
I IMIIHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 

One Source. One Search. One Solution. 

ENERGY FROM COAL: A STATE-OF-THE-ART 
REVIEW 

TETRA TECH, INC. 
ARLINGTON, VA 

1975 

U.S. Department of Commerce 
N a t i o n a l  T e c h n i c a l  I n f o r m a t i o n  S e r v i c e  



One Source.  One Search.  One Solut ion.  

Providing Permanent, Easy Access 
to U.S. Government Information 

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadabie PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



ir 

E R D A 7 6 6 7  
IIIlllllllllllllllllllllllllllll IIItl Illtlllllllll 

ERDA 76-67 

r E  

r -~ r~  w..- MA~JT~ 

J 



q 

ENERGY 
FR().~,I 
C()AL 

A 
STA TE-OF-THE-ART 
REVIEW 

Prepared for: 

Office of Fossil Energy 
United States Energy Research and 

Development Administration 
Under Contract No. E(49-18)-2225 

Prepared by: 

Tetra Tech, Inc. 
1911 North Fort Myer Drive 
Arlington, Virginia 22209 

I ~ l ~ ' . . -  ~ , - : -  " 

[ I , ,  u I ~  r, i m i , m  m t i i J  ~ h i f ~ l  

lmIW ~ ~ .i~ ~ ~ ~ImmIIim~l 

I ~ ,  ~ ,w ~ ~ IIIiII ~ ~ I 



TABr OF CON E TS 

I. Introduct ion ........................................ I-1 
Executive Summary .................................... I-1 
Scope of  Report ...................................... i-2 
Origin of  Coal ....................................... 1-3 
Early Use and Technology Advances . . . . . . . . . . . . . . . . . . . . . . . . . .  !-3 
Future of C~al ....................................... I~, 
References ......................................... Z-6 

I1. Coal Supply and Demand ................................ li-1 
Coal Resources and Reserves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  l k l  
Ut i l izat ion =-ad Trends .................................. i l -4 
Constraints to Future Coal Supply . . . . . . . . . . . . . . . . . . . . . . . . . . .  11-12 
Supply and Demand Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . .  11-16 

II1. Classification ....................................... !11-1 
International System .................................. 111-5 
C!assification Biblingraphy ............................... II I-6 

IV. Mining Technology ................................... IV-'; 
Surface Mining ...................................... IV-1 
Underground Mining ................................... I V ~  
Health and Safety .................................... IV-7 
Reclamation ....................................... IV-8 
Union-Management Relations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  IV-9 
Implications of  the 1974-UMWA-BCOA Agreement . . . . . . . . . . . . . . . . .  IV-9 
Mining Technology Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . .  !V-11 

V. Transportation and Storage ............................... V-1 
Transportation ....................................... V-1 
Storage .......................................... V-2 
Transportation and Storage Bibliography . . . . . . . . . . . . . . . . . . . . . . .  V~, 

Vh  Coal Preparation ..................................... Vi-1 
Size Reduction ...................................... Vl-1 
Screening ......................................... VI-2 
Coal Cleaning ....................................... VI-3 
Wet Cleaning Processes ................................. VI-3 
Dry  Cleaning Processes ................................. VI~, 
Drying ........................................... VI-5 
Specia| Treatment and Miscellaneous Processes . . . . . . . . . . . . . . . . . . .  VI-5 
Coa! Preparation Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI-6 

V i i .  Coal Process T~-~hnology ............................... V!i-1 
Funde..~entals of  Coal Conversion Proce~es . . . . . . . . . . . . . . . . . . . .  VII.1 

,~si f icat ion ................................... VII-3 
Liquefaction .................................. Vl t -5 
Byproducts ................................... V i i -7  

Generalized Gasifi~¢ion Processes . . . . . . . . . . . . . . . . . . . . . . . . . .  VI I - 8  
Coal Preparation and Pretreatment . . . . . . . . . . . . . . . . . . . . . .  V! I-8 

-i- 



BLANK PAGE 



TABLE OF CONTENTS (Continued) 

Generalized Gasification Processes (Continued) 
Coal Feeding .................................. VI I -9  
Gasification ................................... V I I -9  
Gas Clean[n9 .................................. VI i-10 
Shift Conversion ................................ VI !-10 
Gas Pu.~cat ion ................................ VZ!-10 
Methano--tion .................................. VI1-I1 
Reactor Tyi:'~, Used in Gasification Processes . . . . . . . . . . . . . . .  V I i -12 
Fixed-Bed Reactor . . . : . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI1-12 

• Fluidizc-<i-Bed Reactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI1-13 
• End, rained-Flow ReactGr . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI1-17 

Generalized Liquefaction Processes . . . . . . . . . . . . . . . . . . . . . . . . .  V ! 1 - 1 7  
Direct Combustion and Advanced Power Systems . . . . . . . . . . . . . . . . .  V I I  -23 
Sulfur Removal Processes ............................... V11-27 
Chemicals From Coal ................................. V i  1-28 
Support Requirements ................................ VI I -29 

Hydrogen and Oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI i-29 
Water ...................................... VI I -30 

Coal Process Technology Bibliography . . . . . . . . . . . . . . . . . . . . . . .  VII-31 

V I I I .  Economic Considerations ............................... V I I  I-1 
Mining Costs ...................................... V i i i - 1  
Underground Mining .................................. V i  1 I-2 
Surface Mining ..................................... VII1-3 
Rectamation ...................................... VI I I -4  
Coal Preparation .................................... V I  ! i-5 
Transportation ..................................... V I i  I-5 
Synthetic Fuel Costs .................................. V I I I - 7  
Economic Considerations Bibliography . . . . . . . . . . . . . . . . . . . . . . .  V111-9 

IX.  Legislazive Policy ..................................... IX-1 
Federal Agency Functions ............................... IX-3 
Environment ....................................... IX  J,  
Conversion . . . . . . . . . . . . . .  ; . . . . . . . . . . . . . . . . . . . . . . . . .  iX-5 
Health and Safety Standards IX-7 
Leasing Policy ...................................... IX-;" 
State Laws and Regulations ............................... IX-8 

Appendix A. Coal Gasification 
Abstracted Gasification Processes . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-1 
Early Gasification Proo~sses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-8 
In-Situ (Underground) Gasification . . . . . . . . . . . . . . . . . . . . . . . . . .  A-S 
Sour',~s for Gasification Abstracts by Abstract, Number . . . . . . . . . . . . . .  A-9 

Appendix B. Coal Liquefaction 
Direct Catalytic Hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B-1 
Solvent Extraction Processes ............................... B-3 
Liquid Hydrocarbon Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B - 6  

Sources for Liquefaction Abstracts by Abstract, Number . . . . . . . . . . . . . . .  B-6 

Appendix C. Primary Sources 

- i i -  

~a 



L~.T OF ILL USTRA TION$ 

Number 

li-1 
i l-2 
H.3 
!14 
i l .5 
i l-6 
11-7 
!!-8 
!!-9 
11-10 
I1-11 
11-12 

!11-1 

IV-1 
IV-2 
IV-3 
IV-4 
IV-5 
IV-6 
IV-7 

VI-1 

V.iI-1 
VII-2 

V| | -~ 
VII-5 
VII-6 
VII-7 
V i i -8  
VII-9 
Vi i -10 
VI1-11 
V!1-12 
VI i -13 
VII-~4 

VI i i -1 
V I i i -2  
VI I I -3  
VI I I -4 

Page 

U.S. Coa~ Resources and Rese,-v~ . . . . . . . . . . . . . . . . . . . . . . . . . .  11-3 
Demonstrated Coal Reserve Base . . . . . . . . . . . . . . . . . . . . . . . . . . .  11-4 
Demonstrated Cog Reserve Base by Method of Minin; . . . . . . . . . . . . . .  11-5 
Sulfur Range in Coals in Demonstrated Reserve Base . . . . . . . . . . . . . . .  11-5 
Coal Fields in the Conterminous United States . . . . . . . . . . . . . . . . . . .  i l-6 
Coal Fields of Alaska . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  11-6 
U.S. Coal Production and Exports, 1960-1974 . . . . . . . . . . . . . . . . . . .  11-7 
Fuel Ccmpetitio.'t in the Electric Power Indus-try, 1,~73 . . . . . . . . . . . . . .  11-8 
Dem=)d for Coal By Use, 1975 and 1985 . . . . . . . . . . . . . . . . . . . . . .  11-8 
Pote,'rtial Nuclear Electric Power Regions in 1990 . . . . . . . . . . . . . . . . .  11-10 
Electric Energy. Generation by Principal Souroes . . . . . . . . . . . . . . . . . .  I1-11 
Constraints to 1985 Accelerated Coal Supply Goals . . . . . . . . . . . . . . . .  11-14 

Heat Values and Proximate Analysis of Coal 
on a Moist, Mineral Matter-Free Basis . . . . . . . . . . . . . . . . . . . . . . .  111-3 

Area Mining ....................................... IV-2 
Contour Mining ..................................... IV-2 
Contour Mining With Buildozer and Auger . . . . . . . . . . . . . . . . . . . . .  IV-3 
Underground Mines .................................. IV-4 
Room and Pillar Minin9 ................................ IV-5 
Longwall Miming .................................... IV-6 
Percent of Total Underground Tonnage Mined By Each Me~od . . . . . . . . .  IV-6 

Coal Preparation Process Flow Diagram . . . . . . . . . . . . . . . . . . . . . . .  VI-2 

Clean Fuels From Coal ................................ VII-2 
Catalytic Hydrogenation ............................... VII.5 
Soiv~tt Extraction .................................. VII-6 
Pyrolysis ........................................ VII -6 
Liquid Hydrocarbon Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . .  VII-7 
Typical FL~:ed-Bed Gasifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VI!-14 
Fluidized Bed Re~'tor ................................ Vi1-15 
Mohen-Bath Reactor ................................. VI1-16 
Entrained Bed Gasifier ................................ Vf,;-18 
Catalytic Hydrogenation Process Diagram . . . . . . . . . . . . . . . . . . . . .  VI;-19 
Solvent Extraction Process Diagram . . . . . . . . . . . . . . . . . . . . . . . .  V!1-19 
MultiStage P~rolytic Process Diagram . . . . . . . . . . . . . . . . . . . . . . .  VII-20 
Liquid Hydrocarbon Syn~esis Diagram . . . . . . . . . . . . . . . . . . . . . . .  VII-21 
Fluidized Bed Boiler ................................. VII-22 

Coal Production Cos'Cs . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  VI!;-4 
Comparison of Altsrnative Modes of Coal Energy Transrr, P~sion . . . . . . . .  VII I -6 
Coal C o m e t s  of Various Synthetic Fuel Proem=as . . . . . . . . . . . . .  VII I -7 
Effect of Price of Energy Feel on Product Selling Price . . . . . . . . . . . . .  VI|I-8 

"111" 



Number 

Ii-1 

II1-1 

VIII-1 

Page 

Production of Bituminous and Lignite Coal, 
By Ty.oe of  Mining, 1975 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  !1-2 

Classifi~tion of Coals By Rank . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I I ~-2 

Spot Market Prices for Steam Coal, December 1975 . . . . . . . . . . . .  . . . .  VI I I -2 



I. INTRODUCTION 

Executive Summary 

The United States has more energy available in the form of coal than in the 
combined resources of  petroleum, natural gas. oil shale, and tar sands. In light of  
nationwide energy, shortages, the increased use of  abundant coal reserves is vital to the 
nation's total supply of  clean energy. However. this solid fuel can be currently applied to 
only ,~ limited portion of  the total national energy, demand. The prima_D: user of coal is 
the electric utilities industry, where coal is mechanical]y cleaned, pulver;.,-.ed, ~..nd then 
burned in solid form in boiiers. Statistics in the Pro;leer Independence Reporx indicate 
that the transportation sector depends nearly exc!usively on liquid fuels, the household 
and commercial sectors depend almost entirely ott liquid and gaseous fuels, and three- 
quarters of tl~e energy, used by industry is provided by liquid and gaseous fuels. 
Consequently. converting coal to gaseous and liquid fuels in commercial quantities is 
fundamental to ensuring the availabili.~ of fuel in conventional forms for the major users 
a.q the availability of  petroleum sources becomes less certain. The ultimate objective of  
coal conversion research is therefore to provide the "~ecknology. for rapid commerciali- 
zation of processes for converting coal to synthetic fuels and for improved direct 
combustion of coal. 

Technical and social problems related to the use of  coal as an energy source can bc 
resoh'ed. For instance, steps are being taken to overcome drawbacks related to the mining 
of coal. Land reclamation techniques are being developed to return mined-out iand to 
usable forms. The Federal Coal Mine Health and Safety Act added impetus to the 
movement to reduce underground mining hazards. 

The develoFment of  coal conversion processes by the Energy. Research and Develop- 
men: Admhtistration is oriented towards accelerating and stimulating a synthetic fuel 
industB,. Fossil ener=~ research, development and demonstration strategy is to sponsor 
a wide variety of  teclmical options so that promising processes will eventually be 
comme:cialized and will therefGrc provide a long-term payoff. 
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Scope of Report 

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

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

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

AEC* 
AGA 
ASTbl 
Bcs 
C~Q 
CCU 
DOI 
DOT 
EPA 
EPRI 
ERDA 
FEA 
GFERC 
IGT 
MERC 
NASA 
NOAA 
NRC 
NSF 
OCR* 
PEKC 

Atomic Energy Commission 
American Gas Association 
American Socie~ of Testing and Materials 
Bituminous Coal Research, Inc. 
Council on Environmental Quality 
Division of Coal Conversion and Utilization 
Department of the Inze~or 
Department of Transporuar.ion 
Environmental Protection Agency 
Electric Power Research Institute 
Energy. Research and Development Administration 
Federal Energy Administration 
Grand Forks Energy Research Center 
Institute of Gas Teclmolo~" 
Morgantown Energy Research Center 
National Aeronautics and Space Administration 
National Oceanic and Atmospheric Administr~.tion 
Nuclear Regulatory Commission 
National Science Foundation 
Office of Coal Research 
Pittsburgh Energy Research Center 

*These orfanizations are no longer operad~.  Their energy research funcdons have been r - ~ i b m e d  within ERDA. 



Origin of Co~J 

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

Peat was ori~naiiy form.ed as a dark-brown residuum produced by the partial 
decomposition and aisintegration of mosses, sedges, trees and other plants. A.s peat 
accumulated, the weight o f  the top layers of  peat compacted the lower layers, prin-.a.rily by 
squeezing out  large amounts of water. Burial by sediments, physical-chemical effects 
associated v¢ith the changed environment, and loss of  water and volatile materials remlted in 
formation of  lignite, me  earliest stage in the formation of  coal. With increasingly deeper 
burial, pressur~ continued to compress the lignite, and the increase in heat associated with 
the increasing depth of burial further devolatilized the coal-forming materials. The rank of  
the coal became progressively higher, rising from lignite, subbiruminous, bituminous, 
semianthracite, and anthracite zo recta-anthracite. 

Early Use and Tectlnolocjy Advances 

In 1350. coal first became a commercial commodity.  Gas was first recognized as a 
state o f  ma~ter in 1620, and coal was first distilled in the laboratory to yield gas in 1660. 

The carbonization of  coal to produce metallurgical coke was known in the late 
t600"s but was not pracT.,~ced on a large scale until 1730 Coke was a by-product of  
another process developed in, 1792 in which coal was distilled in an iron reto,n to 
produce illuminating gas. These two processes initially, were considered basica.~ly different 
and this concept persisted until the early 1900"s. 

The first by-product coke ovens were constracted in France in 1856. Since then 
they have gradually replaced beeh/ve ovens, With the increasing use of  by-product coke 
ovens in the early 1900"s. it became apparent that it was more efficient and economical 
to produce gas in the by-product coke oven than in the more labor-intensive gas retort. 

The advent o f  electric li-=hting opened up a great potential for coal combustion in 
the generation o f  steam for power generation. Thus, the combustion of coal went 
through the stages of burning in open fireplaces in the early days to burning in the fuel 
beds of  small household furnaces and subsequently large industt~.al fu,"naces and f-really to 
burning as pulverized fuel m large central station furnaces. This latter application was 
first tried in 1876, but was not successful in the United States until the factors affecting 
proper furnace design were elucidated in 1917. 
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As the use of coal gas developed, the production of gas for heating purposes was 
also developing. The first gas producer making low-Btu gas was built in 1832. This 
principle was not widely used until it was applied by the Siemens brothers in connection 
x:,ith their invention of  the open-ltearth furnace in 1861. The u ~  of producer gas 
it, creased from tha~ time. until at the turn of  the century it was an important fuel source 
for heating furnaces. But after that time its use declined until by 1920 there were only 
i 1,000 producers in use in the United States. 

Another development in the field o f  gas making stemmed from Fontana's discovery. 
in 1780 of  the production o f  blue gas when steam was passed over incandescent carbon. 
This discovery was dormant until the period between 1823 and 1859 when additional 
experimental work was done on the steam carbon reaction. This eventually led to the 
development of processes for producing blue-water gas in the period of I859 to 1875.. 
The first successful commercial process was developed by Lowe in 18,5 when he 
introduced the carburetted water gas jet. The increased use of this gasification technology 
continued until natural gas supplanted manufactured gas. 

The histc~' of coal hydrogenation begins in 1913 when work on the Bergius 
concept of  direct hydrogenation of  coal under hydrogen pressure at an elevated tempera- 
ture was undertaker: in Germany. A 31-ton-per-day pilot plant.was built ix: Germany in 
1921. The possibility of  producing liquid hydrocarbons from water gas (,Fischer-Tropsdt 
synthesis) was also conceived in 1913. The first experimental work on th:~s synthesis, which 
is sometimes referred to as tb.e indirect hydrogenation of  coal. was published iv 1923. 

During World War II. the Germans produced a major part of  their aviation gasoline 
using liquefaction technolo=m/ based on hydrogenation of coal. They also produced some 
liquids by indirect liquefaction using Fischer-Tropsch technology. At about the time the 
teclmolo~, had reached a stage where plants could be installed, however, natural gas was 
discovered in the North Sea and in North Africa. In addition, most of  the European 
nations decided to sl~ift from an economy based on big.h-cost indigenous coal to one 
based on what was at the time low-cost imported petroleum. Few coal gasification plants 
embodying new technc.log~" were installed, and interest in further improving the 
technology lagged. 

Future of Coal 

Coal's immediate future is closely tied to its consumption by the electric utilities. 
The use o f  low ash and low sulf'ir products from the liquefaction and gasification of  coal 
by the industrial t,-ansportation and heating sectors o f  the economy, as well as use by the 
electric utilities, should be possible by the 1990's. Advanced methods of  geherating 
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electricity from coal. using fluidi.".ed-bed boilers and combustors, MHD generators, solid 
electrolyte fuel cells and topping cycles are curren'Jy in fundamental research stages. 
These concepts theoretically offer a means of increasing the efficiency of coal's utiliza- 
T.ion in the production of energy. However. the long-term expansion of the coal marke: 
will depend upon the eventual commerciai avzdlabilily of clean s3'r,thetic fuel products 
and advanced power systems now under develop~nent by ERDA. 
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I1. COAL SUPPLY AND DEMAND 

Coal Resources and Reserv~ 

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

The coal rends of  the United States are held by ss.veral broad classe~ of  owners. 
including the federal and state governments, mining an.i manufacturing corporations. 
railroads, Indian n-iDes, and pr;.'~ate individuals. Most of  the coal lands in the East and in 
the Mississippi Valley region are privately owned. In the .Appalachian basin, many large 
tracts of  coal land are held by mining, petroleum, manufactur~-ng, or landholding corpora- 
tions. The majority of  the coal lands in the Rocky Mountains and Northern Great Plains 
regions arc owned by  the federal government. 

A major percentage of  bitumkuous and lignitic coal production is from three states: 

P e r c e ~ ' ~  

Surface U.~dergro~r~ Total 

Kentucky 23 23 23 
Pen nsy Iv-snla 12 15 13 
West Virginia 6 30 18 

41 68 54 

Table H-I, on the following paw, lists 1975 production of bituminous and lignitic 
coal by method of mining. 

Figure II-I compares identi~ed and hypothetical coal resources of the United States. 
Approximately 44 pe r~n t  of  the total estimated remaining coal resources in the United 
States have been identified, of  which at leas'. !2.5 percent are considered economically 
mco:erable, based on post recovery rates. Increased production by strip mining would 
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Tab le  I1-1 

P R O D U C T I O N  O F  B I T U M I N O U S  A N D  L I G N I T E  C O A L ,  
B Y  T Y P E  O F  M I N I N G ,  1 9 7 5  

State 

Alebamz 
Alas;ca 
Arizo.,'~ 
Arkansas 
Colorado 
illinois 
indiana 
Iowa 
Kansas 
~antucky: 

Eact 
West 

Subtotal 

Maryland 
Mi~uri 
Mon~na 
New M©xi¢o 
North Dakota 
Ohb 
Okl~'toma 
Pennsylvania 
Tennessee 
Texas 
Utah 
Virginia 
Washington 
West Virginia 
Wyomin.q 

Produ=tlon bY Type 
of Mining 

(thousand short tons) 

Under~ound 

N 

326O 
31,256 

139 
379 

40~09 
2 2 ~  

63,497 

90 

529 

14,365 

42,249 
3J06 

S,856 
22.767 

15 
82,220 

526 

Total 277,3~3 

Surface 

12,771 
7,33 

6,448 
455 

3,636 
26,960 
23,587 

211 
716 

44.847 
28~53 

73,700 

2,247 
4,623 
1~-,106 
8,864 
7,4,';3 

31,044 
2,356 

38,213 
4.435 
7.584 

w 

11.559 
3.89B 

20.242 
20,177 

326.097 

All = 

19,~24 
700 

6A4B 
455 

6.o"96 
58,216 
23,726 

590 
718 

85,356 
51.841 

137.197 

2.337 
4R23 

14,106 
9,392 
7,463 

45.409 
2,356 

80.462 
7.541 
7.684 
5.858 

34,326 
3,913 

1G2,462 
20,703 

603,406 

"O=~a r~y  not add to totals shown b~:ause of independent rounding. 

Source: Mine.w/Industry Survey, USOOI, Bureau of Mines, Weekly Coal 
Report, November 21, 1975. 

raise this percentage. Of  the total identified resources, approximately 43 percent is 
bituminous coal, 91 percent is 1,000 feet or less below the surface, and 33 percent is in 
thick beds. Figure II-] also brews down identified resources by rank. amount  of 
overburden, and demonstrated reserv~ base. 

Coal resources and reserves are categorized using the foliow~mg definitions: 

H y p o t h e t i c a l  R e s o u r c e s  - estimates o f  coal in the ground in unmapced and 
unexplored parts o f  known c~oal bases to  an overburden of  6,000 feet. These 
esdmat~ are determined by extrapolation from nearby areas of  identified resources. 
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TOTAL 

BILLION 
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2,230 
1,740 
3,970 

FT 

28% / 28% 
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BITUMINOUS 
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BASE 

RANK 436.7 BILLION TONS 
(25% OF ;3E~TIFIED RESERVES) 

5ource: U.S. Geological Survey Bulletia No, 141~. 

Figure I1-1. 

91% 
< 1000 FEET 

OVERBURDEN 

U.S. COAL RESOURCES AND RESERVES 

The term "'identified resources" inclodes all of ,he remaiaing categorizations of coal. 

- M e a s u r e d  r e s o u r c e s  - toanages of coal m the ground based on assured coal-bed 
correlations and on closely spaced obserx, ations, about o~'~e-half mile apart. 
Computed tonnages are judgea to be accurate within 20 percent o)f :he tonnage. 

b z d i c a t e d  r e s o , : r c e s  - coal in the ~ound  based partly on specific observat-ons 
~measured resources) and partly on reasonable geologic projection. Th:  points of 
obse~'ation and measurement are about one mile apart for beds of known 

continuity. 

D e m o n s t r a t e d  r e s o u r c e s  - in  ~a~es where measured resources axe comparatively 
small, the measured and indicated categories axe combined into a single categoG" 

referred to as demonstrated resources. 

l n f e r r e d  r e s o u r c e s  - tonnages of coal in the ground based on an assumed 
continui'.y of  coal beds that are downdip from and adjoining areas cor~z~,~nir, g 

measured ea'td indicated resources. 

D e m o n s t r a t e d  c o a l  r e s e r v e  b a s e  - selected p6~ion of the identified resources 
deemed to be suitable for mining by 1974 methods'. The coal in the reserve base is 
~.n the measured and indicated (demonstrated) resource category and is restricted 

I1-3 



41% 

tmnTdEea ROCKY MOUNTABS 
(NO, SO, m ,  wY, m) 

5% 

4% 

20% 

B.I~,OIS BASIN 
(¢, ~. WECTenN KY) 

SOUTHER~ APPALACig~N BASIN 
(EASTERN KY, VA, TN, HC, SA. AL) 

WESTERK INTE,~IOR BASlH 
" {KS, HO, OK. AR, TX) 

3% .<-. WEST COAST ~ (k~. WA. OR. CA) 

6% 
" q - . .  ,;OUTHERN RGCKY MOUNTAINS 

2~'/, ( CO. tiT, AZ, WA) 

ERN APPALACHIAN BASIN MiCH~AN BASIN 
(PA, OH. WV, MD) ~ (NEGLIGIBLE AMOUHT) 

Source: U.S. Geological Survey Buli~in NO. 1412. 

Figu.-e 11-2. DEMONSTRATED COAL RESERVE BASE*  

primarily to coal .in thick or intermediate beds less than 1000 feet below the 
surface. Figures 11-2 and II-3 depict the demonstrated reserve base by basin or region 
and by method of mining. Figure 1I-4 shows the sulfur range of  coals in the 
demonstrated reserve base, divided i.-:~o surface and under,round categories. The 
locations of coal fields are shown in Fi~o~res I[-5 and 1I-6. 

Uti| i~ation and Trends 

At the beginning of the twentieth century, coal supplied 90 percent of U.S. energy 
consumption. Ho,~'ever, during the first half of this century, coal consumption ~-ew less 
rap.:d!y than total energy, consumption. More convenient than coal and competitively 
priced, domestic oil and natural gas became available and new uses of oil (e.g.. auto- 
mobiles) expanded rapidly. By 1972, coal dropped to about 23 percent of  the energy 
consumption. 

Figure II-7 indicates the domestic production of coal t~om 1960 to 1974. Coal in its 
natural form is clearly the least flexible of the fossil fuels. Being solid and containing 

• 0-! 000 fe.-t overburden; total: 437 x 109 short tons; at least h~lfof the re.rye ba.~e is re¢ove~b|e. 
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431i.7 BILLION TONS 

Source: U.S, Ga~O<JiC~l Sur~ey Bulletin NO, 1412. 

Figure 11.3. DEMONSTRATED COAL RESERVE BASE 
BY METHOD OF ~,'IINING 

SURFACE 

137 BIU.,U'J,~ TONS 

__ 1% SULFUR 1.1-3.0% SULFUR 
Source: U.S. Geologlcal Survey B,.,lletln I~]o. 14~2. 

UNDERGROUND 

300 DILUON TONS 

UNKNOWN ~ 1.1-3.O% 
SULFUR 

~1% SULFUR >-3% SULFUR 

Figure 11-4. SULFUR RANGE OF COALS IN 
DEMONSTRATED RESERVE BASE 
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impurites, coat creates ~ea te r  difficulties at eve~ stage of use. Moreover. c~.al production 
~ d  use have the misfortune of  eaus~.g a ~ d e  arzay of environmental damage. As a .-~sult. 
coal becomes economical only when the economies of  scale in coal handling enable large 
users to overcome these disadvantages. In an era of  en~iro,'tmental concern and a~id 
Fo',ving Competition from other e n e r ~  forms, coal has become a highly specialized fuel, 
=ztracdve primarily lo inland electric utilities and the steel industry. 

Only coal's use for its co]ring prope:'ties appears protected from fu, '~er  competition. 
Coal use by the electric power industry faces major competition from all of the o ~ e r  
fossil fuels. ($~e Figure 11-8.) If  its long distance pipelining were not so impractical. 
residual fuel oil could compete for  some of coal's inland markets. Natural gas is widely 
used ~ a boiler fuel i~ sou~western  areas where it is abundant. Minor competition. 
primarily in ~ e  far west. from geothermals and hydroelectric power contribute fur'd~er to 
d~-fme co~l's market boundaries. 

Forecasts of the demand for  coal are closely related to the growth of  ~ e  electric 
utilities indust~ as indicated in F,.'gure II-9. While electricity demands have been tempo- 
rarily depressed due to the 197~-~1975 recession, prospects ar~ that demand growth will 
shortly r~gain its average annual rate ~f 6 to 7 per:ent m spite c f  rapidly risL,,.g electr~cky 

11-7 



..'i~ii 

 iiTili 
0¢ 

~ ~;...-:..~eY°e° ~i~!~~.~i~i~iii~.i~O.~i~.:.... ( ' ~  e')^ ~ , ~  
i!i!ii)i!~ ~'i~--:'::::::::::::::::::::::: 7 ! ~ : ~  _____~_~ i j ~ ~ ~  ~ : i : i : : : : :  ::.:.'...'.-::.::~:,. "" 
i!iii!ii~<.~A,. __.~ -,, ? .~'-V~" ~ 
:::::::::::::::::::::::::: " L ~ I /" - /  I~ftL~ 

I k ~ : ~  ..... ~ ~-~, -  ~'~-::F--~ 7 

. COAL 

Figure 11-8. FUEL COMPET.:T'O~ iN THE ELECTRIC 
POWER INDUSTRY. 1973 

1 5 0 0  '-- 

1000 

z 
I J  

Z 

500  

IL 
- I 

i 

Figure 11-9. 

IIP.DUSTIMAL COKE 

~L(-CT~ Ul"CRY 

RE ~.,,~,~)B('~ L ! 
~OMMEIBCZAL 

. /  

1975 

INgU~ltlAL 

COKmB COAL 

COAL EASIRCATI~.': 

ELECTRO 

1985 

DEMAND FOR COAL BY USE, 1975 AND 1985 

II-~ 



price rates. Most residential and commercial demands for electricity are considered to be 
relatively price inelastic, i.e.. no~ responsive to price changes in the short run. Although 
the availability of dependable low-cost electricity is a factor almost always taken into 
account in the selec).ion o[ new plant sites, in only a few industries does the cost of  
electricity account for a substantial part of the cost of  manufacturing. Indications are 
that despite the general turbulence of  today's fuel markets, cost trends, fuei availability 
and environmental factors, elect.'-iciW will continue its rapid gains. 

To determine the impact these .implications have on the demand for coal, the n.~ture 
of  the demands placed on the utilities industry, and the economic forces surrounding 
procvren '~nt-of  additional generating capacity must be considered. Municipal power 
demand is not constant: a typical plant must ;'espond to wide variations in the hourly 
toad ~nd substantial changes in seasonal loads. As a result, an electric power plant must 
utliize three basic types o f  ~enerating plants. Base-load plants operate at constant power 
levels to meet the normal expected minimum daily demand. These plants are engineered 
t o  produce electricity as e,'ficiently ~nd cheaply as pe~sible, consistent with high reliabil- 
ity standards. Since these units are operated nearly continuously over a long period o f  
time. lov,, ope:a',ing cost benefits far outwei~ capital cest con~.derations. Intermediate- 
load plan~ pro.Are the normal daytime increase in demand. The daytime load may be 
twice the ha-ce-load: consequently, the intermediate-load plant may have to deliver as 
much power as the base-load plant on a wide c3"clic output  schedule. The intermediate- 
load plant will therefore be a high capital vzlue item which will be lower in efficiency 
and hi_"her in operating cost than the base-icad plant. Peak-load traits, using aircraft-type 
g~-turbine generators that are engineered for quick s tanup and shutdown, are desi_~ned 
to supply electricity principally during periods of maximum wstem demand and charac- 
teristically operate only a few hours a day. Peak-load units minimize capital investment 

rather than energy production cost. 

While coal-fired units have supplied both base-load and intermediate-load plants, the 
largest co~-fired units today provide mainly base-load power. The fact that coal ,is a 
cheaper fuel than oil. g~s. and uranium =nY, ances coa"s competitive position. However. 
LhJs position may be impai1"ed by the large capital investment that may" be necessary, to 

reduce emission problems. 

Coal's competitive position at present is best described as uncertain. Federal and 
state government policies toward ener~¢ and the environment will play a dominant role 
i~ the future of  each of  the prima~ energy, sources. Industry has been reluctant to 
commit itself to coal or synthetic fuels because of the large capital costs involved and the 
high risk associated wifl: conversion to coal. Deregulation of interstate natural gas prices. 
sulfur restrictions, enforce4 scrubber utilization, nuclear restraints, strip mining legisla- 
tion, and decor.troI o f  o:,l are ;,,.~). a few of the major policy decisions that wiil impact 
heavily on the future of  the coa~ in,.It~stry. Figure II-10 shows use of  nuclear power by 
electric utilities in 1990 if nuclear po~cr growtt-, is accelerated through national policy 

incen-fix~s. 
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Figure Ii-10. POTENTIAL NUCLEAR ELECTRIC POWER REGIONS IN 1990 

A study by the National Elect_tic Reliability Council in July 1975 has projected an 
apparent shift away from coal-lWed generation and into nuclear power in re#ons that 
historically have been large consumers of  utility coal. But, as indicated in Figure II-I 1. 
shift.c, away from oil-fired and gas-fired baseqoad generators in traditional off- and 
gas-burning areas toward coal-fired plants and nuclear plants are also expected. The net 
result thxough 1954 is an average annual increase in coal u~ge of 6.1 percent v,',=fiie 
generation capacity increase~ by 6.7 percent. This marks a slippage in the percentage of 
total generation =--¢quixements being supplied by coal from 48.4 percent in 1975 to 45.0 
percent in i984. A =~_,bsequenz anaiysis by FEA "=hat is less optimistic for total generation 
growth and coal's gro~*=h at least through 1980 fo~'ecasts a 5.6 percent annual increase in 
coal demand. 

Coal gasification may provide only a small contribution to total energy demand by 
1985. However, a potential market for gasified coal may develop by the end of  the 
centurY. A number of coal gasification processes axe being developed to derive a low-Btu 
fuel gas from coal. Electric power stations using this clean, desulfurized, low-ash fuel 
could meet emission standards. Coal can also be converted to a high-Bin substitute 
natural gas (SNG) to supplement dom~tic supplies of natur#l gas. 
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FL~ure Ii.11. ELECTRIC ENERGY GEP~ERATION BY 
PRINCIPAL SOURCES 

Conversion of  coal to a synthetic crude oil has been commercialized to some extent 
(the SASOL plant in South Africa) but most technolo~ically proven liquefaction pro- 
cesses have tended to be ve~  expensive Several liquefaction processes caP. also yield 
char. a relatively clean solid fuei for boilers. One synthetic liquid fuel process receiving 
particular attention is solvent refining. The primary, products are clean liquid and solid 
fuels that are usable in elect~c power plants. Chemicals and hg~ht oils are also produ~d.  
The addition o f  a coking step can inc:easc the oil yield ap.d produce coke. Even without 
cokin~., chemical and liektt oil products can account for 47 percent of  the process 
revenues: consequently, the process is not limited to clean fuel production. 

Another source of  boiler fuel is the char residual from a process producir.g high 
quality .¢ynthetics. Solvent refining and low-B,'~ gas are being stressed for the electric 
power industry., while high-Btu ~ and synthetic crudes are being considered for markets 
in which premiums for their special properties can be earned. 

If economical processes can be developed to produce environmentally clean syn- 
thetic fuels from indigenous sources of coal that can compete favorably with natural o~ts 
and crude oil, the future of the coal industry will ~e ensured. To date, however, research 
has not led to firm commitrr..,nts, for commerciMi.7..ation of  any process. 
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Coal's future as a metallu~,,ical fuel for blast furnaces and foundries is more clearly 
defined. Hg-iron manufacture is the only process in which coal's chemical and physical 
properties, as imprOved by coking, are of a distinct advantage. However, not all types of 
cOal lbund in the United States are suitable for coking. Cok]ng, or metaUurgicai, coals are 
of hi oh quality, dis:inguished primarily by low sulfur and ash content. The United States 
has extensive reserves of bituminous coal, including adequate supplies of coking coal. 
Typical metalluro~cal coal prices range from 2 to 3 times the price of coal used by the 
electric utilities. 

In the recent past, the blast furnace has been criticized as inefficient and quite 
difficult to control. However, no other process can produce more than a small fraction of 
• e world's smelting needs. Concerted efforts to improve the operation of the blast 
f;'rnace have res'fited in changes in furnace desi~ and operating techniques. Such 
improvements have reduced the amount of coke consumed per ton of pig iron by 20 to 
2S percent while the average product of pig iron per blast-furnace day has increased 
approximately 51 percent since 1960. 

I 

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

The only other market area for coal that promises growth is in U.S. exports of 
coking coal. in 1975, exports of coking coal were anticipated to be about I00 million 
tons, ~ amount nearly equal to U.S. coke consumption. Participation by the United 
States in the world coking coal market has been projected to expand to 20 percent of 
the world rcquir~men~s by 1985. The process in the future that may have the greatest 
impact on ~.is market is fonncoke.* This process would enable western Europe and 
Japan, the principal importers of U.S. coal, to utilize local coals of a much greater 
qualitative range. Formcokhlg would eventually eliminate most of the U.S. export coal 
fftarket. 

Const~ints to Future Coal Supply 

The national energy policy requires doubling the production and censurer .ion of 
cOal by 198S. The magnitude of the projected increase in coal production can be 
translated into physical facilities to be added. Listed below are the kinds of actions that 
Would be needed to achieve the estimated 1985 production levels: 

*Formcokc is produced by heating pelletized or b~quetted coal f'mes from a ~'ide v-~. "ety of noncoking coals. 
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• Develop 140 new 2-mmtpy (million tons per year) eastern underground mines. 

• Develop 30 new 2-mm~py eastern surface mines. 

• Develop 100 new 5-mmtpy western surface mines. 

• Recruit and train 80.000 new eastern coal m-~ers. 

• Recruit and train 45.000 new western, coal miners. 

• Manufacture 140 new 100-cubic-yard shovels and draglines. 

• Manufacture 2.400 continuous mining machines. 

That  is. an average of one new deep mine and one new surface mine must he brought 
into production every month for 10 years. In contrast, only 13 mb~es of ~ea te -  than 
2-mmtpy production were opened m ",he 10 years from 1960 to 1969. In 1971. only 25 
mines larger lhzn 2-mmtpy were operating ar.d only 3 of these exceeded 5-mmtpy. 

Three key elements determine the attracT.iveness of  a given coal to a particular 
~:onsumer: minir..g costs, transportation costs, and the physical properties of the coal. And 
th~se factors go~ern the opening of  new mines. The Mitre: Corporation has conducted at, 
analysis of  the constraints to large increases in coal supply. Summari;,ed "below are the 
highlights of  that analysis: 

Capital 

Estimates axe that over $25 billion will be requixed to finance coars  
expansion. In an extremely :.ight capital markeL sufficient capital money will 
no t. be forthcoming unless there is an att.,'active return on investment. Si~'~.ifi- 
cant uncertainties relating to oil and gas economics and environmental policies 
cloud prospects for coat marke~ growth and hence stifle investment. Unce-- 
tainty in the national energy, and en~ronmental  poii%" is the most sei-ious 
~_'onstra':.n; facing coal production. 

:~lwrpo~:'er 

In all probability, adequate manpower exists to fill lhe needs of  strip 
mining operations although some local shortages of  surface miners in mining 
operations in northern and southern Appalachiz will probably occur. The 
unique working environment in unde~round mines that jeopardizes miner 
safety could cause shortages of  manpower in southe.,'n. Appalachia. in Nc,rthern 
Great Plains. and ;he Pacific Corot re~ons. Less severe shortages witi likely 
occur in northern Appalaclfia. Midwes~ern,, and Rocky Mountain r c ~ n s .  An 
alternative to increasing manpower is to improve produ=tivity. The consensus 
among the coal industry is tha', productivity increases win be evolutionary 
rather than r~volutionary.,. Underground produ._'tivity rates pe r man that were 
reduced by' the Federal Coal Mine Health and Safety Act are expected zo regain 
the 196~ level by 1950. 
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"Ike bacPdcg for some orders has become critical, especially for those items 
where the total time necessaB, to acquire the equipment exceeds the time required 
to open the mine. For example, new strip m'-nes require three years to reach initial 
operating readine~, but walking drag-lines, a c,-itical component, currently require a 
six-year lead time for delivery. Mining equipment availability will be tight over the 
short term for dra~lines, replacement machinery and spare parts. However, equip- 
ment need not be a critical constraint to increased coal prodaction over the long 
term. 

Transportation 

If the railroad and waterway networks ate expanded at rates commensurate 
with their internal and presently planned capabilities, they will not be a~le to supply 
even the lowest level of projected increases in coal production. If on the other hand, 
they were to operate at maximum theoretical capacities and expand at potentially 
possible rates, after initial adjustments they could support almost any forseeable 
increases in coal production. 

Enviro~zment 

Without the development of economicail:~ feasible scrubbing devices. 
approximately 155-300 million tons of coal will be environmentally unacceptable 
under current legal emission constra.~nts. 
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The most serious constraint to the expansion of the coal market is lack of sufficient 
capital. Utlimately. the availability of capital affects the ability to expand manpower. 
equipment and transportation, and to compensate for emission control requirements. 
However, even with adequate capital there are limiting physical factors that will constrain 
large increases in the production of coal. Figure I1-12 is a graphical display of  these 
limiting factors adapted from the Mitre study. 
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IlL CLASSIFICATION 

Coal may be classified in various ways: by rank. by variety, by siz.~, and sometimes 
by use. Coals are classified in an effort to provide the data for predicting their prcbablc 
pc~ormance under given operating conditions. 

The term rank is used to differentiate coals with respect to their degree of 
metamorphism. Table Ill-1 is the ASTM. classification of  coals by rank. The stage of coal 
in the series peat. lignite, subbituminous coal. bituminous coal. and anthracite is 
ev.ldenced by progressive changes h~ the conteat of  fixed carbon. 

Peat. while essential to the development of  coal. is not classified as a coal itself. 
Lignite is the lowest classification of  coal. Bituminous coal has greater heat value and 
better weathering characteristics than lower rank coals. It  is the most useful and 
abundant kind of  coal. Anthracite ignites with so:he difficulty and is used primarily for 
space, heating and as a source o f  carbon. 

Proximate analysis, sulfur content, and heati_ng value are the analytical deter- 
minations most commonly used for industrial characterization of  coal. Proximate analysis 
based on ASTM standard laboratory procedures separates the products obtained during 
heating into four groups: ( I )  moisture, (2) volatile matter.  (3) fixed cm.-bon, and (4) ash. 
Moisture consiss of  ( I )  sudace or exmmeous moisture that may come from external 
som'ces and (2) inherent or bed moisture. 

Volatile matter  does not exist in coal as such but  is produced by decomposition of 
the coal when heated under prescribed conditions. It  consists chiefly of the combustible 
o=ases hydrogen, carbon monoxide,  mefl~ane and other hydrocarbons, tar vapors, volatile 
sulfur compound~, and some noncombustible gases, such as carbon dioxide and water 
vapor. The heati .r~g valu~ is perhaps the most important property as far as combustion is- 
concerned. Heat values and proximate analysis of  coal o f  different ranks are compared ii: 
Figure II l- l .  

The standard method of  determining the fixed carbon is to subtract from I00  the 
sum of the percentages of  the moisture, volatile matter,  and ash of rite proximate 
analysis. Fixed carbon is the carbonaceous residue less ash remaining in the test crucible 
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Tab le  II1-1 

C L A S S I F I C A T I O N  O F  C O A L S  BY R A N K  1 
(FC = F ixed carbon; V M  = V o l a t i l e  ma t te r ;  Btu = Br i t ish t he rma l  uni ts)  

i ,  i • 

Limits of Fixed Carbon or 9t,J Requisite Physical 
Clas~ Group Mineral-Matter-Free Basis Properties 

I Anthracitic 

1. Meta-and~racite Dry FC, 98% or more 
Dry VM, 2% or less 

2. Anthracite Dry FC, 92-9~% 
Dry VM, 2-8% 

3. Se.mianthracite Dry FC, 86-92% 
Dry VM, 8-14% 

Nonagglomerating 2 

II Bkuminous 3 

III Subbi:uminous 

1. Low-volatile bituminous Dry FC, 78-86% 
Dry VM. 14-22% 

2. Medium.volatile bituminous Dry FC, 69-78% 
Dry VM, 22-31% 

3. High-volatile A bituminous Dry FC, !ess .,han 69=,,0 

4. High-volatile B bituminous 

Dry FM,more than 31% 
Moist4Btu, !4,000 or more 

Moist 4 Btu, 13.000-14,0005 

5. High-volatile C bituminous Moist Bin, 11.00(~13,000 s Either agglomerating 
or nonweathering F 

1. Subbituminous A 

2. Subbituminous B 

Moist Btu, 11,000-13,0005 

Moist Btu, 9,500-11,0005 

Both weathering and 
nonagglomeratlng 

3. Subbituminous C Moist B~ ,  8.390-S.5005 

I~r Lignitic 1. Lignite Moist B~J, less than 8,300 Consolidated 

2. Brown coal Moist 8tu, less than 8,300 Unconsolida:ed 

/ASTM D 388 does not include a few coals of unusual phys,~:zl .::rid chemical properties which come within the limits of 
fixed carbon or Stu of the hlgh-volatile bituminous and subbituminous ranks. 

2If ~Rglomerating, ¢la.~ify in Iow-volatiie group of the bituminous class. 
3"l'here may be noncaking ~-;e~ies in each group of the bituminous class. 
4Moist Bt,J refers to coal confining only its rk~.~ral bed moisture. 
5Coals ,==aving 69 get cent or more fixed carbon on the dry, mineral-~r~tter-free basis are cla=ified a¢cordir,g to fixed carbon 

~l gardle= of Btu. 
1ere are three ~rarietie~ ;n the high.volatile C bitumlnous coal group, 1 ) agglomerating and now, veatheHngo 2) agglomerating 

and weathering, and 3) nonagglomer?..~ing and nonweathering. 

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

The ultimate analysis of  coal is the determination of  carbon and hydrogen as found 
in the gaseous products of  its complete combustion, and the determination of sulfur. 
nitrogen, and ash in the material as a whole, and the estimation of  oxygen by difference. 
Sulfur occurs in three forms of  coal: (1), pyritic sulfur er sulfur combined with iron as 
pyrite or marcasite, (2) organic sul:'ur oL- sulfar combined with coal substance. (3) sulfate 
sulfur or sulfur combined mair.l~, with iron or calcium together with oxygen as iron 
,~ulfate or calcium sulfate. About half of  the sulfur in coal is pyritic sulfur and the other 
half is organic sulfur. Sulfate sulfur is present only in trace amounts. The percentage of  
carbon in coal. which incre0.ses with rank, supplies most of  its heating value. 

When coal is heated in an atmosphere very. deficient in oxygen, volatile matter is 
driven off.  leaving behind a residue of  carborI, called coke. which may tak~ the form of small 
powdery, particles or may fuse into lumps of  va~':,ng size and s~rength. In commercial coke 
making, the term coke refers to lumps of marketable size and quality. Coke is produced 
from coking coals in a coke oven. Metallurgical coal is coal with strong or moderately strong 
coking properties. 

Coke formation represents an intermediate stage in any fuel bed. In a boiler furnace. 
for e.~__,np!~, zom~: coals become plastic, soften upon heating and form lumps or masses 
of coke. Those coals that show little or no fusing action are called free burning. 

The caking properties o f  a coal and the size and strength of  the coke ma.~es it forms 
are valuable indicators o f  a fuel's performance in the furnace. The t'ree-s'wclling inde.v giw:s 
an indication of  the caking characteristics o f  the coal when burned on fuel beds. The 
agglomerating index is used in the classification of  coals to indicate the dividing line 
between noncoking coals and those, having weak caking properties. 

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

Ash fusibili~' 
Color and luster 
FriabiliV: 
Grindabilit." 
Hardness 
Size 
Specific gravity 
Weathbfi~ 

T 
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International System 

The greatly increased volume of  trade in coal among various nations following World 
War II emphasized the ne..'d for an international system of coal classification The various 

coal-producing countries concerned possessed their own national classification ~ystems. 
developed to fit the characteffstics of  domestic coa!s and often tlle needs of the nationai 
coal-using industry. This practice of developing natienal coal classification systems 
resulted in the e~'oluilon of different terminolog.ies for describing similar or identical 
coals, which naturally led to confusion in evaluating and comparing coals shipped in 

!nternational trade. 

Tile internalional system is similar ,o the ASTM syszem in that coals are firs~ 
.~parated into classes according to volatile matter and calorific value. However. coals are 
classit2ed on =n ash-free basis rather than on the ASTM mineral-free basis. Where the 
ASTM provides for classification of  all ranks of coal. the international s.vstem is based on 

only two systems: one for hard coals and the other for brown coals and lignite. 

The term trard coal as u.~d in the international system is based on European usage 
and is defined us coal wilh a gros~ calorific value of more than 10.260 Btu/lb (4700 
r,~al!kg~ on the moist ash-free basis. Coals cla.~sified in the ASTM system as anthracite. 
bituminous and the hi,let-rank subbituminous coals are included in the international 

system for classification of hard coa.'.s by type. 

Tile international ~heme of  classification for brown coals is based on two intrinsic 

principal characteristics which indicate the value of brown coal as a fuel. and as a raw 
material for cb.emical purposes: l l) the total moisture on ash-free basis, and (2.~ the t -~-- 
yield on d~" ash-free ~asis. The sofa or brown co.',!s of  European terminoiogs" are A5"I~I 

lower-rank subbituminous and iignitic coals. 
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IV. MINING TECHNOLOGY 

In 1900 nearly a!i ,~f the coal prcduced in the United States was from underga'ound 
mines. Surface mining appeared around ]9]5 and produced about 1.5 percent of  that 
year's coal. Advances in mining technolog3', and equipment dc:'~t~pment have resulted in 
surface mine production nearing 50 percent of  total coal production. 

Surface Mining 

Surface mining has been int.-reasing for several decades. Improved excavating equip- 
ment and exploiting economies of  scale have made possible the surface mining of coal at 
even greater depths and. at the same time. have nearly doubled the output per man-day 
from coal stripping operations. 

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

ground mines. 

Much surface mining recovers coal that c~uld not  be extracted by unde.=,'ground 
methods because of  coal bed thinness, multiple beds close together, split seams, the 
nature of  the roof. and other  geologic conditions. During the process of stripping away 
the overburden to reach thick coal seams, thinner seams are often encountered an,,-'. 

profitably extracted. 

The overburden-to-coal or  stripping ratio (cubic yards of  overburdea to tons of  
marketable coal) has a very strong infit~ence on the decision of  whether or not to use 
surface mining methods. Available machinery currently limits surface mining to depths 

less than 180 feet. 
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Figure iV-2. CONTOUR MINING 

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

• D # . l l i n g  - precisely positioned holes a~ bored in overburden, 

• B l a s t i n g -  holes are loaded with v:¢plosives and dezonated to break up 
consolidated overburden. 

• E x c a v a t i n g  - fragmvnted overburden is discharged (spoiled at the side of the 
pit opposite the high wall), 

• L o a d i n g  - coal is removed from the seam, 

• H a u l i n g  - t h e  coal is transported out of  the pit, 

• R e c l a m a t i o n  - vegetation is re~ored to the area. 

Axea mines ate developed when coal seams lie in a ~latively level plane beneath a 
level to gently rolling surface terrain as shown in Figlu~ IV-l. Contour mining, depicted 
in Figure PJ-2, prevails in mountainous or hilly terrain. Open p~t mining is practiced 
where the coal b~ds are extremely thick or sharply pitcldng. When the economic limit is 
reached in normal surface mining operations, a portion of the exposed coal seam may be 
recovered by auguring, depicted in Figure IV.3. 
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AL REMOVED BY FRONT-END LOADER 

COAL REMOVED BY AUGER 

Source: PhcqD~. Edwin R. Element= ot Pr..cr;cal Coal Mining. Baltimore: Port City Pr'~. 1973. 

Figure IV-3. CONTOUR MINING WITH BULLDOZER AND AUGER 
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Source: National Coal A.~sociat,on. Coal Facts 7974.1975. Washington, D.C. Na,.ional C~al Assoc,azion. 1975. 

Figure IV-4. UNDERGROUND MINES 

Underground Mining 

Underground mining is used when the coal is buried t6o deep in tkc ground to make 
surface mining feasible or pog~ible. There are three different types of  underground mines. 
illustrated in Figure IV-4. 

Underground mining systems, shown in Figures IV-5 and IV-6. are classified 
according to the equipment used. e.g.. conventional, continuous, or longwall. The tonnage 
and percent of total underground coal mined by each method is shov, n in Figure IV-7. 
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Both conventi~.,nal -,.nd continuous mining systems follow the room-and-pillar mining 
plat,. About half of the coal is removed from :he seam by carving out .~ntersectLng 
r.annels. Between the .'.unnels. large blocks of coal pillars are left standing to support the 
mine roof. When pillaxs axe no longer .,-ceded, they are sometimes removed to recover 
add~.tional coal. 

Convenziona~ mining has five major production steps: 

I. C u t t i n g  - slots cut in the coal to allow the solid coal to shatter more easily 

2. Drz l l ing  - holes are bored for exl~losives 

3. Blaz ' t ing - spark-proof explosives or cylinders of  compressed air are used to 
shatter the coal 

4.  L o a d i n g  - coa l  is conveyed out of  the mine 

5 R o o f  B o l t i n g  - roof support is installed. 

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

In the continuous mining system, a -:ingle m~chine, called a c o n t i n u o u s  m i ner .  

breaks the coal mechanically and loads it for transport. Roof support is installed. 
ventilation advanced, and the coal face is ready for the next cycle. 

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

The shortwall mining system is a combination of continuous and longwall mining 
systems Continuous mining or conventional eq ,v.ipment is used to develop the field. Then 
a continuous miner, in conjunction wi'._h the longwall-type roof supports, is used to 
e~raact the remaining coal pillars. 

Heal~handSafety 

The Federal Coal Mine Health and Safety Act of i969 standards specify ( l )  the 
amount of respirable dust which may be inhaled, (2) the amount of dust which may be 
emitted from drilling operations. (3) the level of noise which is permitted, and (4) the 
frequent3' with which chest X-rays must be given to each miner at the operator's 
expense. 
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Major Bureau of Mines research includes efforts to: 

• Eliminate or reduce disasters caused by fires in underground coal mines by 
improving detection, suppression, and extinguishment teehnolog~j. 

• Identify health and safety problems and develop advanced mining systems and 
subsystems to eliminate them. 

• Provide teehnolo~" to protect miners from exposure to respirable dust. noise, 
toxic gases, and radiation hazards. 

• Preven', coal bumps and accidental falls of roof. .rib. and face by improving 
artil~cial support, hazards detection, and mine opening design. 

• De:'elop technology for controlling methane prior to and durin.~ the mining of 
methane-laden coal beds. 

• Develop technolog>, to improve the probability of a miner surviving a disaster 
and improve rescue methods and mine-reopening technology. 

• Identify and provide technology, to correct hazards in electrical, mo.chanical. 
illumination, communication, haulage, and material handli,~g areas. 

Reclamation 

The uncertainty about future federal and state regulatory leg.islation has tended to 
inhibit the industry.'s initiative in developing new mines and also to stifle introduction 
of innovative reclamation practices, 

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

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

Environmental research objectives are to: 
\ 

Develop new and improved ~'stems and techniqu~ for correcting 
environmental and public safety problems resulting from past mining activities. 

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

Cooperation of labor and indust~ is requ~ed if m~xeased coal production is to t ~ e  
place. The coal industry's compliance with any reasonable ur.ion demands should not 
seriously affect coal production nor materially foreclose its markets because of  increased 
costs. Some costs for this compilance have already been passed on by the industry. 
Additional demands are expected to increase the cost of  mined coal by 10 to l~ ¢ percent; 
that is. 5 to 6 cents per million Btu- While this increase seems to be high in percentage 
terms, it is dwarfed in absolute terms by recent price incre, ascs in the oil world. 

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

implications of the 1974 UMWA-BCOA* Agreement 

A new Joint Industry Training Committee has been established which will provide an 
ol~ponunity for both sides to suggest new approaches to the significant training problems 
confronting the industry. At the Io~---al level, the pre~iously mentioned Mine 
Communications Committees have been established, the members of which will meet 
frequently to discuss matters which they consider significant. Such interaction could well 
lead to a safe, more efficient mining community with increased satisfaction for both 
management and labor. 

With this new contracL the i_ndus;ry has obviously reco,&-'~.ized the important part 
that the UMWA can play in achieving a safe work place, especially at the local level. The 
individual miner has been given the right to l-,ave his work place when he is in danger. 
Regular mine and equipment inspections are also a part of  the new contract. 

Many aspects of  the new contract will lead to increased c o s t s -  and perhaps in 
rather subtle w a y s -  for example, the restructuring of  wage grades, the increased wage 
benefits, the cost-of-living allowance, the new health and retirement plan. and the more 
liberal vacation benefits. In addition, the requirements to employ inexpe~enced new 
miners in safe "off-face" jobs for 90 days and to provide helpers on most continuous 
miners and roof  bolter.~ will cause further increases in total wages paid. The extensive 
L~mning requirements will demand additional training pr-ogam developers, instructors. 
facilities, and paid time for trainee's attendence. 

"~tununous Coal 01ser~m~ or , ~  
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Certain costs should eventually be reduced. If the new health and safety provisions 
are effective, they should eventually lead to lower acciden~ cosu, and lower sickness- 
health benefit costs. Workmen's Compensation premiums and black lung payments, once 
assumed, should eventually deerease - in re;ms of  constant dollars. 

The new requirements for helpers, the expanded training and maintenance programs. 
and the new machinery for settlement of disputes cot:ld eventually lead to greater 
production capacities. The immediate result, however, of these innovations and the 
90-day indoctrination period is expected to be a drop in labor-productivi.~, levels. The 
necessary increase in production required to maintain the 1973 production level of 
approximately l !  tons per man shift will be difficult to achieve while this !a~e 
increment in labor hours is being added. 
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V. TRANSPORTATION AND STORAGE 

Transportation 

The cost of  tr'-,n.cportation is a large part  of the total cost of  delivering clean energy 
from coal. Raw coal is moved f rom the mine to either its consumption point or a 
processing facility by rail. barge, truck, or slurry pipeline. Coal transport expansion will 
depend heavily upon assurance of  continued traffic over the investment period This 
expansion o f  transportation capabiliti.es will hinge in large measure upon the ability' of  
coal producers and consumers to secure long-term markets for coal. 

An m-mine transportation system, in :'-Jditior. to the mo~emen~ of coal from the 
face to the outside of  the mine. mu-:t also mo~e supply materials to the inside: it must 
move men in and out of  the m i n e  ~_.'-.~ :,t ~:aust move rock and other debris out of  the 
mine for disposal. Selection of  the transportation system must be based on the seam 
height, minir, g rr, ethods used to extract  the coal. capacil2,j required, ease of  coal handlin~e 
and haui:,ge efficiency. Possible in-mine s.v>tems i~clude: 

• Rubber-tired units (scoops. zr'-iculated iaaa!ers, shuttle cars. tractor ~railers~ 

• Conveyor units ~chain. shaker, belt~ 

• Rail shuttle cars. 

The river barges. Great Lakes freighters, and intercoastal freighters of  the ~'aterw~y 
system provide low cost delivery o f  coal to distant markets which are beyond eeonom~.cal 
react', by rail or truck. Coal is the largest commodi~- movement on the inland w~terwax 
~ ' s tem.  a network of over 25.000 miles of  na~igable waterwzys. 

Slurry pipelines are used to transport  crushed coal suspended in water. The major 
ad,~antage of  slu.,'~., pipelines for transporting coal long distances is low opera',ing cost. 
The major disadvantages are hig.h capital costs and substantial water requirements. 
However. once constructed, slurry pipeline~ are relatively inflation resistant, dependable, 
environmentally acceptable, and able to move large volumes of  material with a minimum 
of  disruption. 
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Three types of  trains are used in transporting raw coal: conventional trains, unit 
trains, and dedicated railroads. When conventional trains are used. cars can..ing coal are 
treated like other c'ars. Unit trains axe made up entirely o f  cars carrying coal. A dedicated 
railroad links a mine to a single source user when an existing railroad is not available. 

In order to take advantage of reduced transportation rates on train-load shipments 
of  coal offered by unit Txain movement, operators have found that storage is an economic 
necessiq'. In unit train practice, la~e predetermL-ned quantities must be loaded in 
relatively short periods o f  t ime as opposed to conventional practice where coal is loaded 
at a speed dependent on the production capa~ty  of  the mine and]or the cleaning 
capacity of  the preparation plant. 

.An alternative to transporting coal is to generate electricity at a site distant f rom the 
demand and to transmit electric power. Generally. on a cost-per-energy unit basis. 
electriciW is more expensive to transport than coal. especially over long distances. Also. 
xransmission line losses can be substantial, amounting to as much as 10 percent o f  the 
line loading per 1 O0 circuit g~.iles of  transmissic.n. 

Sto.,age 

Coal can be stored at the mine mouth, at  a p~para t ion  plant, and at the user's 
plant. 

Raw and clean coal sto.-age is generally practiced in order to accomplish one.  o r  a 
combination, o f  the following objectives: 

• To  improve plant efficiency by distributing plant feed over the entire operating 
time. or  to allow ~ preparation rate different f rom the production rate. 

• To allow mine and plant to function independently with delays in one not 
affecting the operation of  the other. 

• To  reduce the  number  o f  plant shifts worked as compared to m~le shifts with 
resultant lower preparation costs (unless plant size becomes uneconomical). 

• To schedule overall production so as to obtain lower cost by working more 
days with smaller crews (steady employment ,  not seasonal). 

• To ~tore ce~ain sizes wl~osv prices and market  demand fluctuate with seasons 
and to permit  shipping in good weather. 

• To keep coal on hand for the domestic and truck trades. 
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• To facilita*.e blending {on the raw coal side) in order to even out chemical and 
physical inconsistencies in plant feed so as to utilize cleaning equipment to 
greatest efficiency and ion the clean coal side) to prepare desired products or 
to attain maximum product uniformity. 

• To promptly and economically load unit trains. 

Coal may b~ scored in open or closed storage facilities. Large quantities of coal may 

be kept in open storage, but the coal i'~ then subject to weathering and oxidation, which 

can reduce the heating value up to 5 perce,lt the first year. and may also affect the 
coking properties of  the coal. Further. unless the stockpile has adequate ventilation hot 
spots can develop leading to spontaneous combustion. Three basic open storage stock- 
piling configurations are: ~1~ conical shaped (most  common),  (2) wedge shaped (large 
capacity), 13) kidney shaped Oarge capac;.ty, minimal area requirements, simplified 
handling). 

Closed storage facilities, while !imited hn capacity compared to oper. storage, reduce 

weathering effects and combustion hazards and require less land ~e~ for storage. A 

typical cylindrical steel storage bin may have a capaci~' of tO00 tons. Steel storage bins 
~dlow uniform movemenl of hopper cars through a loading star-on. Precast conc,'~te silos 

arc less expensive and can have ~eater capacity than the steel bins. Multiple silos offer 

considerable flexibility for blending and loading out. 
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Vl .  COAL PREPARATION 

The electric utilities and most cc,nversion processes are equipped to handle coals 
with specified physical properties. Coal preparation invob'cs mechanical cleaning and 
sizing, usually carried out in a water l.'~edium. A prepared coal has a lowe~ moisture and 
ash content and. to some extenL a lower pyritic sulfur content than raw coal. Tile overall 
result is a coal proCuct with more nearly uniform physical properties and a higher 
calorific value. 

Major unit operations performed in the coal preparation p i ~ t  are indicated in 
Figure VI-I.  The basic preparation plant operations are: 

• Size reduction (breaki~:~ and crushing) 

s Screening 

• Coal cleaning by w.et an',] dry processes 

• Dwing. 

in addition to these major operations, sometimes coal is cleaned at the mine face as 
well as subjected to in-plant raw co'~ prcpax'ztion. Some o f  the special txcatment, such as de- 
du~-ting, dustproofing, and freeze proofing ar.~ also applied for better  utilization o f  coal. 

Size Redu~,ion 

There are two primary ebjectivcs in c'rushing coal. One is to reduce run-of-mine 
lump to sizes suitable for cle'~ning or furzher rc_duction: the other is to redt;:'- the coal to 
market s ize .  A primary breaker, such as the- Bradford breaker..-educes ".he raw coal to a 
top size of  from four to ei~_.ht inches for wazhing or other preparation purs~."~es. Primary 
breaking may occur at the mine or at a preparation plant. SccondaD" ~.Tushers reduce the 
size of products received from the washers or .cfimary breakers to sizes from I ~. inch ".o 
1 3/4 inch and smaller sizes. Crusher types include the single-roll crusher, double-roll 
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REOUBED 

Figure Vl-1. COAL PREPARATION PROCESS FLOW DIAGRAM 

crusher, and hammer mill and ring crushers. Closed circuit cmsifing is a means o f  
controlling the product top size by screening the product and returning tiic ove.r~ze 
lumps to the l~ed end o f  :he machine for fi~rther crushin o _ 

Screenin9 

Screening may be performed wet or dry.. In d~" screening, the ambient fluid in the 
process i~ air. In wet scree.~ng, water is commonly used. but other  liquids may be used 
occasionally. Screens are used in all phases of  coal pxocessing. Their uses include prcsiz.mg 
to the crusher (run-of-mine scaIpeO, sizing th~ coal from the crusher (raw coal screens). 
pre-wetting the coal for wet cleaning processes and for d.~inb~g, rinsing, dewatering and 
classi~'ing functions. 

Screens used in preparation of  coal may be stationary, or  m~ring. Moving screens 
may shake or ~ibrate and surfaces may consist of  parallel bars. punched steel plates, or 
wo~'en wire cloth with square or  rectangular openings. In fine coal screening, screen 
blinding occurs which obstructs separation. Blinding may be cleared by heating the screen 
to 1:50 ° F bY ~le-_'tdc re;istance. 
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Coal Cleaning 

Coal cleaning beans  at the mine face where, during manual cutting and loading, the 
miner can distinguish between coal and rock and discards accordingly. Cleaning at the 
mine face is greatly facilitated by mechanic~i ~..~.ning methods. Tramp iron can be 
removed by mag.nets. Raw coal blending is generally practiced where a high degree of  
product qualily control is neces~a~'. 

Wet Cleanine. Processes 

The wet processes utilize several well-known t3"pcs of equipment for coal cleaning. 
They ;:re further divided according to process characteristics and p~ncip!~ of  operations. 

• Launders 

• J i~  

• Classifiers or concentrating tables 

'~ Dense media ~parat ion processes 

• Froth flotation 

The R.heolave,.tr process is typi~-ai ot" the launder ~.,'p.:. It consists of  two parts, a 
short steeply inclined section at the coal-and-waier inlet e,r6 and a longer more ~ d u a l l y  
":doped section beyond. In the ~_a'aduaiiy sioped section, the velo~.Sty decreases 
~,~nd the hcax.'y particles settle to the b.~;tom of the trough where they are removed 
through two or more l~.heo boxes. The difference in veloci~¢ bet~'een the bottom and 
top of  the stream keeps the impurities below and the coal above the settling veiocit2,.': 
hence, the coal is carried throu#t the launder ~sfth the water stream. In the case of 
l~neumatic launders td~'  p r o c e s s ) ,  air is tk~d instead of  water. 

l ig#ng is z, 7,roeess of particle stratification in which the particle rearrangemenl 
rc'sult.~ from an alternate expansion and comp:-ction of a bed of particles by a pulsating 
fluid flow. in the Baum type jig. the water is moved by air pressure. Other well known 
j i ~  are the Feldspar jig for fine coal wasb,ng and the Tazub jig_ In Germany. l~e Tazub 
jig is replacing the Baum jig becau~ of  its better performance. 

In the many forms of classifiers, the prin~ple of tree and hindered settling in water 
is applied to obtain classification. The feed coal is immersed in a flowing current of  water 
(usually upward) witk a veloc~.~ ' greater than the settling velocity, of the low-,~avit3, 
fractions-'.he coal. and le~ than the settling velocity of the high-~#'avity fract ions-the 
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rcfu~, which separates the coal from the refuse. Classifies are suitable for a wide variety 
of coals, but efficient operation usually requi~es careful sizing of the feed coal. 

De.~ster tables apply differential motion to impart a conveying action to the table. 
The fundar..,ental effect of this motion is to make the table deck approach its reversing 
point .~nd recede from it with greater s.~-ed at one end of its travel than at the other. 
The material to be trea~.ed is fanned out over the table deck by the differential motion 
and gravitational flow. Th.,e water flows f~om top to bottom by cross flow. Coal 
middlings and refuse are separated by gravita~on and stratification principles. 

Dense me:iium separation includes those coal preparation processes which clean raw 
coal by immersing it in e tiuid ha~-ing a density intermediate between clean coal and 
rejecL Categoritrdlly. fovr ,'ypes of separating media have been used commercially: organic 
liquids, dissolved salt.s in water, aerated solids, and suspensions consisting of fine solids 
suspended in water. Commonly utilized dense media gravi~ separation processes are 
BelLnap chloride process, Chance Cone process, Magnetite proce~, heavy media separa- 
uon process, dense media cyclone, dynawhh--,pool vessel, r~d hydrocyclone. 

Froth flotation is a chemical process. Fine coal is mixed with water in a flotation 
cell containir,g flotarion agents svch a.~ frothers, collectors or modifying agents to 
improve fro'.h flo:ation. Finely dBsemina~ed air bubbles are passed through the slurry. 
Air adhering L.','oai particles are separated from nonadhedng refuse particles. Coal floating 
on the surface is removed, washed, and dried. 

Most froth ~otation circuits in domestic coal preparation plants are relatively simple. 
,'the slum/generally comes to the froth cells directly from the dewa,~ering screen or sieve 
bed and-.rflow c~r from the clarai~er tank overflow. The flotation cells used in the i~.dustry 
are Wemco ceils, Hey!e ~-.d Patterson Cycle-cell. and Denver cells. 

c ~ i n a  proomes 

Pneumatic or dry p~cesses are generally applied to coal one-half inch or less in size. 
Dry proces.'.'.'.'.'.'.'s~ do no: contribute to stream, pollution as may wat,:r cleaning techniques. 
Air particulate emissions are minimized by using cloth f'dters and no thermal or chemical 
pollution of  air results. The air machines are pneumatic jigs. pneumatic tables and 
pneumatic launders. In case of  pncumarlc tables similar to the De~ter table, air is 
admitted through holes in the table and is blown up t~ough the bed of  coal. The motion 
of the table plus the air flow s~gregates the coal and impurities. 
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D~-Lq9 

Coal needs to be dried for one or more of  the following reasons: ( I )  to avoid 
freezin.-, during transportation. (2) to reduce heat loss in the burning procer, ses. (3) to 
decrease transportation cost. 

Mecha,~ical drying (dewatefing) refers to the processes used with wet cleaning of  
coal. Different types of equipment are used to dewater different sizes of  coal. Material 
gea t e r  than one-quarter inch. for example, cain be dewatered by shaker screens, high 
speed vibrating screens (not used below thee-eighth to one-quarter inch) and possibly 
stoker centrifuges for the Finer s~zes of  coal. At the fine size level, centrifuges ate used 
almost exclusively in the 0.5 to I mm size range. Solid bowl centrifuges can be used on 
sizes smaller thar~ 0.5 ram. The disc fdter is used mainly for dewatering coal. With the aid 
of floccular.ts, fine coal is dewatered very quickly. 

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

~oecial Treatment and Miscellaneous Processes 

Deduszing. dustproofing, and freezeproofing are examples of  special coal treatment. 
Degradation c f  coal in screenin-_, handEng, and shipme,~t may increase the percentage of  
dust. Both wet and pneumatic cleaning provides dedusting. Air passes through the coal 
ar, d entrains a la~e  percentage of  fines which can be recovered from the air with cyclone 
separator and bag filters. Water. and sometimes small amounts of  commercial wetting 
agents, are added to reduce dustiness. Oil and calcium chloride are commonly used for 
dustproofing coal at the mine. An oil f'flm causes dust to adhere to the lar~. pieces of  
coal. Cal~um chloride absorbs moiczure from the air providing a wet surface to which 
dust adheres. Tke chemical additives usually used to prevent freezing of wet coal during 
shipment ate calcium chloride and rock salt. Occasionally the car hoppers are heavily 
sprayed with oil for freezeproo~mg coal. 
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VII ,  COAL PROCESS TECHNOLOGY 

FU.X'DAMI£NTALS OF COAL CONVERSiO.Y PROCESSES 

Figure VII-I is a generalized flow charl depicting the ~arious coal conversion 
possibilities. E'.scntially. liquid or gaseous fuels arc produced by decreasing the carbon to 
hydrogen ratio of  solid coal. The raw products are ¢i,.'~,ulfu~z.,~_. d~-ashed and further 
prr.ccssed resulting in a wide range of clean fuels from coal. 

Lo'.v-Bzu gas. with a h=ating value of I00 or 500 Btu per cubic foot. is suitabl: for use 
as a fuel feedstock, or for power generation in combined gas-steam turbine power ~c les .  On 
an equivalent Btu basis, con,'ersion of  coal to low-Stu gas is less complex with lov.'¢r ,~pital 
costs than con~'ersion ~o high-Btu gas. Low-Btu gas can be produc~i at a competitive cost if  
~he low-Btu "~-ssifier is built on the premises of a power generating station, elimin:,ting 
long-distance pumping costs. 

Medium-Btu gas is usually a fccd  gas for production of  high-Btu gas. High-Btu _=as from 
coal. with a heating ,~alue of  950 to !000 Btu per cubi,: foot. can be .¢~ubstituted tbr natural 
~--~s. which is a widely used heating fu¢l and mtlus:rial feedstock. Natural gas. composed 
esscntiall'~ of  methane, is virtually' free of  zulfur and contains ~scntially no carbon 
monoxide or fre.: hydrogen. The conversion of co~l to high-Btu ~ requires a major 
chemical and physical transformation of solid coal to produce a pipeline quality substitute 
for natural ~Ls. 

Techniques for converting coal to synthetic :iquid fuels, ori$inally doe loped  in the 
early 1930"s. are being improved to increase the supply of  nonpoiluting liquid fuel and to 
produce a more easily transportable and usable fuel. Current emphasis is being placed on 
the development of  fuels suitable for firing industrial and electric u~ilit~ ~'ooilers and gas 

tmbines~ Modem improvements are prox4ding better catalysts, better reactor d~-titms, and 
better construction materials, leading to more attractive processing economics and lower 
capital im.'estm¢nt. Coal liquefaction can now be achieved under more moderate 
processing conditions and mot-2, rapidly than was the case in the earl)' 1930"s. The 
advantage o f  coal liquefaction is that the entire range of  liquid products, including fuel 
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oil. gasoline, jet fuel. and diesel o~1. can be pre, duced from coal by varying the type of 
catalysts and other operat'.'ng conditions. Conve~ion processes currently under develop- 
ment may produce clean solid fuels as well as liquid fuels. 

The technolo~es for producing clean .~aseous, liquid and solid fuels from coal are 
described in derma ;- ,h~ section. Cli=,,.cal mact:e.n eq,,~t,.ons indicate the predominating 
reactions and the favored reaction direction. 

Coal has a carbon to hydrogen (C/H) weight ratio ranging from 12 for lignite to 20 
for bituminous g,-ades. Either by addition of  hydrogen oi by rejection of  carbon, the C]H 
ratio can be lowered to 10 to produon the heavier, by m~.)lec'alar weig2~t, synthetic crude 
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liquids. Increasing the volume percent of  hydrogen yields progressively lighter, by molecular 
weight, fractions. As the C/H ratio decreases to 3. methane gas can be formed: 

CH0. 8 + 0.4 H 2 -~ Cit 1.6 ÷ 1.2 H 2 ~ CH 4 

Coal Liquid Gas 

C/H Ratio: 15 10 to 6.5 3 

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

C 4 2H-~O -'* 2Ho + CO.~ 

Gasification 

As indicated in the upper half of  Figure VII-I .  the initial step in conversion to gas 
may be either simple gasification or hydrogasifica*:on. The former involves primarily the 
direct reaction o f  steam with coal. Heat to support  this reaction is ~nera l ly  furnished by 
combustion of char by-product with air or oxygen. 

The reaction of carbon with steam producing carbon mono,~ide and hydrogen is 

endothermic: 

C + H 2 0  -~ CO + H 2 (steam-carbon reaction) 

The above reaction does not occur unless the required heal is supplied by burnLng some 
of the coal or char. which produces the follo~4ng reactions. 

C + 0 2 -¢" CO 2 (~.ombustion reactions) 

CO 2 + C -~ 2CO 

CO + I12 0 2 --.CO 2 
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If air instead of oxygen is used, N-~ will appear in file raw gas limiting its heating value. The 
product gas will also contain sulfur oxides and other pollutants which must bc removed. The 
resulting low-Btu gas can then be burned in a power plant. Alternatively. for production of 
high-Btu gas. oxygen rather rhan air supports combustion and the H~/CO ratio is adjusted as 
required by a water gas shift reaction: 

CO + HoO ~ CO-~ + Ho (water,  as shift reaction) 

Following the water gas shift reaction both sulfur (in the form of H2S) and CO 2 are 
removed by acid gas cleaning. The gas containing CO and H 2 is subjected to methanation 
or hydrocarbon synthesis. One mole of carbon monoxide reacts with three moles of 
hydrogen and produces methane and steam. 

3 H 2 + CO ~ CH 4 + H20 (methanation reaction) 

Steam is condensed to water and removed resulting in a hi~-Btu, methane-rich product. 

In hydrogash'ication, conversion is effected by bringing hydrogen produced elsewhere 
into contact with coal. More methane is produced directly with hydrogasification th~ by 
steam-oxygen gasification. The fundamental hydrogasification reaction is: 

2CH0. 8 + 1.2 H 2 --> CH 4 + C 
(char) 

Therefore, for production of hi~h-Btu gas, i~.¢s additional rnethanation is required. The 
required hydrogen can be produced in a steam-oxygen ~asifier (as in the HYGAS process) by 
gasifying the char products: 

2C + H20 + 02 -+ CO + H 2 + CO 2 

CO + H20 "> CO 2 + H 2 

Modern coal gasification processes utilize hydrogasification d~ectly in the primar~ 
gasifier. The heat released by methane formation is used in steam carbon reoctions !~) 
produce hydrogen. Consequently, less 0 2 Js required to produce heat than for the stcai~h- 
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carbon reactions and less heat is lost in the lob' temperature methanation step. These factors 
lead to higher ove:"all conversion cfficiencies of  65 to 70 percent in contrast to SO to 55 
percent by synthesis gas p[us methanation. 

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

Liquefac*.ion 

As indicated it, the  lower half of  Figure VII-l, production of  clean liquid fuels from 
coal is earned out by four principal processes. 

• Hydroliquefaction (direct catalytic hydrogena,_ion) 

• Solvent extraction (noncatalytic liquid phase-dissolution) 

• ~'rolysis 

• Liquid hydrocarbon catalytic synthesis (Fischer-Tropsch) 

In the firsx process, diagrammed in Figure VII-2, pulved, zed coal  is slurried with coal- 
derived recycle oil, mixed with hydrog¢n and fed to a reactor operated at moderate 
temperatures (850 ° F) and high pressures (2000 to 4000 psia). One of  the best catalysts is 
cobalt molybdate. Other catalysts, such as tungsten and molybdenum sulfide and an impure 
iron oxide (Baycrmasse) also are u~cful but require higher pressures. In r-_ocnt years 
processes using entrained, fluid bed or fixed bed catalysts have been proposed. 

H2S, H20, CO2. NH3, and 
I other hydrocarbon gases. 

I 
H y d ~ g e ~  1 _ : 1  Coal (nO) + nH2 -, CnH2n -! ! '----'--~'. Heavy Syncrucle 

Figure VII-2. CATALYTIC HYDROGENATION 
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In this catalytic hydrogenation process, the sulfur in the coal is converted to HrS. the 
oxygen to 1-120 or CO 2, and the nitrogen to NH 3. These compounds leave with the gas 
stream. The coal is converted to liquids ranging from heavy to light oils and gases: however. 
the main product is liquid. 

Coal CH0. 8 

Hydrogen 
Donor Soiveat 

nCH + (n+-x) H 2 = CnHtn+x ) 

for x < n , n ~ o  

L A s h  Sulfur Removal 

Liquid and 
Solid 
Hydrocarbons 

Figure VII-3. SOLVENT EXTRACTION 

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

Coal 
Heat COAL "~ CHAR + CnH2n 

High Btu Gas 

=-- Syocmde 

Char 

Figure V I I -4 .  P Y R O L Y S I S  

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

The quantities of gas; liquid and resulting char are dependent on the type of coal, the 
rate of heating, the nature of the gas atmosphere surrounding the coal and the ,.dtimate 
temperature achieved. Yields of liquid are maximized by minimizing *,he time dtu-ing which 
the product is exposed to elevated temperatures, thus avoiaing further decomposition of the 
gas. 
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- i  
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riCO + (2n+l)H 2 - ,  CnH2n÷ 2 + n H 2 0  

Figure VI I -5.  LIQUID HYDROCARBON SYNTHESIS 

Liquid 
Hydrocad)on 

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

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

CO + 2H 2 cat CH3OH 

The rate of these reactions is higher at higher pressures. Operating conditions for methanol 
synthesis vary from 750 to 6000 psig and from 500 ° to 800 ° F depending on the catalyst 
and desired yield per pass. Higher tempe.,-atures and presures increase the side reactions and 
produce other materials such as ethers and heartier alc¢,hols in the crude methanol stream. 
Crude methanol can be further distilled to produce chemical grade methanol. 

Clean solid fuels can be produced by dissolution and limited hydrogenation. The solid 
fuel ~ produced when the syncrude is allowed to cool before the hydrotreat.ixJg step. Direct 
desulfurization of coal by ph.~'~c~, chemical o. ¢ thermal treatment will also produce a liquid 
fuel. 

Byproducts 

[.~ the production of  clean gaseous, liquid or solid fuels from coal. various byproduczs 
are produced depending on the processing method, operating condition'- and composition of  
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the coal. Some of  the byproducts produced are light aromatics, oils and tars. ammonia. 
hydrogen sulfide, sulfur dioxide, phenols and cresols, nitrogen oxides, trac~s of  hydrogen 
cyanide, char, and ash. Plant designs will provide for recover '  of  the byproducts where 
economical or for environmentally satisfactory methods of  disposal. 

GENERALIZED GASIF!C4 TION PROCESSES 

As illush-ated in the process flow diagrams of  Figure VII-1. the methods for producing 
b.i#-Btu and low-Btu gases are similar. The essential differences are that air is used instead 
of  oxygen to produce !ow-Btu gas and that no shift conversion or methanation steps are 
required. A brief explanatioa of  each process flow step follows. 

Coal Pre=~aration and Pretreatment 

For most processes, the coal will be ground to a relatively -]ne size. Some processes 
require lump coal and wig not accept coal frees (less than 1/8 of an inch): briquet.ring of  
the fines may be necessary. 

If the coal used as feed material is of  a rank or  grade w,hich would cake or ag~omerate 
in the gasifier, a pretreatment step is usually necessary. Pretreatment of  coal means a partial 
devoliatilization and oxidation of  the coal particle surface with ste~'n and oxygen, a 
reaction which results in a loss of  a significant amotmt of  potentially valuable volatiie matter 
in the cc, al. Lignite, whic,h does not agglomerate, requlxes no pretreatment before the 
gasification step. Certain gasifier reactor designs, such as the entrained reactor: and the 
free-fail reactor, also eliminate the requirement to pretreat bituminous coal. 

There are ¢ssontiadly three types o f  pretreaters: fixed bed, free fall, and fluidized bed. 
In the fixed bed pretreater, the temperature is about 800 ° F and the pressure is approxi- 
mately 325 psig. The units are pressurized by  the steam-oxygen mixture. In the f~e-fall 
pretreater, the zemperarare is 1100 ° F and the pressure is 300 psig. Coal is dropped through 
a co'~atercurrent flow of steam containing 5 to 12 percent oxygen by volume. The oxygen 
to coal ratio varies about 2.4 scf per pound o f  coal. The residence tLme is approximately 2 
seconds. I f  the oxygen is insufficient or the reaction temperature is too low, the coal will 
ag,glomerate and plug the treater. In the fluidized bed pretreater, used to treat caking coal, 
oxygen mixes with steam or inert gases such as nitrogen and carbon dioxide. The 
temperature range is approximately 700 ° to 775 ° F. 

VII~  



Sine= prctrcatmcnt is an oxidat;.on reaction, thz :,.mount of  oxid-',li'..,n i.- pro oortiona! to 
the !enuth of pretr¢atment. Minimum pr=trcaunc:nt which allo~vs production of ~; nonc-',kmg 
coal retains about "6  percent volalile matter in the pzctreutcd char. 

Coal Feeding 

In most gas-:fication processes, the teat:ions are carried out at ,~.~gh pressures, which. 
for continuous processing, means that the coal feedstock must be introduced under 
pressure. This can be accomplished in several ways. including pre -s~urized lock imppers. 
mechanical (augerl feeding, or wet feeding. In wet feeding, coa! is slurried and pumped 
under pressure and then dried immediately prior to the gasification process. The gasifica- 
tion pressures range from about  I00 ps,.'g to over I000 psig. 

Gasification 

I f  the feed coal is not devo'atilized in pretreatment, i t  is 'asually devolatilized as it is 
fed into ti~e low temperature zone of the gasit3er (near the top of  the gasifier vessel). The 
coal b ~ n s  to form char as i~ is heated and then is mixed with steam to form carbon 
monoxide and hydrogen, which are essential to forming either iow-l~tu or medium-Btu 
product w~tses. The steam-carbon reaction is favored at temperatures above 1700 = F. The 
exothermic water-g~as shift reaction will also occur in the ga~ifier to some --'xtent. To a 
lesser de~ee,  hydrogasification will occur producing small quantities of  mei.hane (C + 
2H 2 - -  CH4). !n some processes, the char which resuits from these three =~asification steps 
eventually falls to a combt~stion zone where it reacts with oxygen. The combustion heat 
supports the enclo:hermic steam-carbon reaction. Although direct heating is more 
thermally efficient than a=~ ind i te r  heating methods, the removal of  CO-~ in the effluent 
requires more extensi-'e purification systems. 

i f  air rather than oxygen supports combustion in the gasifier, small quantities of  
nitrogen-oxides (NO x) are formed and large qa.amities of  nitrogen accumulates in the 
product , ~ .  Unlt:ss combustion heat is transported le the gasifier indirectly, the nitrogen 

from combastion will be in the raw product gase.,i whici', wiU limit the heating value of 
the final product gas. Consequently. air is used where only low-Btu roses are to be 
produced: however, oxygen is usually required for producing iugh-Btu gases. Because 
oxygen is an e : .pen~ 'e  feed material  some high-Btu gasification processes are attempting 
[o develop indirect he:~ting tec!lniques. 

[ndirect h=.ating techniques involve sensible heat c-A.-ri.'ers such as pebbles, or molten 
slag. Dolomite (limestone) solids or molten salt may transfer latent heat to t.he gasifica- 
tion process. 
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Gas Cleaning 

In general, most gasification processes have a part,.'culate and tar removal step. This step 
usually involves direct <cater quenching or scrubbing the raw gas. Iollowed by the use of  
cyclones, sand filters, or electrostatic precipitators. Tire bulk removal of oils and water is 
accomplished by quenching or cooling, during which heavy oils are completely removed 
with a la~e  fraction of  the light oils. The remaining light oil fraction in the gases is absorbed 
b.v solid absorbents..Also, some of the ammonia produced in the gasification step can be 
recovered in zhe condensed water phase. 

Shift Conversion 

Medium-Btu gases from the gasifier are cooled to approximately 800 ° F and sent to a 
shift converter. Iron-chromium oxide compounds are used as catalysts for shift conversion. 
The 3:1 H-~;CO composition of  the gases from rate shift converter may then be purified a,~.d 
methanatec~ for high-Btu gas production. 

The fundamental shift conversion process may also be used to produce hydrogen 
rich gases for hydrogasification or to produce methanol. The H2/CO ratio is adjusted to 
2:1 if methanol is to be produced. 

Gas Purification 

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

Gas purification processes generally fall into one of  three categories: absorption into 
a liquid chemical, conversion to another compound, and absorption on solids. In order to 
economically remove CO 2 and H2S from the g ~  stream, a combination of  the three 
meth~-xis is normally used. Gas coming from the shift converter is passed through a hot 
potassium carboaate process, or  throug~b a monoethanolamine (MEA) process and finally, 
an activated carbon tower. Because of  its lower heat requirement and better operating 
fiexibilitT. ~ e  hot potassium caTbonate process is more economical than the MEA 
process and is therefo~ usually prefe~ed. 
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Heat and eneig.x' recovery units, such as turbines, aid in incre~ing the operating 
efficicnc~ of thi~ system. The CO-~ and H~S removed by the first two purification processes 
are s~nt to sulfur-reco~ery planr.~ ~,'heru. t~epending on the concentra*.ion of H2S, sulfur in 
the elemental form is recovered either by the Claus Process followed by a Strefford Process 
or by a Stretford Process .~lone. The process effluent gas contains less thzn 1.5 percent of  

CO 2 by volume, and less than 0.1 grain of H2S per 1000 scf. 

Methanation 

The methanadon step is of  considerable importance to coal gasification because it 
accomplishes two thin~.  First, it converts a mixture of  gases of  relatively low heating va~ue 
into meti:ane, which is compatible in physical properties and heating value with natural gas, 
and second, the methanation step reduces the carbon monoxide conten', to a nontoxic !evel. 

A 3:1 volume ratio of  hydrogen to carbon monoxide is methanated in the presence of 
a nickel based catalyst at approximately 600 ° F. This reaction is highly ex~othermic by 
nearly 53 kcal/gm mole of  converted CO leading to approximately a 140 ° Y ~empe,-ature 
increase for each one percent CO convened. An efficient heat-removal system is required to 
maintain characteristic methanation temperatures since higher temperatures would spoil the 
catalyst. Typical dry.' compositions of a raw gasifier product, methanator feed (medium-Btu 
gas). ",_.rid meth2nator product are shown below for the Synthane process. 

Gzsifier Me~hanator I~,ttlanator 
Product  Feed Product 

H 2 23.62 45.0£, 1.79 

CO 15.2"- 14_68 0.10 

CO 2 34.93 037 1,74 

CH 4 23.0~ 35.44 91.90 

C2H 6 0.74 1.14 -- 

N 2 1.67 2--58 4 47 

H 2 5  0 . 7 4  - -  - -  

The compositions in other coal gasification processes are similar. Ru. Co. Mo. and Fe axe 

other i m p o r t e r  commercial methanation catalysts. 
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Reactor Types Used in Gasfication Processes 

A coa~ gasifier reactor must be designed to ~r~." out :J chemical rcact:.on under 
controlled operating conditions. Th..:~ necessitates intimate mixing between the chemi~-al 
reactants, the removal of product d~-'s :rod by-product a.~hes, and the regulation of  
temperatures daring these processe-s:. Gasifiers can be phced into three general ~tcgories:  
fixed bgd. fluidized bed. and ca:rained flow. 

The difference in the design of  individual gasifier r.-acto,'x ~ n  be bcs~ characterized by 
the magnitude and direction of  movement or" the coal particles. In a fixed-bed reactor the 
,J_~L,~ velodty is relatively lo~," and Z!:e solid particles remain szaziona~'. I f  the ,_'a~ velocity is 
increa.,a'd, the drag fo rc~  on the particles ~ill equal the gravitational forcLs on the particles. 
At this point,  the bed expands and the distance ~txveen the partich.'s becomes signifi~-antly 
greater. The particles also acquire a rapid random velocity throughout the reactor which 
makes the reactor appear like a container o f  rapidly boiling liquid and for  this reason is 
referred to as being]hiidi:ed. Because the particles are in .~ch violent motion and mix in r.U 
directions, such a reactor is frequently referred to as a stirred reactor, l| the :_-.-.-.-.-.-.-.-.-.~s velocity into 
the reactor is increa~d to wen h i ~ e r  values.', then the interface between the bed and the .'.'.as 
abov~ it disappears. The distance bctw'een the p~rticles incrca.~s significantly and the 
particles cxprricncc pr:,cticaily ~o inte~ct ion.  This condition is re1~:~cd to as entrained 
flow b~ca,.asc t~-" particles are merely swept along by the high ~'elocity ~ .~ream. 

Fixed Bed Reaczor 

A ~xe.t bed reactor is ~ncra l ly  a cylindrical structure with a metallic grid or  grate at 
the bot tom to support the bed o f  coal. "The grdtc is generally mounted a short distance 
above the bot tom o f  the reactor and .~rvc~ two purposes: ~1 ) i t  promotes an even 
d/siribmior, or" rcd,~.:~ng gas-.-s across the radial "Jistancc of the reactor, a.,'.d 1.2) ~.t provides a 
means of  dravcmg ash off  the bot tom of  the bed. The coal particle s/zc i:" ,2_cncra!ly lager.  
ranging up to six inches, depending "~n the design o f  the reactor. 

Early gasifier reactors did not operate cont;.n.'.ously, but inst~.-ad, opera,ted in cyc le .  
The first ~ 'cic.  referred to as a blast, consisted o f  blo~x'ing air through the coal {or coke ~ bed 
in o r d ~  to burn the fuel and heat the unburned fuel to reaction temperature. The second 
Oclc referred to as the run. consisted of  passing ::cam through the bed to react with the 
~gh t e m l ~ t u r e  coal. When the endothermic rcact~o': between stc~.m and coal caused :he 
bed temperature to fall below the necessary for the c~ :tion. the steam flow ~.as zerminazed 
and air was a ~ i n  blown through the bed. 
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From a operatic nat point of  view. conlinuous reactors are preferred. Consequently, 
over the years a wide variety of  continuous reactors have been developed which permit 
continuous flow of  coal input, reacting gases, and ~ h  dLscha~e. A typicat continuous flow 
fixed bed reactor is illustrated in Figure Vll-6. Here the raw coai is in:roduced at the top o f  
the reactor and is spread uniformly by a rotating mechanical de':icc. At this point i.n the 
reactor the t empe ra t a~  is relatively low and the feed coal is dried and devolatilized. 
Rotating grates at the ba~e of the reactor allow continuous withdrawal of  ash and 
consequemly the gradual settling of the entire bed..Thus, the devoiatilized particles settle 
toward the higher tcmperatux ." zone in the base oi" the reactor whe~  gasification occurs. The 
smaller particles ~ e  rapidly gasifigd and d;.sappear, while the larger paxticles continue to 
seltlc deeper in the bed. At the bot tom of the bed. air or oxygen and steam are blowp., up 
through the grate and tl-~ oxygen preferenti~ly facts ~'hh the relativ;:ly large ungasi,~ed 
pico=s of coal. The exothermic heat of  this process product:s the high temperatures needed 
in the gasification process which occurs immediately above this zone in the .~eacror. 

Another ~"iablc  Ln the. de s i~  of fixed-bed rc~.ctors is ille method of  ash removal. Ash 
may be removed in eRher ~ e  solid form in a dry." ash gasifier or t.h¢ liquid form in a sl~qLting 
gasificr. Dry ,~sh ¢~sifiers ge~,-ally operate at temperatures of approximately 1800 ° F wh/ie 
slagging gasifiers must o p e ~ : e  with the ash zone at approxunately 3000 ° F to melt the dag. 
Molten ash is withdrawn continuous3y from the bot :om of the ur, iL Sing..rang pe~,mits the 
+~_..sification of  lump coal at higher temperatures, and offers be ' ter  steam decomposition and 
hi~_:her throughput than nonslagging. Its disadvantages are those asso~a-'.e,J with higher 
temperatures and refra~.~ory erosion caused by the molten .~stag. Several slagpng bed gas.tiers 
have been built and operated abroad on a commercial ~ale.  these include the Thyssen- 
Galoczy and Leuna-Wu,~h units. The fuel for these reactors has gene=lly been coke or chat. 
Further development will be required if th/g type of  gasification ;,s to be ad-~pted to co~l. 
particularly ~ k i n g  coal. The major fixed-bed reactor processes identified in Figure VII.6 are 
further described in Appendix A. 

Fluidized-Bed Reactor 

A fluidized-bed reactor is shown schematically in Figure Vll-7. Prior to operation, the 
relatively fine ~rid distribulor plate supports the pulverized solid material (coal or preheated 
coal). Air or oxygen and stea."n enter at the base of -,.he reactor and are forced up through 

the distribu'~or under pmsstu~c. Above the distributor plate, the gaseous medium passes 

between bed panicles forcing them apart and opening larger pauhways through which to 
flow. The downwzzd gravitational force of the particl~ becomes balanced b.v the upward 
drag force on the particles by the gaseous s*_.-'eam. In order for this balar, ce to occur at 
reasonable gas velocities, small particles. $ to t 00 mesh. are used. ~t these sizes the weight 
of  the individual particles is ~duced  and gas gtream pathways m-¢ reduced which increases 

VII-13 



SIZED COAL 
! I ~ 1 °u~'°'w-~-' 

. . ° , o o ,  1 Ii 
c,,,,BO,,,Z,,T,O,, l ~-i ! i '~] ' ; ] i '~ ' . t~l I Z/ 

v .... ~.-:-:"'.":"-;,".~i.'-":::'.'.":i..;~':.~!!-1 ~. / 

GASIFICATION ':".'-:'".'::-"~"[-.'.'.-"..;'-~;~-~[ ~ -. 

~ ~ L ~  .... ~ ; j  GRATE 

AIR AND STEAM ASH 

MAJOR FIXED BED REACTORS 
t t  I 

LURGI 
GEGAS 
STIRRED. FIXED,3ED (BuMBlES) 
WELl MAN4LX,LUSHA 

Source: J ~ o  L~h. ~,d ~ r.gzs~'rc Srn'~. 

Figure VII-6. TYPICAL FIXED-BED GASIFIER 
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Figure V I I - 7 .  F L U I D I Z E D  BED R E A C T O R  

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

Becuuse fluidization causes random motion of  uaiform part.ides, the tempenttute and 
composition o f  the bed are fairly uniform throughout. Reaction zones operating at different 
temperatures, 3rtaIogous to those in the fixed bed reactor,  may be establi~ed by using a 

series of  fl~idized reactors. 

To prevent a~lomerization, caking coal is pretreated in a fluidized bed where it is 
reacted with air at about 700 ° F to mildly oxidize its surface. The combustion and 
g~ficafion of the coal may be carrie~1 out in a single stage fluidized bed reactor, or 
sequentially in a two stage arrungemeat. The specifics of the processes listed on Figure VII-'/ 
are outlined in Appendices A and B. The locations at which steam, oxygen, and coal are 
;added and the reaction conditions v-da-y from proce~ to  process with temperatures ranging 
from 1200 to 1900 ° F and pressures from one to I00  atmospheres. Most proc~ses  are 
designed to separate the combustion a~,d gasification reactions. 

Some processes improve the efficiency of  ash removal by  carefully a d j u s ~  ~he bed :o 
a temperature at which the ash just begins to melt. The ash particles then a~,Iomeraxe as 

they interact with one another. The resulting incrcas~ in the ratio of ~.e weight of the l,~ger 

ash agglomerates to the drag force exerted on them muses the agg]omemtes to migrate to 
the bottom of the ~,actor for removal. This ash. which still con~ns some combustible 
material, is characterized as char and may be burned to pn~duc= heat for steam product/on 

or other process needs. 
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Figure VII-8. MOLTEN-BATH R_.ACTOR 

Sulfur removal can be accomplished to  a large extent by  including l im~tone particles 
in the fluidized bed. The limestone reacts with sulfur from the coal, s-dbstantiaHy reducing 
the suflur in -'-he product gas. 

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

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

By adjusting the fuel-oxidant ratio, temperatures above the slag.~,ng temperature can be 
obtained in the combustion zo,-~e. This is the most common mode of operatien. The short 
contact time it-. the reaction zone requires a high temperature to increase the reaction rates. 
Temperatures as high as 3500 ° F in ",he combustion zone and 2706* F in the gasification 
zone are possible. T-he excess heat in the product gas at these b i g  temperatures is usually 
used to generate process steam. 

GENERALIZED LIQUEFACTION PROCESSES 

Of the various approaches to convert coal into improved nonpolluting energy sources, 
liquefaction appears bes~ in terms of  eccnomics, confidence in reliable commercial 
operability, and the shorte~ lead time to achieve commercial implementation. Economic 
advantages derive from the fact that fewer chemical changes are required to  convert solid 

coal into a liquid than into gas, and the energy convers~on efficiency to liquids is higher. 
Commercial liquefaction processes could use, to a certain extent: components  in use in the 
petroleum tel'ruing indusL, y. 

A typical d~rect catalytic hydrogenation process is shown in Fi ,gure VII-10. Coal is 
mixed with a vehicle, usually coal-derived oil f rom the process itself, and the slurry is .,nixed 
with hydrogen and then passed through a reactor at a high temperature and hi~'a pressure. 
Coal re~c~ with hydrogen in the presence of  a catalyst, producing additional oil. All 
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Figure VI1-13. LIQUID HYDROCARBON SYNTHESIS DIAGRAM 

resulting oil is then separated from solids by filtration or centrifu,~ng. Part of  the oil 
product is then reeyc!ed to generate slurry. 

The sol,;ent extraction process illustrated in Figure VII-1 1 uses ~ solvent to extract or 
dissolve the coal, and the ash, which include" pyritic sulfur, is ffltered out. In some eases the 
solvent acts as the agent that transfers ,~.ydrogen to the coal to in order to liquify it. After 
removing the solvent, the remaining hea~' oil is treated with hydrogen to remove organic 
sulfur and sometimes to improve its quality. 

,~/rolysis or carbonization is destructive distillation o f  coal. Coal is heated in absence 
of oxygen until it decomposes producing liquid hydrocarbons. _cases, and char. As illustrated 
in Figure VII-12, four or five pyrolyzing stages may be required in an efficient pyrolysis 
process. The char is primarily carbon withdrawn from the coal to allow the remaining 
carbon to hydrogen ratio to reach the liquefaction leve!. Primary processes utilizing the 
pyrolysis principle to produce liquid products arc the hydrocarbonization process. Char-Oil- 
Energy-Development (CUED), the Toscoal Process, and the Garrett Process. 
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In liquid hydrocarbon synthesis, coal is gasified with o..vygen and steam as indicated in 
Figure VII-13 to produce gas containing a ~.igh concentration of  CO and H 2. This gas is 
pmdfied to remove sulfur compounds and CO 2. Carbon monoxide and hydrogen are 
converted to liqu/d hydrocarbons through a Fischer-Tropsch catalyst. Liquid hydrocarbon 
synthesis is divided into Fischer-Tropsch synthesis (at s.ASOL) and methanol synthesis. 

in Appendix B, abstracts of 23 ~gnificant liquefaction processes are described briefly 
and their distin~aishing characteristics are. pointed out. 
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DIRECT COMBUSTION AND 
ADVANCED POWER S}'S'fEMS 

Several long-range adv:: , .cd combustion and power concepLs are uvder development 
by ERDA. the Department of ~c:ense. the Maritime Administration of the U.S. Department 

of Commerce. other federal agencies, and by private industry. ERDA is concentrating on 
two major areas in order to use coal as a fuel source in advanced systems" direct combus'.ion 
of coal .'nd advanced power systems wMch couid be coal fueled. 

For dhmct combustion system research. ERDA's emphasis currently has been placed on 
(1) development el" atmospheric and pressurized systems capable of  burning high-soifur 
coals of  all deg.~es of  rank and qualir.y in fluidizcd-bed combustors, (2) development of  the 
ability to burn coal-oil shuttles in oil-fired ~:ombustors. and (3) improvement in the 
mRability of  present boilers. Compared with conventional coal-fired systems, fluidized-bed 
combustion systems result in higher power efficiencies -~d cleaner exhaust gases, even when 
burning high-stilfur coals. If  the fluidized-bed sy. stern is pressurized, additional economies in 
capital costs accrue through decreased constrcction expenses and operating costs are lower 
because o f  increased efficiencies. The benefits from high-pressure combustion are (1) a 
reduction of  furnace size because of decreased gas volume and (2) an increase of  sulfur 
removal ability. 

In a fluidized bed boiler, shown in Figure VII-14. small particles of  limestone are held 
in dense suspension by a stream of  air passing upward through the dense bed. This fluidized 
bed is heated to about 1600 ° F. Finely crushed coal injected into the fluid bed combustion 
zone burns very rapidly in the bed so that at any given moment  the amount  of  combustible 
material in the ~ d  is very low. probably less than one percent. A suitable amount of 
powered l;.mestone is added continuously to the bed where it reacts with the sulfur dioxide 
released by  the burning of  the coal to product calcium sulfate, an inert substance which is 
discl~-ged with the ash. 

The primary advantage of the fluidized-bed boiler is that sulfur and much of  the ash 
may be removed during the dir~ct combustion of the coal. In bench-scale te~'~s, the 
technique has removed over 90 percent of  the sulfur dioxide pollutants rcsul°.ing from the 
bunting o f  coa l  To avoid ~eating a solid waste problem from the discharged limestone, a 
method for  regenerating and recycling the spent limestone is being dcweloped. T, le sulfur 
would then be sepa.-ated in pure form for sale or storage. Many of the uncertainties in the 
fluidized-bed concept are associated with scale-up to commercial sizes. 

A small scale, 0.5 MW atmospheric pressure fluidized-bed boiler has been under 
development by Pope. Evans and Robbins, Inc. (PER). TP, e svccess of this ERDA-sponsored 
project has !ed to the current effort to develop a multiceli 30 MW fluidized-bed boiler. Th.~6 
system is also beiIg clevcloped under ERDA sponso~hip by PER with Foster Wheeler 
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E,e.~'25" Corporation and Champion Construction and Endneering Company, Inc. at 
Rives~d.lle, ~ t  V,.'rgLnia. The mtdticell fluidized-bed boiler is to be operated under practical 
electric utility condliios. ~ mad will be used as the basis for scaling up to a 200 MW system. 
Operational I~[s are scheduled !c be started by the end of 1976. 

ERDA is sponsoring several other ptoje~t¢ which employ fluid~ed-bed combustion for 
the eventual production of electric power. The CPU-400 is an experimental power plant 
originally developed by EPA for converting the heat ~nc.~y of solid waste to electrical 
energy.. The Cc.mbustion Power Company, Inc., of Menlo Park: C'~dil'ornia, has modified the 
CPU-40D to bum coal Ln its fluidized-bed combustor. The prod~:'. ~.ases are cleaned and 
then expanded in a gas turbine wlfich drives a I MW generator. The ~.l ~ce~ development 
unit is being modified to ~est improved gas clean-up dcxqccs and to test hh,: effect of coal 

combustion gases on the turbine and other materials in the hot gas system. 

Other more fundarnemal fluidized-bed combustion testir.2 is being conducted by 
Argonne National LaL-oratory in Argonne. Illinois, and by the National Research ~.nd 
Development Corporation of London, England. Additionally ERDA is sponsoring advance~! 
studies related to the future application of .q.uldized-bed combustion. In particular. Oak 
Ridge National Laboratory (ORaNL) Oak Ridge, Tem~cscee. ks studying thc feasibility and 
practi~Aity of a modular L-,.te~"ated utility system (MIU$). Preliminary an"Myses indicate 
that a localized total energy syst.em could be powered by a closed cycle gas turbine fueled 
by coal in a fluidized bed combustor. The waste heat from a relatively small S MW MIUS 
co'ald be. used to heat buildings, process potable water, and drive absorption cycle air 
conditioning system~. This localized total energy approach would employ a more complete 
utilization of the available heal: ene.~,gy m a given quality of coal. One or more MIUS 
demonstration units are to be developed in a future pl'~,ase of the ORNL program. 

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

An MHD generator produces direct cu_nent electrical energy from the expansion of 
ionized, high temperature combustion gases called plasmas through a magnetic field. The 
motion of  a conducting gas through the magnetic field induces an electromotive force in 
tl"ansvers# electrodes according to Faraday's laws. The essential difference between an MHD 
generator and a conve, ntional Rtrbine generator is that in the MHD system, the ionized gas 
~o*_h moves physicaiiy and acts as a conductor. 

Coal is f~ed at relafivdy high pressure and ~sulting gases are channeled through an 
MHD duct at very high velocities. The exhaust gases lea;d_ug the MHD generator axe hot 
enough so that the waste heat in these gases can be recovered Ln a boiler to drive a 
conventional steam plant. The generation of electric power by means of an open cycle MHD 
energy conversion ,.~ystem .integrated as a topping cycle to a dosed conventional steam 

VII -24 



generating plant can significantly increase total plant thermal efficiencies. 

MHD generators have been tested for short periods with both clean and dirty g~  
streams. I'his experience and supporz, ing analytical work provide a base for effective f'trs~- 
phase electrode and channel design and en~neering development. Experimental results 
indicate tl'.at both the desired output and continuous operating t im~ re:paired to justify 
commercial developmen,, have been achieved, but not sirnultaneousiy. Commercial 
applicatior~s will require 15-20 percent recovery, of the thermal energy input to ~ e  
generator as elec=nc power output, the best performance to date has been on the order of  $ 
percent thermal efficiency. High tempe.,-atxare, corrosion/erosion-resistant compon©nts are 
needed in combustors, channels, b~ilers, and regenerators. The components are exposed to 
chemical and erosive attack by molten slag, fly ash and alkali sai~ at very high temperattu-es. 
Co.'-~:ponent designs and materials to meet these reqttiremen~s must be developed. 

MHD research is being developed through seve,'-al joint governrnent/ind ,t~ry p r o e m s .  
EP, DA is sponsoring major hardware test prol;Tams a~ the AVCO Everett Research 
Laboratory.. PERC. and the Arnold Engineering Development Center. 

ERDA has been coordinating the cooperative program in MHD power generation be-ng 
ur'd~-"taken ~i th  the Union of Sovie~ Socialist Republics .under the Sdence and Technology 
agreement reached in May 1972. Recently the Soviets achieved 12.4MWe perform~-nce in 
the~.r MIlD facility and supplied power to the Moscow electric power grid for 30 minutes. In 
a pre~,~ious operation, the U-25 has suppl.ied electric power for I00 hou~ a! the I-4 MWe 
power level. A~eement  was also reached on the joint  study of  technical ~.d economic 
problems involved m the introduction of MHD power plants into co,,~merc;.al service. 

The cu.n'ent MHD development work is bei~.g expedited and spedficaUy dkected ~o 
support the~at ional  objective o| achie~dng a c6mmercial MHD power demonstration in the 
late 1980s. ER.DA's iniiiai goals are to demonstrate the feasibility o ¢. the, .MHD .2ener'ator .und 
to bu~d and demonstrate the 20 MWe Engineering Test Facility to be located in Montana. 

~ t  - ~  ~.,o~.d %'clc gas turbhnes and liquid metal topping -:ycles would operate at cycle 
temperatures higher than are cLu,-~.tly possible in c~nventional electric power systems. As 
maximum cycle temperatures increase, theoretical thermal efficiendes (work out/heat in) 
can increase. These high temperature heat engine devices can realize ~ net e_~ficiency h-~.-Te~ 
only if associated mechanical m'~d thermal losses do not  also increase proportior, a~ely. Also, 
materiats must be designed to withst~.nd the erosive effect~ of the high operaling 
temperatures. Research therefore includes developing special .high temperat'are materials and 
consideration of total system performance. 

Closed Brayton cycle gas turb£ne systems coaid use low-Btu gas or !iquid fuels derived 
from coal as a fuel source. High temperature heat from combmtion would pass to the closed 
cycle t h r o u ~  a special high tempe~Wre heat exchanger. An inert _ms such as helium would 
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absorb the heat, expand through a turbine which drives a compressor to support the cycle 
and produce sufficient net work to drive a generator. The closed cycle turbine uses an inert 
gas working fluid to reduce oxidation of materials at high operating temperatures. Waste 
heat from this cycle could then be used to drive a conventional plant. A closed Brayton 
power cycle should have advantages in size and weight and therefore in first cost over 
conventional electric power units. 

In an alkali metal topping cycle, liquid metal is boiled in a high temperature heat 
exchanger. Vaporized metal then expands through a tu~in¢, is condensed and finally 
recycled to the boiler. The liquid metal boils at a h i ~  temperature compare¢ to 
conventional steam_ plant boiling temperatures. As the liquid metal is condensed, it gives up 
beat to a waste heat boiler which drives a conventional steam power plant. The two plants 
together allow greater extraction of the available fuel energy, resulting in a greater combined 
efficiency than that attainable by a conventional steam plant alone 

The Office of  For~-il Ener~y at ERDA is also studying fuel cells. The fuel celi is a devic¢ 
for convelxing the energy released in a chemical reaction directly iuto electrical energy. Fuel 
gRs and ah- (or oxygen) are cont_h',: . ) '~y and s~parately supplied tc the anode and cathode. 
Electrical energy is produced and carbon dioxide and water vapor products arc released. 
Engineering studies e f a  complete fuel cell system indicate that efficiencies of 60 percent 
may be attainable. 

The molten carbonate~fuel cell has been constructed by Westinghouse Electric 
Corporation. The ~,lectrolyte is a 20-micron fdm of  oxide ceramic (zJrconia) stabilized in the 
cubic fluo~te crystal structure. At the operating temperature of 1870 ° F, oxygen ions flow 
t.hrough the electrolyte by activated diffusion. The anode is cobalt or nickel made porous by 
the Inclusion of a ceramic skele-.on, and the cathode is electronically conductive oxide 
fabricated in a porous structure readly pe~ea, ted by oxygen from air. Fuel gas flowing over 
the anode reacts with the oxygen ions diffusing ttu-ough the electrolyte to form H20 and 
CO 2 with the liberation of eiectrons and thus useful current. The rate-'kraiting process at the 
anode is the counterourrent diffusion of fuel and reaction products. Oxygen accepts 
electrons at the cathode where the rate-limiting step is diffusion of oxygen through the 
electrode slzuctl~,-e. Gas from e'thezside doe¢ not penetrate the electrolyte layer, and the 
reaction can only occur when current is drawn. Additional research is required to develop 
suitable support for multiple chin film cells and to develop low cost techniques for 
constv~ctlon of  co=as and cell interconnections. 

The o~tstanding problems involved iusing fuel ceils for central-station ..ower 
production do not appear to be close to solution. More small-scale, fundamental research 
:rill be required before large-scale development is pursued. 
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SULFUR REMOVAL PROCESSES 

A considerable portion of the pyritic sulfur in coal car., be removed by conventional 
cleaning processes. Sulfur oxides may be removed from flue =.~ses after coal combustion; 
sulfur can l~e removed chemically during coal liquefaction and coal gasil~eation processes. 

W~'ting coal before burning can remo','e up to 90 percent e f  the pyritic sulfur but 
essentially none of  the organic sulfur, which constitutes about half of  the sulfur in coal. 
Since most coal contains more than 2 percent sulfur, deep washing alone cannot produce 
coal that can be burned freely without atmospheric pollution. However. coal washL,'g in 
conjunction with flue gas cleaning appears to  create more acceptable sulfur di.~eharge rates. 

Of the mere than 50 processes proposed for the ~e~aifurization of  flue gas, no one 
process has achieved such completely satisfactory, results so that it has attained worldwide 
acceptance. Limestone injection into the combustion chamber of the boiler along with tlut 
coal to be burned has proven so unsatisfact0r j tha*. the process is no longer available on a 
commercial basis. Sulfur recovery "x'as poor, and system plugging by deposits reduced boiler 
availability. 

At the present time only the wet limestone scrubbing ~,stem has proved itself ha a 
I00 MW large scale boiler operation over a one year period on coal-fired boilers. The process 
has not been without serious corrosion and plugging problems, and the disposal oi ia,-ge 
quantities of  waste sludge remains a serious drawback. Seve~l other proeess~, however, 
look quite promising but/ .hey are ordy m the pilot plznt or early dev~lopmental stages, or 
have been used only on oil-fir~d boiie=..The d i f feren~ be~'een emJ.~ons from coal-tired 
and oil-t'tred boilers is sufficiently great that a process that works well on oil-fired boilers 
always needs considerable modification to work on coal-fired boilers. Such modification i s  
often extremely difficult, and much effort is being expended to solve this problem. 

Current processes that operate successfully and achieve desulfurizat2,on have large wa~-te 
disposal problems, while the ones that produce a salable byproduct such as elemental sulfur 
or sulfuric acid have not  reached l -~e  scale operation on coabfLred boilers, and have not 
produced enough operating data. 

Sdfur  removal during fiquefaction and gasification of coal is relatively straight~'orward. 
Hydrogen sul.fide (H2S) is removed by absorption in ~ solution or absorption on the surface 
of  a solid. H2S is then burned in an oxygen atmosphere which produces sulfur oxides that 
can be converted to elemental sulfur and removed. The Claus, Stretford, Selexol, Rectisol 
hot czrbonate and arnine processes are successful commercial methods. 
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CHEMICALS FROM COAL 

In the process of  the distillation of coal, other substances besides coke are produced. In 
the early days of the industry, these byproducts were considered of value only for their tar 
content. The first recorded attempt to refine these products by the distillation of coal tar 
was ~at GLasgow, Scotland, in 1822. Coke-oven byproduct .o_atses contain sud~ chemicals as 
armnortia, sulfur compounds, volatile hydrocarbons ,and suspended tar. The hydrocarbons 
boiling below 338 ° F are generally relerred to as li,.~ht oils. Prior to World War lI practically 
the entire nation's supply of benezene, toluene and xylene were produced from this light 
oil. At that time, the tar was often burned as a fuel, but la.~er plants distilled it and 
manufactured additional byproduct. Some of the products produced by distillation of a 
lfigh temt.,erature coal tar are phenol, cresols, pyridine, bel,zene, toluene, xylenes. 
naphthalene, creosote, anthracene, and pitch. These ~ the typical products from one ton 
of  coking coal from a higla temperature co,rig operation: coke y!eld 60-70 percent, tar 8-12 
_~llons, light oil 2.5-3.0 gallo~, an~anonium sulfate 20-25 potmds. During World War II. coal 
could not meet the demand for many of these products and processes were developed for 
their production from petroleum. Today only a minor part of the world's organic chemicals 
are made from coal, derived either from coke making, or by deliberate synthesis, while 
about 10 percent of  total crude oil, natural gas, and gas Hqukl production now goes to 
satisfy petrochemical industry feedstock and energy ~emand. 

Utilizing synthesis gas .as a feedstock, even with today's technolo~', coal-based 
ammonia and methanol will be competitive in the United States with the products derived 
from gas and residual oils by 1980. Since 1970. Monsanto has been produdng acetic acid 
using a methanol/carbon monoxide feed. Union Carbide is well into the pilo*, plant stage 
with a process that reacts carbon monoxide and hydrogen .,t extremely hi~h pressure to 
produce ethylene glycol. Coal-based methanol can be converted to ethanol and then 
dehydrated to produce ethylene. This product could compete in cost with the same product 
produced by ~nventional processes. 

Cun'enfly, coal Hquids are being considered for making such products as benzene. 
toluene, xylene, phenol, cresyHe ~cid. and naphthalene. Utilizing their Clean Coke process. 
me U.S. Steel Corporation predicts yields from a 5.8 x 106 ton/year coal facility to be as 
follows: 

725 million ib/yr ethylene, 

800 million gal/yr benzene, 

230 million lb/yr naphthalene, 

130 miilion lb/yr each of propylene, phenol, cresol and xylenols and l~ser 
quantitites of ammonia, sulfur, pyridine, etc. 
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Utilizing magnctohydrodynamics, the AVCO Corporation is developing a process to convert 
coal directiy into acetylene. 

SI :PPORT REQUIREMENTS 

Hydrogen and Oxygen 

The main prob',cm ha the conversion of coal to liquids is the transformation of  a 
low-hydrogen content solid into a liquid containing a substuntially higher amount o f  
hydro~n .  To conv-~rt tht: o~anic  material in coal to a petroleum-like liquid theoretically 
requirL-~ about 5000 standard cubic feet of hydrogen per barrel. This amount of  P.ydrogen 
wo~d be enough to remove the sulfur, oxygee, m~d nitrog_-m, compounds and produce a 
liquid containing about I.~ percent hydrogen, without mak;.ng ar,~ substantia~ amounts o f  
Ii~t hydro~rbon ~es. rn practice, the hydrogen consumption is much higher..'-anging 
from 6.000 to i0.000 standard cubic t'cet per barrel due primarily to a substzntial 
production of light hydroc.~rbon b.'ascs ;tad to loss o f  hydrogen in the unliquified solid 
rL.-s-du¢. As a result, th+: t~roduction of hydrogen represents a major factor m coal 
lkluef~:tion and the proc.e~ing of  co.',[ liquids. 

"['he steam-oxygen process, the steam-iron process, and electrothermal gasificatk)n are 
gcneraUy considered to be the most promising for the production of hydrogen. In the 

steam-oxygen process, s~eam and carbon arc reacted at temperar',2es of approximately 

1900 ° F to produce hydrc~en and carbon monoxide. Sin~ the chemical process is highly 

endothe.-mic, some pro~s~ heat must be used to maintain the desired reaction tem.tmrature. 

This is accomplished by the addition of oxygen to the reactor to  burn some of the carbon to 
produce carbon dioxide and !ibera'.e the desired heat. 

The steam-iron process is one of the o!de~t methods for making hydrogen. Steam ;s 

reacted ,~ith metallic iron at an elevated temperature to produce hydrogen and iron o:dde. 

The iron oxide is then reacted in another reactor with a mixture of carbon monoxide and 
hydrogen to regenerate the metallic iron. The carbon monoxide and hydrogen used in this 

regenerator are generally produced from the reaction of coal or char with steam. In ,lectro- 

thermal gasification the reaction is sustained by electrica! heat rather than chemdaI heat. 

The primary use of oxygen in co~ processing is to produce art enriched fuel gas. By 
using oxygen rather than air. the product ,,_as contains less nitrogen and consequently will 
have a higher heating value. The quantiti_-'s of oxygen required per unit of energy oroduced 
for two ~ification processes are sho~. below. 
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Process 

BCR two-stage 

Texaco steam-oxygen 

Tons Oxygen Required per Btu 

2.17 x 10 "7 , 

1.67 x 10 ..8 

The cost of  oxygen enrichment of gasified coal products can range from 20 to 27 cents/ 
million Bttu 

W~Iter 

As no modem-design coal-gasification plants of commercial scale exist in the United 
States, estimates of water demand must be ba~d on research operations, foreign., experience, 
and de~igrt data of  projected plants. Water consumption in coal gasificatiov" plants producing 
pipeline gas of  250 million stand~d cubic feet per day (7 million m 3 per day) capacity can 
be expected to range from about 10,000 a~e-ft (I 2 million m 3) per year where water is at a 
premium to 45,000 acre-ft (55 m;..tlion m 3) per year where abundant but poor quality water 
is used for cooFing. 

As the methane ~.,'nthesB does no: play a major ~'oie in water consumption, this 
alternative mode of gas production would have ii~le beating on consumptive demand for 
comparable Btu outputs. 

Unit water consumption esdma'.~s range from as little as 0.2 acre-ft (247 m 3) annually 
per barrel per day of synthetic-on output to as much as 1.3 ;:~.-r:-ft (1,600 m 3) per year per 
barrel per day capadty. 

VII-30 



COAL PROCESS TECHNOLOGY BIBLIOGRAPHY 

FU.VDAME.VTALS ~ 

Boddle. W.W.. Talwalker. A. T.. and Vyas. K.C. "'Clean Fuels from Coal-Technical- 
Historical Background and Principles of Modem Technology" Clean Fuels from Coal 
Synrposium H Papers. Chicago: Institute of Gas Techno!og2,.'. 1975' 53-84. 

National Academy of Engineering for OCR_ Evaluation of  Coal-Gasi~,cation Tech,wlo¢y: 
Part ll-Lott" and b~rermediate Btu Fuel Ga~es. Washington. D.C.: Government Printing 
Office. 

Unive~ity of Oklahoma Sol:nee and Public Poli~.'y P~,,.u'am. Energy Altenmtires: A 
Comparative .4-ml.vsis. Norman. Oklahoma. University of Oklahoma. May 1975. Section 
1.9. 

GASIFICA T!ON" 

Fomey. A~ J.. Haynes. W. P.. and Starkey. J. P..ilethapzatiotz m Coal Gas(ficatio~ 
Procc>~es. ERDA Report No. PERC/IC-75/I. September 1975. 

1973 Cameron. p. 177. 

U.S. Federal Power Commission. Current Status o f  Technology. Section IV..Varional Gas 
Sl, rt'ev Vol. I!. pp. 4_0-45_ 

Howell. Richard D. "'Mechanical Design Considerations In Commercial Scale Coal Gasifi- 
cation Plants." Si.xth .4GA Pipelin ~ Gas Symposium. October. 1974. 

Jaeger. H. L.. Leigh. D. C.. and r-,.,,,,~, . . . . .  Pe~_ R. W. "'Electric Power from Low-Btu Gas in 
Combined Power Plants." Pittsburgh Symposium. 1975. 

LaRosa. P. and McGarvey. R. ]. "F~Lel Gas From Molten Iron Coal Gasification." 1973 
IG T Svmoosi,on. = • ° 

*Refer to h, ppcrttlgx C for identification of  abbreviated pri,'nas'y sotatc¢$. 

VII-31 



blills, G. Alex. "OCR Coal Utiliz~ttion R&D Program," Energy Technology 1 Symposium 
Paper~. Wastdngton, D.C.: Gover,~ment Institute Inc. 

National Academy of En~nee~'mg for OCR. E)'aluation o f  Coal-Gasification Technology: 
Part 11-Low and Intermediate Brtt Fue! Gases. Washington, D.C.: Government Printing 
Office. 1974. 

Patterson. R. C. et at £o',': Btu Gasification o f  Coal for Electric Power Generation. OCR 
Report No. 83, Septembee 1973. 

Wen, C. Y. Optimization o f  Coal Gasification Processes lrol. L OCR R&D Report No. 66, 
InterL'n Report No. 1.; Washington. D.C.: Government Pro-ring Office. 

LIQ Ut"FA CTION* 

! 974 O & G3. 

Yavorsky, P.M "'Overview of  R&D on Coal Liquefaction." Pittsburgh Symposhon 1975. 

AD V.4NCEU POI~ER SYSTEMS 

Glenn, Rdiand D. ,tTuidized-Bed Combustion and Coal-Fired Packaged Boilers. New York: 
Combus~on Processes, Inc., 1975 

Heari~_m U.S. Congxess, Subcommittees of the Committee on Appropriations. 93rd 
ConLa'ess, 2nd Section, ~ .  1, February, 1974, pp. 597, 667. 

Jackson, Dr. William D. "MHD Power Generation, Technical Status and Development 
Plan." C/ean Fuels from Coal Symposium H Payers. Chicago: Institu:e of Gas Tech- 
nology, 1975. 

Jonke, A. "Fluidized-Bed Combustion: A Status Report," C~al Processing Technology. 
VoL 11. New York: American Institute of Chemical Engineers, 1975. 

Naticnal Petroleum Council. U.S Energy Ovtloog: An Interim Report. Olaf A. Larson, 
Chairman. National Petroleum Council, 1972. 

New Enemy Technology. pp. 290-293. 

Sheindlin, A. E., and Jacksen, W. D., "MHD Electrical Pow r Generation-An Interna- 
tional Status Report." WEC-CME IX. Detroit: WEC-CME IX, 1974. 

"Refcr also to Coal Process Technology, Chapter VII. 

VII-32 



Sverdrup, E. V., Warde. C. J, and Gaisser, A. D. "A Fuel-CeU Power System for Central 
Station Power Generation Usir,,~ Coal As A Fuel." From Elecirocatalysis to Fuel Cells. 

Westinghouse Electric Company. Final Report: Project Fuel Ce#. 

SULFUR REMOVAL PROCESSES 

Coal Technology from T.vic: Proceeding:, of Conferences it, Pittsburgh. Charleston, St. 
Louis. and Denver. Cleveland. Ol'ao: W. S. Tyler, Inc., 1975. 

"'Hydrocarbon Processing." NG/LNG/SNG Handbook. April, 1973:88-116. Osborn, E. G. 
"CoaI and The Present Energy Situation." 
Osborn, E. G. "'Coal and The Present Energy Situation." Science. February 8, 1973: 
473. 

Pfeitfer. J. B. (ed). Sulfi~r Removal and Recorer:, from Industrial Processes. Advances in 
Chemical Series, No. 139. Washington. D.C.: American Chemical Society. 1975. 

Rosenberg, H. S., and others. "The Status of SO~ Control Systems," CEP. 1975: 66. 

"'SO= Processing." Chemical Endneering Pro~ess. May 1975:55-79 

U.S. Congress. Senate. Committee on Public Works. Air Qualio" and S'.ationa~." Source 
Emission Cm, trol. 94th Congress., 1st Session. March i975. pp. 385-390. 

Wen. C. Y. Optimization of  Coal Gasification Processes Vol. 1. OCR R&D Report No. 66 
Interim Report No. 1, ~/aslfington, D.C.: Government Printing Office. 

CHEMICALS FROM COAL 

Bureau of  ~fiaes. U.S. Department of Interior. Coke and Coal Chemicals Annual for 
1974. Mineral [adustry Surveys. Washington, D.C.: Government Printing Office. 

Griswold, John. Fuels. Combustion and Furnaces. New York: McGraw Hill, 1946. 

SUPPORT REQUIREMENTS 

Federal Ener~, Administration. ~roject Independent Report. Federal Enemy Administra- 
tion, November 1974: 304. 

VII-33 



VIII. ECONOMIC CONSIDERATIONS 

Coal prices during the 1970s have b=en subject to a variety of market forces. 
Popular concerns over miner safety and air pollution have led to regulations that have 
simaificantly increased the production and utilization costs of coal. Other factors, such as 
strip rnLr, ing regulation ~ld rgclamation, threaten to push the price of coal even hisher. 
The 1973 oil embargo and the subsequent quadrupling in the price ¢ff oil imports caused 
a sharp, though temporary, rise in the demand for coal. As ;l result, market prices for 
short-term supplies of coal (spot market) reached $50 per ton. nearly five times the value 
justified by production and capital costs. 

These coal price increases have created loud protests inferring collusion. Most 
investigations of this charge have concluded that while the co~d industry is composed of 
fewer and larger finns, the industry lacks the s~gnific~t degree of concentration 
necessary to impose monopoly pricing. These conclus,.'ons support the view that the sharp 
increase in coal prices in t,he spot market following the oil embargo were a short-term 
aberration where the sudden increase in demand far exceeded the industry's capacity to 
increase supply. Recent price quotations confirm these views. During the last year..the 
market price for coal has declined significantly. This trend is expected to continue until 
the market price nears a price based on production costs. 

Coal market prices., as quoted in dollars pe.r ton, vary. considerably from region to 
region. Most of these variations are attributable to varying production costs of  the 
different mining me'hods. Other variations a.~e ~lated to the chemical properties of  the 
coal. Low sulfur and high Bm coals extract premiums for the advantages they offer the 
user. As a result, market prices are often accompanied by me~sures of the Btu and sulfur 
content of the coal as indicated in Table VIII-l. 

Mining Costs 

Prices required* zo support the production of coa~ depend upon many economic and 

"R~:~u'cd prices cover  mln ,ng  c o s t s  and  yield a sp¢¢ified d i ~ o u n t e d  c~s~ f low (DCF) rate  of  rezurn o n  investment .  
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Table VII I-1. 

SPOT MARKET PRICES FOR STEAM COAL, DECEMBER 1975 

I~u/n, % SULPHU~ ($/HET TON) !¢/MM~u) 

CENTRAL P1ENNSYLVAHIA 11980 2.00 $10.00 15 

WEST PENNSYLVANIA 11540 2.39 17.50 15 

NORTH WEST VIRGINIA 12040 2.67 18.2S 15 

0fllO 10720 3.23 18.25 17 

SOUTHEAST WEST VIRGINIA 
AND VIRGINIA 11760 0.85 15.00 13 

SOUTHWEST VIRGINIA. FAST 
KENTUCKY, NORTH TENNESSEE 11630 1.25 14.50 12 

WEST KENTUCKY 10940 3.43 13.25 12 

ILLINOIS 10580 3.41 15.50 15 

INDIANA 10550 3.10 13.00 12 

IOWA 9480 3.57 10.75 11 

ALABAMA AND CENTRAL TENNESSEE 12050 2.05 !8.75 16 

KAHSAS/MISSOURI/0KLAHOMA 11520 3.7~ 16.25 14 

W YOMING/MONTAHA 9370 0.51 6.50 7 

physical facte~. Economic factors include unit costs o f  labor, capital, and intermediate 
inputs (operating and maintenance supplies, power, and services). Other indirect economic 
variables are the effective tax rote. depreciation, depletion, reclamation requirements, ar, d 
proposed environmental regulatiotls. A wide range of  physical factors affect the cost o f  
producing coal. The average seam thickness, size of  the mine, and depth of overburden 
are major factors. G;her  physical conditions which affect the cost of  mining coal follow: 

• The type e f  overburden affects the cost e f  drilling, Loot ing.  and removing the 
overburden at surface mines. 

• The amount  o f  methane ga~ present in underground mines affects ventilation 
cOSL% 

n Average roof  conditions affect the cost o f  roof  bolting and other support.  

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

Underground Mining 

The type of  underground mine. drift or shaft/slope, and the method of  mining. 
either continuous or conventional ro~m and pdlar, significantly affect the production and 
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capital costs required. O~e assessment of  the variations in required selling prices duc to 
these physical factors was conducted by FEA in 1974. They estimated prices, based on 
costs, that ranged from $9.37 to $16.34 per Ion (1974 dollars. 15 percent DCF and 100 
percent equity) depending upon v.he combination of  the physicai factors characteristic of  
a particular mine. 

Recently pubtished data for 1975 from the Bureau of Mines suggests that over the 
las-: year, underground prices, based on cost, have increased significantly. Calculations for 
a drift mine with a four foot seam show a price ranging from S13.26-S14.83 per ton. 
This ~ncrease is primarily due to two cost components, land and labor. Land costs. 
pre~5ously an the order of  $350 per acre, have now skyrocketed to $2500 per acre. 
Labor costs contributed to the upswing with a nearly 12 percent increase in the average 
wage. Estimates of  new required prices for shaft/slope mined coal can be expected to be 
about $1~  higher per ton than coal from drift mines, depending upon the annual 
production rate o f  the mine. Mines w;.th six foot  seams would be approximately ..c: per 
ton cheaper than mines with four foot seams. 

Surf~_c.~ Mining 

Until the mid 1960s, surface mining of  coal was not considelc~t feasible unless the 
stripping ratio was 10:1 or less. Since !965, this ratio has been steadily increasing. Today 
most coal within 180 fee t. of  the surface is considered economicaIl.v recoverable, even 
when the stripping ratio nears 30: I. 

Estimates o f  the required _ceiling prices for  coal from surface mines, made by FEA in 
1974, ranged from $3.78-$10.19 per ton depend.~ng upon the str~ppir, g ratio and ihe 
yearly output  o f  the mine. The S3.78 per ton price corresponds to a 5 million ton per 
year (mmtpy) mine with a 5:1 strippi~,g ratio. A similarly-sized mine with a la~er 
stripping ratio o f  15: ! was priced at 57.42 ~,r  ton. nearly a I00 percent increase. Mine 
size is also a significant factor in production cost. A 5 mmpty mine with a 15:1 stripping 
ratio would require a price of  $9.31 per ton, a 25 percent increase, if its annual output 
were reduced to  only 1 mrntpy. 

The typica~ cost components of  surface a~nd underground mines are compared in 
F i ~ e  V!H-i .  Production costs, including depreciation, typically constitute 60-65 percent 
of the required selling price of  coal. Comparison o f  the components indicates that 
underground mining is s~gnificanfly more labor intensive. That is, labor costs are a higher 
fraction of  total costs than capital related costs. Conversely, surface mines tend to be 
more capital intensive, culminating in higher net profit and, consequently, higher taxes. 

Comparison of required prices on a Btu basis, also in Figure VIII-l,  indicate that 
surface coal is typically much cheaper than underground coal even with the large 

VIII-3 



REQUIRED SELLING PRICE 
$/TON 
¢/MMBIu 

r,.~PITAL INVESTMENT (S/ANNUAL TON) 
OPERATIHG COST (S/ANNUAL TOH| 

SURFACE UNDERGROUND 
5:10VERBUP, OF.H 48 INCH SEAM 

5 MMTPY 3 MMT1PY 

3.78 13.26 
18 50 

10.39 30.10 
i 

2.33 8.61 
i 

COST 
COMPOliENTS 

.ICEINSES 
AND 

RECLAM 

LABOR 

REOERAL 
TAXES 

SUPPLIES 
AND 

POWI~ 

NET 
k P~0Frr 

LICENSES 
- ANO 
RECLAlUl 

SURFACE 

1974 $: 15% DCF; 100% EGUITY 

UNDERGROUND 

M M = I O '  

Figure VIII-1. COAL PRODUCTION COSTS 

variations in Btu content. For this reason, the regained economic advantage of  coal due 
to the change in oil economics will most likely result in the acceleF, tted development of  
w~%te.,-... _¢'.~."face lnintrd coa l  

Reclamation 

While stringent reclamation requirements would e.ffect the price of  surface mined 
coal. cost increases ar~ not expected to significantly dezerio.,'ate coal's competiti~'e 
position. Assumi.,-.g the worst of  conditions where :ec'..amatior. costs for a low-Btu lignite 
mine are nearly S9000 per acre. the price increase of  coal is only about 4 cents per 
million Btu. 
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Coai P.,'eparation 

Capital investment costs for a coal preparation plant range from 10 to 23 percent of 
the total mining investment. Typically, preparation operating costs increase coal costs by 
SI.25-S1.75 per ton. Coal preparation generally increases the selling price by about S2 
per ton. 

Transportation 

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

Railroads are burdened with a large excess of fixed capacity. Coal traffic can 
alleviate some of railroad's excess track capacity. The railroad industry also is highly 
labor-~tensive. As a result, the unit train has evolved "and it offers 25 to 40 percent rate 
advantage over conventional train rates. The next step in reducing cost-e is the 
construction of integral trains specifically designed for shuttle use. Air.hough the 
re~JabiliW of the projected costs is probably not ,high, estimates indicate that the integral 
Wain should be competitive with coal slurry pipelines mad even gas pipelines. 

Barge transport of coal is relatively inexpensive and remains in demand where 
trans-shipments are not required, or where a significant portion of the distance can be 
cove.,ed by water. In some instances, the avaiIabili~ of return freight helps keep these 
rates low. Significant drawbacks of the expansion of waterborne coal movemeats include 
inadequate lock capacities and bottlenecks in the waterway systems. These drawbacks 
tend to reduce the competitiveness of this mode of transportation. 

Slurry pipelines are characterized by economies of  scale that promise large cost 
savin~ for coal delivered over long distances. Pipelines demand relatively ,high capital 
Luvestment. typically 70 percent of total costs of building and operating the system. Due 
to inflation: operating costs are equally divided between electricity, labor and supplies. 
Once established, however, pipeline rates are sheltered to a degree from cos: increases. 

Jnnov~.~ons in transmission technology inveivLng use of extra high voltages (EHV) 
have si~,Jfic~ntly !owered transmission costs and m~ke plant locations near coal mines 
more attractive. In addition, the tendency to build long-distance transmission lines to 
permit pooling ~f power also makes such remote siting less cosily, since the transmission 
lines can often be routed near fuel supplies. Some doubt exists, however, about whether 
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Figure VIIi-3. COST COMPONENTS OF VARIOUS 
SYNTHETIC FUEL PROCESSES 

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

Synthetic Fuel Costs 

Numerous synthetic fuel processes are currently being designed and evaluated. Figure 
VIII-3 shows the projected required selling prices (1973 dollars) and the cost components 
of a few of the processes being given serious consideration. In addition, these coal fed 
p:ocesses are compared to simLiar pro:esses using oil shale as the primary feed. All of the 
processes are seen to be capital intensive and highly dependent upon byproducts to make 
them competitive with existing sources of energy. The byproducts from cc.nversion 
plants are expected ultimately to saturate byproduct markets, decreasing their value. 
Consequently, :he selling price that must be sou~,~'it for the synthetic fuel must increase 
to bring an adequate return to the investor. 
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The cost of  t-he fuel feed is .~ significant factor in tile ul;imate production cost of  
the converted product. Figure VIII-4 indicates for each process zhe relative effect of 
changes in coal price on tile price for the synthetic fuel. 

Vlll--8 



ECONOMIC CONSIDERATIONS BIBLIOGRAPHY 

Basic Estimates Capital Investment and Operating Costs for Underground Bituminous 
Coal Mines; Mines with Annum Production of 1.03 to 3.09 Million Tons From a 484nch 
CoMbed. Bureau of  Mines Information Circular. No. 8689. (Revision o f  lnforrnation 
Circular No. 8641). IVashington. D.C.: U.S. Government Printing Office. 1975. 

Duct:esneau. Thomas D. Competition in The U.S. Energy Industry. Cambridge, 
Massachusetts: Ballinger. 1975. 

Federal Ener~, Administration. Prolect Independence Report. WashinUon, D.C.: U.S. 
Government PrLating Office, November 1974. 

Gordon, Richard L. U.S. Coal & The Electric Power Industrt,. Washin~on, D.C.: 
Resottrces for the Future, 1975. 

Hottel, H. C. and J. B. Howard..Mew Energy Technology-Some Facts and Assessments. 
Cambridge, Mass.: The MIT Press, 1971. 

National Petroleum Council, U.S. Ener~, Outlook: Coal Availability. Olaf A. Larson, 
C~aairman. National Petroleum Council, 1972. 

Slurry Pipeline. Innovation in Energy Transportatfon. Energy Transportation System, Inc., 
March 1975. 

University of Oklahoma. The Science and Public Policy Program. Energy Aiteraatives: A 
Comparative Analysis. Norman, OIdahoma: University of Oklahoma, May 1975. 

VIII-9 



IX. LEGISLATIVE POLICY 

In addition to the technolog:.:~ ~. ~conomic and geological influ,.'nces, the present and 
fuIure development of coat is, to a significant extent, determined by federal enemy 
policy as it is formulated through legislation and administered by various agencies. This 
chapter addresses the development o f  policies relating to coal and identifies government 
agencies responsible for implemennng programs and regulations to achieve these policy 
goals. 

Historically. any semblance of a national energy polic3" has been the byproduct of  
p r o ~ a m s  relating :o the economy,  national security, scientific research, water, land and 
mineral development, the environment or health c-¢ety. A dramatic shift took place, 
however, when m 19")3 the oil embargo, the balance of  payments deficit, and the 
incr.easin~ cost of crude oil brought the United States to the realization that the count~, 
needed a comprehensive energy program to curb depev, dence on foreign p e u e ! e - m  
products, tr develop ener~ '  resources and to research, develop, and test alternati~'e 
energy sources. 

In response to the emerging energy' crisis an examination o f  the national situation 
was made. and a report submit',ed to the President by then Chairman of the Atomic 
Energy Commission, Dkxie Lee Ray. In that report, a five-yea:. Sl0bi l l ion p ro~am of  
energy research and development was recommended to develop potential domestic energy 
resources. As a follow up to the Ray Report, the Federal Energy. Administration was 
instructed in early 1974 to evaluate the nation's ener~y problems and to develop a 
framework for a national energy policy. Their report, known as Project Independence, 
was shaped by three underlying considerations: the importance of  making explicit the 
dependence of sapply, demand and policy alternatives on prices; the need to consider 
domestic supply, demand and constraints on a regional rather than a national basis: and 
the desirabili~ of  structuring the overall energy system ku one cohesive, analytical 
framework. 

Influenced by the recommendations of  tlle reports and a growing concern over the 
energy crisis. The President submitted proposals to create a coordinated energy program. 
As a result of  these proposals, the Congress enacted ie~slation To reorganize the federal 
government for the handhng of  energy issues. Tlus effort included the creation of  a new 
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independent energy research and development agency ..as well as the assignment of 
primary and secondary, energy responsibilities to existing agencies. The foilowLng laws 
serve as the mandate for federal ene~ '  or~nization: 

The Federal Energ.v Ad:~zi~;isrration o f  1974 (P.L. 93-275) which was sio_ned on May 
7, 1974 established FEA. 

The Special Energy Research and Derelopmem Appropriurion Act (P.L. 93-322) was 
signed June 30, ] 974. This act: 

• Appropriated money to AEC, DOI. NSF, EPA, FEA, NASA, DOT and 
NOAA for expansion of energy. R&D; 

• Funded projects such as coa! liquefaction, Hydrane hi#t-Btu gasification, 
MHD, fur! allocation, and oil and gas programs. 

27ze Energ3, Reorgan~.ation Act o f  1974 (F.L. 93-438) was signed October I I, 1974. 
This act: 

• Abolished AEC: 

• Established ERDA as a major federal energjd R&D agency; 

• Established the Energy Resources Council to coordinate energy policy and 
advise the President and Congress on government e~cr~' management; 

o Create*.l NRC to carry on AEC's regulator~ function. 

The Federal Nomzzlclear Energy Research and Derelopment Act o f  1974 (P.L. 
93-577) was signed December 31. 1974. This act: 

• Gives ERDA policy guidance for conducting nonnaclear R&D; 

• Includes implementation of  special nonm:clear technologies previously 
enacted into law; 

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

• Includes authorization for CEQ to analyze the effects of nonnuclear 
energy teclmologies on the environment. 

..¢' 
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Federal Agency Functions 

The reorganization of tl~e federal government to provide for a coordinated national 
ener~' program resulted in changes in the administration of ex~:;ling coal-related activiUes 
as -,veil as the creation c f  new projects. The following is a brief summary of  the 
cod-related responsibilities of  the major energy agencies in federal government. 

The Federal Energy Admi~aislralion has as one of its zesponsibillties the admirds- 
tration of the Energy Conservation and Oil PoLicy Act ot lq',5. This Act has a d$-nificant 
impact on coo] in that it g~ves FEA the authorit3' to prc'.-.ibit power plants and other 
major fuel bu;rdn~ installations from burning natural ~as or pe~cleum products and to 
require ',hem to substitute coal as their primary energy s ~ c e .  It also provides zhat FEA 
may guarantee loans for the development of  new under~ound coal mme~ 

Other FEA responsibilities relating to gas and oil allocation programs and long term 
national planning "a1~ influence the dervand for coal. 

The Energy Researciz end Derelopment Administrat:on's coal R&D program is 
desitmed to accelerate the development of  the technology for converting coal to env;.ron- 
mentally acceptable liquid and gaseous fuels, to stimu!ate improved mezhods for the 
direct combustion of coa:, and to develop advanced power conversion systeras to improve 
electric power plant efficiency. Spedfic coal convemion programs include: 

• Liquefaction R&D to advance the technology needed zo convert coal to 
low-suifttr, low-ash fuel oil for power generation and for upgrading to transpor- 
tat.ion fuels. Four metlmds are being tested: catalytic hydrogenztion, solvent 
extraction, pyrolysis, ,-rod indirect synthesis variations. 

FEg.h-Btu and low-Btu gasification R&D it beir~g sponso~d to produce a 
suitable utility, fueI and a pipeline quality gas. ln-situ processes are included in 
tiffs R&D effort. 

• Fluidized-bed boiler systems are being developed to remove sulfur directly 
durk~g =he combustion of coal. 

• Advanced power conversion systems such as fuel ceils. MIlD generators, and 
liquid metal topping cycles are being sponsored. -. 

• Advanced research and ~ppor t ing technology in liquefaction, gasification. 
direct combu~ion: and advanced power system programs are being expanded in 
1976. 

• Pilot plant development, including conceptual and engineering design phases, 
for the clean boiler fuel demonstration plant is being sponsored witk construc- 
tion scheduled for early 1978. 
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The Department of  ~r,.,'c,~,or's coal-related activities are centered in the Bereau of 
Mines, the Bureau of Land Ma:'agement and the Mining Enforcement and Safety Adu~-in - 
istration. The Bureau of Mine~ .monitors the entire range of activities involved in the 
utilization of coal. These include extraction, reelamatiBn, and actual use as an energ,, 
source. The Bureau of Land Management regulates the leasing of federal land. The Mhning 
Enforcement and Safety Administration acts as the administrator of programs established 
by the Federal Coal Mine Health and Safety Act. 

Since its establishment in 1970. the Environmental Protection Agency has carried 
out the enforcement of regulations and has participated in research activities to prevent 
and control air and water pollution. These programs for the most p.art have been 
mandated by the Federal Water Pollution Control Act and The Clean Air Acts. EPA has 
conducted coal-related re,arch to develop improved low-cost techniques to remove air 
pollutants before and after combustion of coal: to improve the efficiency of fuel 
combustion; to dispose of the undesirable products of combustion; and to p.'oduce 
synthetic or new fuels which create less air pollution. 

The Nations! Science'Four,.dati~n's coal-related research is funded through the 
Research Applied to National Needs (RANN) program. Research is directed toward 
developing new or improved technology which can be transferred to an,~ carried out by 
ot~her federal agencies or industry involved in coal research at a more advanced stage. 

Congress, over ti,e years, has created a complex net~vork of laws w,hich influence the 
presenz and future development of coal. The laws which, at pre.~ent, have the most 
significa~.t effects on coal are listed below. They fall into four categories: environment, 
conve.~on, health and safety standards, and leasing policy. Currently Congress has before 
it le~dsla~on which would provide new policy initiatives governing the development of 
synthetic fuels from coal; the transport of  coal via slurry pipelines; the establishment of 
federal surface mining regulations, and revision of ex_~sting Department o f  Interior leasing 
pro~ams. These and other proposals may become the latest additions to the network of 
federal coal policy. 

EN VIR ONMEaN T 

Regulations dealing with environmental problems i~c!ude overall policy as well as 
specific le~slation addressing air and water. 
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National Environmental Policy Act of 1969 

This :-ct provides both a conceptual basis and a legal sanction for establishing 
environmental management as a national priority. The act has three major purposes: 
( I )  to  declare protection of environmental quality to be ~ national policy and provide a 
mandate to  ai] federal agencies to carry out that policy.; (2) to create CEQ to ensure that 
the mandate is carried out: and (3)to. establish, a set of action-forcing procedures 
requixing an environmental impact statement for m~y proposed major federal action which 
could ~gnificantly affect the quality o.f the e*~vixonment. 

• .Clean Air Act of t963 

This act provides for grants to states and local agencies to assist Ln controlling air 
poHution and provides limited authorily for feder~l action to abate interstate pollution 
problems. 

Air Quality of 1967 and Clean Air Amendments of 1970 

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

Water Resource Plannin9 Act of 1965 

.The act established the Water Resources Planning Council which has been give~ the 
responsibility, for coordinating the planning for water and related land resources. 
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Fedaral Water Pollution Control Act Amendments of 1972 

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

enforce standards. 

CO.\'VERSIO-V 

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

D~fensa Production Act of 1950 (As amended) 

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

Energy Policy and Conservation Act of 1975 

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

oil and natural gas. 

A provision providing for loan guarantees to eligible persons to increase ,,oal 
production through the development of und..'.rground mines is also included as an 

amendment. 
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ItE.4LTH A:VD SAFETY STANDARDS 

Regulations requiring that mining operations maintain certain health and ~fe t¥  
standards are significant in that they have an ;.mp~ct on production levels and the cost e f  
mining. 

Federal Meal and Nonmetallic Mine Safety Act of 1966 

Thi.~ ac~ gives the responsibility to the Secretary. of  Interior for the development of 
mine hea/th and safety standards, the regular inspection of  mines, and implementation of  
a ~afet'.,' training program. 

Federal Coal Mine Health and Safety Act of 1969 

This act provides authority to promulgate and enforce health and safety regtalations. 
Major areas covered are dust concentration, gas hazards, roof  support, ve,:tilation, elec- 
trical equipment and fire protection. Title IV of this act established the Black Lung 
Benefit Pro~am which provides compensation to mhaers (and their dependents) in the 
event that they contr---ct black lung. 

LEASLVG POLICY 

The leasing policy of  the federal govemme:'.: regulates the level of  mineral produc- 

t ion from federal land. This policy, is of  ~ea t  importance since a large portion of the 
western coal resources are on public land. Presently. a moratorium is in effect on all 
leasing. Howe~er. the following acts regulate leasing under normal conditions. 

Mineral Leasing Act of 1920 

This act allows the prospecting and mining of  minerals (coal) on public land on a 
lease basis. 
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The Mineral Leasiag A ~  for Acquired Lands of 1947 

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

The Mining and Minerals Policy Act of 1970 

This act establishes a federal policy, to govern the development o f  mineral resources. 
to include the encouragement of  private enterprise in the development, mining and study 
of  minerals. 

STATE LAt¢S AA'D REGULATIOz\:S 

In addition to federal influences, individual states also have la3vs and regulations 
which play a significant role in the development o f  coal. Surface mining and land 
reclamation is one aspect of  coal recovery where the states alone have jurisdiction. The 
estaHishment of  a federal policy for surface mining and reclamation was provided for in 
the Sun'ace Mining Control and Reclamation Act o f  1975, but  was never implemented as 
the restfit o f  a presidential veto of  the bill  

The existir~g state laws range from strict, including stiff license, bonding and 
reclamation requirements to provisions which contain only moderate standards with small 
penalties. State laws pertaining to tranportation, such as weight load limitation, must also 
be recognized as a factor ill t.he delivery o f  coal. 

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

State water laws providing for control over water use and pollution are a l ~  
important to any development of coal. Along the same line are the state land use and 
mineral r i ~ t s  statutes which may restrict the utilization of  some resource areas. 
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ABSTRACTED GASIFICATION PROCEC,.SES 

I. Advanced GasiiTcation System 
Two pressurized, fluidized-bed vessels are used. Mr.  steam, and char react in ri,e 
gasifier. Resulting hot gases provide heat for the devoiatilizer/desulfurizer where 
dolomite is added tc~ remove su!fur. Low-Btu product gases may be used as a fuel 
gas or in a cembLned power system. Proces~ conditions m the reactors ~ e  I0 to 20 
atm with temperatures at 1900 ° F in the gasifier and 1600 ° F in the devolatilizer. 

A 1200 Ib]hr process development unit (PDU) has been constructed at Waltz 
Mill. Pa. Westinghouse Corpo.'ation. five private industry, pa~icipants, and CCU 
are cosponsoring the project. 

2. B/GAS 
The gasifier is a two-stage entrained-flow reactor. Coal t~d into the top stage of  the 
reactor is entrained and devolatilized by hot synthesis gas rising from the lower 
stage, Unreacted char fro;'c ~h¢ top stage is gasified in the lower stage with oxygen 
and steam under s l u i n g  conditions. The partially methanated product gases in the 
top stage are cleaned aafl furt!-er methanated into pipeline quality gas. Process 
conditions are 50-i00 arm with temperatures of  2700-2800° F in the lower stage 
and t400-1700 ° F in the top stage, 

A 120 tpd BCR pilot plant is under construction at Homer Ci~', Pa. CCU and 
AGA are cosponso~tg the pilot plant program. 

3. C09 Accepter 
Two fluidized-bed reactor.x are used to convert highly reactive coals, such as li~aite 
and subbituminous coal. ;rite a medium-Btu gas which can be upgraded to pipe!ine 
quality gas. Coal fed into the gasifier is devolafilized and then ~sified with steam. 
Heated cal~um oxide provides reaction heat and combines with (accepter) CO 2 
from reaction products. Char ana calcium carbonate products from the gasifier are 
led to the regenerator where cP.ar supported combustion reverses the accepter 
react, ion, thereby recycling calcium oxide accepter to the ~sifier. The process 
operates at a pressure of  150 psi with a gasifier temperature of  1S00 ° F and a 

regei~e,.-ator ~emperature o f  1870 ° F. 
Through CCU and AGA sponsorship, a 40 tdp pilot plant has beert built in 
Rapid Cit)', South Dakota. by Conoco Coal Development Company. 
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4. COG.4S 

A fluidized bed char gasifier produces a medium-Btu gas which can be cleaned up 
and upgraded to pipeline quality gas. A portion o f  the feed char is burned in a 
combvstor with air. Char frees or inert pellets are thereby heated and then fed to 
the gasitier to provide endothermic heat for  a steam-carbon reaction which produces 
the medium-Btu gas. A coal pyrolysis process, such as COED, would produce liquid 
fuels and char for the production of  high-Btu gas without the use of ,an oxygen 
plan~. Reaction pressures are 0-30 psig and reaction temperatures are 16'-30 to 1700 ° 
F. 

A 2½ tpd (char) plier plant is in operation in Princeton, NJ . ,  under private 
funding by the COGAS Development Company (a partnership of  six 
companies). Also: a 50 tpd (char) pilot plant is in operation in England by 
British Coal Utilization Research Association. 

5. Gasi)~cation - Combined Cycle 
An air-blown, t-vJo-stage entrained flow gasifier is used to produce low-Btu gas. Coal 
is fed into the top stage of  the reactor where it is entrained and partially gasified by 
ho t- gases from the iower stage. Char is separated from the raw product gase~ by 
cyclones and fed to the lower stage where complete gasifi~t[on occurs with air and 
steam. Product gases are cooled and cleaned and can then be used to rue'., a gas 
turbine. Waste gases are then cooled in a waste heat boiler producing steam ~'or a 
sre, am turbine resulting in a combined power system. The process operates at a 
pressure of  500 psig mad temperatures of  1800 ° F in the top stage and 2800 ° F in 
the lower stage. 

A 500 tpd pilot plant is being designed and developed by Foster Wheeler 
Energy Corporation with the cosponsorship of  ERDA. 

6. GEGAS 
A stirred, fixed-bed reactor is used to produce a low-Bm gas from a wide variety of 
coals. Reactor pressure may be on the order o f  350 psi. Coal is fed to the gasifier 
with a unique extruder (auger) feed which could facilitate the flow of  coal from 
lock hoppers to a pressurized gasifier. 

A 2000 lb/hour pilot plant is under eunstruetion tt~.rouo-_.h joint funding by 
General Elect.de Company and EPRI. 

Z H Y D R A N E  
A two-stage fluidized-bed reactor produces high-Btu gas from caking coals without 
pretreatment. Coal is fed into utte t.op stage where it reacts with hydrogen in a 
free-fall zone (dilute-phase hydrogenation). Resultant el-mr reac~ .further with hydro- 
gen ha the fluidized bed of  the lower stage, producing methane. Hydrogen is 
produced in a se.narate reactor by stzam-oxygen gasification o f  excess char from the 
gasifier. Gasifier pressures may exceed I000 psig and hydrogasification temperatures 
are generally 1.600 ° F. 
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A 10 Ib/hour laboratorT unit is in operation and z 24 tpd iY_,l,~t plant is being 
planned by PERC. 

S. HYGAS 
A ",wo-stage, fluidized-bed gasificr i-. used tc produce a raw gas that can be up*~raded 
to pipeline gas. CakiNg coals are pretreated in a fluidized bed to produce a 
nonaggl.omerating coal which is slurried in light oil and fed to a low temperature 
fluidized drying bed. Coal from the drying bed men passes into the first stage of the 
gasifier where it is de'eolatilized and partially methanated. Char then falls to the 
lower stage where it is gasified at high temperatures in the presence of  hydrogen and 

• steam. Hydrogen for the process can be generated by m y  one <~f three fluidized bed 
gasification methods currently under investigation. Process pressure is 1000 to 1500 
psig in the d~ ing  bed and in the gasifier. Gasifier ~emperatures are 1300-1500 ° F in 
the top stage and 1700-1800 ~ F in the lower stage• The hydrogen produci.'ag gasifiers 
will also operate m high pressure and temperatures. 

A 75 tpd IGT pilot plant has been in operation since 1973 through IGT. CCU 
and AGA cosponsorship. The "'Steam Oxygen" and "Steam-Iron'" hydrogen 
producing gasifiers are being researched. These lwo and the "Electro-Thermal" 
gasifier are being studied for commercial applicatior, 

9. Kopuers-Totzek ¢K-T) 
An entrained flow reactor can produce a medium-Btu ga~ from co:d. The feed eva! is 
partially oxidized in suspension with oxygen and steam. Product gases can be 
upgraded ~o pipeline gas. Reactor temperatures may be 3590 ° F with pressures up to 
150 psig. 

Thirteen plants employing _a9 gasifiers have been ~nstalled in Europe. Africa. 
and Asia. Koppers Company.  Ire.  in the U.S. and Koppers (of  West Germany) 
market the K-T systems. 

10. Lhtuid Pltase l~lethanation 
Fluidized nickel catalyst is used to convert carbon monoxide and hydrogen feed *_as 
(medium-l~.u) to h i~-Btu  gas. The solid catalyst is suspended in a ci_rculating ine~ 
paraffinic oil" Feed gas enters at the bot tom of the low temperature reactor and is 
cop.vetted to mp.th-~.-ie as it passes upward through the fluidized catalyst. The 
three-phase flow reactor operates at a pressure of  1000 psig and a temperature of 
570* F. 

Chem Systems. Inc. is devel~ping the process under conrs'act with CCU and 
AGA. A pilot plant capable of  producing 250 mmscf  per day has been built 
and operation is pending. 

11. Low-Bru/Ftxed-Bed Gasij~er 
Three fixed-bed g3sifier configurations arc to be tested tc  develop a c".ean low-Btu 
gas process fox combined power plan t. systems. The gasifiers wili be developed to 
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utilize a hio~hly agglomerating run of  mine coal. Higah temperature and low 
temperature sulfur removal methods will be used. The stirred, fixed-bed reactor 
under development by MERC is serving as a design basis for this gasifier 
development pro~am.  

One 25 ton per hour reactor will operate over a pressure r.ange of  100 to 300 
psi. The other two atmospheric pressure reactors will have a capacity of  10 
tons per hour each. The Tennessee Valley Authority (TVA) is managing the 
program in an interagency agreement w';th ERDA. 

12. Low-Btu Fuel Gas 
Three fi'aidized-bed reactors are used to produce low-Btu gas from caking and 
~oneaking coals. Coal is devolatilized in the f'trst stage reactor. Devolatilized coal is 
burned in the second stage reactor forming char which is burned in the third stage 
reactor. Off-gas from the first and third stages support the prima.,-y production o f  
fuel g~  froa.n the second stage reactor. The third stage reactor operates at a 
temperature o~ 2100 ° F. The second and first stages operate at lower temperatures 
of  2000 ° F and 1200 ° F respectively. (Process pressures are apparently low). 

A I00 lb per hour  PDU is in operation in Monroevi!le, Pa. BCR is deveic.ping 
the process under ERDA sponsorship. 

13. Low-Btu Gasification for Electricity Generation 
An atmospheric pressure, entrained flow reactor is being designed to produce 
low-Btu ~ from coal and rec3.,cled char. Coal. char, and air (or 02)  are fed into the 
combustor section in the lower part o f  the reactor. Additional coal and steam are 
;~ected into the reducer section above the combustor. In this entrainment process. 
coal is devolatilized and reacts with hot  combustion gases to result in low-Btu gases 
being produced in the upper gasifier section o f  the reactor. Product gas temperatures 
may be 1600* F. 

A 5 ton per hour  pilot plant is being developed by Corribustion Engineering. 
Inc. and EPRI through cosponsorship with ERDA. The pilot plant is ia design 
and is scheduled to be constructed and operating in 1977. 

14. Lurgi 
A fixed-bed reactor is used to convert primarily noncaking coals to a medium-Btu 
gas that can be upgraded to pipeline gas. Coal is fed into the top o f  the reactor 
where it is devolatilized and distributed. Coal is gasified in an intermediate zone as it 
falls to the oxygen-rich combustioa zone. Steam is also fed to the combustion zone 
where temperatures reach 2503 ° F. Reactors are typically designed for pressures of  
up to 450 psi. 

N~arly 60 commercial units have been installed worldwide by Lu,-gi Gase!!schaft 
fur Warme and Chemietechnik, M.b.H. (of  ',Vest Germany). Thirteen Lur~ 
gasifiers are installed in Sasolburg, South Africa, to produce raw synthes~s gas 
for oil synthesis. ;-  
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15. Molten Carbonate Process 
Coal and steam are ted into a molten bath of sodium carbonate which ~erves as a 
heat source and as a catalyst. The l~roduct gas can be upgraded to methane. Sulfur 
entering with the coal accumulates in the bath as sodium sulfide. Circulating melt 
carries char to a combustcr  where char is burned in oxygen or air which reheats the 
melt for the gasifier. A stream of melt is continuously withdrawn to purge the melt  
of  ash and sulfur (in the form of  hydrogen sulfide). Most of  the sulfur in the coal is 
removed in this way. This two-vessel process is now being developed into one 'Jessel 
to perform both gasification and comt~ustion functions. The process gasifies coal at 
I830 ° F and bums char at 1900 ° F az a pressure of  420 psia. 

Bench sc:le tests have been conducted in-house by the M. W Kellogg Company 
of Houston. Texas. The de . ~ , ,  development, construction, and operation of a 
pilot plant is being propose,~. 

16. :~lolten Iron 
Using steam as a carrier, a mixture 6f coal and limestone is injected into a molten 
bath of iron. By injecting either air or oxygen into the molten bath. the carbon. 
from the coal is oxidized to CO. Injected steam dissociates to produce hydrogen and 
additional CO. A low. medium or high-Btu gas can be formed through this basic 
process. The limestone in the mixture absorbs _¢ulfur and forms slag near the surface 
of the molten bath. The slag is removed through a slag port. is desulfurized, and the 
limestone is then recycled to the gasifier. Process conditions are 50 psig and 2500 ° 

F. 
Bench-scale tests have been conducted by Applied Technolo~, Corp. through 
EPA sponso~F-p (ATGAS. PATGAS. and two-stage processes produce high. 
medium, and low-Btu gases reepectively). 

] 7. Molten Salt 
Air carries coal and sodium carbonate into a molten bath of sodium carbonate. Coal 
volatiles crack, producing a low-Btu off-g.as. A stream of melt is continuously 
removed to purge tic=" melt ol  =tlfur and ash. With some modifications, a high-Btu 
gas could be produced via this basic reactor concept. Process conditions are 5 to 10 
atmospheres and 600 ° F to 700 ° F. 

A 120 tpd pilot plant is being built by Atomics International. The project is 
being cosponsored by ERDA and Northeast. Utilities Service Company. 

18. Nuclear Gasifica;~on 
Coal is slurried .and dissolved in the presence o~ hydrogen. Liquid coal is further 
hydrogenated in subsequent st~ps, resulting in a desulfurized high-Btu pus. A portion 
of  "..he product gas is cycled to a steam-methane reformer, a heat exchanger in the 
primary coolant loop o f  a high temperature gas-cooled reactor (HTGR).  
Endothermic steam-methane reforming produces hydrogen-rich gas ~r.d CO 2. The 
hydrogen is then separated and cycled back to the coal hydrogenation part o f  the 
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process. Liquid fuel products can also be formed by this fundamental process. 
Reformer pressures can be in excess of 700 psi and temperatures can be 

1200-I 600 ° F. 
A demonstration plant is being planned and the process is being developed by 
Stone and Webster Engineering Corp. and General Ar.omic Co. 

19. Self-Agglomerating 
Two fluidized bed reactors are used to produce a raw synthesis gas that could be 
upgraded to pipeline gas from coal. Coal is burned in a fluidized bed burner at a 
temperature approaching the ash fusion point of  the feed coal. Off-gases from this 
burner should be sufficiently clean o f  fly-ash to be expanded in an open cycle gas 
turbine. Ash a-~glomerates are transferred from the burner to r.he gasifier via a steam 
lift. Additional coal is fed to the gasifier. Superheated steam fluidizes the coal,/asi~ 
mixture. The hot. inert ash supplies, hez,.t of  reaction t'or endothermic coal gasification 
reactions which can be the basis t'or producing methane. 

A 25 tpd PDU is under construction in West Jefferson. Ohio and the process is 
being developed by Battelle Memorial Institute Columbus Laboratories. The 
project is being sponsored by CCU. 

20. STEA G-Combined Plant 
A Lur.~ gasifier is used to produce high pressure, low-Btu gas which is scrubbed. 
expanded in an expansion turbine, burned in a pressurized boiler and finally 
expanded a~ in  in a gas turbine. The pressurized boiler drives a steam turbine which. 
in combination with gas turbine power extraction, extracts a m~ximum of  heat 
energy from the combustion and ~asification of  coal. The combined plant currently 
operating in Lunch. Germany. is too small to actually maximize -he heat e,aerg.v 
recoye~" from coal that a commercial size plant may be able to achieve. 

The 170 Mw combined p!ant currently in operation is the design basis of a~ 
800 Mw plant in planning. STEAG AtiengeseUshafr. of  West Germany i,. 

developing the concept. 

21. Stirred Fixed-Bed Gasi.r~er . . . . . .  
A pressurized, air-blown fixed-bed o~asifier is being developed to produce a low-Btu 
gas from a wide variety of  coals. A variable height stirrer facilitates the breaking-up 
and gasifying of  caking coals. The gasifier is very similar to the Lu ~ i  gasifier in 
operating principle. Process conditions are 2300 ° F in the combustion zone and the 
pressure is 300 psig. 

A 2000 lbs per hour gasifier is being tested and developed by MERC in 
Morgantown, West Virginia. 

22. S.vntt,.ane 
A fluidized bed gasifier is used to produce a medium-Btu gas which can be upgraded 
to a high-Btu gas. A pretreated or  noncaking c~a! is fed into the top o f  tl~e gasifier. 
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The coal is devolatilized aad gasified as it falls freely to the fluidized bed level  The 
bed is fluidized by  a rising mixture of  oxygen and steam fed into the bo t tom of  the 
gasifier, l-lue gas from tl;~: burned char would then have to be s.-rubbed to remove 
sulfur con~pounds. Unreacte.d char settles to the bot tom of the reactor where it is 
removed. Gasifier conditions are I000 psig and 1800 ° F. 

A 75 tpd pilot plant has ~een constructed and is in operation. PERC is 
developing the process. 

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

A large scale pilot ,-'nit is now under development by the Texas Oil Company.  

24. (;:Gas 
A fluidized bed gasifier produces a low-Btu gas from a wide variety o f  coals. 
Pretreated coil or  noncaking coal is fed into the gasifier where it is gasified directly 
with steam and air or oxygen. By carefully ~]ecting the steam te air (or oxygen) 
ratio, ash will agglomerate and can be. separated by weight from the fluidized bed. 
Process conditions are 300-350 psig and 1900 ° F in the g~asifier. 

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

25. Welbnan-Galusi:a 
A fixed bed gasifier produces Iow-Btu gas primarily from mildly caking or noncaking 
coal. It  o~,,erates much like the Lvrgi gasifier. The stirred fixed-bed gasifier being 
developed by MERC is based on the Wellman-Galusha gasifier design. The Wellman 
Galush~; operates at near atmospheric pressures. 

~,he gasifier has been operated commercially and a few plants v, re still 
operational. 

26. Winkler 
A fluidized bed gasifier produces a low-Btu gas or a medium-Btu gas f rom a wide 
variety o f  coals. Coal is auger fed into the gasifier where it is gasified directly ~vith 
steam and oxygen. Reactor conditions are atmospheric pressure and 1500 to 
1800 ° F. 

Commercial  installations are in worldwide use. Bamag Verfahrenstechnik GmBH 
of  (West) Germany and Davy. Powergas market the *~sifier, 
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Early Gadficadon Processes 

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

Several of  the early German processes have been refined for commercial applications. 
~.Videly employed are the Lurgi gasifier, the Wi:lkler Gaslfier and the Koppers-Totzek 
gasifier, all three of  which evolved from early German models. Other early German 
processes and reactor desigJas are being adapted and developed t'or a wider variety of teed 
coals. 

t 

BCR conducted a sur,~.v of  ccal gasification processes (commercial. pilot scale, and 
conceptuaD available in 1965. The su~'ey included only those processes which held 
promise for potential development as economical systems for the production of fi~ei gas 
and[or  syo.thesi., gas capable of  conversion by water ,as  shift and methanation into 

hid~-Btu gas. The survey described 05 processes in detail. (Rcf. 28 and 29). 

In-Situ (Underground) G~ification 

Early Russian undeground, gasification work reached the stage where the extracted 
gas was used for large-scale geuemtion of  electricity and to supply local industries. 
Out-side Russia. most of  the experimental activity occurred in the post World Wra I1 
period from 1945 to 1960. Today.  no significant activity seems to be underway 
anywhere in the world, mainly for  tack of economic incentives but also because of  
serious technical problems, such as the lack of process control and the resultant inability" 
zo produce gases o f  a predictable quality and quantity. In the U.S.. ERDA has recently 
revived experimental work on undeground  gasification at a site near the town of Hanna. 
Carbon County. Wyoming. and in Mogantown. W. Va. The decision to revive this work 
resulted from interest in clean fuels from coal. the changing domestic enerD" situation 
and mere specifically, file recommendations of a committee in favor of  new work to 
determine the technologic, economic, and environmental feasibility of  gasifying eastern 
and western coals. 
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Sources for Gasification Ab~racts by Abstract Number 

I. 

3~ 

4. 

. 

7~ 

8. 

. 

I0. 

12. 

"'Co--'! Gasificatiox~ for Clean Power Productien'" by D. H. Archer. E..1. Vidt. and D. 
I_. Keairns from I975 IGT Sylr.p. 

"'BIGAS Pilot Plant" by V k. Br:,nl. from 1974 Ohio V,.'kshp. 
"'The CO~ Acceptor Proton" by Carl E. Fink from 1973 IGT Syrup. "'CO~ 
Acceptor Pilot Piant-1974"" by ' - '  E. r:'~k. Gco~c Curran and John Sudbur':' from 
1975 IGT S.~mp. 

"'The Status of the COGAS Project" by R. Bloom. Jr.. and R. T. Eddinger from Sixth 
AGA Synthetic Pipeline Gas Symposium. AGA. Oct. 28. 197a. AGA. CCU. IGA. 

"'Pha~e 1 Study of Coal Gasification Combined Cycle Pilot Plant" by Pittsburg and 
.Midway Coal Mining Co.. Foster ~,~,heeler Corp.. ~nd Northern States Po~'er. Co.. 
March 1. 1974. OCR. 

"'The GEGAS Proce.~s'" by Paul H. Kydd from 1975 IGT Syrup. 

"'The Hydrane Process" by" Paul M. Yavorsky from 1973 IGT Symy. "'Tbe Hydrane 
Process" b~ H. F. Feldman :,.rid P..Xl. Ya~orsky from Fifth Synthetic Pipeline Gas 
Symposinm. October 28-31 1973. spon.,ored b v AGA. OCR ~CCU) and IGT. 

"'The |tYGAS Process'" by A_ E. Co,cr. ~,. C. Schrciner and G. T. Skaperdas from 
Coal Processing Technology edited by CY,,mital Ep~giuct'ring Pr,)~css and published 
by AIChE 

"'The Koppers-Totzek (K-T1 Process and l l s  Applicatioll to Industrial Needs". J. F 

Farnsworth and D. M. Mitsak from 1975 IGT Symp. 

"The Liquid Phase Methanation Process'" from ERDA-111 75/!. 

"'Low-Btu Fired Bed Coal Gasification and Des:dfuri~ation Program" from "'Shaping 
Coal's Future throug.h Technology." (annual report1 1974-1975 by OCR (.now CCU). 

"'Gas Generator Research and Development. Clean Fuel Gas Annual Report" from 
period June 1974-June 1975 by Bituminous Coal Research (BCRI. BCR report 
No. L-705 of S August I~"5 and ERDA Report No. FE-1527-1. "'Low Btu Gas 
Generator Research and Develop.-v,.¢at'" from (ERDA-I I ~-75/1). 

13. "'Low Btu Gasification of Coal for Electrici::.' Generation" from ERDA 111 75/1. 
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15. 

16. 

17. 

18- 

19- 

21. 

22. 

23. 

25. 

26. 

"Evaluation of Coal Gasification Technology. Part I Pipeline Quality Gas." Nat'l 
.Academy of Engineering (GPO). I~)'/4, OCR. pp. 25 and 26. Project Independence. 
Syn:hetic Fuels from Coal DOI, Nov. 1974, FEA pp. 112 to 123. 

"'Kellogg's Coal Gasification Process" A. E. Cover. W. C. Schreinder and G. T. 
Skaperd~ from "'Coal Processing Technology'" editors Chemical Engineering Progress 
fCEP) publishers-AIChE, 1974. 

"Fuel Gas from Molten Iron Coal Gasification" Paul LaRose and R. J. McGarvey, 
1973 IGT Syrup. 

• "Molr.en Salt Process for the Gasification of Coal.'" by C. A. Trii:ing from 1974 Ohio 
Wkshp. 

"i,~uclear Energy for Coal Gasific-ation'" R. N. Quade and A. T. McMain from 1973 
IGT Syrnp. 

"'Union Carbide/Battelle Coal Gasification Process" by W. C. Corder. H. R. 
Batchelder. and W. N. Goldleiger from 1974 Ohio Wkshp. 

"'Combined Gas and Steam-Turbine Process with Lurgi Coal Pressure Gasification" 
by K. H. Krieb from !975 IGT Syrup. 

"'Bituminous Coal Gasified in a Stirred Bed Producer," by P. S. Lewis. et ai. (Report 
MERC/RI-7$ No. 1) MERC June 1975. 

"'The Synfllane Process" by W. P. Haynes and A. J. Fomey from 1975 IGT Syrup. 

"'Texaco Heavy Oil Gasification" by E. T. Child from University of Pittsburg School 
of Engineering Symposium, Texaco Development Corp. August 6-8. 1974 for OCR 
(CCU). 

'qGT U-GAS Process" by J. G. Patel from 1975 IGT Symp. 

"Advanced Anthracite Technology and Research" by U. H. Bart. and J. R. Kalafut. 
PubIished by University of Scranton, Jan. 6 and 7, 1975. ERDA Report No. FE 
1774-'[1, pp. 60 to 62. 

"The Winkler Process for the Production of Low Btu Gas from Coal'" by I. N. 
Banch/k from 1975 IGT Syrup. 
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27. Report on ',he petroleum a,td S rnthetit" Oil Industm" of  Germany. by A. Mission 
from The Minis~r,' of Fuel and Power fLondon. England). 1947. pp. 3 t.~ 46. 

28. Gas Generator Research attd De~elopment Survey and Evaluation. Phase L Vol. 1 and 
by Bituminous Coal Research. No. L-156 to The Office of Coal Research. !965. 

29. Synthetic F~w',s Data Itandbook compiled by Dr. "i-. A. Hendrickson. Cameron 
En~neers. Inc. 1975. pp. 175. 176 and Appendix. Part I. 

30. "Unde~round Gasification of Coal'" by R. M. Nadkarni. C. Bliss. and W. I. Wilson 

from 19 73 IG T Syrup. 
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APPENDIX B 

COAL LIQUEFACTION 



ABSTRACTED LIQUEFACTION PROCESSES 

Direct Catalytic Hydrogenation 

I. H-foal 
Pulverized coal is slurried with coal derived recycied oil mixed with hydrogen and 
fed into an ebullated bed with cobalt-molvdbate catalyst. Liquids and gases are 
produced. Hydrogen consumption requirements are from 12.200 to 18.600 ~cf/ton 
where, respectively, low sulfur fuel oil or synerude are to be produced. Synthetic 
crude yield may be 4.06 to 4.38 bbl ton depending upon the type of coal used. 
Product oil contains less than 0.l percent sulfur (by weight). Reactor operating 
conditions are 850 ° F and 3000 psi* 

A 3 tpd PDU is in operation and the process is being developed by Hydro- 
carbon Research inc. A 600 tpd pilot plant is being designed and constructed 
under the cosponsorship of ERDA. EPRI and four oil companies. 

? Sl,ttthoil 
Ccai  in a recycled oil slurry, is mixed with hydrogen and fed into a fixed bed 
(packed bed) catalytic reactor. The catalyst is composed of pellets of cobalt 
molybdate on silica promoted alumina, in this hydrodesulfurization process, coal is 
liquefied and sulfur removed as H-~S. Liquid product is fuel oil. Hydrogen 
consumption is from 3400 to 4375 scf/bbl of product. Fuel oil yiel~ is 3.2 to 3.4 
bbl/ton of  coal and has a heating value of  17.000 btu/lo. Sulfur content is 0.4 to 
0.2 percent by weigaht. Reactor operating conditions are 850 ° F .xnd 4000 psig. 

?ERC has been operating a I/2 tpd experimental unit. A lO tpd PDU is be~.ng 
designed by Foster Wheeler Energy Corp. through ERDA sponsorship. 

3. Co-StEam 
Pu!veP:zed li.~nite in some of the product oil is pumped with ~rocess g~ (CO and 
steam) into a stirred reactor. The process utilizes-r.atural ~kalinity of ]ignite to 

catalyze the CO + water reaction to produce hydrogen, which liquefies lignite. The 
product goes to a receiver where oR. gas (CO + Hn) and unreacted solids a~ 

separated. Low sulfur fucl oil yield is 69,4 tc 77 percent by wei.$ht. Product g2ses 
provide the hydrogen for the hydrogenation process. Rezctor operating conditions 

are 800 ° F and 4000 psig. 
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A 1/2 tpd unit has been in operation. A 10 tpd t~DU .is to be built and develvped 
by Grand Forks Energy Research Ce.nter GFERt, (ERDA). 

4. Gulf CCL 
Coal is slurried in recycle oil, mixed with hydrogen and fed to the fixed-bed reactor. 
Coal molecules are deploymerized in the presence of hydroge.n and a catalyst. Gas. 
liquid and solid products are then separated. A heavy fuel oil (similar to #6) with a 
heating va3ue of !7,900 Btu/ib and a light fuel oil (similar to #2) with a heating 
value of 18,800 Btu/Ib are produced. The yield of heavy fuel oil is 2.3 bbl/ton and 
0.9 bbl/ton tbr the light fuel oil. Products contain approximately 0.04 percent 
sulfur. 

A 120 lb/day bench scale unit is being operated and developed by Gulf 
Research and Development Co. 

5. Bergius Process Hydrogenation 
Coal is pulverized and made into pa~e with heax, y oil derived from ~he process. 
Powdered catalyst and hydrogen are mixed with the paste and the liquid phase 
hydrogenation is carried out in a se~es of converters. Gasoline and middle oil are 
eventually distilled from liquid products. The catalyst is composed of FeSO4-H20 
and sodium sulfide. Reactor process conditions are 800 to 900 ~ F and 250 to 700 
ar~a. The yield range is 50 to 67 percent of coal fed by weight. 

Peak produc~on capaeiD" was 64.200 hbl/day during ~,~V II in Germany. 

6. Zinc Chloride Catalysts 
Coal is pulverized and slurried in the recycle oil. The slu,-ry is ted to the reactor 
where hydrogen and molten zinc dhloride are added at h i ~  reactor temperature and 
pressure. One-step "~': = . hydrocrav.,..n= t~es  place in the molten salt reactor. The d';st.qlate 
product is separated from gases. The spent catalyst is regenerated in the fluid~zed 
bed combustor and recycled. Fuel oil and low-Btu gas are produced. Reactor 
operating conditions are 700 to 825* F and I500 to 3500 psia. 

A 2.5 lb/hr bench-scale unit is in operation. A 1.2 tpd PDU ":.s curre~itly in 
design and development by CONOCO Coal.Developmer.t Co. and Shell Develop- 
ment Co. with cosponsorship from ERDA. 

7. Disposable Catalyst Hydrogenation [.4d;'anced version o f  Bergius Process) 
A low cost disposable catalyst is being tested if.. a Synthoil style fixed bed reactor 
and in a stirred reactor. Low sulfur fuel oil is the primary product. Reactor 
operating conditions (850* F and 250 to 700 arm.) are significantly less than those 
of  the Bergius process. 

A 50 ib/hr PDU is being designed at PERC and a 5 to I0 tpd unit may follow. 
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Solvent Extraction Processes 

8. CSF [Cresap) 
Cp.:.shed coal is mixed with a recycled solvent, then heated and fed to ~ e  extractor. 
Coal is dissolved in solvent and the p~x)duct from the extractor is separated. Solid 
product is carbonized to char which may be used to produce H 2 for the process. 
Liquid is subjected to hydrogenation and fractionation to produce iow sulfur fuel oil 
and solvent for recycle. No catalyst is required for solvent extraction. Reactor 
operating conditions are 765 ° F and 150 psig. 

The 20 tpd CSF pilot plant in Cresap. West Vi~inia has been operated. Fiuor 
Engineers and Constructors. Inc. is reactivating the plant under contract ~'ith 
ERDA. 

9. P:IMCO SRC Process 
Puh'enzed coat is mixed with a recycled coal derived solvent, pumped through a 
preheater v,'here hydrogen is mixed in and then sent to a dissolver. The coal is 
dissolved in solvent. The liquid product from the dissolver is degassed, hydrogen is 
recirculated and pass-.d through a distillation unit to recover solvent and hea~_'y 
product which is cooled and solidified to result in so!~ent refined coal. SRC has a 
heatir'g value of 16,C00 Btu/lb and a sulfur content of  0.5 to 0.9 pe r~n t  by weighz. 
Process operating conditions are 860 to 900 ° F and iOOO to 2000 psi. 

A 50 tpd pilot plant is currently in operation. The process is being developed 
by Pittsbt:~ and Midway Coal Mining Co. (PAMCO) and Rust Engineering Co.. 
under ERDA sponsorship. 

10 Sotithern Services SRC Process 
This process is similax to the PAMCO SRC 9rocess e::cept for tile filtration and 
product so!idificazion system. 

A 6 tpd pilot plant has been in operation. Project sponsors are Southern 
Services. luc. and EPRI. 

11. Modified SRC Process 
Similar to PAMCO SRC process, the difference is that the unfiltered dissolver 
product is recycled as feed slurry medium. The dissolver product is furt;-zer 
hydrotreated to produce a low sulfur liquid product. 

Preliminary design of  a lO.000 r_pd plant has been completed. 

12. Solren," Refined Lignite 
Solvent extraction of  limnite is produced from ~'nthesis gaz (CO & H 2) under 1500 
to 3000 psig by vacuum fl~hing, producing solvent refined lignite and light oils. 

A 5 tpd PDU is being tested by the University of  North Dakota under ERDA 
sponsorship. 
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13. Delayed Coking 
Deep hydrogenation followed by thermal cracking produces distillate fuels. 

LaboraTo~, batch tests are being conducted by A. D. Little, Co. and Foster 
Wheeler Energy Corp. under ERDA sponsorship. 

14. Hydrogen Donor Solvent Process 
A process under development by the Exxon Co. uses a separately hydrogenated 
solvent which exchanges hydrogen with coal. The hydrogen donor solvent process 
uses coal heated in the presence of  hydroaromatic material at 700-850 ° F "-~.d 
2013-1000 psi. Liquid products can be upgraded by catalytic hydrogenation. 

Exxon has operated 1/2 tpd pilot plant at its research center in Baytown.. 
Texas. 

15. Hydrocarbonization Process 
Coai is crushed, dried and p~heated to 750°F in a stream of  hot flue gas. A 
hydrogen stream produced from char carries the coal into the fluidized bed hydro- 
carbonization reactor where coal is converted to gas, liquid and char. Hydro- 
carbonization cons~ts of a combination of coal devolatilization and hydrogenation 
of various eonstituten~ of volatile matter. The product, after char removal, is sent 
to a frac.~onator. Heavy. and light oils are separated. Gas. after passing +3arough 
purification, is methanated to produce pipeline gas. Process conditions are 470 to 
560* F and 300 to 1000 psi~ H 2 is produced by a Koppers-Totzek gasifler. 

A 500 tpd pilot plan ~ . was operated by Union Carbide Co. in the mid-1950"s. 
Construction and operation of the Clean Boiler Fuels Demonstration Plants by 
Coalcon Development Co., is being sponsored by ERDA. 

16. COED Process 
l~alverized coal is heated using successively higher temperatures in a series cf  four 
fluidized bed pyrolytic reactors (~,rbonizers). In the first stage, coal is haat~  by 
hot fluidizing gases. Devolatilized char from the first reactor flows toward hotter 
reactors while steam and oxygen introduced in the last reactor flows countercutrent 
to the maiu stream. Vapors from the second stage are separated into a liquid 
product and a gas product in a product recovery section. Process pressures are from 
5 to 10 psig. Process temperat-ares range from 5r~0 ~ F in the first stage to 1600 ° F 
in the fourth stage. 

A 36 tpd COED pilot plant at P~fnceton, NJ.,  has been successfully operated 
and is being dismantled. COGAS pilot plant is now being constructed by the 
F!VlC Corporation under ERDA sponsorship to desulfurize char and produce 
clean, gas. 

1 Z Seacoke 
Similar to the COED process, five fluidized bed p~olyzers produce a syncrude (1.3 
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bbl/ton}, char and fuel gas. The operating pressure is I atm. Process temperatures 
range t'rom 6043 ° to 1600 ° F from the first to fifth stage. 

The related COED process i.s b~ing developed in lieu of the Seacoke process. 

18. Clean Coke Plus Liquids 
Crushed coal is split into two fractions. One fraction is processed in a carbonization 
unit where it is devolatilized and partially desulfurized to produce char which is 
further processed to mctallu.'~ca~ coke. The second portion is slurried with recycled 
oil and processed in a hydrogenation unit which produces liquid and gas produc~. 
Liquid products from botk the carbonization and the hydrogenatiop, unit are treated 
in a lia,:id processing unit to pet liquid fuels and chemical feedstocks. Operating 
conditions are !200-1400 ° F and 9-100 psi in the carbonizer. Operating conditions 
are 900 ° F and 3000 to 4000 psi in the hydrogenation unit. 

A 1] ~ - tpd PDU is in operation. A 500 tpd pilot plant is being designed by U.$. 
Steel Co. undo. • ERDA sponsorship. 

I9. Garrett Coal t~. "ro~>,sis 
Pulverized coal is transported to the entrained-flow pyrolysis reactor where it is 
mixed with the stream of  hot char coming from the char heater Hot  char provides 
heat for the flash pyrolysis process. Effluent from the reactor is passed through a 
cycione to separate char. part of  it goes to the char heater and the remainder goes 
out as product. Effluent gases are cooled. Tar is separated and hydrotreated to 
produce syncrude and medium-Btu gases which am purified to get product gas. The 
process temperature is 1 lOO ° F. 

A 3.6 tpd pilot plant is in operation under the Gan'.ett development program. 
Island Creek Coal Co. (a subsidiary of Occidental Petroleum Co.) is 
cosponsoring the project. 

20. TOSCOAL 
Crushed coal is preheated by the dilute phase fluid bed technique and fc~ to a 
pyrolysis drum wllere it is heated with hot circulaled ceramic balls. The char 
product  is passed through a revolving screen to separate ceramic balls, unreacted coal 
or  char and vapors. Pyrolytic vapors are condensed and fractionatexl. Ceramic balls 
a;x heated :,nd recirculated. So!id char and fuel oil are produced. Operating 
temperatures are 800 to I000 ° F. 

Wyoming subbiturninous coal was tested in a 25 tpd pilot vlant originally built 
to process oil shale by the Off Shale Corporation in cooperation with other 

private companies. 

2I. Petrocoa! 
Crushed coal with recycle oil and hydrogen is fed to a hydropyrolyt ic  reactor where 
coal is converted to asphaltenes. The liquid product, after the removal of solids, is 
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subjected to catalytic hydrogenation at 800-850 ° F and 1500 psig and product oil 
suitabte for refining is obtained. 

A 120 lbs coal]day lab unit has been operated. The process is being developed 
by MERC. 

Liquid Hydrocarbon Synthesis 

22. Fischer-Tropsch Synthesis at SASOL 
Synthesis gas (CO & H 2) from Lurgi gasifiers is converted to liquid hydrocarbons via 
an iron catalyst in two basic reactor types. The two reactor types are the Arge 
Reactor System (fixed bed synthesis) and Synthoil reactor system. Operating 
conditions are 300 to 360 psig and 430 to 660 ° F depending on the reactor used. 

A commercial scale plant at SASOL. South "Africa uses 8000 tpd. The plant is 
operated by the South African Coal. Oil and Gas Corp. (SASOL) of the 
Republic of South Africa. 

23. Methanol Synthesis 
Synthesis gas from a high temperature (2400 ° F) entrained bed gasifier is passed 
through a shift converter where the H2:CO ratio is adjus,ed to 2:1. purified, and 
sent to a methanol converter. Crude methanol is distilled to remove water, hig2~er 
alcohols and other chemicals to get chemical~rade methanol (1000 ° Btu/lb.) A 
Cu-Zn-Cr catalyst is used. Catalyst operating conditions are 500 ° F and 800 psi. Low 
temperature fluid bed gasification is used for methane-methanol coproducts. 

Methanol is presently produced from natural gas. 

Sources for Liquefaction Abstracts by Abstract Number 

. 

. 

. 

"'The H-Coal Process" by R. H. Wolk from 1974 Ohio Wkshp.: "'The H-Coal 
Process" from 1975 Cameron Synthetic Fuels Data Handbook; "'H-Coal; How Near 
to Commercialization" by D. A. Johnson and B. Y. Livingston from 1974 Pitt. 
Syrup. 

"The SynthoR Process by S. Fdedman, P. M. Yavorsky and S. Akhtar from 1975 - 
IGT Syrup.; "'Syntholl Process" from ERDA-114 75/1. 

"Oil by Liquefac~o~ of Lignite" by E. DelBel, S. Friedrr~an, P. M. Yavorsky. and 1. 
Wender from CPT Vol. 2 by AIChE; "Clean Energy from Coal-New Developments'" 
t~y I. Wender PERC (BOM now ERDA) report April 1974. 
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4. 

. 

. 

7. 

. 

9. 

I0. 

11. 

I2. 

13. 

14. 

15. 

"'The Gulf Catalytic Coal Liquid Proce~'" by H. G. McIlvried. S. W. Chun. D. C., 
Cronauer. Report =6214 RDOI5 May 25. 1973. Gulf R&D Co. Pittsburgh. Pa. 

"'Report on the Petroleum and Synthetic Oil Industry of Germany by A Mission 
from the Ministry of Fuel and Power.'" published by His Majesty's Stat/onary Office. 
London 1947. 

"'Coal Liquefaction Research and Development. Program Plan. Dec. 31. 1974." 
P~epared for Office of Coal Research. Department of Interior by TR~,~ ' Inc. McLean. 
Va. 

"'An Overview of R&D on Coal Liquefaction" by P. M. Yavorsky from 1975 Pitt. 
Syrup. 

"Crcsap Test Facility" from ERDA. 114-75/1- "'Clean Fuels via CSF Process" by J. 
A. Phinne~' from 1973 IGT Syml:.: "'Coal Laquefaction at Pilot Plant Level"" by J. A. 
Phinney. Chemical Engineering Progress. April 1975 pp. 65-67. 

"'Pro~ess Report of Pilot Plant V.'ork on the SRC Process" by G. E. Chemoweth 
from 1975 Pitt. Syrup.; "The Solx'en: Refined Coal Process" by B. K. Smidt from 
1974 Pitt. Syrup.: "The Solvent Refined Coal Process" by R. M. Baldwin. J. O. 
Golden. J. H. Ga~'. R. L. Bain. R. J. Long. Chemical EnDneering Progress. April 
IC)75: "'Recycling Soi','ent Techniques for the SRC Process" by R. P. Anderson. 
Chemical Engineering Progress. April ! 975. 

"'Status of the SRC Project: by B. K. Smidt. Chemical En~neering Progress. April 
1975 pp. 7.'5-78. 

"'Coai Con~'ersion. An Over'dew of Stat~,s and Potential" by J. B. O'Hara. paper 
pre~ented at Los Angeles Council of Engineers and Scientists Ene3~..' Sympesium. 
Los Angeles. Ca. April 3. 1975. 

",.%'ervieg" of R&D on Coal Liquefaction" by P. M. Yavorsky from 1975 Pitt. Syrup. 

"OCR Coal Utilization R&D Program'" by G. Alex Mills from First Ener~" 
Technology Conference. Government Institute Inc.. Washington. D.C.. 1974. 

"'1975 Energy F~ct Book." Tetra Tech. Inc.. Arlin,zton. Virginia. 

"'Clean Boiler Fuel Demonstration Plant" from ERDA I12-75-/I: "'Union Carbide's 
Coa[con Process" by J. R. Martin from 1975 IGT S.vmp. 
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16. "COED Process" from New Energy/ Tech. pp. t78-182: "'The COED Process" frcm" 
1975 Cameron Synttlctic Fuels Data Handbook. 

17. "Project Seacoke'" from New Energy Tech. pp 175-178. 

18. "'The Clean Coke Process for Metallurgical Coke" by K. A. Schowalter and N. S. 
Boodman from CPT. Vol I by AIChE. 1974. 

19. "Synthetic Fuels from Coal - The Garrett Process" by N. W. Green from I975 iGT 
Syrup.: "'Garrett's Coal Pyrolysis" from CFFC Oil and Gas Journal August 1975. 

20. "'The Toscol Process - Coal Liquefaction and .Char Production" by F. B. Carlson. L. 
Y. Yadumian and M. T. Atwood from 1973 IGT Syrup.: "'The Toscoal Process from 
Low Temperature Co~l Pyrolysis" by F. B. Carlson. L. Y. Yardumian and M. T. 
Atwood from CPT Vo!. I by AIChE 1974. 

21. "Wilat MERC's Deing In CoaJ Liquefaction" published by Morgantown Energy 
Research Center. ERDA. Morgantown. W.Va. 
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PRIMARY SOURCES* 

Identification 

I973 IGT Syrup. 

Sour~ 

Clean Fuels from Coal (CFFC) Symposium. September 
1973, sponsored by Institute of Gas Technology (IGT). 

10-i4. 

1975 IGT Syrup. CFFC-ii. June 23-27. 1975. sponsored by IGT. 

1974 Pitt. Symp. Coal Gasification. Liquefaction Symposium. held at University of 
Pittsbu~h. Pittsburgh, Pa.. August 1974. 

1975 Pitt. Syrup. Second Annual Symposium Coal Gasification. Liquefactio,,.. and 
Utili:ation: Best Prospects for Commercialization. University of 
Pittsburgh. Pittsburgh, Pa., August 5-7.1975. 

1974 Ohio Wkshp. Materials. Problems. and Research Opportunities hi Coal Conrer- 
sion. April 16-18. 1974 Workshop documented by Department of 
Metallurgic~ Engineedng, Ohio State University. Columbus, Ohio. 

ERDA-111.75/1 Coal Gasification Qtazrterlv Report. Jammry-March I975. Office 
of Fossil Enemy. ERDA-111 75/1. 

ERDA-112, 75/1 Coal Demoltstration Plants Quarterly Repori. January-March 
1975. Office of Fossil Energy. ERDA-112 75/I. 

ERDA-113. 75/1 Power and Combustion Quarterly Report, January-March 1975. 
Office of Fossil Energy, ERDA-113, 75/1. 

ERDA-t 14, 7511 Coal Liquefaction Quarterly Report. January-March 1975. Office 
of Fossi2 Energy, ERDA-114 75/1. 

CPT Vol. 1 Coal Processing Technology. New York: The American Institute 
of Chemical Engineers, 1974. 

CPT Vol. 2 Coal Processing Technology. Vol. 2. New York: The ,~maerican 
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