen comes in contact with the 
hot coal. The evolving moisture generates a foam, so space is provided for 
this. The evolved moisture along with some stripped solvent vapor is 
withdrawn from the slurry drier and condensed. Condensed solvent is 
returned to the drier while the water is removed for subsequent water 
treating. Adequate residence time is provided to dry the coal slurry to 
less than 4 wt. percent on dry coal feed. Heat. required to vaporize the 
water from the coal is provided by recycling a portion of the slurry 
through a heat exchanger. 

This simple drying process integrates efficiently into the feed 
system of the liquefaction plant. It appears to provide the intimate 
contact desired between the solvent and the coal, prior to the removal of 
the coal moisture. The yields obtained in the EDS process from subbitum­
inous coal and lignite are sufficiently high to indicate that the reactiv­
ity of the co a 1 is not impaired by the drying. 

In contrast, the 1 imited testing that has been done on low-rank 
coals at the .SRC Wilsonville pilot plant has involved pre-drying of the 
coa 1 in hot air or nitrogen. The North Dakota 1 ignite was nitrogen-dried 
from 35-38 percent to 21-23 percent moisture. a The conversions obtained 
in these tests were quite poor; sol vent deficiency· was experienced; and the 
effect of adde~ ¢0 to the treat gas was directionally inconsistent with· 
results from GFETC and UND. The Belle Ayr subbituminous coal was pul­
verized and dried to 7 percent (method not reported) and 11 probably 
oxidized ... g Again, results were poor compared to bituminous coals tested 
in the WilSonville plants, as well as to subbituminous coals tested in 
other liquefaction facilities. 
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In summary, finding a method to dry low-rank coals without deacti­
vating them for liquefaction is an important aspect of the overall process 
optimization problem. The slurry drying scheme employed in the EDS process 
appears to be an effective and efficient means of accomplishing this 
objective. Comparative data should be obtained on 1 iquefact ion process 
yields and operating parameters when using this technique to achieve 
various levels of moisture removal from different coals. 

6. Catalytic Effects of Low-Rank Coal Mineral Matter 

The finely dispersed alkaline and alkaline earth mineral consti­
tuents in low-rank coals may catalyze liquefaction reactions. This would 
be particularly important in the SRC and EDS processes where no catalyst is 
added in the liquefaction reactor. The effect has been observed qtialita­
tively in the UNO Solvent Refined Lignite PDU, when liquefaction yields of 
Ro~~~~rl (higher ash) coal were compared with Decker (lower ash) coal. The 
Rosebud coal produced lower net gas yields, and higher net 11qu1d y1eld!; 
(28 percent versus 22 percent Of the net liquid~), with overall SRL yields 
remaining about the s arne. 

More .recently, UNO has conducted preliminary batch experiments in a 
program designed to identify the catalytic effects of low-rank coal mineral 
matter.l7 So far, any such effects have proved elusive. In fact, lower 
ash coals gave higher conversions than higher ash Beulah lignite under the 
same conditions. More work needs to be done on the chemistry of this 
natural catalysis. The effects appear to be small enough to be masked by 
other differences in coal properties. 

7. Regenerable or Disposable Catalysts 

. In liquefaction of high-sulfur Eastern bituminous coals, higher 
distillate _yields obtained when heavy liquid is recycled have been attri­
buted to the increased presence ot mineral matter.l2 In particular, 
pyrite or its reduced forms (pyrrhOt 1te, Tro11 H!:!) diJIJ~lt.i' to have high 
catalytic activity in SRC-type processes. This catalytic activity achieves 
extensive hydrocracking of the dissolved coa1.20 The mineral residue 
activity varies, but all high sulfur Eastern bituminous coals tested have 
shown good conversions at relatively mild reaction conditions. 

This observation has prompted researchers to consider the use of 
added pyrites as regenerable or disposable catalysts in liquefaction of 
coals which have low concentrations of these materials. It has been shown 
that adding pyrite can reduce react ion temperatures without significant 
loss of liquefaction yields. Alternatively, adding about 5 p·ercent pyrite 
increases the amount of liquid fuel that can be recovered from bituminous 
coals about 10 to 15 percent at constant reaction conditions.21 The goal 
of the current DOE effort is to fi~d more active catalyst species that will 
allow a reduction in catal.vst concentration.22 In particular, synthesis 
of a colloidal, highly active form of iron sulfide is being pursued. 
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The relevance of this work to improved liquefaction· of low-rank 
coals needs to be determined. Because low-rank coals generally require 
more severe processing (temperature or residence time) to achieve accep­
t_able product yields and quality, the potential usefulness of an effective 
inexpensive catalyst is high. Possible interactions of the added compounds 
with the alkaline mineral matter typical of low-rank coals would have to be 
determined. 

8. Two-Stage Liquefaction of Low-Rank Coals 

DOE and EPRI are investigating a two-stage 1 iquefact ion process 
that operates at relatively mild conditions to produce a high yield of 
high-quality distillate fuels.l2,13 Overall hydrogen consumption would 
be comparable to other direct 1 iquefact ion processes. Three key elements 
comprise the process: 

a. A relatively mild noncatalytic solvent extraction operation 
(e.g., 750-8500F, low residence time). 

b. Solvent deashing to prepare a selective recycle solvent stream 
with simultaneous rejection of solids. 

c. A mild catalytic hydrotreating operation to produce high­
quality distillate fuels. 

While apparently more complex than existing single-stage processes, 
the two-stage process may prove· to be more economi ca 1 because operating 
conditions are less severe and hydrogen is used more selectively. Rela­
tively little hydrogen is used in the extraction stage; more is used in the 
hydrotreatin~ stage to crack the extract to distillate and remove sulfur 
and nitrogen. One of the key features of the process is that the so 1 vent 
deashing rejects some heavy liquids with the ash. Hydrotreating the clean 
extract is much easier than treating filtered SRC that contains heavy 
liquids (i.e., hydrogen consumption and catalyst fouling rates are lower). 

This interesting process should be explored from the special 
perspective of low-rank coals. For example, answers to the following 
quest ions may reveal unique oppnrtunit ies for these feedstocks: 

a. Given the high reactivity of low-rank coals with carbon monox­
ide, would the process be better with syngas or purified 
hydrogen in the solvent extraction stage? High-purity hydrogen 
would in any event be manufactured in the plant for hydro­
treater use. 

b. Would the high bottoms viscosity obtained with low-rank coals 
preclude the use of low-severity solvent extraction conditions 
because of difficulty in pumping the. raw extract? Alterna­
tively, would the two-stage process be effective in overcoming 
the high bottoms viscosity problem through the combination of 
solvent deashing and hydrocracking? 
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c. Given the possibility that low-ran~ coal mineral matter could 
poison or accelerate the fouling of supported catalysts (e.g., 
in the H-Coal process), would the use of the two-stage process 
be an effective alternative to H-Coal for low-rank coals? The 
solvent extract ion and de-ashing steps are in effect a 11 Super­
cleaning ... coal preparation process to provide acceptable feed 
for the hydrogenation step. · 

9. Minimization of Water Requirements 

Coal liquefaction plants utilize comparable quantities of fresh 
water and produce similar amounts of dirty water to co a 1 gas if icat ion 
J)lants.11 Therefore the same general considerations apply, as discussed 
in Section 3.5.3.1. Net plant water consumption can be adjusted over a 
wide range by the designers in response tQ local requirements and costs. 

As in coal gasification plants, the largest consumer of water is 
evaporative cooling. The liquefactio~ ~ection of the plant does not 
account tor the major heat load; the driving energy for tui"b'ir'n:~s and 
compressors does. Specifically, cooling of the turbine condensers and 
compressor interstages accounts for ~ lmost 60 percent of the water evapo­
rated (when high use of wet cooling is made). In arid regions, when a 
combined wet/dry cooling system is employed, the total evaporated water 
requirement can be reduced about one half. This point is illustrated in 
Table 3.5.4.1,. which shows relative water ·consumption figures for various 
levels of wet and dry cooling in 11 typical 11 liquefaction, SRC, and oil shale 
plants. The ranges in each case are functions of the region (and corres­
ponding coal type) assumed, as illustrated in Figure 3.5.4.5 for the 11 high 
wet cooing 11 case. Although the specific liquefaction design assumed for 
these estimates (Synthoi 1) is· no longer of interest, specific comparisons 
were made with H-Coa 1 and EDS processes and no major differences were 
noted. 11 

Of the direct heat losses in a liquefaction p1ant, the one most 
affected by the co a 1 rank is . the energy needed to dry the co a 1 for 1 ique­
faction. This is a large heat load, and is ·directly proportional to the 
coal moisture. Note, however, that in a slurry drying processs such as the 
one employed by Exxon, the moisture removed from the coal is captured, 
condensed, and routed to the phenol extraction unit. As in gasification, 
this coal-derived water represents a very significant fraction of the 
piant's net water requirement when high-moisture low-rank coals are uti­
lized. (Recovery· of this water was not assumed in the calculations leading 
to Table 3.5.4~1 and Figure 3.5.4.5. However, a significant effect of coal 
oxygen content on the net p·rocess 'water requirements was noted, presumably 
because this oxygen was assumed to be removed by react ion with hydrogen and 
the result i~.9, water recovered. This effe~t would not be as noticeable if 
syngas were utilized in place of hydrogen, because the coal oxygen would 
then be rem~ved predominantly as C02.) 
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Synthoil 

SRC 

Table 3.5.4.1 · 

Water Consumption for Standard Si~~ 
coa 1 Liquefaction· and SRC Plants a · 

(Gallons per 106 Btu of fuel product) 

Minimum Practicalb 

Wet Cooling 
net cooling 
water water 
consumed consumed. 

11-16 

5-10 

7-8.2 

2.7-2.8 

Intermediate 
. ; . 

Wet Cooling-
net . cooling 

. water water 
consumed · consumed 

High 

. Wet ·Cool in.g 
,net coolinq 
water water 
consumed consumed 

17-20 

10-15 

12.9-15 

7.3-7.5 

Oil Shade 
(Paraho Direct) 

12-16 

5-11 

19 

7.9-9.1 

3.2-3'.3 

11.6 

Notes: aSee Figure 3.5.4.5 for explanation of standard ·size plants and 
ranges •. ·All plants are at the minemouth; water consumption . 
for extraction and revegetation operations, etc., i? included. 

bin 11 minimum practica(wet cooling, .. _wet cooling handles 10% 
of the cooling load on. turbine ~ondensers and 50% on inte~­
st"age coolers. In .. intermediate wet cooling, .. wet cooling 
haridles 10% of the turbine condenser load and all'of the inter­
stage cooler load. All loads are wet cooled in the 11 high 
wet cooling .. case · 

Source: Reference 11 
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Fig·ure 3.5.4.5 

Net Water Consum tion for Stand~rd Sizea Coal Li uefaction, Clean 
Coal, and Oil Shal~·Pla~t$ FC~ F6~t Cot~~tS R~ lO~t·Fu~·Fott U~ion 
Region; PR, Powder River Region;·A, Appa ac 1an Bas1n; I, I inois 

Basin; GR, .Green River FOrrilationb 

Notes: 

.;; 
...... 
;:: 
c.. 
::E: 
:::> 
V> = 0 
u 

"' 1000 .... .... 
< :a 

COAL LIQUEFACTION CLEAN COAL OIL SHALE 
(FUE OIL) (SOLVENT REFINED COAL) (SYNTHETIC CRUDE) 

SYNTHOIL 

~MINING, DISPOSAL & OTIIER 
D COOLING 
l:] NET PROCESS 

m SPENT SHALE OlSPUSAL 
I'D RETORTING & UPGRADING 

SRC 

astandard size plant.s fre as follows: Synthoil - 50,000 B/0 of.fuc1 
oil output (3.1 x 10l. Btu/day);SRC- 10,000 T/D of SRC (3.2 ~loll 
Btu/day; Oil Shale - 50,000 B/D of synthetic crude (2.9 x loll Btu/ 
day). 

bcoals and their respect.ive moisture and ash r.ontentc; (~eight basis) 
assumed for each reg.ion are as follows: Four CornP.rs Subbit'Jminous 
12.4% moisture, 25.6% ash; Fort Union Lignite - 36.2% moisture, 8.6% 
ash; ·Powder River Subbituminous - 30.4% moisture, 7.8 ash; Appalachia 
Bituminous - 2.3% moisture, 9.7% ash; and Illinois C Bituminous-
16. 1% moisture, 7. 4.% ash. 

Source: Reference 11 
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For example, in the case of Fort Union Lignite illustrated in the 
Table and Figure, the net water consumption of the plant would be approxi­
mately 40 to 50 million lb/day (4.8 to 6 million gallons/day) depending on 
the relative use of wet and dry cooling (but not assuming extreme use of 
either). Coal moisture entering the plant would be approximately 23 
million lb/day (31,600 t/d lignite at 36.2 percent moisture). If the coal 
slurry were dried to less than 4 percent moisture (dry coal basis) and the 
water recovered as in the EDS process, approximately 20 mill ion lb/day of 
water would be supplied from this source. In comparison, the case of 
Appalachian bituminous coal shows essentially the same net water consump­
tion of 40-50 million lb/day in the standard size liquefaction ·plant. 
However, coal moisture entering the plant amounts to only 0.74 million 
1b/day (16,000 t/d coal at 2.3 percent moisture). · 

In summary, it appears fortunate that high-moisture, low-rank coals 
are available as liquefaction feedstocks in arid regions of the country. 
This coal moisture can be utilized, along with increased air cooling and 
pur if icat ion and recycle of wastewater, to substantially reduce the very 
large water demands of these plants. The costs of these conservation 
measures are significant but relatively sma11 fractions of the product 
costs (approximately 1 percent for moderate designs, but never more than 5 
percent in any case)Jl The issue is therefore one of engineering dPsign 
and economic trade-offs which will differ for each individual case accord­
ing to technical, economic, environmental and political constraints. 

10. Economics of Low-Rank Coal Liquefaction 

In virtually all coal conversion technologies which have been 
proposed to dat.e, the purchase cost of the raw coal has been by far the 
most significant operating cost. As such, the dramatically lower prices 
which currently are available for low-rank coals compared to bituminous 
coals suggest that their use as feedstocks for coal liquefaction may be 
economically attractive. However, the issue is complicated by the fact 
that low-rank coals produce lower yields of saleable products per ton of 
materia 1 processed. In add it ion, the substantially different properties 
displayed by low-rank coals will most likely dictate that optimal liquefac­
tion process conditions are different from those found for bituminous 
coals. These process modifications will affect both capital and operating 
costs, in certain cases representing increases and in other cases decreases 
relative to higher-rank coal feedstocks. 

A completely satisfactory assessment of this issue would require 
detailed economic comparisons based on optimal plant designs for the two 
coals. However, the pilot plant operating and cost data required for such 
an analysis are not available at this time. In the absence of such data, 
some indication of the economic driving force may be obtained by consider­
ing the relative values of the feed and product streams in the two cases 
(i.e., the value added). This type of evaluation is extremely rough, and 
treats the liquefaction plant itself as a 11 black box 11 with no assumed 
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differences in capital or operating costs. Implicit in the analysis are 
product yield structure \'lhich are significantly different for the two 
feedstocks, as suggested by experimental data. · 

To illustrate the complexity of the issue and the sensitivity of 
the calculations to assumptions made, two comparative examples of liquefac­
tion· economics are presented here. The first example is based on the 
SRC-II process and is strictly a "value added" comparison of the perfor­
mance of a lignite and a bituminous coal feedstock. It incorporates the 
current best estimate by GFETC of an attainable yield structure from the 
North Dakota lignite in an SRC-II plant optimized for the feed. The second 
example is based on detailed· engineering/economic screening studies by 
Exxon for three coals in the EDS process. In this case, process cost 
estimates are available as a result of many manyears of engineering analy­
sis and linear programming model optimization; however) the EDS process 
configuration and yields applied to the ·low-rank coals probably do not 
represent optimal conditions. 

The ?CR-II example is derived from a report by Gulf Mineral 
Resources Company20 examining the economic viability of a commercial­
sized plant feeding 33,500 tons per day of West Virginia coal. Tne feed and 
product flow rates assumed for this plant (Case A) are shown in Figure 
3.5.4.6. A similar input/output estimate of the yield pattern for a 
lignite-fed SRC-II process was made based on results rif lignite liquefac­
tion experiments conducted at the Grand Forks Energy Technology Center and 
University of North Dakota. Assuming that the SRC-II process could be 
modified to produce these yields, one lignite-fed comparison case (B) was 
sized to produce the same yield of naphtha/light distillate oil as in the 
bituminous coal-fed plant. This yield ·structure is also shown in Figure 
3.5.4.6. . 

One difficulty in comparing the liquefaction economics of two 
distinctly different feedstocks is the selection of an "eq~ivalent" plant 
size for the second coal. Several logical definitions of equivalency with 
the base case could be used. The cases considered in th1s ana1ys1s are the 
following: · 

1 Case A- Bituminous Coal-base case - 33~500 •T/D (as received). 

• Case B- Lignite - naphtha/light distillate product1on equal to 
Case A - 42,633 T/D (as-received) 

1 Case C- Lignite- fuel oil production equal to Case A- 67,520 
T/D (as received) 

1 Case D Lignite - total product BTU output equal to Case A 
69,331 T/D (as received) 

1 Case E- Lignite~ moisture-free tons/day of coal feed equal to 
Case A - 51,300 T/D (as received) 
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Figure 3.5.4.6 

SRC-II Yield Structures Assumed for the Value Added Comparison 

(1) 
CASE A: Bitu~inous Coal Feed (base case} 

33,500 T/SO 
W.Va. Coal 

SRC-II 

Process 

~High Btu fuel gas, 50 x 1~9 Btu/0 

_ _, C2H6, C3Ha ~ 3000 T /0 
~-~ C4H10, 300 T /0 

>Naphtha and light distillate, 17,000 B/0 
:>Heavy Fuel Oi 1, 56,000 B/0 

By-Product: Tar Acids, 240 B/0 

(2) 
CASE B: qgnite Coal Feed - Equal Naphtha/Light Distillate Production · 

46,210 T/SO) 
N. 0. Lignite 

Modified 
SRC .. II 
Process 

Notes: 1. Source- Reference 20 

--~Fuel Gas, .1.46 x l.ollBtu/0., 

~-~'aphtha/Light Oistillate,.l!,OOO BPO 

By.:.Products: 

Oil, 35,359 

Phenols~ Cresols, 111 TPO 
Gasifier Tar,. 305 TPO 

2. Source- Personal communcation from W.G. Willson and G.G. Baker (GFETC), 
February 1980 
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As indicated, cases B through E represent lignite-fed plants of 
widely varying size. This implies that the economic comparison is very 
sensitive to the definition of equivalency that is selected. Similar-ly, 
the comparison is very sensitive to the coal and product prices assumed. 
Table 3.5.4.2 shows the standard set of prices assumed for all case~, based 
on February 1980 market values. · 

As stated previously, this economic comparison is limited to a 
ca lcul at ion of the 11 Va lue added, 11 or the revenues received from product 
s~les minus the expenditures for coal feedstock, in each base. Purely from 
an economic viewpoint, it is hoped a rough indication of the desirability 
of lignite vs. bituminous coal as a liquefaction feedstock will be revealed 
by this analysis. Table 3.5.4.3 shows the results of applying the standard 
coal and product prices to cases A throi,Jgh E. Figure 3.5.4.7 plots the 
11 bottom line 11 of this analysis, graphically showing the sensitivity of the 
value added comparison to the size of the lignite-fed plants. 

The calculations indicate that liquefaction of lignite generates a 
11 Value added 11 somewhat less than that of bituminous coal- when the two 
plants are fed at the same moisture-free coal rate. When the plant!; are 
sized to produce equal total product heating values or equal heavy fuel oil 
yields (i.e., when the lignite plant is made larger), lignite generates 
slightly more value added. Because the assumed lignite yield structure is 
skewed toward the ·lighter products, relatively less lignite is required to 
generate an equal yield of naphtha/light distillate (compared to the other 
lignite cases), creating less value added in that case. 

The sensitivity of these results to changes in the assumed coal 
costs is illustrated in Figure 3.5.4.8. The horizontal dotted line indi­
cates the breakeven value added at the base case bituminous coal cost of 
$35/ton. For example, when the plants are sized for equal total-BTU output 
(Case D), lignite produces more value added as long as its price is below 
$12.50/ton (with bituminous at $35/ton). 

If capital and operating cost estimates are available for each of 
the cases, a discounted cash flow analysis would reveal the most attractive 
investment. In the absence of ~uch estimates the 11 Value added 11 cash flows 
can be used to indicate the conditions under which a lignite-fed plant 
would be a more attractive investment than the bituminous coal-fed plant. 
This is illustrated in Table 3.5.4.4. The total investment estimated by 
Gulf Mineral Resources Company for the bituminous coal-fed plant is $1.725 
billion; annual operating costs (ex coal) are $96 million. Ignoring taxes, 
depreciation, etc., the net present value of this assumed 20-year project 
(discounting all cash flows at 15 percent is $1.39 billion. 

Costs have not been estimated for the lignite-fed plants. However, 
in the Table we have assumed for illustrative purposes that the operating 
costs of lignite PlantE are $96 million/year, and that in the other plants 
they are proportional to the lignite feed rate. We have then calculated 
the plant investment in each case that gives the project a net present 
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. Table 3.5.4.2 

Coal ·and Product Prices Assuriled.for 
·the· SRc.:. I I.· Etonomi c ·Comparison· 

Coal ·prices 

l. West Virginia Bituminous; $/ton 

2. North Dakota lignite, $/ton 

Product a lid . Bt.:. Product. Pri tes 

l. Fuel Gases and c1-c4 hydrocarbons, ${106 Btu 

2. Naphtha and light Distillates, $/gal 

3.· Fuel Oil, ${gal 

4. Heavy Oil, $fga l 

. 5. Phenolsfcresols, $/lb 

6. Gasifier tar, $/ton 

7. Tar Acids, $/lb 
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35.00 

ll.50 

.4.00 

0.80 

. 0. 70 

0.60 

0.20 

80.00 

·1. 50 

(Approximate 
$/106 Btu) 

(1.34)· 

(0.86) 

(4.00) 

(5.93) 

(5.00) 

(3.95) 

(13.00) 

(2.42) 

( l 00) 
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U"1 
CO. 
I . 

Case A 

Table 3.5.4.3 

Value Added Calculations for Lignite and Eituminous 
Coal in the SRC-II Liquefaction Process 

B c D 

Coal W. V a.B itumi no us N .D .Lignite N.D.lignite N.D.L ignite 

Description Base Case. Equal Naphtha/ Equal Fuel Equal Total-
Light Dis- Oil Product Btu 
tillate Prod. Production OutQUt 

Coa 1 Feed Rate, TID: 
(as received) 33 ,E·OO 42,633 67,52.0 69,331 
1011 Btu/day 8.78 . 5.46 8.65 8.88 

Production: 
Fue 1 Gas,. 1011 Btu/Do 0.50 0.33 0.53 0.54 
Naphtha/Light 
Distillate, B/D . 7,000 . 17,000 26,924! 27,646 
Fuel Oil, B/D 56,000 35,359 56,0CO 57,502 
Total, 1011 Btu/day 6.49 3.99 6.32 6.49 
(including. by-products) 

Cash Flows., 1Q6$/Year:2 
Product Revenues 946 523 829 851 
Coal Cost 352 147 2':'; ........... 239 
Value Added 594 376 5S6 611 

Incremental Value 
Added Compared to c·ase A (218) 2 17 

Notes: 
lcoal moisture contents are as'sumedl to be 2·.3% for W.V_a. Bituminous Cl'ld-36.2% for N.D. Lignite. 

2360 operating days per year. 

E 

N.D.Lignite 

Equal T/D of 
Moisture-Free 
Coall 

51,300 
6.57 

0.40 

20,456 
4'2 ,547 

4.80 

630 
177 
453 

( 141 ) 
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Figure 3.5.4.8 

SensitivitY of.SRC-11 V~lue Added Comparison to coal Prices 
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Table 3.5.4.4 

Calculation of Plant Investments to 
- ·.Equalize ProjecLNet Present Values 

.B c 
Coal W .Va.:S itumi-nous N :D .Ltgn·i te N . D . L i gn i te 

Descr .i pt ion 

.Base Case 

Annu a 1 Cash Flows, 106/.year: 
Value 'Added 
Qperat ing Costs 

Tot:al 

594 
'(':96.) 

:"498 

Present Value of .Annual N,et 
Cash Flows at 15% :(20 years), 
106 $ . 3117 

p·la:nt Investment, 106 $ (1725) 

Net Present .Value, Jo6 1392 

I Increase (Dec~ease) 
of P 1 ant Investment 
'IS Case A 

Equal Naphtha/ 
Li]ht Distillate 
Production 

376 
(80) 

296 

1853 

( 461). 

1392 

(73) 

Equal Fuel Oil 
Production 

596 
(126) 

470 

2942 

(1550)~ 

1392 

(10) 

D 

N.D. Lignite 

Equal Total 
Product Btu 
Output 

611 
(130) 

481 

3011 

(1619') 

"1392 

(6.) 

E 

N . D . L ignite 

Equal T/D of 
Moisture-
Free =Coal 

453 
{96) 

J57 

2234 

:(.842) 

13.92 

("51) 



value of $1.39 billion, thus making it ·an 11 equally attractive investment 11 

to Case A. For example, if an 11 equal product Btu 11 -sized lignite lique­
faction plant (Case D) can be built· for less ~than 6 percent under the 
cost of the bituminous. p.lant, it will provide a larger return to the in-
vestor. · · · · 

It is important to recognize that this analysis is useful at best 
to establish a trend. The effect of process design on coal consumption and 

.·yield pattern· should not be overlooked, and has received only a brief 
·consideration in preparing this exercise. Further work should be oriented 

at the effects of process optimization and yield selectivity on process 
economics. At a minimum, it can be concluded that liquefaction of lignite 
warrants further development work and evaluation along with hi_gher ranks of 
coal. 

The second example of comparative liquefaction economics is a 
summdry of Exxon•s process variable screening studies on the EDS' 
process.l5 An economic comparison was made among selected 11 best cases 11 

for three coals:. Biq ~rown (Texas) lignite, Illinois #6 (Mnnt~ri:'y) bitum­
'i nous; and Wyodak (Wyoming) subbitumi no us coal. The comparison includes 
estimated differences in coal prices ~nd location effects. All ca.ses 
ref'lect Iilinois product/byproduct values and utility costs. A summary of 
the three 11 best cases 11 for the once-through FLEXICOKING/part i al oxidation 
EDS configuration ·;s shown in Table·3.5.4.5. ·. 

As shown,·the Texas lignite-fed plant is estimated to be 15 percent 
less expensive··to construct than the Illinois bituminous plant, which in 
turn has a 16 percent lower investment cost than the Wyoming subbituminous· 
plant. When the location credits/debits are removed, the three plants are· 
seen to be nearly·equivalent in cost (lignite 6 percent higher than bitum­
inous; subbituminous 8 percent greater than bituminous). When the annual 
revenues, operating costs, and coal costs are considered, and the invest­
ment costs are annualized by a capital recovery factor, the net cash flows· 
for all three cases are negative. Illinois coal prov.ides the best (least 
negative) cash flow of $98 million/year); the li9nite plant•s cash flow is 
18 percent lower at $116 million/year); and the subbituminous plant is 74 
percent lower at ($171 million/year). As shown at the bottom of the table, 
these estimates are very sensitive to the location credits and co a 1 costs 
assumed. The costs of calcium carbonate reactor solids control are also 
seen to be substantiated in the sensitivity analysis. 

Exxon•s conclusion from this analysis is stated as follows:lS 
. '' 

11 The overall results of this screening study indicate that, in 
general, it is more economic to use Illinois coal as feed to an EDS plan 
rather than Big Brown or Wynrtak coals. With estimated location effects 
included and excluding any operability problems, net cash flows of 11 best 
case11 Big Brown and Wyodak cases are lower than Illinois by $20 million/ 
year and $60 million/year, respectively. Only under the most optimistic 
circumstances can Big Brown become about a standoff with Illinois coal. 
Without the significant location factor credit, Big Brown becomes the least 
attractive coal. .. 
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Coal 
Li~'n Conditions. 
Case Number 

Investments, $MM TEc(l) 

L iq'n/Sol. Hyd. (2) 
H2 Generat i ori 
Fuel Generation 
Other 
Location (Credit)Debit(3 

Total 

Operating Costs, $MM/yr 

Coal(4) 
By-products 

c2- . ( ) 
. Sulfur, NH3 5 

Catalyst/Chemicals 
Purchased Utilitie~(6)) 
Investment Relatedl7 . 

Total 

Revenues, $MM/yr 

c . .. 3 
C4 
Naphtha 
LSFO 
RSFO (Scrubber Bottoms) 

Total 

Net Cash Flow, $MM/yr 

(continued on next page) 

Table 3.5.4.5 

Big Brown 
840/40 

854 

103! 
458 
372 
949 

(563) 
2253 

168 

( i 25) 
( 12) 

3 
44 

507 
585 

44 
24 

234 
131 

. 36 
41;9 

( 116) 
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I 11 i noi s 
840/40 

563 

897 
416 
327 

1025 

~ 

204" 

( 139 ). 
(25) 

. - 8 
50 

. 601-
699 

41 
40 

260 
233 

27 
60T 

(98) 

Wyodak 
840/60 

851 

1110 
429 
382 
958 

-303 
3'TS2" 

59 

(140) 
( 5) 
3 

48 
716 

68T 

40 
37 

257 
143 
33 

""1mT 

( 171 ) 



Table 3.5.4.5 (continued) 

Exxon Donor Solvent Engineering Process Variables 
Screenin Studies "Best Case" Economic Com arison 

Once Through Flexicoking Partial Oxidation) 

Coal 

Sensitivities on Net Cash Flow 

I. No Location Credit/Debit 
II. Big Brown Lignite Cost 

$15.50/T 
$20.50/T 

III. CaC03 Cleanup 

Notes: 

r.nntrullt:!ll S~dlluy 
S02 Pretreatment 

Big Brown I 11 inoi s 

(243) (98) 

(93) (98) 
( 140) (98) 

( 129) (98) 
( 15~) (98) 

Wyodak 

( 103) 

( 171) 
{ 171) 

( 18G) 
(203) 

11985$ basis. Investments are based on the 1975/1976 EDS Study Design 
and its configuration (20 kT/SD dry coal feed). Same Process Development 
Allowances (PDA) for all coals. 

210% was added to the liquefaction/solvent hydro investments in the 
Big Brown and Wyodak cases to reflect an increase in solvent-to-coal ratio 
from 1.2 (Illinois coal) to 1.6. 

3Big Brown cases include a 20% location credit over a Western Illinois 
location. A $300 MM location debit was added to the Wyodak cases to reflect 
a Wyoming location relative to Western Illinois. 

4Illinois coal at $27.80/T; Wyodak coal at $6.50/T; Big Brown lignite 
at an average estimated value of $18.00/T. 

5By-product prices are 1975/1976 EDS Study Design values of $80/LT for 
sulfur, $228/T for ammonia based on Illinois coal. 

6utility prices are 1975/1976 EDS Study Design values of 3.5¢/KWH for 
purchased power, 20¢/kgal for raw water based on Illinois coaL 

?Reflects Illinois capital recovery factor of 17.2% of TEC. (15% 
current $ DCF ·ret~rn on investment) 

Source: Reference 15 
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As the previous analysis of SRC-II economics showed, this type of 
comparison is very sensitive to the definition of "equivalency" used in 
establishing the relative plant sizes. Table 3.5.4.6 shows the coal feed 
and product flow rates utilized by Exxon in their analysis. The plants are 
sized on an equal moisture-free coal feed basis of 20,000 TID. (Subsequent 
Exxon studies of economics of scale have indicated a desirability to 
increase the I.llinois coal feed rate from 24,000 to 30,000 T/0.2 This is 
analogous to Case E in the SRC II study. The value added in each case is 
indicated in Table 3.5.4.6. as well. In Figure 3.5.4.9, the sensitivity of 
the value added calculations to the low-rank coal plant sizes are plotted 
for the same cases considered in the SRC-II study. The same trends are 
observed in the EDS cases (compare with Figure 3.5.4.7), with two notice­
able differences: 

a. The low value of Wyodak coal {$6.50/ton) gives it a substantial 
value added advantage over the Illinois coal in all cases; 
conversely, the realtively high value assigned to Big Brown 
lignite {$18.00/ton) makes it compare poorly. 

b. The relative value added of Cases E and B are reversed in the 
EDS process compared to the SRC-II process. This is because at 
equal moisture-free coal feed rates, the EDS .process gives 
lower naphtha yields for the low-rank coals while the SRC-II 
process gives a higher naphtha/light distillate yield from the 
lignite compared to bituminous coal. This difference may 
reflect 1) a real difference between the two processes; or 2) a 
failure to optimize yields in one of the cases; or 3) merely 
estimating error. 

The availability of plant capital and operating cost estimates for 
the EDS cases allows a more rigorous ex ami nat ion of the effects of the 
"equivalent" plant size assumption. A well-accepted rule of thumb is that 
plant capital costs increase in proportion to a fractional exponent as 
plant capacity increases: 

Investment 2 
Investment 2 

= ~ D 
0.6 

Capacity 2 
C:r~pr~city 1 

The exponent varies for different types of equipment, but 
value and is selected here for illustrative purposes. 
shows the EDS investment costs and annual net cash flows 
the low-rank coal plant capacities, assuming: 

0.6 is a typical 
Figure 3.5 .4 .10 

as a function of 

a. Investment costs increase with capacity to the 0.6 power. 

b. All operating costs and credits increase linearly with capacity 
(Note, however, that the annual net cash flow as calculated by 
Exxon includes the annual1zed investment cost, which follows 
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Coal 

Coal Feed Rat.e, T/sol 
- Moisture-Free Basis 
- As Received 

Product Rates, B/so2 · 
C2/C4 LPG 
Naphtha 
Fuel Oil 

Value Added, 106$/year3 

Table 3.5.4.6 

Feed and Product Rates Used 
in Exxon Scr~ening Studies 

· Big Brown Illinois 

20,000 20,000 
3Q,OOO 24.000 

6,700 8,000 
19,000 22,000 
19,1.00 29,800 

45,600 . 59,800 

301 397 

Notes· · 
icalculated from coal co~ts give.n in Table 3.5.4.5. 

.. 

2Illinois product rates as reported for the 1975/1976 EDS Study 
Design, in Reference 2 (page 147). Big Brown and Wyodak. product rates 
ratio~d from Illin6is rates based on costs given in Table 3.5.4.5. 

3product revenues minus coal costs given in Table·3.5.4.5. 
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Wyodak 

20,000 
29~000 

7,600 
21,700 
20,200 

49,500 

451 
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assumption (a). This annual net cash flow is analogous to the 
net present value concept in the SRC-II analysis (Table 
3.5.4.4), in that it incorporates all project cash flows, 
appropri.ately discounted,· into a single 11 figure of merit. 11

) 

The figure indicates that as larger low-rank coal plant sizes are 
considered (to produce total product BTU or fuel oil yields equal to the 
bituminous plant), the increases in annual value added more than compensate 
for the increase in plant capital and operating costs. For example, 
ihcreasing the Big BrOwn plant size from 30,000 to 40,000 TID raises its 
investment cost to the level of the 24,000 TID Illinois coal plant ($2.7 
billion). The two plants then produce equal amounts of total product 
heating value. The net cash flow for the Big Brown plant would be ($83 
million) per year, or $15 million higher than the Illinois case. Th.is is 
in contrast to the Exxon base case of $18 million lower net cash flow for 
the Big Brown plant, when feeding equal amounts of moisture-free coal. 

This sensitivity analysis does not justify a conclusion that Big 
Brown lignite is a preferable liquefaction feedstock compared to Illinois 
bituminous coal; nor does the Exxon analysis justify the conclusion that 
lignite is the 11least attractive coal... In fact, the various net cash 
flow figures are generally within the 11 noise 11 -·the + 20 or 30 per.::::1t 
level of confidence that can be reasonably attributed to this type of 
analysis at best. Finally, it is doubtful that the operating conditions 
and yield structures assigned to the low-rank coals in Exxon•s analysis 
reflect optimal values (e.g., use of syngas, higher temperature and pres­
sure, etc.). In conclusion, the preceding analysis constitutes a strong 
argument in favor of more focused R&D work on low-rank coal liquefaction, 
including engineering/economic parameter studies and tests of selected 
lo~-rank coals in the large pilot plants no~ being constructed. 
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3.5.4.2 Technology Description 

. . 
Coal liquefaction is a term applied to a large variety of processes 

that yield liquid fuel products: by -breaking down the molecular structure of 
the coal and increasing the hydrogen-to-carbon ratio of the product to one 
typical of a liquid. Processes have been available for converting coal 
.into liquids since about 1927 when a corrmercial coal hydrogenation plant 
was started up in Leuna, Germany. Subsequently, . numerous· co a 1 conversion 
processes were developed that converted co a 1 either directly or indirectly 
(via synthesis gas) to liquid products. 

Corrmerciai scale conversion plants were used in Germany during the 
second World War, and in this sense, coal liquefaction made a valuable 
contribution· to Germany•s war effort by supplying a source of synthetic 
petroleum. The German process was improved and demonstrated on a pilot 
plant scale in this country after the war by the U.S. Bureau of Mines.2 

Today, only one commercial scale plant remains in operation. The 
SASOL installation near Johannisberg, South Africa has been producing 
coal-derived liquids since 1956. A second installation, SASOL II, is 
scheduled for initial shakedown runs in late 1979. Both SASOL plants are 
based on the indirect liquefaction method, which first produces a cleari 
synthesis gas using oxygen blown Lurgi coal gasificatfon, cleaning and 
treatment steps. The Fischer-Tropsch synthesis process is then used to 
convert the gas to a variety of liquid products. 

To demonstrate the difference in hydrogen content of solid; and 
gaseous fuels, consider the following data: 

FUEL 

Sol ids 

Coal 

Liquids 

Crude Oi 1 
Gasoline 

Gases 

Methane 
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. Among coal liquefaction process, there are various techniques for 
contactin~ hydrogen wtth. the coal to rai~e the atomic hydrogen-to-carbon 
ratio. Liquefaction processes may be categorized according to the method 
of contact i rig emp 1 oyed: -

1 Direct Hydrogenation - In these processes, feed coal is slurried 
with a process-generated solvent and hydrogen mixed directly at 
reaction conditions with th.e slurry. The reaction may be 
catalyzed. 

t Donor Hydrogenation - Here, coal is slurried with a process­
generated solvent as in the direct hydrogenation case, but the 
solyent has been processed to match the hydrogen source. 

1 Indirect Liquefaction - Coal is gasified to produce synthesis 
gas {primarily CO and H2) which is converted to liquids via 
var1ous synthes1s techniques. 

Processes repre·senting each of these different methods will be discussed 1n 
the subsection on current projects. · 

F'or those processes which employ hydrogenation directly or with a 
donor solvent, a generalized process flow diagram is presented in Figure 
3.5.4.11. A general summary of important process features for these 
systems is given below. 

1 The 'choice of process conditions for the available feedstock 
must·be such that an adequate amount of distillable oil for use 
as a solvent is generated by the process. 

1 Pulverization of the coal usually is not necessary, since 
extensive disintegration takes place during the solvation 
process. 

• In cases where catalysts <tre used, the reactor contains two 
solid phases. (~oal a~d catalyst) a liquid and a gas phase. Fbr 
some.high moisture content low-rank coals, enough free water may 
be present to form a second liquid phase. 

1 In order to limit reactor residence times, rapid mass transport 
of solvent to coal and.to catalyst, and hydrogen to catalyst, as 
well as rapid reaction rates, are desirable. -

i Deactivation or poisoning of the catalyst due to carbon depos­
ition, or precipitation of certain inorganic agents, will occur 
over time. 
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Figure 3.5.4.11 
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1 R~g~rd.l~ss of which liqu~faction process is chosen; a certain 
amo~nt of gas will be produ~ed in the system. This gas may be 
sold a~ a plant by-product, or it may be used for hydrogen 
generation. All uses of the gas will first require sulfur 
removal. Excess production of gas at the expense of liquid 
yield is undesirable. . 

• Separation of product from as~.aDd unreacted carbonaceous matter 
must b~ one of the unit operation~ in the process. Suitable 
choices in many cases are filtration, c~ntrifugation, or dis­
tillation~ 

• Abrasion of process equipment and piping will be a function of 
the process conditions and the amount and nature of the mineral 
content of the.coal. 

• Achieving the des1red yield and composition of products is 
dependent upon choice of f~~nstnck and process conditions. 

t Environmental considerations including the quantity and charc­
teristics of effluents and the selection and Sizing of cleanup 
facilities will be unique to the feedstm;k dlld process con­
ditions. 

Engineering design decisions on many of these factors m~st be made 
based on knowledge of the properties of the coql feedstock ~nd their affect 
on the process. 

3.5.4.3 Environmental Control Technology 

The environmental impacts from liquefaction are very similar to 
those of gasification. The major areas of concern are: 

t Effluents to air from ponds ~~9 cooling towers 

• Leaching of solids ' . 

• Water ~lean-up 

• ~ombustibl~s control in acid gas removal 

1 Tr~ce elements 

1 Stream ~n~Jy~~s for tra~e materi~ls 

Blowdpwn water from wet cooling towers contains a hig~ concentr~­
tion of dissolved $Olids, possibly including toxic compounds added to 
ret·ard fouling of the cooling tower. If not suitable fqr direct discharge 
to ambient wat~rs, use of an evaporative pond to accumulate the salts is an 
alternative. Use of direct air coolers and dry cooling towers would reduce 
the quantity of blowdown. · 
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"Sour" process water contains ammonia, hydrogen sulfide, and 
dissolved hydrocarbons such as phenols and cresols. For the major identi­
fied pollutants, commercial control tecHnology is available, including the 
following:l9 

• Physical separation of oil and water streams. 

• Steam stripping to remove volatiles. 

• Phenol recovery by non-proprietary oil extraction or by propri­
etary process is such as the Lurgi Phenosolvan or the U.S. Steel 
Kempro process. 

• Sulfur recovery through a number of processes for removal, 
conversion to elemental sulfur, and cleanup of tail-gas streams. 

• Biological oxidation to remove residual amounts of dissolved 
salts, phenol, ammonia, etc. 

t "Polishing" operations, such as activated carbon adsorption, if 
required, to remove residual amounts of refractory organics 
which are not biodegradable. 

Substantial quantities of sulfur and nitrogen compounds may remain 
in the liquefied product and require additional refining. This will 
increase the number of individual cleanup processes required and, hence, 
plant emissions; however, it will reduce environmental problems associated 
with the end use of the fuel. 

The principal solid waste from coal liquefaction will be the 
residue formed from the mi riera 1 matter present in the co a 1 feedstock. 
Direct liquefaction processes will produce a char or filter cake containing 
unreacted carbon that.can be burned or gasified. All liquefaction pro­
cesses will discharge a final char, ash or slag from the gasification and 
combustion units with properties which depend on the coal and the process 
specifics. Landfill disposal is possible, but leaching characteristics of 
the solid wastes must be considered in selecting landfill procedures. 

Other solid wastes will include spent catalysts, organic sludge 
from biological wastewater facilities, and inorganic sludges from flue-gas 
desulfurization or evaporation ponds. These wastes may require specialized 
treatment to avoid transmission of soluble components, including trace 
elements (e.g., arsenic, chromium, mercury, molybdenum, and selenium) to 
local water supplies. 

The available technologies for hand1ing of airborne, liquid and 
solid waste effluents are treated in the sections on Direct Combustion and 
Gasification~ and apply equally to coal liquefaction. 
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Coal liquids are known to have carcinogenic or toxic effects. 
A key issue to resolve as a coal liquefaction industry grows is the de­
velopment of better techniques to identify and minimize health effects 
associated with worker or·public exposure to coal liquids. 

3.5.4.4 Effects of Low-Rank Coal Propertiesa 

Low-Rank coals display·certain properties which may affect their 
behavior during liquefaction, in both positive and negative directions. 
These properties are of prime importance in determining the technical and 
e~onomic feasibility bf their use in specific processes, and in some cases, 
the product distribution which can be obtained. 

Oxygen Content 

Low-rank coals· contain higher contents of oxygen-bearing functional 
groups. This together with·the generally low sulfur content of these co~ls 
will affect liquefaction chemistry, hydrogen consumption, catalyst selec­
tion and to some degree, product distribution in direct solvent based 
processes. Indirect liquefaction schemes are not sensitive to the molecu­
lar functional groups that are present, but rather to the total amount of 
each element and the resulting composition of the synthesis gas fed to the 
liquefaction process. 

'--

Reaction with CO 

'Low-rank· coals, particularly 1 ignite, have been observed to have 
high reaction rates with carbon monoxide. The reaction chemistry invo.lves 
both removal of part of the coal oxygen (probably the carbonyl group) and 
interaction with the moisture in the coal to provide a direct in-situ 
source of hydrogen. This fact forms the basis for direct liquefaction 
processes based on injection of synthesis gas in the slurry rather than 
more expensive hydrogen. Although this fact has a much lesser signifacance 
for direct liquefaction processes using hydrogen as a reactant, processes 
which generate gas in the reaction step will be subject to these interac­
tions between coal and CO if the gas generated in that step contains carbon 
monoxide. 

Coal t~ineral Matter Catalysis in Direct Liquefaction 

It is suspected that inorganic components in coal such as the 
alkali metal and alkaline earth elements and pyrites may catalyze different 
liquefaction reactions. Thi~ ·is of pnrt1cular importance in those pr·oces­
ses which do not rely on catalyst addition to the system, such as the 
Solvent Refined Coal and the Exxon Donor Solvent processes. Alkali metal~ 
have a special role in 'some of the mechanisms proposed for the CO-coal 
reactions. The available results of past tests on the effects of coal 
minerals do not provide quantitative measurements or definite conclusions 
for low-rank coals. Additional research is required to define. the chem­
istry of this ·natural catalysis, to optimize ·the process conditions 

aMuch of this section is adapted from Reference 5. 
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for a given feedstock, and to determ1ne the most suitable feedstock for a 
given process. Such research might also identify which additive catalysts 
would best compliment the natural catalytic activity. 

Catalyst Poisoning. 

In liquefaction systems using synthetic catalysts, some· catalyst 
poisoning may result from the dispersed mineral matte~ in the coal 
(reference 3). Indirect liquefaction processes will not be affected, nor 
will processes which do not use added catalysts. 

Calcium Carbonate Deposits 

Calcium carbonate deposits in the liquefaction reactor appearing as 
wall scale and as free flowing agglomerates have been identified specifi­
cally with low-rank coals.4,10 The original form of the calcium is 
largely salts of humic acids within the organic matrix, which decompose 
during liquefaction to form calcium carbonates. The extent of the deposits 
appears to be related to the ion-exchangeable calcium content of the coal~, 
and there is some evidence that it may be related to reactant gas composi­
tion and pressure. 

Calcium carbonate deposition can create operational problems in any 
direct liquefaction process. The extent of the problem in relation to 
operating conditions is being assessed by several investigators. Control 
of the problem can be. achieved by periodic withdrawal of carbonate agglom­
erates and acid washing of reactor internals during downtimes. Alterna­
tively, the coal can be pretreated with. sulfur dioxide to convert the 
calcium to calcium sulfate, which is stable under liquefaction reaction 
conditions. 

High Bottoms Viscosity 

The vacuum bottoms produced from low-rank coals typically display 
high bottoms viscosity, which can affect the operability of the vacuum 
tower and the bottoms recycle and processing units due to increased pumping 
difficulty .. Viscosity has been shown to be reduced by longer residence 
times in the reactor when using low-rank coals; whereas for bituminous 
coals the viscosity shows only a slight dependence on residence time, and 
the vacuum bottoms are easily pumpable under conditions of normal reactor 
throughput rates. 

Dilution has also been suggested as a means of controlling bottoms 
viscosity. Addition of moderate amounts of lOQQOf distillate in the 
bottoms will lower viscosity significantly, but some consumption of these 
lighter components may occur during recycle or bottoms processing. 
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High-Moisture Content 

Moisture content of coal feedstocks is an important characteristic 
affecting liquefaction performance for direct liquefaction systems. 

Excess moisture increases the total operating pressure required to 
maintain a given partial pr~ssure of hydrogen or carbon monoxide.3,5 In 
addition, carbon monoxide may react with excess moisture in the coal to 
form carbon dioxide and hydrogen. Hydrogen may be less reactive in con­
verting coal than the original CO under some conditions therefore, elimi­
nating moisture from the feed coal may reduce the total operating pressure 
required for liquefaction. 

However, drying low-rank coals has been observed to reduce their 
activity with respect to liquefaction, possibly because of surface oxida­
tion and collapse of the pore structure. This effect is particularly true 
when synthesis gas is used as a reactant. These factors are unique to 
'low-rank co a 'Is, Md ~re ~ 1 on1f1 r.ant when JJroce~s designer~ contemp 1 ate 
strategies to reduce pressures. 

Hydrogen Donor Activity 

For processes using a donor solvent, the hydrogen donor activity is 
a variable of prime importance. For systems based on synthesis gas as a 
reactant, carbon monoxide is consumed preferentially to hydrogen, creating 
a hydrogen rich purge gas. Optimum use of this purge gas for catalytic 
hydrogenation of the donor solvent may be important to the process 
economics. 

Choice of Reactant Gas 

The choice of reactant gas is important in determinig the yield and 
product distribution for lignite liquefaction. Yields of liquid products 
have been shown to be significantly higher when using synthesis gas and 
coal with its natural moisture content, when compared to pure hydrogen and 
pure carbon monoxide atmospheres.3 Gaseous yields were proportional to 
the concentration of carbon monoxide in the feed gas, due to C02 produc­
tion by the water gas shift reaction. However, C02 may also be produced 
directly from the coal. Production of C02 by this mechanism is desirable 
due to its effect of decreasing the oxygen content of the liquid products. 
Production of C02 by the water gas reaction may or may not be desirable, 
depending upon whether or not the hydrogen produced reacts to form addi­
tional liquid products. The h1ghest gas yield was obtained from the pure 
carbon monoxide atmosphere and the as recieved coal, due to the catalytic 
activity of the mineral matter and the presence of natural moisture (as a 
comparison, samples of acid leached lignite were tested which had lower 
mineral matter contents due· to the acid treatment). Production of methane 
in the liquefaction reactor is undesirable since it is done at the expense 
of the liquid y1eld, and is a la~ger consumer of hydrogen. 
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The properties of low-rank coals can thus be expected to strongly 
affect the operation of coal liquefaction processes and the overall process 
economics. Low-rank coals as feedstocks for liquefaction are favored by 
their low cost, high reactivity, natural catalytic activity, and reactivity 
with carbon monoxide. Negative attributes include their tendency to forrn 
calcium carbonate deposits, the higher viscosity of their liquefaction 
bottom product, the requirement for additonal reducing gas, possibly the 
operation of liquefaction reactors at higher pressures, and the higher gas 
yields due to high initial oxygen and moisture contents. 

3.5.4.5 Optimizing Liquefaction Yield from Low-Rank Coals 

This section presents information from reference 5. The discussion 
covers the reactions of CO versus H2, the effect of temperature on lique­
faction yields, the role of the hydrogen donor solvent, and the combined 
effect of temperature and reactor backmixing on the molecular weight and 
the viscosity of the residuum. 

Other techniques exist for yield improvement which are not present­
ed in this discussion. These include improvements in catalysts, (such as 
the use of one-pass throwaway catalysts or recoverable gaseous catalysts), 
optimum temperature staging, and multiple step liquefaction. 

Reactions of CO and H2 with Lignite 

Carbon monoxide will react in greference to H2 from a starting 
mixture of both with lignite and water.3 The CO can, in general, react 
in three ways (net reactions): 

l • CO + H20 < > C02 + H2 

2. CO + L i gnite·O -~>C02 + Lignite 

3. CO+ Lignite+ H20--:;>C02 + Lignite-2H 

These do not address mechanism. Figure 3.5 .• 4.12 shows the amount 
of CO that~readed at 4000 psi and 4400C (final temperature) with watert 
dry lignite, and moist lignite, corresponding respectively to the three 
generalized equations above. Very little CO reacted to form gaseous 
hydrogen (curve l). However, the reaction with dry lignite (curve 2) was 
about one third of that with moist lignite. Curve 2 is believed to repre­
sent primarily the reaction of CO with coal oxygen to produce C02. Curve 
3 includes both reaction with coal oxygen and hydrogenation of the coal. 
The mechanism for reaction 3 has been proposed to involve the formation of 
alkali formates as intermediates.20,21 
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Figure ·3.5.4.1Z. 

Consumption of CO Versus Time at 440°C; 4 Moles of CO Charged 
· at 4oo6:psi 
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The general question has been raised as to whether the extent of 
reaction of CO with lignite ~nd mbi.stute is typically controlled by rateA 
equilibrium, or stoichiometry. For example, an HRI study on lignite1l 
proposed that conversion was controlled by the simultaneous equilibria of 
formates and the water gas shift re·act ion. 

In experiments at GFETC, the extent of reaction by CO was shown to 
be roughly proportional to the amount of lignite char.ged, with essentially 
all of the CO reacting in the presence of excess lignite (Figure 3.5.4.13) 
The shaded regions in the figure represent .. the. product.ion of gaseous H2; 
gaseous hydrogen production by the water gas shift reaction was almost 
negligible when excess lignite was present. It should be noted that 
heating from 3500 .to 47ooc occurred_ during this experiment, which 
caused the final conversion to be controlled by the higher temperature. 
The conclusion for these conditions is that the final consumption of CO was 
controlled by stoichiometry; the_CO consumption on a time .scale of minutes 
wa~ controlled by rate. · 

The consumption of hydrogen by lignite is increased as temperature 
rises between 4ooo and 4700C. However, even at the higher temperature 
H2. consumption is greatly suppressed by the competing reaction· of co.d 

The Effect of T~mperature on Yields 

Of all varj ables that have been ·studied at GFETC,_ temperature has 
the greatest effect on liquefaction yields from lign.ite and synthesis gas. 
The ·effect of increasing temperatur~ can be a monotonically .increasing 
yield or a maximum followed by a reduced yield, depending on the hydrogen 
donor quality of the solvent used.13 Figures 3.5.4.14,and 3.5.4.15 
illustrate this fact for the total liquid yield and net distillate yield, 
respectively, which either peak at about 46ooc or continue increasing out 
to 4aooc depending on the addition of tetralin (a hydrogen donor) to the 
anthracene oil so 1 vent. These experiments were performed on 40 percent 
coal slurries in a continuous flow stirred tank reactor at a nominal 
pressure of 4000 psi (50/50 H2/CO feed gas) and a reactor residence time 
of 30 minutes. 

Figure 3.5.4.16 _shows that the consumption of reducing gas in­
creased from 1+ to 2.5 percent of MAF coal (H2 equivalent) between 4400 
and 4800C; this trend for anthracene oil with added tetralin is generally 
representative regardless of the hydrogen donor property.14 

The yield of hydrocarbon gases (C1 to C4) as shown in Figure 
3.5.4.17, increase from the range of 5 to 10 percent to the range of 20 to 
25 percent of MAF co a 1 between 4400 and 4800C .14 The two curves 
indicate that gas yield is greatest for the cas~ of low hydrogen dqnor 
quality (where, in this case, the ~onor activity of the solvent. for the 
lower curve w~s enhanced both by distilling off the light oil [4000F] and 
by adding tetralin). The conclusion from this set of data i~ that enhanced 
donor activity favorably increases liq4id yield while reducing gas yield. 
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Consumption of CO Versus Time During Heating From 350 to 470.0C 
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Figure 3.5.4.14 

Net Liguid Yield$ Versus Reaction Telilpcrature for 40 pet-Coal Slurries 
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Figure 3.5.4.15 

Net DiStillate Y.i.elds ·versus Reaction Temperature for 40 pet coal ·slurries 
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Reducing Gas Consumption Versus Reaction Temperature 
For 40 pet Coal Slurries 
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Net Hydrocarbon Gas Yield Versus Reaction Temperature 
for 40 pet Coal Slurries 
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The use of high liquefaction temperatures to optimize yield and 
increase reactor throughput is somewhat controversial because of the 
following factors: 1) the reduced yield which occurs without sufficient 
hydrogen donor activity; 2} the coking and plugging that attends item 1; 3) 
the higher gas yields; and 4) the alternative of using catalysts. To find 
the best conditions for low-rank coals will require more exhaustive testing 
than has been accomplished thus far over the domain of the three principal 
variables: A) temperature, B) reactor residence time, and C) hydrogen 
donor quality. The tests must be extended to include process-derived 
solvents that have well-characterized hydrogen donor quality. To support 
this work, analytical techniques must be developed to provide a common 
basis for ranking donor qualities between different investigations. 

Molecular Weight Effects 

The determination of molecular weight distribution (MWD} has been a 
principal analytical uH:~thud in the GFETC liquefaction project. The proce­
dure used is calibrated gel permeation chromatography.15 Typical results 
for two reactor samples are shown in Figure 3.5.4.18. The UV absorbance is 
plotted agai11sL the rmlf:\CI.ilar weight (the latter being equated with an 
elution time of known molecular weights). Since absorbance is proportional 
to molar concentration, and since the molar absorptivities were found to be 
similar, the graph is an estimate of the distribution of mole fraction 
according to molecular weight. Note the MW scale is logarithmic. · 

The material on which MW determinations are made is the coal­
derived liquid fraction that is THF soluble but non-distallable, corres­
ponding roughly to vacuum bottoms in the EDS process. In previous batch 
experiments, the amount of this fraction ·has been found to remain quite 
constant under almost all reaction conditions,l3 indicating this fraction 
of the product is formed rapidly and is stable under the observed condi­
tions. Weak bonds exist that rupture upon incre&sed thermal agitation, 
typically yielding two lower molecular weight but still non-distillable 
fragments. 

Temperature has the greatest effect on the MWD, with the major peak 
shifting from 1500 MW to 250 MW as temperature is increased from 4040C to 
5oooc in the continuous stirred tank reactor (CSTR). 

The means used to express the molecular weight data is to consider 
the ratio of UV absorbances at high versus low molecular weight. The r(ltio 
for 9~U MW versus 280 MW (Ag5o/A28o) is corre 1 ated with reactor temper­
ature in Figure 3.5;4.19; different curves are shown for batch and CSTR 
do.ta. It llldY ue ulJserved here that the batch unit is more effective in 
reducing the ratio at temper·aLun::!~ above 440oc, but that the CSTR h more 
effective at lower temperatures. The MWD is also shifted downward by 
increasing the tetralin content in the feed; this effect is more pronounced 
at 4040C than at 4600 or soooc. The level of coal loading in the 
feed slurry thus far shows little effect on the MWD. 
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MWD of the THF Soluble, Non-Volatile Fraction of 
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Figure 3.5.4.19 
Ratio of HPLC Ultra Violet .Absorbance·at·254 mm of 950 MW to 280 MW Material 

Versus Reactor Temperature·for:Reaction Times Under 30 Minutes 
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The importance of a change. in .molecu·lar weight is principally found 
in its._(orrelation with residuum viscosity. As discussed previously, this 
is a potential problem in liquefying low-rank coals in some processes. 
Figure 3.5.4.20 .illustrates the sensitivity of.the viscosity of distilla­
tion residues dissolved in anthracene oil to molecular weight.l3 Based 
on this correlation, the previously noted change in molecular·weight 
between 4Q40C and 5oooc would cause a many-fold reduction in residuum 
viscosity. 

Effect of Residence Time Distribution 

The interpretation of differences in MWDs requires that we note the 
residence time distributions (TRDs) for the CSTR and the batch reactor. 
The RTD of the batch reactor is a delta function at the time representing 
the duration of the batch experiment - that is, all of the material stays 
in the reactor for the same length of time. The RTD for the CSTR is repre­
sented by an exponential decay curve - that is, for each unit of entering 
feed, the increments leaving during equal time segments thereafter are re­
duced exponentially with time so the largest incr.ement leaves in the first 
time segment but some small amounts remain indefinitely. We should also 
note that the depolymerization does progress with time even though it is 
principally temperature dependent.l5 . 

The effect of the TRD on MWD is illustrated in Figure 3.5.4.19 
showing UV absorbance ratios versus temperature. Note that progressive 
depolymerization causes this ratio to. be lowered; At low temperatures 
where time dependence is greater, the internal backmix of the CSTR causes 
some of the high-MW material to be internally recycled over a sufficient 
time to generate the low-MW fractions required to reduce the ratio. At 
high temperatures, where the depolymerization reaction is very rapid and 
conversion (MWD change) is nearing completion, the predominant effect in 
the CSTR is the nearly immediate departure of a fraction of the feed 
material in an unconverted state; in this case, the CSTR results in a 
lesser reduction in the ratio. A further complication of this argument is 
introduced by the action of tetralin (or other hydrogen donor materials), 
which releases hydrogen only in the early stage of a batch reaction but is 
continuously replenished in a CSTR so that some 11 old reactant .. is in 
con~ act with 11 fresh hydrogen donor. 11 

• • 

In conclusion, a CSTR should be less effective than a batch or 
plug-flow reactor with adequate radial gas-slurry contact in achieving a 
once-through high conversion from high to low molecular weight. This has 
been generally assumed in liquefaction, and the current results support 
this. assumption. However, the ideal reactor system may be far more com­
plex; for example, we can envision a tubular reactor with a staged side 
input of a hydrogen donor and with separation and recycle of the fraction 
of the coal materialthat has not depolymerized. We believe that optimi­
zation of reactor systems for coal liquefaction has a long way to go . 
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Figure 3.5.4.20 
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In the immediate future, the continuous process liquefaction unit 
at GFETC will be modified by installing a tubular reactor in place of the 
CSTR. In addition, the system flow pattern will be changed to include 
recycle - possibly both around the reactor and back to the slurry prepara­
tion tank. These modifications will: l) permit line-out on coal-derived 
solvent during continuous operation; 2) extend the analysis of reactor 
design factors; and 3) facilitate continuous exper-iments on the recycle of 
mineral residues and heavy organic fractions as an extension of part of the 
work at the Chemica 1 Engineering Department at the University of North 
Dakota. Plans are being developed to study fractionation and selective 
hydrogenation of recycle streams and use of dispos·able catalysts. 

3.5.4.6 Current Projects 

The current array of coal liquefaction development programs in the 
United States consists of bench, pilot, and de.monstration projects with a 
major emphasis on direct hydrogenation and do~or hydrogenation processes. 
The primary thrust addresses two markets: low grade fuels (boiler-type 
fuels low in sulfur and ash) and high grade fuels (gasoline, heating oils 
and chemical feedstocks). A secondary emphasis, but still of major impor­
tance, is the environmental impact considerations associated with both the 
processes and their products. 

gories: 
t ion. 

The discussion of processes will be divided into three main cate­
direct hydrogenation, donor hydrogenation, and indirect liqu~fac­

Each. project discussion will apdres~ several pertinent topics: 

• Process Description - a discussion of the liq~efaction process­
; ng sequence encountered by the co a 1 ·as it moves from storage to 
liquid products. 

1 Development Status- the current development or commercial state 
of the technology. 

1 Effects of Low-Rank Coal Properties - an assessment of the 
unique effects of using low-rank coals as feedstocks for the 
liquefaction process under consideration. 

1 Environmental Control Technology - unique environmental control 
needs for the liquefaction proce·ss urder consideration. 

3.5.4.6. 1 Direct Hydrogenation 

Processes which fall under the classification of Direct Hydrogena­
tion ar~ characterized by a processing sequen~e which involves slurrying 
the fj;!eq coal in. a process derived oi 1 or solvent, and reacting the r~­
sulting coal slurry with hydrogen gas at high temperatures and pressures. 
Reactiqn of hydrogen with the coal is usually enhanced catalytically, but 
this feature is not a requirement. · 
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H-Coal 

The H-Oil process was originally developed by Hydrocarbon Research 
Inc. (HRI) as a means of converting heavy oil residues to 1 i ghter frac­
tions. H-Coal, an extension of the H-Oil technology, is a catalytic 
hydroliquefaction process that conve.rts coal to either a boiler fuel or a 
refinery syncrude. 

A process flow diagram is shown in Figure 3.5.4.21. Coal is first 
dried and then slurried with a process generated recycle oil. Addition of 
compressed hydrogen takes place after the slurry has been pumped up to a 
pressure of 200 atm~ The mixture is then sent through a fired preheater 
and charged continuously to· the bottom of the ebullated-bed catalytic 
reactor which operates at 8500F ·and 3000 psi (maximum}. The upward flow 
of the reaction mixture maintains ·the cobalt-molybdenum catalyst p~llets in 
a fluidized state (catalyst activity is maintained by the semi-continuous 
addition of fresh catalyst and the withdrawal of spent catalyst}. Temper··· 
ature control is achieved externally by manipulation of the degree of 
preheating of the reaction mi .xture. · The reactor effluent,' \'Jhi ch. contains 
some unconverted coal but. negligable amounts of catalyst, is flashed. The 
flash bottoms are further processed in a hydroclone, a liquid-solid separ­
ator and a vacuum d1st1llat1on column. The hydroclone overhead stream 
consists of recycle solvent which is pumped back to the slurry preparation 
unit. A solids laden residue consisting of unreacted coal and very heavy 
liquid is. recovered from the solid-liquid separation step and is used in 
the hydrogen generation plant. 

The vapor product leaving the top of the re~ctor is c6oled to 
condense the heavier components. Gas treatment recovers 1 i ght hydro­
carbons, ammonia and hydrogen from the vapor stream, leaving a hydrogen­
rich gas which is compressed and recycled to the coal slurry.· 

Final products of the process consist of the light hydrocarbon gas 
separated from the reactor overhead and flash gases, and an array of 
distillate materials ranging from light and heavy distillate fuels to heavy 
residuum. 

Depending upon the product desired, the rate of hydrogen consump­
tion may vary. For example, boiler fuel will be produced at relatively 
high reactor throughputs and low hydrogen consumption rates. Sythetic crude 
oil requires more hydrogen, resulting in a lower yield of bottoms product. 

The DOE H-Coal pilot plant is scheduled for start-up in 1980. Table 
3.5.4.7 provides some general informatiori on the pilot plant project. The 
major objective of the pilot plant experiment~l progr~m will be to estab­
lish process yield and material balance data ·as a function of operating 
conditions and feedst~ck characteristics. 
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OWNER/DESIGNER 

CONSTRUCTION 

SPONSORS 

LOC/\TION 

DESCRIPTION 

SIZE 

YEARS OPERATION 

COAL TYPE 

MAJOR PRODUCTS 

ENVIRONMENTAL STATUS 

Source: Reference 7 

Table 3.5.4.7 

H-Coal Pilot Plant Project 

Ashland Oil Company & Hydrocarbon Research Inc . 

. Badger Plahts, Inc. 

DOE, EPRI, Ashland Oil Inc., Standard Oil of 
Indiana~ Conoco Coal Development Co., Cpmmon­
wealth of Kentucky 

Catlctt~burg~ Kcntucl<y 

1 Oil slurry feeding 
' Re~~tion in u c~t~lyti~ (Co/Mo) 

ebullated-bed reactor 
1. Pressure 3000 psig 
1 Temperature 8500F 

600 TPD 

H-Coal Project began in 1965; Pilot plant 
construction began in 1977 

A 11 types 

Syncrude & Heavy Boiler Fuel 

Plant will not significantly affect the 
environment in the site locality 
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A 1 arge number of PDU test runs sponsored by both industry and 
government have been made on coals ranging from bituminous to lignite. 
Design data for the 600 TPD DOE/Multi-sponsor pilot plant being constructed 
at Catlettsburg, Kentucky are available for Wyodak subbituminous and 
Illinois bituminous test coals. Table 3.5.4.8 summarizes this test data, 
and i 11 ustrates severa 1 differences in process conditions and products 
arising from feedstock variations. 

Although reaction temperature is similar, the reaction pressure is 
notably higher for the subbitumi nous coal. Yields of ·co2 and H20 are 
also higher for the low-rank coal, as expected due to the higher initial 
moisture content of the feedstock. Gas and oil yields are similar, but the 
lllinois coal is expected to ha~e a higher maximum naphtha yield. Vacuum· 
residuum is anticipated to have a higher range in the Illinois coal case, 
while unconverted coal is significantly higher using the subbituminous 
coal. Due to the higher sulfur content of the higher rank coal, more H2S 
is expected in the reactor and flash overhead streams, and in the distil­
late bottoms. 

Based on genera 1 knowledge of 1 ow- rank co a 1 properties and the 
results obtained in other liquefaction studies, the use of low-rank coals 
in the H-Coal process might be expected to have the following effects: 

1 Catalyst deactivation due to deposition of calcium carbonate, 
possibly requiring pretreatment of the feed coal. 

1 .Mineral agglomeration in the reactor (primarily CaC03), 
requiring periodic discharge of floes or coal pretreatment. 

1 Production of a high viscosity residuum causing difficulty in 
separation and pumping operations. 

However, a more recent report on PDU tests of Wyodak coals indi­
cates that calcium precipitation was not a problem, and that similar vacuum 
resid bottoms viscosities were obtained at similar levels of catalyst 
activity as for higher rank coals.9 

Environmental pollutants expected from the H-Coal process are 
expected to be similar to those considered in Secti~n 3.5.3.2. No uhique 
effluent's are attributed to this process desi.gn. 

Synthoil 

Work on the Synthoi 1 concept was performed by the U.S. Bureau of 
.Mines at the Pittsburgh Energy Research Center under sponsorship of the 
Bureau of .Mines, The Office of Coal Research, and the Bethlehem Steel 
Corporation. The objective of the effort was to-develop a method of 
producing a low-sulfur, low ash synthetic fuel. 

Figure 3.5.4.22 is a simplified Synthoil flow schematic. 
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~Table 3.5.4.8 

Selected Operating Results for the H-Coal Proc~ss 
(Data taken from References 8 for operations in th~ syncrude 

mode at a coal feed rate of nominally 31 lb coal/hr/ft3 reactor.) 

Reactor temperature, OF 
Reactor pressure, psi 

Catalyst usage, lb coal/lb catalyst 
. . . 

Product qistribution, pet dry coal: 
C02 · . 
H20 (net production) 
Cl-C3 . 
C-4-4QQOf naphtha 
4000f-9750f oil 
9750f & soluble residual 
Un.:onverted coal 
Ash · 
NH3 
H2S 

Coal Analysis: 

As-charged basis: 
Moisture 
Ash .. 

" 
Dr-y-ash-free b~s1s: 

c 
H 
0 s 
N 

Wyodak Subbi­
tumi no us Co a 1 · 

816-825 
2900. 

120-740 

3-5 
13-17 
8-9· 

17-19 
15-26 
11-12 
12-20 
' 7 

0.4-0.7 
0.1-0.3 

1.6-20.4 . 
7.1-8.7 

74.31 
5.3 

18.7 
0.5 
1.~ 

Illinois No. 6 
Bituminous Coal 

816-849 
2590-2755 

60-1464 

0.5-1 
6-13 
9~13 

17..:28 
15-28 
10.:.24-

. 4-7 
10-13 

0. 7-1.1 
2.3-2.8 

0.6-2.9 
10.4-11.5 

19:2' 
5.2 

10.3 
3.7 
1.~ 

Wlodak Subbit. Coal Illinois No. 6 B1t.Coal 
6400+f 

Product Ana I lsi s: Vac. Di st. 
--. 

c 89 
H 7.3-8.5 
s <0.1 
N 0.3-0.5 

Source: Reference 4 

975°+F 
Vac. Bottom· -

74 
4.3 ... 5.4 
0.2,-0.9. 
1.0-1. 1 
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The coal preparation section includes crushing, grinding and drying 
after which the coal is slurried with a portion of the product oil. The 
coal slurry is pumped up to reaction pressure, charged with hydrogen and 
preheated in a fired preheater. From the preheater, reaction mixture 
enters a fixed-bed catalytic reactor packed with catalyst pellets of cobalt 
molybdate on a silica-alumina substrate. The reactor effluent stream is 
then cooled and passed to a separator drum where the liquid and unreacted 
solids are separated from the volatile components. 

The separator bottoms stream is centrifuged; and the recovered 
sol ids are fed to a pyrolysis unit. The 1 iquid stream from the centrifuge 
is a non-polluting fuel oil product; part of which is recycled to the coal 
slurrying mixers; the ·remainder is blended with oil from the pyrolysis unit 
to comprise the final product stream. The solid residue from the pyrolysis 
unit contains ash and carbonaceous matter; which is sent to a gasifier for 
recovery Of the remaining carbon. The gasifier effluent is shifted for 
hydr·ogen production. · 

The gases from the separation vessel are treated in a gas purifi­
r.at.inn trr~in for rPr.nvPry of nmmnnia, hydrogP.n sulfidP.. hydrocarbon gases. 
and water, leaving the hydrogen rich stream available for recycle to the 
coal slurry. Gas purification takes place at process pressure to minimize 
the cost of hydrogen recycle. Hydrocarbon gases recovered in the gas 
puri fi cation step may be steam· reformed and shifted for hydrogen genera­
tion, or sold as a plant by-product. Hydrogen sulfide is processed for 
sulfur recovery, and may be sold with ammonia as by-products. 

Construction of a 10 TPD Process Development Unit at the Pittsburgh 
Energy Technology Center is essentially complete, but current evaluation of 
the proce·ss potential has indicated that further development work should 
not be continued. The PDU is being maintained in a stand-by condition. 

Although previous experiments have concentrated on high-sulfur 
Eastern feedstockst the use of 'low-rank coals in the Synthoil process is 
anticipated to have the following effects due to differences in coal 
properties: 

t Increased hydrogen consumption may be associated with low-rank 
coal feedstocks, due to the higher oxygen. 

t Some catalyst poisoning may result from the mineral matter 
present in the coal feed. 

• Low .. rank coals having high concentrations of ion-exchangeable 
calcium (!;uch as Wyodak !;ubbituminous coal) may cause reactor 
scale formation and catalyst deactivation due to precipitation 
of calcitim carbonate. 
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• Higher operating pressures may result from feedstocks having 
higher moisture contents. 

t High moisture and oxygen content coals may produce larger 
quantities of C02 and wastewater, increasing the size of the 
facilities required for handling these components. 

Waste products from a Synthoi 1 plant would be primarily ash 
residue, treated wastewater, C02 vent streams, and cooling tower 
effluents. There are no unique environmental problems associated with the 
Synthoil concept. 

The SRC Process (So 1 vent Refined Co a 1) 

The earliest work on the solvent refining of coal was carried out 
in Germany in the 1920 1 s. Work in the United States on the. SRC concept has 
been continuing since 1966 when the Office of Coal Research awarded a 
multiyear contract to the Pittsburgh and Midway Coal Company (a subsidiary 
of Gulf Oil Co.) which included funds for a 50 TPD pilot plant. 

The concept of solvent refined coal has actually been execute~ in 
two differe.nt versions. The primary intent of the SRC I process is to 
produce a low-sulfur, low-ash solid fuel. The SRC II process is an exten­
sion of the ori gina 1 SRC techno logy to higher reactor temperatures with 
slurry recycle, promoting· greater hydrogen addition to the feedstock and 
producing a substantial yield of liquid, instead of a solid product. 

Figures 3.5.4.23 and 3.5.4.24 depict both versions of the SRC 
process. Pulverized coal is mixed with a process-derived solvent in a 
slurry mix tank. The slurry is then combined with hydrogen and pumped 
through a fired preheater. The heated slurry is then charged to a dis­
solver where at conditions of 8500F and 1500 psia, up to 93 percent of 
the carbon containing material in the feed is dissolved. In the dissolver, 
several changes occur simultaneously: coal is depolymerized and hydroge­
nated, resulting in an overall decrease i.n molecular weight; the solvent is 
hydrocracked to form lower molecular weight hydrocarbons ranging from 
methane to light oil; and much of the organic sulfur is hydrogenated to 
hydrogcn.$ulfide. 

From the dissolver, the reaction mixture is charged to a separation 
vessel where the vapor components are separated from the slurry of undis­
solved solids and coal solution. The raw gas is then processed for hydro­
gen recovery and gas desulfurization. Recovered hydrogen is recycled with 
the effluent from the slurry mix tank. Hydrocarbon gases are recovered and 
the hydrogen sulfide is processed for sulfur recovery. 

In the SRC I process, the bottoms stream from the gas separator is 
filtered for removai of the ash and unreacted coal from the product. In a 
commercial plant, the solids would be sent to a gasifier and subsequent 
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shift conversion for hydrogen generation. Process solvent is recovered 
from the product by distillation, leaving a molten residue which is solid­
ified to the SRC product._ 

In the SRC-II process, part .of the dissolver product slurry is 
recycled as solvent. The remaining slurry is combined with a light liquid 
stre~m recovered from the vapor liquid separator and distilled to produce a 
range of products. As a result of the higher....,dissolver severity in this 
version of the process, the extent· of hydrogenation"-; s greater, giving a 
higher yield of liquids. However, the quantity ·of unconvert-ed coal and 
vacuum residuum is controlled so that a balance is achieved between avail­
able gasifier feedstock and process hydrogen requirements. 

Two pilot plants are currently in operation, one a 50 TPD unit at 
Ft. Lewis, Washington, and the other 6 TPD plant at Wilsonville, Alabama. 
The Ft. Lewis work has generated data. which will provide the design basis 
for planned demonstration- plants for solid and/or liquid products. The 
Wilsonville pilot plant has provided supplemental screening ·of various 
coals. and produced improvements in solid-liquid separation techniques. 
Supporting research at various facilities rounds out the SRC development 
effort. 

A comparison of the performance of lignite at the University of 
North Dakota Solvent Refined Lignite PDU (shut down in 1978) with Kentucky 
nigh sulfur coal at the Ft. Lewis pilot plant is provided in Table 3.5.4.9. 
Note that the lignite tests were based on sythesis gas rather than the pure 
hydrogen used in the case of the Ft. Lewis runs. Operating conditions were 
similar with the exception that the lignite tests were run in a higher 
~ange of pressure. The maf yield of solvent refined coal was in·a slightly 
1ower range in the case of ·lignite, primarily due to the lower carbon 
content and higher oxygen content of the feed. The properties. of the 
products were similar with the exception of the 0, S, and N content~. The 
net gas yield from the lignite was much higher due to the production of 
C02, from the coal oxygen and the CO in the reactant gas feed. 

Pilot plant problems associated with lignite operation concerned 
solvent. balance and accumulation of solids in the dissolver. The net 
liquid yield from lignite was quite variable, and solvent balance was 
achieved only at 2500 psi. rhe effectiveness of .the solvent as ·meaSL!red by 
lignite conversion was reduced if light oil (<4000) was recycled. Ade­
quate yield of an effective solvent (>4000F) was favored by high pres­
sure, intermediate reactor temperatures of 8200 to 8300F, and use of a 
50/50 H2/CO feed gas3. . . · · 

The use of a synthesis gas containing carbon monoxide is a prefer­
red operating procedure when using lignite. In cases where CO and H2 ar§ 
both present~ the carbon monoxide is usually consumed in larger amounts. 
Work conducted at the University of North Dakota and at Grand Forks Energy 
Technology Center has. indicated that a mechanism ·involving direct reaction 
of CO to rugture oxygen linkages in lign-ite is operative at temperatures 
above 8000F.5 . 

-703-



Table 3.5.4.9 

Selected Operating Results for the SRC-I (SRL) Process 
(Data taken from references. 22 and 3 for operations at 

the Ft. Lewis pilot plant and U. of N. Oak. PDU.) 

Operation on 
Lignite at UNO 

Coal Analysis: As Fed MAF 
Moisture 31.50 
Ash 5 .-81 
c 45.20 72.10 
H. 2.93 4.67 
0 13.45 . 21.45 
s 0.45 . 0.72 
N 0.64 1.02 
!-!eating value, Btu/lb 7500 (est) 

Product Analysis: 
c 87.40 
H 5.67 
0 4.86 
s 0.3-1.0 
N 1.07 
Ash 0.1-0.3 
Heating value, Btu/lb 15,990 
Fusion point, Of 327 
Specific gravity 1.24 
C/H 15.40 

Operating Conditions, Typical Range: 
Feed gas, pet H2 in CO/H2 25-75 
Feed slurry,·pct coal 32-38 
Coal space rate, lb/hr/ft3 14-70 (max range) 
Reactor temperature, Of 778-862 
Reactor pressure, psi 1500-2500 

H2 consumption. % MAF coal 1.0 
Gas feed rate, SCF /ton 20·. 1-~- 1 

CO consumption as H2 equivalent, 75/25 H2/CO 
pet MAF coal 1.1 

lotal co·al Conversion, pet MAt=" COAL 
SRC Yield, pet MAF coal . 
Liquid Yield, pet MAF coal 
Net Gas Yield, pet MAF coal 

77 .0 .. 94 .0 
47.0-64.2 ' 
6.2-13.3 

16.7-44.1 
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· No. 9 & 14 Coal 

at Ft. Lewis 

As Fed 
1.45 
9.89 

70.60 
5.09 
7.62 
3.84 
1.54 

12,700 

87.20 
5.77 
3.93 
0.75 
2.15 
0.16 

16,000 
324 

1.24 
15.10 

100 
35-40 

. ·-29-99 
840-870 

1027-1528 
14.0-21.3 

9::i.O-Y4.0 
58.3-67.3 
6.6-17.7 
4.9- 8.7 

MAF 

79.60 
5.74 
8.59 
4.33 

. 1. 74 



Effluents from SRC plant operation are expected to be typical of 
liquefaction processes. 

Liquefaction Applications using Synthesis Gas 

The CO-Steam concept was initially studied at the Pittsburgh Energy 
Research Center under the U.S. Bureau of Mines and developed further by the 
Grand Forks Energy Technology Center specifically for coals of high mois­
ture contents and high reactivities; ·i.e., low-rank coals. Due to the high 
reactivity of these coals, with carbon monoxide, synthesis gas is indicated 
to be the preferred reducing gas in place of hydrogen. 

The process flow diagram of a CO-Steam type process can be similar 
to SRC I, SRC II or ED~ depending on the desired products. Pulverized coal 
is typically slurried with recycle oil in a mixing tank and charged to the 
reactor after being mixed with the gaseous reactant (CO or synthesis gas}. 
In early tests the reactor was operated at 8000f and 4000 psi, but more 
recent results indicate that 8600f and 3000 psi may be closer to optimum. 
Water for the reaction is provided by the high moisture content of the 
coal. Carbon monoxide reacts with this in-situ water to form hydrogen for 
liquefaction by the water gas shift reaction. 

CO+ H20~H2 + C02. 

CO-Steam was designed to liquefy low-rank coals without the use of a cata­
lyst, although throw-away type catalysts or coal mineral matter may be 
used. In addition to the savings on catalyst costs, low purity carbon 
monoxide or synthesis gas may be used as a reactant, representing a poten­
tial cost savings relative to the use of more expensive pure hydrogen in 
other liquefaction processes. 

The liquefaction research facilities established at GFETC since 
1975 have included a system for studying reaction kinetics, a 5-lb coal/ 
hour continuous process unit, and an array of analytical instrumentation 
for determining elemental and molecular compositions. 

The early emphasis in the CO-Steam work at GFETC was to reduce 
product viscosity while maintaining high liquid yield at minimum reaction 
times. It was found that higher reaction temperatures and shorter resi­
dence times were together effective in reducing the molecular weight of the 
vacuum bottoms product without an unacceptable product ion of methane or 
other hydrocarbon gases. However, the higher temperatures required (460 to 
5000C) could not be achieved unless the solvent introduced with the coal 
had a suitable hydrogen donor activity.l4 

Recent emphasis has shifted away from boiler fuel toward interest 
iri distillate products as a means of avoiding the problem of ash-solids 
separation. The optimization of distillate yield will represent a balance 
between the depolymerization of heavy ends and the coincident formation of 
gaseous products. Determination of the optimum combination of time, 
temperature, and recycle which produce this result for specific coals will 
be an important goal of future research. Research will. also continue on 
·improving the breakdown of high molecular weight lignite structures with· 
recycle and high temperature techniques. 
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No unique environment~l problems are associated with the CO­
Steam approach. 

Advanced Processes (Zinc Chloride (ZnCl?) Catalyst) 

The Zinc Choloride catalyst development project is part of the 
DOE's Third Generation Processes Pfo~ram to develop advanced processes that 
offer significant advantages over second generation processes currently in 
pilot or demonstration scale phases. 

The zinc chloride catalyst process is designed to convert bitumi­
nous and subbituminous coal into distillates {in the gasoline range) by 
severe catalytic hydr'ocracking. The process may be applied either to coal 
as a one-step process or to coal extract as a two-step process. The 
process configuration will be set by economic considerations related 
pr·ima.r"ily to the extent of catalyst recovery. Figure 3.5.~ .25 shows a 
prnc.P.ss flow diagram. 

In the process, coal is dried and pulver1Zed before 1ntroduct1un Lu 
a. feed tank where it is slurried with a process-derived recycle oi 1. The 
slurry feed proceeds to the hydrocracking reactur wht:!rt:! i L i::, miAt:!u with 
hydrogen and the ZnCl2. The reactor operated between 6750F and 8250F 
and between 1500 and 3500 psig. In the reactor, coal is cracked to distil­
lates primarily in the gasoline range. All products go to a receiver where 
gas is separated from the liquid which is further processed to produce 
gasoline. The gasoline and light fuel oil distillates are essentially 
solid-free. 

from the hydrocracking reactor, the solid discharge containing 
spent catalyst, nitrogen~ sulfur compounds, ash, and carbonaceous residue 
is fed to a fluidized-bed combustor which operates at·17000F and 2 psig. 
i.nC12 is separated from the rest of the residue· as a vapor, condensed, 
and recycled back to the hydrocracking reactor together with the fresh zinc 
chloride. 

The use of molten zinc hal1de as a catalyst t.ur pr·uuucvion or low 
sulfur gaseous and liquid fuels was discovered under office of Coal 
Research sponsorship by the Consolidation Coal Company (a subsidiary .of 
Continental Oil Co.) during the period of 1963 to 1968. Work being per­
formed by the Conoco Coal Development at Library, Pennsylvania, is aimed at 
developing a process which selectively produces high-octane product and 
achieves a high catalyst recovery by regeneration. 

Major activities were conducted by Conoco on a 100-lb/hr bench­
scale unit during the period 1975 to 1977 to study the conversion of 
subbituminous coal 1nto d1stillatt:! fuels, and to investigate zinc chloride 
catalyst regeneration •. · This work was successfully completed. Primary 
products from the bench-scale experiments have ~een characterized as 90 
Research Octane Numb~r {RON) gasoline and a low-sulfur, low-nitrogen 
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Zinc Chloride Catalyst: Process Flow Diagram 
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content fuel oil. Primary and secondary zinc chloride catalyst regenera­
tion achieved a minimum catalyst recovery of 99.5 percent. Other accom­
plishments included the development of a mathematical model describfng coal 
reaction kinetics in the hydrocracking reactor. 

In June 1978, construction of 1 TPD PDU at Library, Pennsylvania, 
was completed. Shakedown of the hydrocracking and catalyst regeneration 
sections is finished, and material balance operation feeding SRC-1 product 
from the Ft. Lewis pilot plant begun in January 1979 is now complete. 
The PDU is developmentally ready to accept a coal feedstock, but funds have 
not been made available for the continuation of the project. However, the 
tests on a 2 lb/hr bench-scale unit included Montana Rosebud subbituminous 
and Kentucky bituminous coals, and provide some basis for comparison. 
Eastern coals have shown marginally higher liquid yields, but the differ­
ence is probably due to variations in the· activity of the catalyst. No 
problems were encountered with calcium carbonate precipitation with the 
Montana feedstock. No difference in the viscosity of the ·liquid products 
was noted, possibly because almost all of the products produced were in the 
gasoline range. 

One of the technical difficulties encountered in· previous work is 
the corrosive products which can form as a result of the presence of zinc 
chloride. There is considerable uncertainty regarding the materials of 
construction, in particular the metals and ceramics for use in the high­
temperature zone, the zinc chloride condenser in the catalyst recovery 
system, and any areas in contact with moist hydrogen chloride. One impor­
tant limitation is that the process cannot tolerate coals with high alkali 
contents, such as U.S. lignites. 

Unique environmental considerations may arise from the disposal of 
solid materials containing high concentrations of zinc compounds. Other 
en vi ronmenta 1 concerns associated with th 1 s process ar~ common to other 
coal liquefaction ,processes. 

Disposable Catalyst Hydrogenation 

This process is also part of the DOE's Third Generation Processes 
Program and is being investigated by the Pittsburgh Energy Technology 
Center at their Bruceton, Pennsylvania, facility. The process is dire~Le~ 
toward the use of inexpensive single pass catalysts which avoids the costly 
catalyst recovery and regeneration steps. A sulfur-free fuel oil is 
produced by the process. 

Figur~ 3.5.4.26 is o simplified process flow diagram for the 
Disposable Catalyst Hydrogenation concept. Coal is dried and mixed with a 
process-derived oil and the disposable catalyst. The paste is compressed 
to 2000-4000 psi and preheated. Recycle gas and make-up hydrogen are added 
to the paste before hydrogenation reactions take place in a pressure vessel 
in liquid phase~ Gaseous and sludge discharge from the reactor are sent to 
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Figure 3.5.4.26 

Disposable Catalyst Hydrogenation: 
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a gas separator and letdown system. Hydrocarbons are recovered. f.rom the 
gas stream, and a hydrogen rich gas stream is recycled. The gaseous fuel 
product is composed of· light hydrocarbons. The oil is distilled to obtain 
li~uid'fuel and pasting oil, While·the residue and heavy oil are processed 
to recover light fr~ctions, paste oil, and heavy liquid products. 

. The major thrust in the process research is catalyst selection. 
During FY 1980 promising leads will be further pursued in the laboratory 
and larger scale testing will be· intensified. A major effort will involve 
extended operations of a 1200 lb/day coal liquefaction facility at PETC. An 
independent engineering evaluation ·of this process will be conducted and 
the process compared with other processes already in the pilot plant 
stage. · 

The effects of using low-rank· coals in ·the disposable· catalyst 
hydrogenation process are expected to be similar to their behavior in other 
1 i quef acl i un systems: 

t It may be economicaii.Y advantageous to use ·synthesiS gtts in 
p·lace of hydrogen in the process, due to the higher rate of 
consumption of reducing gas whcn··low-rank co~ls are gasified, as 
well ~s the higher reaction rate with gases containing carbon 
monoxide. 

• When the· catalyst· selection is made, compatibility with the 
mineral matter present in low-rank coals must be assured. One 
phase of the catalyst development program may be to identify 
specific catalysts which maximize the liq~efaction rate of 
low-rank co a 1 s. 

1 Formation of calcium carbonate deposits in the reactor when 
us·ing low-rank coals having high contents of ion-exchangeable 
calcium may re·quire an oi 1 "filtration step befor-e distillation. 

1 Unlike other catalytic systems wh'er·~ Lh~ catalyst act1v1ty must 
be maintained for lonq periods of time. catalyst dear.tiviltinn 
due to precipitation of calcium carbonate is unlike·ly to be a 
problem. · ' 

1 A higher bottoms viscosity resulting from some low-rank coal 
feedstocks may shift the split between recycle oil, liquid fuel 
products and gas output of the plant. 

Disposal of the solid waste eff-luent from the plant may be compli­
cated depending on the type of catalyst chosen for the process. Catalyst 
selection may also influence the yield ·and product spread. which may have 
unique environmental considerations .. :· 

~ .. \ 
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·Flash Liquefaction 

The Flash Liquefaction process is another· element of the DOE's 
Third Generation Processes Progra~, and is being investigated by the 
Rocketdyne Division of Rockwell International at Canoga Park, Ca.lifornia. 
The development work is aimed at evaluating the concept of direct hydroge­
nation of pulverized coal injected into an entrained flow reactor. 

A simplified process flow diagram appears in Figure 3.5.4.27. 
Pulverized coal is entrained in a heated .(15000F) hydrogen. stream and 
injected into a cylindrical reaction .vessel. Oxygen may be introduced to 
the reactor if required, since the reaction is endothermic and an addi­
tional source of heat may be required in certain cases. Rapid reaction.of 
the coal with the hydrogen gas phase takes place at_reactor conditions of 
18000F and 1000 p~i. Residence times fof the reacting mixture are of the 
order of 10 to 100 mi 11 i seconds in the reactor, after which the product 
mixture is quenched with water in a separate vessel. Unreacted coal, char 
and tar products are recovered in a third vessel, while the vapor phase is 
separated at approximate-ly SOOOF and 100 psi and sent to a condenser. 
Condenser overhead is scr.ubbed, and would in a commercial scale plant be 
processed for recovery of hydrogen sulfide, ammonia, hydrocarbon gases, and 
hydrogen for recycle as a reactor feed stream. Condenser bottoms is 
processed for oil product recovery, and the wastewater recovered is. treated 
for reuse or discharge. Full scale plant operations would most likely use 
the char and tar products to generate the hydrogen used in the process. 

Some of the key process variables which will affect ·the yield and 
quality of the liquids produced are .reactor residence time, reactor temper­
ature and pressure, ratio of hydrogen to coal feed (hydrogen recycle rate) 
and oxygen consumption (if any). 

Current activities. include e~pansion of the reactor system to a 
full process development unit which is now in the start-up phas~. Opera­
tions will continue in FY 1980 with additional equipment to recover the 
benzene, toluene and xylene liquids which have relatively high commercial 
value. (Production. of these compounds is probably due to short reaction 
times and -incomplete hydrogenation of the coal matrix, with breakage of 
only primary bonds). Further design and econoini c studies will be conducted 
to permit evaluation of sea led-up operations. Data from extended opera­
tions will be provided for pilot plant design .. 

·Although test data on the use of low-rank coals iri the flash 
liquefaction process are not available, several considerations may apply to 
the utilization of these feedstocks in this process: 

• The tendency of low-rank coals to produce heavy oils having a 
high viscosity may be somewhat exa~erbated ·by the extremely 
short residence times in the entrained flow reactor. Higher 
temperatures may be required to offset this tendency, meaning 
increased consumption of oxygen and hydrogen, and 1 arger gas 
yields. 
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Figure 3. 5. 4. 27 

Flash Liquefaction: Process Flow Chart 
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1 Any tendency of low-rank coals to form calcium carbonate depos­
its wi 11 not affect operation of the reactor due to the en- · 
trained flow· condition. 

• Increased hydrogen consumption may be a feature of using low­
rank coals, regardless of the reaction temperature requirements. 
Due.to the short residence times available in the reactor and 
the higher reaction rate of carbon monoxide with low-rank coals, 
the use of cheaper synthesis gas might be a fruitful direction 
for exploration in the research program. Enhanced yeilds may be 
especially significant with synthesis gas due to the short 
reaction times. 

1 Catalyst activity of the ash in low-rank coals may be especially 
significant in this process as compared to the reactivity of 
higher rank coals, due again to the short residence times. 

The environmental impact. of this process is expected· to be similar 
to other coal liquefaction processes. 

3.5.4.6.2 Donor Hydrogenation 

The detailed chemistry and mechanisms of coal liquefaction are 
still largely unknown. In certain cases, however, hypotheses regarding the 
function of the slurrying oil are well substantiated by scientific evi­
dence. The term 11 donor 11 applies to a solvent which chemically donates 
atomic hydrogen from within the molecular structure of the solvent itself. 
Although other solvents provide a mechanism by which molecular hydrogen in 
the gas phase can be brought into contact with reactive sites within the 
coal matrix, this process is largely only physical absorption and mass 
transfer. It is this characteristic which distinguishes physical solvent 
activity from the chemical activity of a true donor solvent. 

Exxon Donor Solvent (EDS) Process 

The Exxon Donor Solvent process has been under development since 
1966 by the Exxon Research and Engineering Co. The process consists of 
non-catalytic coal liquefaction with hydrogen and a hydrogen donor solvent 
followed by catalytic solvent re-hydrogenation in a separate vessel. 

A simplified process flow diagram is shown in Figure 3.5.4.28. Coal 
is ground and slurried with the recycle donor solvent. The slurry is 
heated in a fired heater, and preheated gaseous hydrogen is added. The 
reaction is carried out at approximately 8000+F and 2000 psi in a tubu 1 ar 
reactor having no internals. Products from the liquefaction reactor are 
sent to several stages of separation for recovery of gas, naphtha, middle 
distillates, and bottoms comprised primarily of unreacted coal and mineral 
matter. Solid-liquid separation is achieved by distillation. 

-713-



Figure 3.5.4.28 

Exxon Donor Solvent: Process Flow Diagram 
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The heavy bottoms from distillation are sent to a flexi-coker to 
produce additional liquids and low-BTU gas for in-plant fuel use. Hydrogen 
for in-plant use is pro.vided by steam reforming. of C1-C2 gases produced 
in the process .... The hydrogen is recycled to the liquefaction and solvent 
~ydrogenation sections. 

A portion of the middle distillate product is sent to the solvent 
hydrogenation step, using a catalytic fixed-bed rea~tor to produce donor 
solvent to be recycled to the slurry preparation step. Depending on the 
ultimate product utilization, the primary liquid products may be further 
refined. · · · 

The plant is balanced in that it is self-sufficient in both process 
fueJ and H2 requirements. The process gives high yields of low-sulfur 
liquids. For example, the liquid yield .from Illinois bituminous coal is 
2.6 barrels of C4/10000F liquids per ton of dry coal feed. 

r 

A 250 tpd pi lot sponsored by DOE and EPRI, among others, is cur­
rently under construction in Baytown, Texas; it is scheduled for completion 
in 1980. 

The EDS process handles a full range of coals from bituminous 
through subbituminous to lignites. The product yields obtained with these 
three coals at preferred operating conditions are related to the coal 
composition. The low-rank coals, which contain higher organic oxygen~ 
yield less liquid product and mpre water and carbon dioxide. Operations at 
50 lb/day and 1 TPD pilot plants on various coals have shown that low-rank 
coals are more difficult to process than bituminous coals. Calcium carbo­
nate deposits form in the liquefaction reactor as wall scale and free 
flowing agglomerates. In addition, the viscosity of the vacuum bottoms is 
higher for low-rank coals, which adversely affects the operation of the 
vacuum tower and feed system to bottoms proces~ing. 

Solid agglomerates form during liquefaction. as a result of calcium 
humates decomposing to form calcium carbonate. The extent of deposits is 
related to the ion exchangeable calcium content of the coals. Two methods 
have been demonstrated for control: 1) periodic withdrawal of agglomerates 
from the reactor with acid washing of wall scale during shutdowns, and 2) 
coal pretreatment with sulfur dioxide to convert the calcium to calcium 
sulfate which is stable under liquefaction conditions. The high viscosity 
of the EDS liquefaction bottoms can be controlled by increasing the lique­
faction residence time, which can be up to appoximately one hour for Texas 
lignite. Alternatively, viscosity can be decreased by changing the bottom 
distillation cut to increase the 10000F- fraction from 10 to 15 
percent. The additional liquids which remain in the bottoms go to the 
Flexicoking process and are recovered. Flexicoker operation produces a 
~ange of liquid products and solid coke from its heavy feed. 

Product and by-product identification and characterization are 
ongoing; emission and effluent monitoring and solids characterization are 
planned. 
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3.5.4.6.3 Indirect Liquefaction 

Indirect conversion of coal to liquids refers to initial gasifica­
tion of the coal followed by a series of synthesis processes to yield 
liquid products. The Fischer-Tropsch process converts purified synthesis 
gas (H2 + CO) to a variety of liquids. The Mobil process produces a 
high-octane gasoline product from methanol or synthesis ga~. 

The sed ion wi 11 describe only the synthesis processes used to 
produ~e liquid products. Discussion of gasificatio-n systems which are 
·capable of producing synthesiS gas may be found in Section 3.5.3. 

The fischer-tropsch Process 

In 1923, fischer and Tropsch produced a mixture of alcohols, 
aldehydes, fatty acids and hydrocarbons by the catalytic hydrogenation of 
carbon monoxide at high temperatures (800-100QOF) and high pressures 
(1500-2000 psi).18 

A 1000 tpy plant was completed in Germany in 1933 followed three 
years later by a 30,000 tpy plant. In 1939, nine plants existed in Germany 
and one in France. South African interest in Fischer-Tropsch began in 1935 
and in 1956 the first SASOL (South African Coal, Ore, and Gas Corp. Ltd) 
Plant was completed. SASOL I remains the only commercial scale coal 
liquefaction plant in existence. (The SASOL II plant was more than 80 
percent com-plete in late 1979, and construction of Sasol III already 
begun.)l6 · 

two .synthesis processes are integrated in the first SASOL plant. 
The ARGE synthesis process, which was developed by Lurgi-Ruhrchemie is a 
medium pressure fixed bed catalytic system. The SYNTHOL process which was 
developed by Kellogg is a medium pressure fluidized-bed reaction system. 
Both reaction schemes are based on iron cat a l.yst. 

A process flow diagram illustrating the complexity of the Fischer­
Tropsch Synthesis Process as used at SASOL I is shown in Figure 3.5.4.29. 
The total production of liquid products is about 9000 B/0. 

Coal is gasified in a battery of Lurgi high-pressure, steam-oxygen 
gasifiers to produce a gas consisting essentially of carbon monoxide and 
hydrogen, with a proportion of .other gases, tar and oil. The gas stream 
from the gasifiers is quenched to remove tar and oil and purified by the 
Rectisol (Lurgi) process at very low temperature which uses a single 
solvent (methanol) to remove the lBst traces of tar and oil, carbon dioxide, 
hydrogen sulfide, organic sulfur, ammonia and phenol. The purified syn­
thesis gas stream is partitioned and a part of the gas is passed through 
a fixed-bed catalytic reactor (Arge synthesis). Feed gas has a H2/CO 
ratio of abot,.tt 2:1 and synthesis occurs under conditions of 4300F and 360 
psi. 

The products of the Arge synthesis are straight-chain, high-boiling 
hydrocarbons~ with some medium-boiling oils, diesel oil, L.P.G., and 
oxygenated compounds such as a 1 cohol s. 
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Figure 3.5.4.29 

Process Flow ·oi a gram. SASOL I 
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The other portion of the synthesis gas goes to the Synthol plant 
(Kellogg synthesis) which is a fluidized-bed catalytic (iron) reactor. In 
this reactor, catalyst is circulated along with the synthesis gas. Gas and 
catalyst leaving the reactor are separated in cyclones and the catalyst is 
recycled. Operating conditions are 6QQO - 6250F and 330 psi. A . por-

. tion of the Synthol plant tail gas is reformed with steam to increase the 
~2/CO ratio to ~bout 3:1, and i~ mixed with the fresh synthesis ga$. 

Synthol reactor effluent gas is quenched in a scrubbing tower wh~re 
the remaining catalyst dust is removed and returned to the reaction zone in 
the form of a heavy slurry oil. 

The raw products from synthesis require certain treatment and 
then final purification to make the specification products. From the gas 
phase, valuable hydrocarbon and chemical products are scrubbed out and 
recovered. The oil phase is treated catalytically to remove dissolved 
oxygenates anq then distilled into gasoline and fuel· oil fractions. ·The 
remaining liquor is distilled and fractionated to produce chemical pro-
ducts. Heavy alcohols to pentanol are also recovered. · · · 

In 1974, SASOL II was conceived, followed by SASOL III in early 
1979. Each plant~ will be capable of producing approximately 58,000 B/D 
of liquid transportation fuels, and will employ only the Kellogg Synthol 
Process to optimize gasoline yields. SASOL' II is expected to start up in 
1981, SASOL III in 1983. 

In the United States, research interest in, the Fischer-Tropsch 
concept has continued since the mid 1940's, with work sponsored by the 
Bureau of Mines and the· Office of Co a 1 Research. However, despite the 
advanced developmental state of the process, economic justification cannot 
be given for its commercialization in the United States. ·In addition, the 
Fischer-Tropsch technology produces many chemical products which do not fit 
well in U.S. fuel markets. 

Subbituminous coals are feedstocks for the SASOL plants. The 
effects of low-rank coal usage on the liquefaction process are primar­
ily observed in t~e gasification train, which were discussed in section 
3.5.3.5. Beyond the gasification step, the effect of coal rank is soley 
the determination of the gas composition, which may be varied according to 
the gas clean-up conditions and any shift reaction imposed on the gas. Feed 
composition to the ARGE and SYNTHOL units is fixed by process requirements. 

Environmental considerations of the Fischer-Tropsch process involve 
effluents from both the ~oal gasification and the various liquid synthesis 
and recovery processes. · · · 

Mobi 1 

The Mobi 1 Research and Development Corporation, sponsored by the 
Department of Energy, is developing a synthesis process for the production 
of gasoline~range 'liquids from coal. Two alternative schemes have been 
proposed. In one, methanol would b~ synthesized and then converted to 
synthetic gasoline; the second proposal involves the direct formation of 
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gasoline from synthesis gas. In the presence of a highly selective cata­
lyst, aromatic hydrocarbons can be. formed from methanol, possibly through 
the intermediate formation of e~hylene. 

A simplified process flow schematic depicting the fluid-bed process 
is presented in Figure 3.5.4.30. 

A mixture of methanol liquid and vapor reacts in a fluid bed 
reactor in the presence of a catalyst to form gasoline and water. The 
product mix is condensed, and the gasoline and aqueous phases are sepa­
rated. Provision is made in the reactor system for catalyst regeneration 
and for the addition of fresh catalyst. 

The process is attractive because the gasoline produced has a high 
octane rating and is free from heavy ends, obviating further product 
upgrading. Under the best conditions achieved to date, over 75 percerit of 
the hydrocarbon product is in the C5+ range. Mobi 1 estim.ates that 
the process would have an overall thermal efficiency of approximately 66 
percent when based on Lurgi coal gasification and including energy credits 
for LPG, methane and other useful process by-products. 8 . 

Mobil is also working on other catalysts which may promote the 
gasoline formation directly from synthesis gas. This would simplify the 
process and reduce overall costs. Even at the present state of develop­
ment, the overall economics are claimed to be better than for the SASOL 
process because a gasoline type product is produced without the range of 
by-products for which markets may not be available. 

Construction of a 15 ton products/day pilot plant is under consid­
eration. The project would be based on the design of a smaller unit which 
was.operating successfull~ at the end of 1977 in Paulsboro, N.J. 

The use of low-rank coals in the Mobil liquefaction process must be. 
considered from the standpoint of their effects on the gasification system 
These effects of low-rank coals were addressed in section 3.5.2.5. 

Environmental problems arising from the Mobil process involve 
effluents from both the coal gasification and liquid synthesis. 

3.5.4.6.4 Foreign Liquefaction R&D Products 

A list of foreign Research and Development projects for liquefac­
tion is presented in Table 3.5.4.10. This work covers a large variety of 
processes, some similar .to those discussed in the preceding sections, and 
others utili·zing novel techniques (e.g., supercritical gas extraction). 
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Table 3.5.4.10 Page 1 of 3 

Foreign Coal Liquefaction Research and Development ProJects 

~ 

Natic·nal Co51 Board 
.Cheltenham 

National Coal Board, 
Che lt.enham 

Bergbau-Forschung 
~H. Essen. 

Ruhr•:ohle AG, Essen 
(Sub-contractor STEAG) 

Schering AG, Bergkamen 
(Sub-contractor Lurgi­
Mineraloltechnik GmbH 
Frantfurt) 

Union Rheinische 
Braunkohlen 
Kraftstoff. Wesseling 
(Sub-contractor SASOL 
and German engineering 
companies) ,. 

lurg·i Ruhrgas 

Source: Reference 18 

Development Stage 

Z-liter stirred autoclave work. 
A 0.75 t/d extraction plant and· a 
1.025 t/d hydrogenation plant are 
eperational. 

latch extraction followed by semi­
continuous work. A 0.1 t/d plant 
is operationaL Pilot plant of 
:!5 t/d envisaged. · 

0.25 to 0.5 t/d unit to test 
feasibility of producing heavy 
•nd medium oil. Also examining 
possible catalytic effect of 
mineral matter in coal 
li.quefaction. 

Evaluating Stearns-Roger design: 
study for construction of 6000 
t/d demonstration plant based on 
SRC-2 process. Completion by end. 
of 197g, 

:itudy concerning synthesis of raw 
materials for chemical industry by 
means of Fischer-Tropsch process. 
')ilot plant with Kolbel liquid­
phase slurry reactor is operating. 

To make mainly petrochemical raw 
materials via Flscher-Tropsch 
•ynthes Is or re 1a ted processes, 
JSing brown coal as feedstock. 

Jhe technique is being applied to 
lignite on an Industrial scale of 
1600 t/d at Lukavac, Yugoslavia, 
snd· In other large-scale plants a­
round the world. Extent to which tar 
~roducts are used to make synthetic 
·Ji1s by hydrogenation is unknown. 

Process 

Solvent extraction· (anthracene 011) 
followed by catalytic hydrogenation. 

Supercrtttcal gas extraction. Coat· 
constituents pass Into gas. phase 
leavtn_g 1nvolat11e residue of char 
and mineral matter. Coal extract Is 
precipitated and· separated from the 
extracting gas. · 

Product 

Li9ht oil, middle oil, heavy oil 
(for recyc 11 ng) 

Extract yields up to 501 coal, to 
be converted to chemical feedstocks 
and liquid fuels. 

Product oil will contain less than 
0.51 sulfur. 
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Country 

USSR 

Jaoan 

Japan 

Japan 

Japan 

Japan 
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Foreign Coal Ligue.faction Research and Oevelownt Projects 

~-

Institute of 
Fossil Fueli 

Osaka Gas C~a•y, 
Torishima, •lsakil 

Fuel Resear·:tl 
Institute of Japan 

Electric PoNer tevelop­
. rnent Corpora,tio• 

Hi tsui Groupo of 
Companies 

Sumitomo Coal 
Mining Compa1y 

Source: Reference 1.3 

Development Staae· 

Liquid-phase hydrogenation of brown 
coal/oil paste is bein9 carried out 
in 6-liter retctors. (40% coal plus 
60% paste-forming a9ent.) 

. 0. 25 t/d· pilot unit was due for ex­
pansion tnto <·4 t/d facility to go 
on stream sunner 1975. 40 t/d asphalt 
treating demor.stration plant now being 
built. Stanfc.r!l Research Institute 
carried out feasibility study of 
process. 

Pilot Plan;; wcr.k on solvent extraction 
of coal using .a coal-tar oi\. Research 
work on use of petroleum heavy oils. 
250 t/d plant 4esigned to make a SRC 
and convert it. to electr:ode carbon in 
delayed cater, but construction.costs 
were too high_ · 

1 t/d unit'in!Hagasaki. A 4a t/d · 
pilot phnt'e),pected by 1981, a 40 
t/d solvent treatment plant by 1984, 
and a 40 tld direct liquefaction 
plant by 1985. 

5 t/d.SRC pilot plant OP.erating at 
Ohmuta worh of fotitsui producing 
3 t/d SRC. Hi:tsui to join Gulf Oil 
to convnerci alize process, probably 
in Australia. A semi-commercial 
scale plant was built hi Milke, 
Kyushu with a capacity of 1500-2000 
t/d. 

Operating 2 t{d plant in Akabira, 
Hokkaido, using solvent extraction 
process. Hopes to sponsor one of the 
U.S. extraction processes. 

Process 

Use of petrole1m oils as hydrogen­
donor sol vents, organic ·<dditfves 
as polymerization· inhibitors· and 
employing acthe catalyst. enables 
process to take place ~t low pressure 
and with low H! consumption. 

Some coal powder is addec to crude oil 
or asphalt and the mixtu~e·reacted at 
high temperatur~ and pre~sure. Next 
the slurry is cracked, tt·en the lighter 

· fractions are '"lashed oft and .. the bottoms 
are separated ir.to liqllic and solids by . 
centrifuge. Pltch is se~arated as 
distillation re~idue. 

Coal is treate~l with asphalt ills solvent 
in absence of catalyst . 

SRC 

SRC 

Product 

High-boiling oil fuel; low-boiling oi 1,. 
refined to 9asoline. 

LPG/Naphtha, 'Kerosene, Heavy fuel oil, 
Binder, Solids. 

SRC constituted by weight of coal. 

SRC as black pitch brittle material. 
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C.Juntry 

J~pan 

PJland 

PJland 

AJs tra lia 

A us tra 1 i a 

_Austral fa 

India 
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Foreign Coal Liquefaction Research and Development Projects 

Compan_y 

Taikeiyo Coal 
Mining Company 

Consortium of 10 
Japanese companies 

Central Mininq 
Institute · 

Central Mining 
Institute 

Mitsui Group of Japan 
and Gulf Oi 1 Corp. of 
USA 

New South kales 
Government 

Aus tra 1 ian Coal 
Industry Research 
Laboratories Ltd. 

Central Fuel Research 
lnstf tute, tDhanbad 

Sout·ce: Reference 18 

Development Stage 

:'lan to build 6000 t/d coal ex- · 
traction-hydrogenation plant in 
l(ushiro, Hokkaido. 

:'lan to build commercia 1 1 iquefaction 
plant yieldfn9 7000 t/d by 1985. 

.=luidized-bed, iow"t~mperature carbon­
':zation plant to treat 24 t/d non­
caking hard coal is being built, and 
plans made for 360 t/d plant. 
Research work'on'hydrogenation of pri­
mary fluidized-bed tar to diesel fuels.· 

Continuous solvent extraction/. 
hydrogenation of:coal in 0.1 t/d plant. 
1 t/d ~lant has been built to enable 
extraction/hydrogenation and·also direct 
hydrogenation of.'coal 'to be examined in. 
ebullated-or fixed-catalyst beds·of 
high throughput·, ,Plant could also be 
•Jsed to treat fluidized-bed tar. 
Wext step 1s 590 t/d plant prior to 
erection of commercial plant. 

SRC 

Exxon Donor Solvent 

Hydrogenation of Fluidized Bed 
primary tar. 

Solvent used is hydrogenated anthracene 
oil, recycle oil and LT oil. Extracts 
hydrogenated in two stages. 

10,000 t/d comn~rcial plant planned and SRC 
expected to operate by 1981, with 
operating conditions similar to PAMCO 
oJlant. 

•:onsidering building plant to make 4000 Coal Liquefaction 
~/d qasolfne. Feasibility study being 
made by Gas Developments Corporation 
(Institute of Gas Technology, USA,. 
·;ubs i diary). 

'reduction of synthetic oil and chemicals Coal Liquefaction 
from coal by batch hydrogenation process. 
~utoc-lave work on solvent extraction with 
-&nthracene oi 1. A 0.01 ·to 0.02 t/d 
·:ontinuous reactor is planned .. 

I t/d pilot plant to be run on Assam 
•:oals. 25 t/d plant to· follow. 

· 'roject supported by NPRC of India and 
Indian Oil Corporation. 

Hydrogenation 

Light oils, 28.2% of product by volume. 

1st stage gave 21.4% light oil. 
2nd stage, 15.4%-light oil. 
Aim is Syncrude; 0.5%S. · 
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3.5.4.7 SELECTED REFERENCES 

, in addttion to the preceding complete reference list, a few 
selected reference abstracts are provided below which may be of general 
interest for readings ·in coa 1 1 i quefact ion: 

'1 •. Wills6n, W.G., C.L. Knudson, G.G. B~ker, T.C. Owens, and D.E.Se~erson. 
Application of Liquefaction Process to Low-Rank Coals, Symposium 
on Technology and Use of Lignite, May 1979, Grand Forks, N.D., 
DOE GFETC/IC-79/l, pp. 170-206. 

The Grand Forks Energy Technology Center and the University of North 
Dakota researchers are engaged in liquefaction research to develop a 
scientific and engineering data base on the liquefaction behavior· of 
low-rank coals necessary to apply major developing processes to these 
distinctly different coals. The process initially reacted CO with a 
raw lignite to produce an "ash-free" solid or heavy liquid. Emphasis 
has been changed toward the production of a distillable liquid; and 
synthesis gas--equimolar CO/H2--has been substituted for CO. 

In the newly constructed 5-lb coal/hr continuous process unit, synthe­
sis gas, raw lignite and anthracene oil solvent were reacted at 
elevated temperatures in single pass tests in a continuous-stirred 
tank reactor (CSTR). Product yield fractions were corre 1 a ted with 
percent coal in the feed slu.rry, hydrogen donor (tetralin) concentra­
tion and temperature. The molecular weight of the soluble but non­
distillable yield fraction was markedly reduced by increasing temper­
ature, but this effect was 1 ess pronounced in a CSTR reactor with 
internal backmix than in a batch reactor. 

In ba.tch autoc 1 ave systems, work has been conducted to estab 1 ish rates 
and product distributions .from several liquefaction solvents. Two 
solvents were chosen for subsequent tests aimed at determining the 
catalytic effects of diverse mineral matter in 8 different low-rank 
coals. Preliminary tests to determine product yield and quality in a 
single pass for some of the diverse coals have been performed. 
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2.· Sondreal, E. A., C. L. Knudson, R. S. Majkrzak, and G. G. Baker. 
Liquefaction of Lignite by the CO-Steam Process, Preprints, 
AIChE Meeting, Miami, November 1978, 36 pp. 

The rapid reaction of synthesis gas with lignite plus combined.water 
was investigated in a 5-lb. coal/hr. continuous process unit at high 
temperatures (up to 5000C} and in the presence of a hydrogen donor 
additive (tetralin}. Product yield fractions were correlated with 
temperature, tetralin level, and percent coal in the feed slurry. The 
molecular weight of the soluble but non-distillable yield fraction was 
markedly reduced by increasing temperature, but this effect was less 
pronounced in a CSTR reactor with i'nternal backmix than in a batch 
reactor. Future work will involve fractionation and recycle of the 
high molecular weight product and hydrogenation of recycle to permit 
high-temperature operation without coking. This research will support 
the application of the SRC-II and Donor Solvent processes to lignite. 

3. 11 Process Engineering Evalutions of Alternative Coal Liquefaction 
CunceJ,JL~" ~ prepared by the Ralph M. Par!>On5 r.o., PAs;~oeM, CA. 
EPRI document AF-741~ Volume 1, April 1978. 

Process engineering evaluations were prepared for two coal liquefac­
tion concepts. These evaluation!; were made within the framework of 
complete self-sustained plants which require only coal and water as 
feed materia 1 s. The two 1 i quefact ion concepts considered were the 
non-catalytic Solvent Refined Coal process and a generic catalytic 
hydroliquefaction process referred to as the CHL process in this 
report. The engineering designs and capital cost estimates were 
developed for a southern Illinofs location using the same general 
process configuration and supporting units for both liquefaction 
systems. The designs are based on the use of commercially demon­
strated technology wherever possible. This emphasis on current 
technology provides a basis for assessing the cost of a first ·genera­
tion plant that could be constructed today without further improve­
ments from the 1975 technology base. These initial designs are 
intended to be base cases for assessing the cost impact of process 
improvements ~hat will be incorporated into subsequ~nt designs. 

Two cases representing different processing severities were developed 
for each l_iquefaction process. The· more severe operations produce 
products with a lower sulfur content and higher liquid yield. The 
designs were developed for plants with a nominal product capacity of 
50,000 fuel oil equivalent (FOE} bbls/day (FOE bbl ~ 6.3 x 106 BTU}. 
The total plant investments range from $1,097 MM to $1,173 MM for the 
two SRC cases, and from $1,228 MM to $1,445 MM for the two CHL cases. 
The higher capital costs were associated with the more severe 
oper-at iorr:,. 
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4. 

The cost of on-site power generation represents .a. s i gni fi cant propor­
tion of the overall plant capital cost. To assess the implication of 
this, two additional cases were developed using purchased power. 

· These cases are based on the low severity SRC process and are presen­
ted in a separate supplement to this report. The use of purchased 
power can reduce the total plant investment in the range of 12 to 17 
percent. 

Mitchell, W. N., K. L. Trachte, S. Zaczepinski. Performance of 
Low-Rank Coals in the Exxon Donor Solvent Process, Symposium on 
Technology and Use of Lignite, Grand Forks, N.D., May 1979, 
DOE GFETC/IC-79/1, 1979, pp. 157-169. 

The Exxon Donor Solvent Coal Liquefaction Process (EDS) handles a full 
range of coals ranging from bituminous through subbituminous to 
1 ignites. The avera ll process performance based on the 50 1 b/day 
recycle coal liquefaction unit (RCLU) and the 1 ton/day coal lique­
faction pilot plant (CLPP) is summarized as a function of process 
conditions and coal rank. 

Special emphasis is placed on the conversion and yield response of the 
range of coals demonstrated in the EDS process to date. In addition 
to the liquefaction potential, the operability issues· associated with 
operating a low rank coals are addressed. More specifically, the 
relationship between the operating severity and the liquefaction 
bottoms viscosity is explored in detail. Also, the calcium carbonate 
scale deposition and agglomerates formation in the process reactors is 
covered. As part of this discussion, process and mechanical solutions 
to this problem are summarized • 

. 5. Severson, D.E. Solvent Refined Lignite Process Development Final 
Report, June 16, 1977-June 15, 1978, DOE FE-4189-15, January 5, 
1979' 96 pp. 

Project Lignite was initiated in 1972 at the University of North 
Dakota. to determine the ·appropriate technological approach to the 
conversion of Northern Great Plains Lignite to premium solid, liquid 
and gaseous fuels. Laboratory and bench-scale work were carried out 
and a continuous process development unit (PDU) was constructed and 
operated to demonstrate the feasibility of continuous liquefaction of 
lignite. Economic studies were made, information was developed on 
catalytic hydrogenation of solvent refined lignite. 

The continuous process originally envisioned was the two stage con­
version of lignite to fuel liquids, with solvent refined lignite as 
an intermediate and useful fuel product. The first stage was a unit 
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converting 50 pounds per hour of raw lignite into solvent.,refined: 
lignite by reaction with synthesis gas (carbon monoxide and hydrogen} 
in the presence of a hydrogen <;ion or so 1 vent . that· was continually 
regenerated from the lignite during processing. The mineral sepa­
rations system was a countercurrent decantation process carried out at 
elevated temperature and pressure. The second .stage was to be the 
catalytic hydrogenation to premium liquid fuels of the solvent refined 
lignite prod!Jced· in the first stage. However, this latter· step was: 
not implemented, and the program·was directed at developing the 
liquefaction and solid-liquid separation stages. ~· 

~ .:, ) ; .~ .... 

During its final year of operation, the project included in the 
liquefaction section -of the Process Development Unit, together with 
some .operation of the gas ·clean-up and recycle s~ctions~ the evalu• 
ation of the solid/liquid s~paration· section, corrosion coupon test~~ 
ing, the determination of solids· accumulation on the dissolvers, ttie 
production of clean solvent· refined lignite, and data ·collect·ion. and. 
analysis. . 
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3.5 .• 5 Pyrolysis 

.;3.5.5.1 Introduction and Su11111ary . ·, 
<. 

Pyrolysis is defined .as the transformation of a substance into one 
or more substances by the application of heat alone. This technique has 
been hist.orically applied to many different materials, including but not 
limited to wood, coal and petroleum feeds. The technique is still impor­
tant today' in the petroleum refining industry, and has.been .used success­
fully here and in other industries both for waste disposal and as: a method 
of producing co11111ercially important products. 

~). ~ . i 

r· · .: Although the term ·pyrolysis implies· a· reduction in ·the size or 
complexity of the·. feedstock chemical composition, pyrolytic changes may· 
als6 involve chemical isomerization and the formatjo~ of higher molecular 
weight fractions,. generally through free radical recombination of cracked 
m·olecules. This applies to coal pyrolysis, and hence control of the 
product distribution produced by pyrolysis is achieved by manipulation of 
the rate, degree and le~gth of time the sample is exposed to the pyrolysis 
conditions. · 

A distinction is made between low-temperature carbonization (gen­
era~ly 840 to 13QQOF) and high-temperature carbonization (generally greater 
than 165QOF) of coal. Low-temper~ture carbonization results in the pro­
duction of a solid, smo~eless fuel (char) coupled with a high yield of 
coal tar. The char is a soft, black porous material, which still contains 
co~siderable volatile material. High-temperature carbonization is used for 
the production of coke by the· metallurgical industry. Generally, the 
discussion of pyrolysis here is directed at low-temp·erature carbonization. 

The relative proportions and quality of g~s, liquid and char pro­
duced . from a pyrolysis process depend on the feedstock composition. For 
example, carbonization tests at 5QQOC have shown that for lignites more 
than three:-fourths of the original heat content is concentrated into char 
which repre~ents less than half of the origin~l sample weight •. By compari­
son, higher rank coals do not show this same upgrading in char quality., 
The result is that low-rank coal pyrolysis chars have nearly the same 
heating value as do their higher,..rank counterparts. Although the gross 
heating values are similar, low-rank coal chars are reactive to the point 
of pyrophori c behavior, and a 1 so di sp 1 ay enhanced reactivity to steam and 
hydrogen relative to higher rank· chars.· These char properties may in 
certain cases require special handling considerations, but also provide 
opport1,1nities for use in· processes where high reactivity is advantageous. 
The lower sulfur content of low-rank coals is an advantage retained in the 
char;' ·which may therefore make it more widely applicable or require a 
reduc~d degree of environmental_control than bituminous coal chars. 
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Operation of the pyrolysis reactor wi 11 a 1 so be affected by the 
rank of coal being fed to the unit. The noncaking characteristic Of 
low-rank coals is an advantage in fixed bed or fluidized bed pyrolysis 
reactors. On the other hand, initial decomposition temperatures increase 
with rank, suggesting that ~ptimal t~mperature levels and profil~s will be 
different when low-rank instead of high-rank coals are used as feedstocks,. 

Three domestic coal pyrolysis projects, .COED, Toscoal, and Occi­
dental Research Corporation Flash Pyrolysis, are described in addition to 
foreign work currently underway. Different reactor schemes are used in 
each process, representing different heat transfer mechanisms. The COED 
concept ca 11 s for a series of fluidized beds in which heat transfer is 
effected by a hot gas .~tream. Ceramic balls are used in the Toscal design 
to provide the pyrolysis heat in a rotating retort. The Occidental Re­
search Corporation process uses hot char as a heat carrier; the ·pyrolysis 
reaction time is very shm·t, which mirrinrizes the production of gas and also 
prevents the formation of very high molecular weight fractions due to 
repolymerization. 

Key Issues for Low-Rank Coal Pyrolysis 

The unique properties of low-rank coals raise the following key 
issues ·with respect to pyrolysis process development: 

1. Economic feasibility of pyrolysis processes for 
lOw-rank coals. 

2. nnproved analytical methods for low-rank coal py­
rolysis studies. 

3. Improved pyrolysis product propert1es and yields. 

In addition, coal pyrolysis technology shares with ·gasi rication 
and liquefaction technologies the need to minimize potential health effects 
.of coal liquids. 

Economic Feasibility 

Because of their high inherent moisture and ·oxygen contents, ·low­
rank coals produce larger yields of gas and water and relatively low yields 
of liquid and. char .Products ·When pyrolyzed, as compared to bituminous 
coals. On Lh~ ulher hand, pyr.o1ys1s upgrades the ·heating va·lue ot· the 
so 1 i d product from 1 o.w .. rank co a 1 t.o a much .Yr~ater cx~cnt than the up,.. 
grading achieved w.ith .bituminous co.al. These differences, as well as 
dHferences in the properttes and behavior (such as reactivity) of char and 
tar produced from low-rank coal as compared to bituminous coal, raise 
questions as to the comparative economic feasibility of using low-rank 
coals as feedstocks for pyrolysis. 
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One concept would be to use a pyrolysis plant primarily as a means 
of low-rank coal beneficiation: produce a highly reactive, high-heating­
value char for power plant fuel; utilize the tar fraction either as chemi­
cal feedstock or as binder for briquetting the char; and utilize the offgas 
locally as fuel gas. Both the transportation economics and the powerplant 
economics would be improved by using the upgraded fuel. The question is 
whether these savings would be great enough to pay for the profitable 
construction and operation of the pyrolysis plant. Process-, coal-, and. 
site-specific studies are needed to define these tradeoffs. 

·Improved Analytical Methods 

Pyrolysis products from low-rank coals are highly complex, and 
their properties can be influenced for better or worse by selection of 
process conditions. Such properties as reactivity of char and stability, 
corrosivity and viscosity of pyrolytic oil are difficult to measure on a 
consistent basis and re 1 ate to the chemica 1 compositions of these sub­
stances. Ba.sic studies to·improve analytical methods for the characteri­
zation of pyrolysis products from low-rank coals would aid process de­
velopers in their efforts to produce improved products. 

Product Properties and Yields 

One of the factors that has kept coal pyrolysis from commercial 
use despite many years of research is the difficulty of marketing its 
products •. Upgrading of product quality can be approached through modi.;. 
fication of the pyrolysis process conditions, or through operations such as 
hydrotreating of oil and briquetting of char. However, additional process 
steps such as these add substantially to the product costs and tend to 
decrease their yields. Concepts such as flash pyrolysis and hydropyrolysis 
are being developed with some success, as described below. 

3.5.5.2 Technology Description 

Pyrolysis, carbonization and retorting are terms used in a general 
way to describe the basic operation of heating coal to decompose and 
separate it into various products. Pyrolysis can be conducted over a wide 
range of processing conditions and can produce products with a wide range 
·of characteristics. Although the physic;:al and chemical changes occurring 
during pyrolysis are complex, the technique itself is relatively simple in 
terms of processing complexity and c.ontrol for separating coal into several 
components of potentially improved .value. 

' . 
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The products of pyrolysis (low-temperature carbonizatio~) are 
char, tar, and gas, listed in order of decreasing yield. An .aqueou.s 
fraction containing some or·ganic material, such as carboxylic acids., is 
a 1 so produced; but, generally, this fraction does not have a· positive 
economic value. Particularly with low-rank coals, a considerable increase 
in heating value of the char and tar is accomplished by removing the. 
moisture of the coal.l,a 

The char (also commonly designated as 11 Semicoke ... ) is usually 
a soft, black, porous material, either finely divided or in the form 
of lumps, which still contains some volatile material. In gener~l, this 
product is suitable for use in ·combustion or gasification processes.,. and 
in some cases for blending into met~llurgical coke. 

The tar is a highly complex, oxygenated material that varies 
widely in composition and propert1es depend~ng on the process used. 
It represents the products of repolymerization of free .rad·icals. formed 
during thermal decomposition of the coal. Generally the. tar is highJy 
viscous (semisoliq or solid) Qt room temperature. It can be utilized 
as fuel oil, after varying degrees of further processing. It contains. 
m.:.;:~i chemical species which may. be valuable as a source of chemicals.· 

The gas produced from pyrolysis contains varying amounts of 
hydrogen, carbon mon·oxide, carbon dioxide, hydrocarbons ·(primarily me­
thane), and water vapor~ · 

The relative yields of the liquid and gaseous pyrolysis proqucts 
depend on three major fac~ors: 

• Proportions of volatile matter present in the coal 

• Reaction temperature 

• Residence time of the coal and pyrolysis products 
within the reactor 

The technology of pyrolysis is characterized by a great number 
and variety of processes that have been utilized or· proposed during the 
past several hundred years. The operating conditions vary greatly, de­
pending on the coal properties, products desired, and many other factors.o. 

aReferences for Sections 3.5.5.2-3.5.5.5 are listed in Section 
3.5.5.6. 
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depending on the coal properties, products des"ired, and many other factors. 
The products froin these processes necessarily vary in chemical. and physical 
characteristics, their properties depending largely on feed· composition and 
the ·treatment to which they have· been exposed. For char especially, the 
size may vary from a fine powder to large lumps, including, in some pro­
c~sses, the preparation of a shaped product or briquette.2 

· Vertical retorts include both batch and continuous types, with 
some processes resembling current high-temperature coke ovens. They 
are typically of the fixed bed or moving bed type, and can be heated 
eith'er indirectly {through .the walls) or directly. {by hot gases). The 
continuous flow reactors are not well suited to highly caking coals {see 
section 3.5~3.2 for a discussion of .the same problem in gasification 
reactors). 2 

Fluidized or entrained_ retorts are well· adapted to continuous 
processing of large tonnages .of coal, and are applicable to practically 
all types of coals. Carbonizing. fine coal while fluidized by or en­
trained in a stream of heated gas produces a finely diviqed char, which 
may be utilized for boiler firing. In addition, such chars have found 
application in the preparation of metallurgical coke blends.2 A notable 
example of fluidized bed carbonization is the Parry process developed by 
the U.S. Bureau of Mines in cooperation with the Texas Power and Light 
Company.3 · 

Horizontal retorts consist essentially of long steel vessels, 
often cylindrical, through which the coal is moved as carbonization pro­
ceeds. The cylinders may be either rotated or fixed, and either direct 
or indirect heating may be used. These types of retorts have problems 
with highly caking coals unless pretreatment or other steps are taken 
to prevent adhesion. The Disco process employs rotat.ing horizontal re­
torts. A commercial plant using this process near Pittsburgh, Pa., con­
verted cleaned bituminous coal fines into lump char suitable for domestic 
use. 

A more recent development in the field. of pyrolysis is the tech­
nique of 11 flash .. pyrolysis, which uses an entrained-flow type of reactor. 
A. significant increase in yield of volatiles is· obtained by this tech­
nique, which entails very rapid heating of the coal particles {on the 
order of thousands of degrees per second) coupled with very short resi­
dence times {on the order of seconds or fractions of a second). The 
short residence time prevents the therma 1 de composition of the tars to 
gases. The rapid heating minimizes the r~polymerization of the pyrolysis 
products and usually results in the production of ethylene-rich gases. 
(Mainlilining high temperatures for extended periods results in high yields 
of gas.) 
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The coal decomposition rate is very temperature-sensitive, with 
a maximum occurring at a di st i net temperature for each coal (see Figure 
3.5.5.2). The heating rate also has a strong influence on the rate of 
decomposition, as illustrated in Figure 3.5.5.3. 

Extensive work on carbonization (pyrolysis) of U.S. low-rank 
coals was conducted by V.F. Parry and co-workers at the Bureau of Mines 
during the 1940's and 1950's.3,4 Five lignites, nine subbituminous coals 
and six bituminous coals were tested in a fluidized-bed pyrolysis unit. 
Low-rank, nonagglomerating western coals were found to be particularly 
amenable to high-capacity fluidized carbonization. Figures 3.5.5.4 and 
3.5.5.5 graphically show the relationship between product yields and 
temperature of carbonization. As temperature is increased, the degree of 
decomposition increases correspondingly; this effect diminishes above abol~t 
6QQOC. 

Fr·um F1gure 3.5.5.4 it is sel:!n that the gases released at the 
low temperatures of carbonization (15QOC) appear to be mainly adsorbed 
carbon dioxide and methane. Decomposition products resulting from the 
destruction of the coal particle itself do not appear in the gas until 
carbonization has progressed beyond 2oooc. The total gas produced per 
unit of coal, at 25QOC carbonization temperatures, is of the order of 
0.01 cubic foot per pound of moisture-and ash-free coal carbonized.4 

Light oil appears in significant quantities at carbonizing tem­
peratures as low as 20ooc. Figure 3.5.5.5 shows that the maximum tar 
plus light oil is obtained at about 5oooc and indicates that very little 
condensable oil product, if any, is produced beyond 500~C. The gaseous 
products from the carbonization reaction beyond 5QQOC are augmented by 
an increase in the hydrogen fraction. At the highest temperatures of 
carbonization (l,OQQOC and above), the principal gaseous product be­
come·s hydrogen. 4 

Surrmarized data on the properties of the tars produced from the 
various coals tested are shown in Figure 3.5.5.6. An interesting result 
is that, when averaged, the tar fraction boiling to 27QOC is approxi­
mately the same for all ranks of coal studied; yet there is wide varia­
tion in the composition produced from coals of· the same rank. For ex­
ample, the Dakota Star lignite produced a distillate rich in tar acids 
boiling above 27QOC while the Sandow lignite tar distillate was rich 
in neutral oils above 210oc, as was tha Delcarbon high-volat1le B bitum-
inous coal. Some of these differences were attributed by the researchers 
to differences in carbonization conditions, which can "overrule" the in-
fluence of coal rank.4 · 

3.5.5.3 Environmental Control Technology 

The environmental problems associated with. pyroJysis plants are 
very similar to those faced in gasification and liquefaction processes, 
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Figure 3.5.5.2 
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Figure 3.5.5.6 
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which were discussed in sections 3.5.3.3 and 3.5.4.3. In particular, 
the waste water cleanup technology described in the gasification section 
will be of major importance to pyrolysis plants. Foul odors arising 
from cooling tower operation or other unit operations may also be a sig­
nificant consideration. 

As is the case in coal gasification and liquefaction, pyrolysis 
·processes produce liquids that are known to have carcinogenic or toxic 
effects. Better techniques to identify and minimize health effects as­
sociated with worker or public exposure to coal liquids will be needed 
as the coal-based synfuels industry grows. 

3.5.5.4 Effects of Low-Rank Coal Properties 

Coal rank has a significant influence on the behavior of coal 
during pyrolysis, and on the yields and properties of the products. The 
dominant properties of low-rank coals in this regard are their high in­
herent moisture and oxygen contents, which translate to relatively high 
yields of water and low yields of char compared to higher rank coals. 

Generally speaking, all coals having an ASTM classification up 
to and including high-volatile C bituminous can be considered suitable 
fuels for rapid carbonization at low temperature in a fluidized or en­
trained state. When such coals are carbonized, the heating value of 
the char is approximately 14,000 Btu per pound from any of the fuels 
considered, because of all the water and much of the oxygen have been 
evolved during carbonization. Despite the great variation in physical 
and chemica 1 properties of the different 1 ower rank coa 1 s in their raw 
state, the chars produced therefrom are substantially of the same basic 
quality. They are characterized by their high reactivity and ease of 
ignition.4 

On the operational side, low-rank coals have the significant 
advantage of peing non-caking, and therefore amenable to almost any kind 
of reactor design without the need for pretreatment. 

The various factors which distinguish low-rank coals from high­
rank coals in their pyrolysis behavior are itemized below. 

Initial Decomposition Temperature 

The rank of coal has a pronounced impact on the temperature at 
which thermal . decomposition begins. For brown coals decomposition be­
!)ins at about 27nor.; for lignites. 3QQOC; and weakly caking coals, about 
400°C. 
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Yields of Primary Products 

The yield of p·rima.ry products of distillation from different 
coals varies widely. Table 3.5.5.2 shows the analysis of and products 
from seven United States coals varying in rank from lignite to high­
volatile bituminous A. The carbonization data on these coals were obtained 
from Fischer assay tests at 5oooc5. The table shows that the yield of 
tar and light oil varies from 9~3 to 44 gallons per ton, depending upon the 
rank of the coal. It is interesting to note the distribution of heat in 
the products from the low-rank coals compared with those from the high rank 
coals. In the lignites, .76 to 80 percent of the heat remains in the char, 
which represents about 45 percent of the weight of the raw coal, but in the 
bitumimous coals the char represents about 70 percent of the heat and about 
70 percent of the yield on a weight basis. Carbonization upgrades the 
lignites considerably by driving off inert gases and water, so the heating 
value of the char is just slightly lower than the heating value of chars 
from the higher rank coals. 

Table 3.5.5.3 presents some additional yield data to illustrate 
the same points, in this case also indicating wioe ranges of variation 
observed for coals of the same rank. 

Char Properties 

As indicated above, the chars from 1 ow- rank coals are typically 
only slightly lower in heating value than the chars from high-rank coals. 
The most noticeable properties of l.ow-rank coal chars are their high 
reactivity and ease of ignition. Chars of low-rank coals tend to be 
pyrophoric; that is, room-temperature char can be so reactive that it 
begins to burn when exposed to air •.. Low-rank coal char is also typically a 
dusty materia 1, as compared to the agglomerated· material produced from 
caking coals. These differences represent both problems (storage and 
handling) and opportunities (use in systems where very high reactivity is 
important), Low-rank coul char is ·also significantly mor·e r·eact:ive to 
steam and hydrogen (e.g., in gasification) than char from high-rank coals. 

Tar Properties 

The chemical composition and physical properties of tars p~o­
duced in devolatilization of lignites and subbituminous coals are Slg­
nificant.ly different from tars produced from high-rank coals. Because 
of the great number and complexity of chemical compounds present, it 
·j:; uiffit.:ult tu present these d1fferences accurately without going in­
to ~ greilt deal of detail. In addit'ion, Lht: ~i'iynificante of d1fferent 
tar properties is a strong function of the intended utilization of the 
product. A complete characterization of a low-temperature tar from a 
North Dakota lignite is presented in Reference 6. 
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Table 3.5.5.2 , · 

Yields ·of Primary Products From Low~Temperature·carboniiation 
Assay of Typical Coals at soooc 

Bituminous Subbituminous Lignite 
' 

Source .............. Penna. Utah Illinois 'Wyomi:rig Wyoming Texas-'. 
.. 

Hvab2/ Hvbbg/ Hvbb2/ Suba2/ Subb2/ Lig.g/ Classification: · !/ 
B.t.u. per lb. MAFl 14 ,8To 14,430 14,350 13 ,:iEio· 12,640 12,900 . 
Oxygen, percent MAF 7·.5 ll.4 10.0 15.6 18.1 17 .o. 

Ana1~isz :12ercent: -
Moisture ........... 2.0 4.6 7.9 20.6 32.6 35.2 
Volatile matter .... 41.3 44.4 32.1 35.5 28.7 28.2 
Fixed carbon ....... 48.7 46.4 47.7 4~).9 32.9 28.2 
Ash . •· .............. 8.0 4.6 12.3 -·3.0 5.8 8.4 

100.0 100.0 100.0 10.0 .o 100.0 100.0 
B.t.u. per pound ... 13,320 13,100 11,540 10,200 7,790 7,260 

Yieldsz :12ercent: 
Char ............... 69.7 65.0 72.0 58.2 48.0 45.7 
Tar + L.O. ......... 17.8 19.6 10.0 10 ,lj.. . 6.7 7.3 
Gas ................ 5.8 5.8 5.0 5.4 7.4 7.0 
Water .............. 6.7 9.6 13.0 26.0 3'7'.9 . 40.0 

- 100.0 100.0 100.0 100.0 100.0 100.0 
Tar+ L.O. gal./ton. .. 41.0 44.0 24-.3 24.0 1).4 17.0 

Potential heat distri-
butionz Eercent: 
Char ............... 69.5 68~0· 77.0 76.0 77.0 76.0 
Tar + L.O. ......... . 22.0 23.0 14.3 17 .'3 14.6 17.0 
Gas . ' ' 7.0 7.0 _:[.2 6 .3' . 6.0 5.0 . . . . . . . . . . . . . . . . . 

98.5 98.0 98.5 . 99.6'- '98.0 98.0 
Char ...... B. t. u ./lb. 13,270 13, 7_o_o_ 12,350 13,300 12,500 11,4-30 

.' . 
y Moisture- and ash-free. 
gj Hvab_ = high-volatile A bituminous; Hvbb = high-volatile B bituminous; 

Suba = subbituminous A; Subb = subbituminous ·B; Lig. I;: l1gn1t~. 

Source: Reference 5 
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Rank of coal• Num~cr 

Table 3.5.5.3 

Average Yields and Range of Yields of Fischer /..~say of 
Various Coals 

(As-re!:eived basis; maximum temperatu"'e, 5000C) 

Cckc. ~~ Tar. 1,!<~1/ton Light oil. l,!:tljton Ga~. cu ft/ton 

Numher Jlolunl:.er 
of Average R<ngc 

Numt.cr 
of 

.<amr.J~s 
of Average of /wcragc R:tnl,!e 

s;tmplrs ~am pies samrb 
----· ----~--~ .. -_,. ____ _.._ .. ·-~---

Sa •. 0.7 2 O.OJ 
Lvb 17 R~·.7 !t5.f: .. IJJ.3. I~· ll.(, Cl.J-12.7 17 1.02 0.7:\--1.1\1 17 1.760 1.600-1. 91\(l 
Mvh 30 E3 77."--90.4 J(• IR.'I 9.1-25.6 30 1.67 1.07- z.JO .Jl) 1.940 1.390-2.24() 
1\tvah IJ4 7~.5 I\-U-R1.4 1.14 .IO.Q 22.<) .. 40., 1)4 2.2Q 1.4N-J.2R 134 n.970 1,1\90--2,J60 
Hvhb 11 7\..4 (\;_(1.-73.2 12 .IO .. l 24.:L43.1 II 2.1R 1.55-.3.44 I) 2,010 l.f.(i0-2.420 
Hvch 7 (l;.1 6-;.~-Mtl\ 12 17.0 I ll.5-3R.8 7 I.RR 1.29-2.71 7 I.RtlO 1.5<>0-2.070 

· Hvch or Suba I 59.1 . s ~0.5 I N.4--24.4 5 1.65 I.Jfi...:l 93 I 2,1\60 
Sub a 2 17.R 17.fi-IR.O 2 U5 1.33-1.36 . 
Subh 1\ 57.1\ 5-'.!1-5Q.9 7 i 5.4 13.2-11\.7 7 U3 1.14--D .55 :; 1 . .21\0 1.RJ0-2. 760 
LigniTe 1 Jc>.5 7 15.2 (1.7 -27.0 7 1.19 OJ,J. I Jl'l :!,100 

Cannel 7 5U 4.J.1'-rl'I.O ~ .. J.5 53.7- IOU R 5.06 3.66-7 4~ I,RIO 1.5.00-·2,1 :!0 

Numher 
of Aver:tl,!e 

~ample~ 

17 3.2 
JO 4.1 

IJ4. 1\.0 
11 11.1 

7 15.Q 
I 2.1.4 

6 27.R 
I 44.0 

7 3.7 

1.1-6.6 
2.R-7.0 
3.0-9.2 

10.2-13.1 
12.0-1.9.1 

23.3-30.4 

2.0-4.8 

• Sa. ~cmianthncitc: Lvb. low-vola! lc bituminous M<'l'. mcdium-Yolarilc hituminous: H,·ab. high-vokt:1c A 1-i.llrr rnou•; Hv!1h, hil,!h-volatilc R !1ituminous: Hvch. hil,!h­
volatilc C hituminous: Suba, >uhhil9rrin::~us A; Suhb, smbh'ruminou• 0. 

Source: Reference 2 



Caking Characteristics 

As higher-rank coals are heated, they pass, through a temperature 
range in which they become plastic and agglomerate to form coke. Low­
rank coals do not have this property. Both lignites and subbituminous 
coals may, therefore, be utilized directly without pretreatment in most 
pyrolysis processes. If caking coals are to be pyrolyzed, this property 
must be destroyed by a separate process treatment; or the particles so 
diluted in the reactor that agglomeration is prevented; or mechanical 
stirring must be used to break agglomerates. 

Mineral Matter Effects 

The inorganic components of the coal remain· in the char fraction, 
and the effects associated with the highly dispersed, alkaline nature 
of low-rank coal mineral matter will therefore be'observed primarily in 
the processes in which the char is utilized. These effects are dis­
cussed in the sections on comQustion, gasification, and liquefaction 
presented earlier in this report. 

3.5.5.5 Current Projects 

Coal pyrolysis processes in the United States and Canada have 
operated largely on an experimental basis, with two exceptions. The 
two processes that have been utilized commercially are the Disco pro­
cess of the Consolidation Coal· Company, located near Pittsburgh, Penn­
sylvania, and the stoker carbonization process, operated by Shawi ni gan 
Chemic~ls Ltd. in Canada. 

In addition to these plants, the Parry process was operated 
experimentally on 1 ignite by the Texas Power and Light Company at the 
power installation for the Aluminum Company of America at Rockdale, 
Texas. The Lurgi-Spulgas process is used by Husky .Corporation at Dick­
; nson, North Dakota to produce 1 ignite char for barbeque briquet manu­
facture. A process for producing a metallurgical formed coke from Wyoming 
subbitumi nous coal is operated by. the FMC Company ·and the United States 
Steel Corporation at Kemmerer, Wyoming.2 Productio~. of a low-temperature 
char is one of the first steps in this process. · 

There are three major pyrolysis R&D projects: currently underway in 
the U.S.: 

1 COED 

1 TOSCOAL 

• Occidental Research Corporation Flash Pyrolysis 
' 
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I 
Other research and development work is being conducted on advanced heating 
techniques employing electric arcs and laser radiation but these are in 
a very early stage of development.? 

com· 
Project COED. (Char-Oil-Energy-Development) was initiated by FMC 

Corporation at Princeton, New Jersey in 1962 under OCR sponsorship. It 
is a process for converting coal to char·, oil, and gas by reacting the 
coal in a multistage, fluidized bed system as illustrated in Figure 
3.5.5.7. The pyrolysis-derived oil is· hydrotreated to produce a syn­
thetic crude oil·. Jhe product gas can be upgraded to a pipeline gas 
or utilized as syngas or fuel. The char product can be utilized as a 
fuel for power generation if the sulfur content is low enough, or gasi­
fication wilh sulfur: removal •. (Project CUGAS ad~ressed the gasification 
of char frnm thi 5 prr.ir-es.s •. ) · 

. . . 
Dried crushed coal is treated in four fluidized bed stages at 

successively higher temperatures until a ma.ior fraction of thP. volatile 
matter of the coal is evolved. Heat for this pyrolysis is obtained by 
burning a portion of char with oxygen in the 1 ast stage. Hot gases from 
the last stage flow countercurrently to the coal, acting as the fluidizing 
gas and heat supply for the third and second stages in order. Hot char 
from the fo~rth and third stages is recycled to supplement the heat from 
the gases. The first stage fluidizing medium is supplied by burning 
a portion of the char or gas with air. Gas and oil are recovered by 
cooling and condensing the volatiles from the pyrolysis. A 36 TPD pilot 
plant has been operated since August 1979.8 

Synthetic crude-oil y i e 1 ds from the COED process vary from 1 
to 1.5 barrels per ton of bituminous coal, depending on the coal feed 
type. The off-gas yield is 8000 to 10,000 standard cubic feet per ton of 
coal with a heating value of 500 Btu/SCF. Char yield is about 0.5 tons 
per ton of coal. Gasification of this char yields about 56.qoo standa.rd 
cubic feet per ton of coal with a heating value of 220 Btu/SCF. 

Over 20,000 .tons of coal have been processed in the pilot plant: 
high-volatile bituminous coals from Colorado, Utah, Illinois. and Kentucky; 
subbituminous coals from Wyoming; and lignite from North Dakota. ·Reliable 
operation of the four fluidized beds with the transfer of solids and gases 
between t~em was demonstrated over a variety of_ processing ·conditions. 

Gaseous products from the process could be .sold as fuel gas or 
reacted_to produce hydrogen. ThP. hydrogen w.ould be used in hydrotreating 
the liquid products to remove nitrogen, sulfur, and oxygen. Hydrotreating 
upgrades the gravity, pour point, and viscosity of the liquid product 
to levels comparable to petroleum crude oil. The char ~auld be utilized 
di rett ly for power generation or reacted with air and, steam in the COGAS 
process to produce low-Btu gas.l 
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TOSCOAL6 

The Toscoal process is an offspring of the Tosco II oil-shale 
retorting process developed by The Oil Shale Corporation. The Toscoal 
process objective is to upgrade the low heating value of coal, especially 
low-sulfur western coal, through pyrolysis. 

The Toscoal process scheme utilized in a 25 ton-per-day piiot plant 
is shown in Figure 3.5.5.8. In the process, coal is heated and pyrolyzed 
by contact with heated ceramic balls in a rotating pyrolysis drum or 
retort. The ceramic balls are separated from the char in a trammel screen 
at the drum ex it. The ceramic I.Ja 11 s are conveyed to the ba 11 heater and 
reheated for another cycle through the retort. The hot char from the 
retort is cooled in a rotary-tube cooler. 

Feed coal is dried and preheated in the lift pipe by entrainment in 
a stream ot· hot flue gas from the ballheater. The preheating step reduces 
the thermal load on the retort and increases retort throughput for a given 
circulation of ceramic balls. The preheat step also provides an efficient 
way to recover waste heat from the ball-heater flue gas. Supplemental fuel 
is required in the preheater to dry coals with high moisture content. The 
optimum coal preheat temperature is generally the highest temperature 
attainable without excessive hydrocarbon vapor emission from the preheat 
scrubber. 

Coal feed size of 3/4-inch X 0 has been. used in the pilot plant, 
although coal sized to pass 1/2-inch is preferred. Upper feed size was 
limited in the pilot plant by the lifting capacity of the entrained pre­
heater. Coal fines do not adversely affect retort operation, but crushing 
with minimum fines production is desirable to avoid heavy dust-collector 
loading. The coal decrepitates and is attrited in both the preheater and 
retort so that the average particle size of the char is less than 1/4-inch. 

Tar vapor is cooled and condensed in the fractionator in which top 
temperature is maintained so that all pyrolysis water and steam condensate 
are collected in the overhead accumulator.. The aqueous phase from the 
accumulator is treated for chemical recovery and/or for disposal. Gas from 
the accumulator can be treated for sulfur removal and sold or used as fuel 
for the ball heater. 

The Tosr.oal p~or.ess has considerable f1exibi1ity in pyrolysis 
temperature and in the distribution and characteristics of the products 
produced. Pyrolysis temperature of 800 to lOQQOF (427 to 538°C) is the 
range of general interest. At retorting temperatures above lOQQOF, the 
char (from subbituminous coal) contains less than ·16 percent volatile 
matter and would require modifications in most combustion systems to be 
used satisfactorily. Retort throughput declines and operating costs 
increase as retort temperature is increased. Tar yield increases with 
retort temperature, but the rate of increase declines considerably at 
temperatures above lOQQOF. Gas yield also increases with temperature, 
and the rate increase above about lOQQOF corresponds with probable cracking 
of the tar. · 
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At temperatures below soooF, tar and gas yields diminish 
sharply, and the principal product is essentially dried coal, contain­
in~ substantially all the initial volatile matter. 

The Toscoal process has been appli~d only to noncaking coals. 
Caking coa 1 s waul d require some oxidative pretreatment before processing 
in the Toscoal proces.s. · 

Results· of tests conducted on a Wyoming subbituminous coal in 
the Toscoal 25-ton-per-day pilot· plant are shown in Tables 3.5.5.4 through 
3.5.5.7. Th~ chars produced from subbituminous coals in the temperature 
range of 800 to lOOOOF are relatively reactive, and require care in stor­
age and transportation to.avoid spontaneous ignition. 

Since air or flu~ gas is e~cluded from th~ Toscoal retort, the gas 
-produced is not diluted and has a hfgh. heating value. The exclusion of air 
also simplifies tar ~9ndensation. 

Occidental Research Corporation Flash Pyrolysis 

Occidental Research Corporation has been developing a flash py­
rolysis process for produ~ing liquids and gases since 1969. The process is 
based on the concept of partial gasification in which -direct yields of 
methane and other hydrocarbons are obtai ned by rapid pyrolysis of coal.8 

In the process, crushed coal is introduced into a pyrolysis vessel 
in a stream of recycled gas where it is pyrolyzed at llOOOF through con­
tact with hot char from the char heater vessel. Effluent from the pyroly­
sis reactor is sent to a series ·of ·cyclones for ~eparation of gas and 
entrained char. A portion of the char is cooled as product char. The 
remaining char is sent to the char heater where ~ portion is burned with 
air to heat the contents to 1400°F. Hot char is cycled ·to the pyrolysis 
rea~tor-. 

The gas from the cyclones is cooled and scrubbed. Tar is removed 
in a gas-liquid separator .and after acid-gas removal, a portion of the gas 
is separated as product gas (700 BTU/SCF) to be utilized as fuel gas or 
upgraded to pipeline· quality by methanation. The remaining portion of the 
gas is sent to a hydrogen ·plant for generation of hydrogen which is used in 
the tar hydrotreater for the production of liqui'd. products.7 A 'flow 
diagram of the process is -shown in Figure 3.5.5.9. 

The objective of rapid heating is to minimha thQ production of 
gas. The product yields and compositions from PDU runs with a western 
subbituminous coal (Table 3~5.5.8) are given in .. Tables 3.5.5.9 through 
3.5.5.12. The gas yield increases with temperatu·re but a limit exists 
at 17500F due to the low ash softening temperature of. this coal. . . 
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Source: 

Table 3.5.5.4 

Toscoal .Pilot Plant Test Results 

Feedstock: Wvoming subbituminous coal 

Proximate an••lrsis, wt.% 
Ultimate analysis, 

wt. '7,-

~Joisture 

.\sh 
Volatile matter · 
Fixed carbon 
Cross heating ,.,,Jue, Biull'ou~d 

30.0 
5.3 

. 30.7 
. 3-!.0 

81-!0 

Carbon 
Hrclr~gen 
Oxygen 

. :-.iitr.ogen 
Sulfur 
Chlorine 
~loisture 
.-l.sh 

RETORT PRODIXT YIELD (POUNDS/TON OF "AS-~11:-.iED" CO.~L) 
Retort Tempemture .'!OO'F. 900"F 970'F 

Char 
Cas (C. and lighter) 

Standard cubic feet/ton 
Oil (C, and hea,·ier) 

Gallons/ton -
Water• 

.(-t2i"C) (-t82"C) _ (5:!1'C) 
10-!9 10 12 969 
ll9 1.57 1:26' . 

12.50 1777 16:!.5 
ll4 .'143 186 
13.2 17.4 21.7 

702 702 702 
16 I~ 17 

-!6.4 
2.8 

1-!.7 
0.7 
0.3 
0.0 

30.0 
.5.3 

•rield ·of retort water estimated from Fischer assay of teed coal. Total \niter yield in pilot plant 
includes both retort water and Iteam cm>dens<>l<' !rorn retort seals. · 

Table 3.5.5.5 

Toscoal Char Properties 

Retort temEeraturc 
80(fF 900'F 970'F 

Char properties (427'CI 1-!8.'3"~1 i52t•Cl 

Proximate wt. o/c 
~loisture 0.0 0.0 0.0 
Ash 12.4 10.0 9.8 
Volatile matter 2.5.3 19.7 1.5.9 
Fixed carbon 112.3 70.3 i4..3 

Ti>tal 100.0 100.0 . 100.0 
. Ultimate wt. '7o 

Carbon 68.8 74.7 77 .. 5 
H)•drogcn ;).-I 3.0 2.9 
Oxygen 1:3.3 11.8 R.3 
:-.litrogen 1.0 1.2 1..'3 
Sui fur 0 .. 5 0.2 0.:3 
Chlorine 0.0 0.0 0.0 
Moi..~ure 0.0 0.0 0.0 
Ash 12.4 10.0 9.R -·-·-·-· 

Total 99.4 100.9 100.1 
Other data 

ErJIIilihrinm muishore, wt.% Ifill W.8 \1.~ 
Hardgro"e grindahility .i/i.2 -!9.1 -!5.'6 
Heating ,·alues: 

Cross, Btu/pound 11,82(;; 12 .. 560 125!6.1 
:\et, Btu/pound ll,516 12,2HO 12.119.1 

Bulle density (\4 inch x 0) 
packed, pounds/cubic foot .51.2 48.8 ·H. II 

Reference l 
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Table 3.5.5.6 

Toscoal Gas Analysis 

Retort tt-OJEcraturl: 
800'F _ IIO(fF _:_ _ 970'F_ --·· ·-·-

Component. mnle o/c 1427"Cl 14fi.3"Cl (52Jc(;) 

H, 0.1) ).{) 7.~ 

co 18.0 1i.3 18.4 
co, .51.1 42.3 36.4 
H,S 1.7 1.3 0.3 
c, 16.9 22.0 24.9 
c, 3.6 4.7 4.4 
C,- 1.9 1.>1 2.4 
c.. 1.3 2.2 1.2 

• ! c..- 1.6 3.7 1.6 
iC, 0.1 0.1 0.0 
c. 0.3 2.!\ ).1 
c, 1.0 1.~ ·o.7 
c. 0.7 0.6 0.4 
c, 0.5. 0.1 0.3 
L,+ 0.2 0.0 0.1 ----

Total 99.7 iOi.O ](l()_(l 

A\'~ra~e rnolet·ular weight 35.9 35.0 30.6 
\\'eiJ,!ht Ilt'H:t-nt carhou 40.5 -~.ll 44 . .-
Ht-nting ,-alm,s, cakulatt:d: 

Cro,:o; Btui~tnn<lard uul>i<· foot 53-a 717 1'\:JO 
!':ct. Hhil.~t;uiilafd tubl<: ioot . 4\!4 003 ~8(\ 

H<:ating ,-alues, cak-ulated with 
'"·co, and H;S removed: 

Gross. Btu/standard cuhi<· foot 1,113 1,234 995 
!'tot. Btul~talldarclt·llhi<- font 1.029 1.131o\ 920 

Table 3.5.5.7 

Toscoal· Oil Properties 



.. 

Figure 3.5.5.9 

Occidental Research Corporation Flash Pyrolysis Process Schematic 

Source: Reference 9 
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· lable 3.5.5.8 
' . 

AnalYsis of Coal Used in Occidental Research Corporation 
. Flash Pyrolysis PDU Baseline Runs 

(Subbituminous Coal, Monarch Seam, Big Horn Coal Company, 
Pit No. 1, Sh-~ri dan County, Wyoming) 

Proximate, wt.% 

Moist~re 

As Fed, lb. 

Ash 

Volatile Matter 

Fixed Carbon 

Ultimate, wt.% 

Ash 

'.1'r • 
. ·•. 

Fisher Assay, wt.% 

Char 

Tar 

Water 

'·.: .. , 

18.45 

4.99 

33.77 

42.79 
100.00 

57.02 

5.90 

30.70 

1.01 

.37 

5.0 
100.00 

56.8 

8.9 

26.3 

8.0 
.• 1 00 .o 

Notes: aMoisture, ash free 

bBy difference 

Source: Reference 10 
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·Moist. Free, l·b. 

6.1 

41.4 

52.~ 
100.0 

69.;02 

4.72 

17.52 

1.24 

.45 

6.13 
100.00 

69.6 

10.9 

9.7 

9.8 
100.0 

M.A.F.a lb. 

44.1 

55.9 
100.0 

74.5 

5.0 

18.7 

1.3 

.5 

-- . 

100.00 

67.1 

11.8 

10.5 

10.6 
.1 00 .o 



Input, lbs. 

Coal 

Air 

Total 

. Output, lbs. 

Tar 

Gas 

Char 

Water 

Flue Gas 

Total 

Table 3'.5.5.9 

Ov~~ali ~Pl~nt MaferiaY B~l~hce, 
Occidental·Research Corporation PDU 

· · Run· :122-77 

Basis: 100 lbs. of coal as fed, inert gas-free 

As Fed, lb. Dry Basis, lb. 

100.0 ' l 00.0 

45.5 52.8 

145.5 152.8 

6. l 7. l ' 

16.3 18.9 

34.2 36.6 

18.8 5.7 

63.1 73.3 

138.5 .141.6 

Source:. Reference 10 
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M.A.F'.~ l b'.:. 

100.0 

56.(5. 

156.6 

7.6 

20.3 

35,. 7 

6. i 

78.6 

148.~ 

·· .. ' ., .· 



Table 3.5.5.10 

Pyrolysis Gas Stream Composition 
Occidental Research Corporation PDU 

· Run 122-77 

Composition, 

co 
C02 
H2 
CH4 
C2H4 
C2H6 
c•3s 

c•4s 
c•5s 

H2S 
H20 
02 
N2 
Ar 

Vol.% Pyrolysis Gasa 

19.3 
21.7 
33.5 
16.7 
3.2 
1.6 

3.0 

0.1 

1.0 

Volume, SCFC 289 
Weight, lbsb 16.3 
Avg~ Molecular Weight 21.4 
Heating Value (HHV), Btu/scf 522 

Notes: arnert gas-free, dry basis 
bNo diluted air, dry basis 
CPer 100 lbs. coal as fed 
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Tab 1 e 3 o 5o 5o 11 

Char Compositionsa 
Occidental Research Corporation PDU 

Run 122-77 

Pounds: Per 100 
pounds as 
fed coal 

Ultimate, (As Recovered} , wto% 

c 

H 

ob 

N 

s 

Ash 

Notes: arnitial start-up inventory 
bsy difference 

Sout•ce: Reft!r'~nc:e 10 
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34o23 

78o70 

1.46 

2 010 

Oo99 

Oo6l 

16 010 



I 
....... 
()1 
CXl. 
I 

Source: 

Pounds Per 100 
feed coal 

Ultimate, {As 

c 
H. 

Ob 

N 

s 
Ash 

Recoveredl ,~t.% 

Notes: awater and Char free 
bsy difference 

In 
10:01 

91.11 

5.87 

1.36 

l. 11 

0.55 

Table 3.5.5.12 

Tar Composition,a 
Oc·:idental Research Corporation PDU 

Run 122-77 

Tar Collection·Syst~ 
lst Stage 

Out Net Pro:fuct Tar. 
12.80 2.73 .. 

88.30 78.25 

6.37 8.14 

3.52 11.25 

1.26 1.80 

0.55 0.55 

2nd· 
Stage 
2.32 

84.61 

7.75 

3.46 

3.10 

1.08 

Vent Losses 
0~98 

87.44 

8.07 

3.14 

. 0.45 

o·. 18 

. 0.72 



Foreign Projects 

A 50 ton per day pilot plant is presently in operation in the 
United Kingdom. The plant began operation in April.of 1974 and is operated 
by the British Coal Utilization Research Association (BCURA). This system 
utilizes circ~lating char as the heat-carrier ~ombined ~ith slagging 
combustion to facilitate ash separation with minimum carbon 1 oss. Char 
from the pyrolysis section of the COGAS process is fed to the gasifier 
where it is gasified with steam utilizing heat_supplied by recycled hot 
char from the air-blown combustor. Char fines separated from the flue-gas 
stream are fed to the combustor. Coarse char is separated from the pro­
duct-gas stream and is recycled to the lift tube where the hot combustion 
gases reheat it for recycling to the gasifier. 

A pilot and full scale plant are scheduled for 1980 a~d 1985 
respectively by the Australian Company CSIRO. They will use a flash 
pyrolysis process using no hydrogen or catalyst. Laboratory test u~its are 
presently operating using 0.5 tons per day fluidized and entrained bed 
reactors. The primary product from the plants will be char. 

In West Germany there is considerable research and development 
aimed at low temperature carbonization of brown coal. Anticipated end use 
of the char produced would be as a sintering fuel, an adsorption material, 
as a source of carbon in the production of carbide and phosphorus or in the 
manufacture of ferro alloys. A 100,000 ton/year demonstration plant for 
the production of fine coke has been built recently and tests to produce 
form coke are being carried out on a 5 ton/day capacity pilot plant.ll 
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PUBLICATIONS ON THE 
TECHNOLOGY OF LOW-RANK COAL 

1939-1979 

compiled by 1 Charles C. Boley 

INTRODUCTION 

. The Grand Forks Energy Technology Center (GFETC) is one of five 
Energy Technology Centers ·in the U.s. Department of Energy (DOE). 
Designated as the lead agency in DOE on utilization technology for low­
rank coal (lignite and subbituminous coal), GFETC has cooperated closely 
with industry. in d~fining problems and performing research on low-rank 
coal for more· than ~~ years. 

Early work was conducted. in cooperation with the University of North 
Dakota, in Grand Forks.· The present Center was dedicated in 1951 and 
was originally designated as the Charles. R. Robertson Lignite Research 
Laboratory, reporting to the U.S .. Bureau of Mines (Department of the 
Interior); Under several other titles, including Lignite Experiment 
Station, Grand Forks Lignite Laboratory, Grand Forks Coal Laboratory, 
and Grand Forks Energy Laboratory, . the Center continued as a part of 
the Bureau of Mines until 1975, when it was administratively absorbed by 
the newly formed U.S. Energy Research and Development Administration 
(ERDA). In 1977 ERDA was, in turn, absorbed by DOE, and the Center's 
designat~on was adjusted to Grand Forks ~nergy Research· Center, and 
subsequ~ntly to the. present Grand Forks Energy Technology Center. 

This booklet lists all technical publications that have bee11 prepared 
and presented by the research staff of GFETC, unde.r its present or an 
earlier title~ from 1939 through ·1979. The bookret also includes all pub­
lications wrjtten by the staff of the former Denver Coal Research La6ora­
tory (Bllread of Mines), the functions of which were absorbed in 1965 by 
the then Grand Forks Coal Research· Laboratory. Included in the listing 
are patents that have been granted to staff members on the basis of their 
research a·t the Center, as well as theses for advanced degrees granted to 
graduate students by the University of North Dakota, Montana State Uni­
versity, and Montana College of Mineral Science and Technology on the 
basis of research sponsored by the Center. 

In accordance with the Ce.nter's major area of past and continuing 
effort, this booklet includes primarily publications related to low-rank' 
coals. These publication~ have bee11 grouped into six major interest areas, 
where they are listed by author for convenience ·of the reader. In cases 
where a single publication is of sigflificant ·interest in more 

1 Foqnerly Staff ~ngineer, Grand Forks Energy Technology C~nter, Grand 
Forks, N.D. 
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than one major area, it is listed in each. Subject and author indexes are 
also iAcl.uded. Finally, to complete the record of the Center's technical 
contributions, publications not related to low-rank coals are listed in an 
appendix; these publications are not indexed. 

Publications listed in this booklet are available from various sources, 
depending on their type and publ{shing organization. The two major 
sources are the Superintendent of Documents, U.S .. Government Printing 
Office, Washington, DC 20402; and the National Technical Information 
Service, U.S. Department of Commerce, Springfield, VA 22151. When 
publications are obtained from these sources, there will· be an appropriate 
charge. · 

BL!rea.u of Mines publications, especially those identified as Reports of 
Investigations (RI) and Information Circulars (IC), may usually be 
obtained through the U.S. Bur.eau of Mines Publication Distribution Center, 
4800 Forbes Avenue, Pittsburgh, PA 15213. When they are so available, 
the charge is minimal or sometimes absent. Single copies· of publications 
on work performed at Grand Forks or Denver may be available from the 
Library, Gr~rtd Forks Energy Technology Center~ DOE, Box 8213.', 
University Station, Grand Forks, ND 58202, without charge. The 
librarian's telephone number at GFETC is 701/795-8132 (FTS: 783-6363). 

Copies of patents are available from the U.S. Patent Office, 
Washington, ·DC 20231. For copies of theses prepared during work for 
~dyanced academic; degrees, correspondence with the appropriate institution 
is suggested. 

PubliCations tnat have appeared lp scientific or technical journals, 
con~ention . proceedings, and pther' ncm-goyernmental outlets are. usually 
available for st~dy in technical librarie~. Copies can ordinarily be 
obtained through the assistanc~ of the libr~ry staff or by correspondence 
with the author. 

Although some older publications !lla.Y be diffi~ult to obtiJln from thclr 
original sources, the GFETC librarian will make ~v~ry reasonable effort to 

. ; .... 
provide copies for interested persons, upon reques.t. 
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GFETC PUBLICATIONS ON LOW-RANK COAL 

Physical and Chemical Properties of 
Low-Rank Coal and Coal Products, 

Including Petrography and Analytical Techniques 

.1. Adams, R. L. Rheological Characteristics of Leonardite Gels and 
Lignite Slurries. M.S. Thesis, Univ. of N.D., Grand Forks, 
1963, 38 pp.' 

4. Beckering, Willis. Intramolecular Hydrogen Bonding to n-Eiectrons 
· in Ortho-Substituted Phenols. J. Phys. Chern., v. 65, 1961, 

pp. 206-208. 
5. Beckering, Willis, and W.W .. Fowkes. Analysis of Polyhydric Phenol 

Mixtures. Anal. Chern., v. 30, No. 8, 1958, pp. 1336-1338. 
6. Beckering, Willis, and W. W. Fowkes. Infrared Spectra of Hydroxy­

Aromatic Organic Compounds. BuN)ines Rl 5595, 1959, 100 pp. 
7. Beckering, Willis, and W.W. Fowkes. infrared Spectra of Hydroxy­

Aromatic Organic Compounds (Supplement to R J 5505). 
BuMines RJ 5806, ·1961, 34 pp. 

8. Beckering, Willis, C.M .. Frost, and W.W. Fowkes. Infrared·. Exam­
ination of Carbon-Hydrogen Stretching Frequency in Pyrocate­
chols, Guaiacols, and Phenols. Anal. Chern., v. 36, 1964, pp. 
2412-2414. 

9. Beckering, Willis, C.M. Frost, and W.W. Fowkes. Cell with Four 
Variable Compartments for Rapid Infrared Analysis. BuMines 
Rl 6787, 1966, 8 pp. 

10. Beckering, Willis, H.L. Haight, and w.w. Fowkes. Examination of 
Coal and Coal Ash by X-Ray Techniques. Sympos. on Techn. 
and Use of Lignite, Grand Forks, N.D., May 1969. BuMines 
IC 8471, 1970, pp. 89-102. 

11. Beckering, Willis, and A. L. Severson. Matrix Corrections for X-Ray 
Fluorescent Analysis of Ash Elements in Coal. Pittsburgh Conf. 
on Anal. Chern. and Applied Spectroscopy, Cleveland, March 
1975, 14 pp. 

13. Benson, S.A. Examination of Low-Rank Coals and Ash Deposits 
Using Thermal Analytical Procedures. Proc., Dakota Acad. of 
Sci., v. 33, Apr. 1979, p. 14. 

14. Benson, S.A., and Willis Beckering. Characteristics of Coals by 
Differential Scanning Calorimetry. Canadian Chern. Conf., 
Vancouver, June 1g79, 18 pp. 

15. Boteler, D.C. Assay Carbonization of Lignite from the Northern 
· Great Plains Province. M.S. Thesis, Univ. of N.D., Grand 

Forks, 1966, 65 pp. 
16. Boteler, D.C., W.R. Kube, and C.C. Boley. Bench-Scale Carboni­

zation of Lignite from the Northern Great Plains Province: A 
Statistical Approach. BuMines Rl 7~86, 1970, 32 pp. 

17. Cavanaugh, J. E. A Mineral and Elemental Analysis of the Moorhead 
Coal Field, Montana. M.S. Thesis, Mont. Coli. of Mineral Sci. 
and Tech., Butte, 1970, 70 pp. 

18. Cooley, S.A., and R.C. Ellman. Analyses of Coal and Ash of Lig­
nites and Subbituminous Coals of Eastern Montana. In "Energy 
Resources of Montana," Mont. Geol. Soc. Bull., 1975, pp. 
143-158. 

19. Crystal, J. T. The Removal of Sodium from Lignite by lon Exchange. 
M.S. Thesis,· Univ. of N.D., Grand Forks, 1970, 24 pp. 
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22. Fowkes, W. W. Low-Temperature Tar as a Raw Material. Sympos. 
on Techn. and Use of Lignite, Grand Forks, N.D., Apr. 1961. 
BuMines IC 8164, 1963, pp. 69-79. 

23. Fowkes, W.W. A Note on the Mineralization of Lignite. Fuel, v. 
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by S.ubject 

Activated carbon 53 ,·76, 423,500,506 
Adsorption of flue-gas oxides 229,231,256 
Agglomeration 52,436,438-440,453,505,550,553 

of ash 208 
by freezing 1.14,122 
by pressure 52,439 

Air pollution 216 
Alkaline ash, effect in scrubbers. 226,..228,252,253,255,257,260 
Analytical standards and techniques 5,9, 10,30-32,55,69,71, ?2~82,88, 129, 

. 215,344,363,364,372,422 
Ash, composition ·and properties 10,17 ,31,74, 75,205,206,215,228;234,247, 

254,365,366,502. 
Ash fouling, chemical reactions and mechanisms 

in cyclone-fired furnaces 
effect of additives 

of air. volume 
of bonding ay~nts 
of calcium in ash 
of coal ash content 
of flue gas temperature 
of silica 
of sodium oxide 

general nature and effects 

·nature of deposits · 
test furnace results . 

Ash fusibility 
re-injection 

Ash-alkali scrubbing 
Ash ina, mP.chanism of 
Assay -- see Carbonization assay 

. 10,214,221,234,238,239,248,254,258 
.254 
214,216,221;239 
214,222 
234 
214,216,221,249,254 
259 
214,216,221 
254 
214-216,218,219,221,234,249,254,259 
213,218,219,221,245,248,254,258,502, 
523,530 . . . 
10;2t5,218,219,254,261 
214,218,245,254 
247,248,254 . 
206 
228,229,231 ,248;255,523 . 
10 

Autoclaves, experimental work with 368,372,437,441,547 
Bituminous coal, composition and properties 

. . 548 
Boiler deposits -- see Ash foulfng 
Briquettihg 

of char 
by ·extrusion 
of Indian lignite 
by roll-press 
test methods 

Bulk density, of dried coal. 
of stored lignite 

52,425,429,505,508,538,539,550,553 
429,508 
425 . 
425 
429 
501 
137 
112,117 

Calcium in ash; effect on ash fouling 

Carbon, activated -- see Activated 
Carbon disulfide from lignHe char 
Carbonization, bench-scale 
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47,211,216 
carbon 
454,554,555 
15,16,36,37,4~-44,59,60,64,358~411, 
412,438,439,450,453,506,553 



of bituminous coal 
effect of H2 and N 2 pressures 

of petrographic components 
of temperature and atmosphere 

entrained-bed (fluidized) 

in externally heated retorts 

German processes for 
. Heliopore process 
of humic acids 
industrial scale 
of leonardite 
of lignite 
of .low-rank coal, from Alaska 

from Colorado 
from Ecuador 
from Europe 
from Gulf Coast 
from India 
from Northern Great Plains 

from the Philipp.ines 
from Utah 

·from Wyoming 
low-temperature 

Lurgi-Spulgas process 
Parry process 

·of peat 
pilot-scale 

. reactions in g?Jsification 
of subbituminous coal 

3714314011403,412,424,429,450 
428,439,453 
83 
64 
37,401,403,424,427,429,443,444,450, 
502,506,553 
37,42,43,59,64,358,409,411,412,429~ 
438,439,443,444,453 
5051506 
409 
87 
424,443,506 
87 . 
16,44,641424,429,438;439,444,450 
37,450 . . 
36,37,119,403 
37,43,450 
43 
37,42,431403,411,424,427,429,443,450 
37,425,553 . 
15116,36~37;44,52,64,3581401~403,424,. 
438 1 43.S 1 443 1 4501 453 
37 
412 
'36,37,42,431424,429~4j9,443,450,453 
16,33,36,37142-44,601401,403;409,411, 
4241428,429,438,439,443-445,450, 
453,502,553 
505,506 
424,427,502 
43,51 
37,358,401,409,429,44~~450,502,553 .. 
367 . 
36,37,42,43~358,409,412;424,429;439, 
443,450,453 

surveys of international progress 413~414,415,416 
Carbonization assay, of American coals 

analytical procedures 
of non-American coals 
of peat . 

Carbonized lignite as additive 

. 15,16,36,37 ,42,43, 44,51 ,60,411 ,412,439, 
4~,~6 ' 
16,33,36,42-44,60,439,445,506 
37,43,51,553 
43,51 

in coking blends 
401 

· Carbonizing properti~s of ·subbituminous coal 
37,60,119,440 

Catechols from lignite carbonization products 
5,33 ' . 

Char, yields and properties of 64,401,412,423,429,443,445,450,506 
~sulfurization 64 

gasification 354 
froin low-rank coal, uses for 401,429,443,450;454,502,506 

Classification of Western U.S. coals 548 
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Coal reserves 
storage -- see Storage 
tar from low-rank coal 

Coking of mixes of lignite char and 
. 

Combustion, in cyclone burners 
fluidized-bed 
in hand-fired furnaces 
in pulverized-fuel furnaces· 
in stokers 

Combustion 

502,503,528,530 

32,40,450,506 
bituminous coal 
401 
506 
211,225,523 
132 
506 
236,506 

characteristics of SRC 332 
Control of emissions· of sulfur 225 
Conveying coal by pulsating combustor {pulse-jet) 

. 102,502 
CO-Steam process for coal liquefaction 

. 301,368,371,372,523 
Cost factors related to power generation 

201,2S2,506 
Costs for lignite-burning power plants 

. 506 
Crushing --·see Pulverization 
Depolyinerization -- see Liquefaction 
Desulfurization, of char 64 

of flue gas .224,228,229,231-233,248,249,252, 
253,256,257,260 

Devolatilization -- see Carbonization 
Differential thermal analysis (DTA) 13,14,202 · 
Direct reduction of iron ore 538,539 
Distillation assay -- see: Carbonization assay . 

. Dried coal~. characteristics. and properties . 
126,137 

handling and shipping characteristics 
126,137,138 

oxidation of 137 
storage of 126,137,138. 

Dry adsorption of flue-gas oxides 229,231,256 
Drying, by autoclave 135,421,437,505,547 

effect on lignite pulverization 107,118,119,121,124 
effect of petrographic components 83 
by entrained-bed (fluidized) process 

4001 4251 4271 4441 446,450·"452 1 5021505,553 
by flash process 349,434,446,451,452 
by high-pressure steam 135,349,421,434,437,505,547 
with hot oil 404 · 
of low-rank coal . 349,404,406,408,434,435,440,444,446,452 
by pulsating combustor (pulse-jet)102, 103,408,502 
by rotary dryer 126,137,349,406,434-436,440,505 

Dual pulse~jet -- see Pulsating combustor · · 
Ecology of surfaced-mined land 557 
Economic considerations 37,63,348,421,424,443,451,556 
E~ectrical power production 506 
Electrical resistivity, effect of fly-ash 

203,204,217,240,241,243,244,246,248 
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effect of moisture 243 
effect of nahcolite 243 
effect of sodium 243,244,246 
effect of sulfur 243,244,246 
procedures for determination 203,240,243,246 · 

Electrostatic precipitation of fly ash 240,241,243,244,248,523,530 
Emission control 225,229,248,530 
Emissions, of nitrous oxides 217,248 

of sulfur oxides, control of 222,225,229,249 
magnitude of 216,217,229 

Energy trends in Western States. 544-546,551·. 
Entrained-bed carbonization 37,402,403,427,443,444,447,449,450 
Entrained-bed drying 427,444,446,450-452,502 
ESP. -- see Electrostatic precipitation · ·· 
Fertilizers -- see Plant growth studies 
FGD -- see Flue gas desljlfurization 
Fleissner process for drying 135,421,437,505 
Float-sink studies of lignite 62,106 
Flue gas desulfurization · 224,228,229,231-233,248,252,253,255-257 

by dry adsorption 
by spray dryers 
by wet scrubbers 

260 
229,231 
229,231 
229,231,2t)5 

Flue gas temperature, effect on ash fouling 
216 

Fluidization 53,76 
Fluidized-bed combustion 201,206,208,209,211,212,225,248,523 
Fly ash, as an absorber of sulfur oxides 

alkali available from. 
charac~eristics and uses 
electrical resistivity 
removal from stack gases 

Freeze-proofing of lignite. 
Friability of subbituminous coal 
Frozen lignite, pulverization 
Furnace, hand-fired, for lignite 
Fusibility of coal ash 
Garrison Dam, storage of lignite 
Gas sampling for GFETC gasifier 
Gasification, design and operational 

of Disco char · 
effluents 

externally heated retort 

224,227,232;233,260 
227,232,233,255,257 
58",204,224,232,233,237 
203,204,240 
203,204,240,523,530 
107,111,115,122,502 
.60 
1 071 111 1 122 
235 
54,74,247 
101,109,112,115,117,123,505 
331 
(GFETC research) 
303,304,308,312,313,318,322,323,325, 
327,328,331,354-356,358,359,361,369, 
506,547 . 
323;325,326,354. 
311,314,315,334,338,339,344,345,347, 
362,367,369 
302,303~306,348,349,355,359,361,506,509, 
547 . 

Federal (BuMines/ERDA/DOE) experimental work 
302-309,311-315,318,319,322-328,331, 
333-335,338,339,341,344,345,347,348,351, 
352,354-359,361,362,367,369,502,506,509, 
523,547 
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in situ 
of lignite 

Lurgi process 
major processes 
slagging fixed-bed· 

of subbituminous coal 

thermal requirements 
underground 

General review of GFETC research 
Germanium, occurrence .in ligni.te 
Grindability -- see Pulverization . 
Heat content of low-rank coal and 

307 
302-306,308,309,311-314,318,319,322-
328,333,334,335,338,341,347-349,351,. 
355-359,361,367,369,502,506,509,522, 
523,528,547 
325,326,369,506,528 
307,361,369,506,528 

.308,309,311-315,318,319,322,323,325-328, 
333-335,338,341,344,345,347,351,352,354~ 
362,367,369,523 
310~311,313,341,347,357-359,361,367,506, 

'547 
303,306,313,325,358,361 
307 
502,503,523,530,542,547 
74,506 

coal products 
35 

Heat of reaction 65 
He~t of wettin9 141 
He I iopo-re--p .. rocess Ao9 
Humic. adds, humates, and humus 24,25,27,87,504,516-519,521,559 
Hydraulic transport 1,131 11361530 
Hydrocracking low-temperature tar 405 · · 
Hydrogen bonding 4 
Hydrogenation of low-rank coal (also see Liquefaction) 

300,329,343,3731432,506 
Infrared spectra of lignite and lignitic materials 

. 27 
In-the-mill drying, effect on pulverization 

119 
Jon exchange, for sodium oxide removal 

19,63,139,216 
Land recll!lmation 25,557; 558 
Leonardite, as binder for briquetting 

52 
as drilling-fluid additive 24,543 
extraction of 25,57,374,521,559 . 
humic acids from 24,25,27,87,517-519,521,·559 
origin and characteristics 24,27,~74,519,521,559 
~s. plant ~rowth stimulant .·24,25,504 1516-519 1 559 . 
pro.cessing of 25,57;87,374,5181521 1559. 
as so·il ·additive 241 25,504 1 517-519 1 559 
for water treatment 24 1 506 

Leonardlte gel . 1,136 
Light oil from liquefaction of lignite 317 
Lignite, as activated carbon source 76 

Brandon (Vermont) 84,85 
briquetting and pelletizing 521.1061425;429,440,50515081539 
carbonization 36,42,44,64 1 358,411~424,425,427-429,439, 

CO!llbustion 
composition and properties 
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45,20612081209,213,248 
18,35,44-46,62175186,2281245,248,427,453, 
505,5061528,530,548 



drying 106,126,349,406,408,4211425/42714291 
434,435,~37,438,440,446145114521505 

float-sink tests 62,106 
fluidized-bed combustion 206;208 1211 1248 
fossil studies related to . 84185 
fouling of ash during COIT!bu"stion · 221,248,249,254 1258 
freezeproofing 1071 122 
gasification 303,304,306,308 1309,311,312,314,318, 

Gulf coast 
. handling and shipping 

heat content and specific 
humic acids from 
hydraulic transport 
hydrogenation 
India 

heat 

319,322-328,333-335,338~341,347,348, 
351,355-359,361,367,523 . 
35,42,45,228,245,411,427/450 
122,126,505. 
35 
87 
1,131,136,530 
329,343,373,432 
425,553 
27 .. 
691337,342,369,3711372/375 
205 

infrared spectra 
liquefaction 
low-temperature ashing 
mechanism of ashing and ash fouling 

methods of analysis 
mineral .matter in 
mining 
moisture determination in 
Norther11 Great Plains 

paleontology 
petrography 
pipeline transportation 
for plant growth studies 
preparation 

10,2481249 . 
41,441422 
10,46,62. 
5051508. 
30 
18135,44,46,62,75,86122812451453/5051 
5061528 
85 
82,84,124 
1/131 ~ 136~530 
517 
106~107,124,505,508 

processing 1 · for activated 
for dyes and waxes 

carbon 76,506 

to reduce sodium content 
for synthetic coke 
for water gas 

production 

506 
63/1391216 
538,539 
359 
223,248,508 

products as plant. gr·owth stimulants 
517,518 . 

pulverization 107,108,118,119 1 121,124,213,505 
r~moval of sodium oxide 191139 · · 
reserves in Gulf Coast States 2451248,3691531 
reserves in Northern Great Plains 21312451369,5141 5151541 
reserves in USA 213,245,248 1 369~505,531 
screening · 106 
sodium content 18139162,75 
for soil improvement 517 
storage 101,107,109,112,11511171123,1261 137 1 

S!-Jifur content 
t~chniques for moisture analysis 
trace elements in 
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utilization 45,124,213,223,235,245,248,424,506, 
508,538,539,547,553 

Lignite ash, composition and properties · . 
. 18,31,39,45,47,63,74,75,202,205,206,249 

fusion temperatures 18,45,75 
mechanism of formation 10 
sintering characteristics of 234 
variability in composition 18,45, 75 

Li_gnite char, briquetting of 52,429 
composition and properties 424,425,427,429 
effect as additive in coke blends 401 
for production of activated carbon 53 
for production of carbon disulfide 554,555 . · 
reactivity of 554,555 

Lignite mining 505,508 
lignite products as plant growth stimulants 

Lignite Elurry 
Lignite tar 
Liquefaction, general 

517,518 
1,~?9 
32,326,338;341,367,405,417,427,505 
301,316,337,342,363,368,36~,3/1,3/~, 
375,523 

effects of temperature and pr4;!ssure 
3'J7,342,369 

major . processes 369 
products 66-69;71~316,337,363 
research 66-69,71,316,336,337,363,371,375 1 522 

Low-rank coal -- see Lignite; Subbituminous coal 
Low-temperature ashing 205 . 
Low-temperature carbonization 64,412,428, 439, 443,444, 445,450 . 
Low-temperature tar, from bituminous coal · 

from lignite 
froin subbituminous coal 
methods or processing 

Mechanism of ashing and ash fouling 

38,40 
6,7,22,28,38,40,127,367,405,417,443 
38,40,367 
22,40 

10,238 
78;79,82,238,239 
25,557,558 

Microscopy studies 
Mined-land reclamation 
Mineral matter in coal and coal ash 10,23,46,62,86 

505/508,528,530,556 Mining 
Moisture in low-rank coal, determination of 

effect on pulverization 
Montan wax 
Nahcolit~,. for flue-gas emission 

Nitrogen compounds (liquid) 

30,41,422 
108 
79,506,542 

control 
£:291 23"1/ 256 
68 

Nitrogen oxides, emission and control 
206,211,222,245,256,530 

Oil treatment 122,126 
Operating· data, lignite-fired power plants 

217 
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Overview of low-rank coal technology and utilization 
528,530,542 
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