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EXECUTIVE SUMMARY 

Coal beneficiation is a generic term that is used to designate 

various operations performed on run-of-mine (ROM) coal to prepare it 

for specific end uses, such as feed to a coke oven or a coal-fired 

boiler or use in a coal conversion process. It is also referred to as 

coal preparation or coal cleaning. Over the years,coal beneficiation 

has come to encompass the entire spectrum of operations ranging from 

the relatively simple crushing and size classification operations to 

rather elaborate chemical and microbiological processes that are used 

(or are being developed) to render the ROM coal more suitable for the 

end use. 

Coal beneficiation offers a significant, though often overlooked, 

means of reducing the sulfur and mineral matter content of several coals 

thereby offering a plausible and, in many cases, economic solution to the 

problem of burning high-sulfur coals in an environmentally acceptable 

manner. Moreover, beneficiating the coal also results in: 

• lower transportation costs per unit of energy delivered; 

• lower waste disposal costs at the user facility; 

• improved coal handling capabilities; 

• higher combustion efficiency in the furnace; and 

• reduced slagging in the furn?ce, which translates into reduced 

downtime for the furnace. 

A survey of currently used and potential coal beneficiation technologies 

was undertaken to assimilate and evaluate the information regarding the 

known coal beneficiation technologies. The results of the survey are 

presented in this report. 

The publicly known coal beneficiation technologies· are summarized 

in Table 1.1 (seep. 4). Three of the processes included in this table 

were subjected to a more-detailed evaluation: (1) the wet mechanical 

beneficiation process, (2) the Battelle hydrothermal coal process, and 

(3) the TRW-Meyers fine coal process. These processes were selected for 

a more-detailed evaluation because: 
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1. The processes are either commercial or are farthest along the 

development ladder to commercialization. 

2. Process design information is available. 

3. They offer a means of comparing commercially used and potential 

coal beneficiation technologies. 

To evaluate the beneficiation processes in a cogent manner, represent­

ative coals from significant coal beds across the country were identified 

and selected to form a basis for the study. A list of these representa­

tive coals and their analyses is presented in Table 1.2 ($ee p, 5), In 

the interest of time, a subset of three coals selected from thP. ahnw~ 

list was used for the more detailed evaluation of the above-mentioned 

three beneficiation processes. These three coals were selected because: 

1. They have high sulfur and ash levels. 

2. They are prime candidates for the application of beneficiation 

processes. 

3. They represent significant coal beds in the country. 

The three coals selected were: (1) a bituminous coal from the lower 

Kittanning coal seam located in Somerset County, Pennsylvania; (2) a 

bituminous coal from coal bed No. 6 located in Hopkins County, western 

Kentucky; and (3) a bituminous coal from coal bed No, 6 located in 

Williamson County, Illinois. These coals will hereinafter be refP.rred 

to simply as Pennsylvania, western Kentucky, and Illinois coals respec­

tively. The remaining coals listed in Table 1.2 have sulfur contents 

that are either within the current permissible SOx emission level 

(that is, 1.2 lb so2 per million Btu) or are slightly higher than the 

permissible level. The noncompliance coals can be cleaned to yield 

compliance coal (that is, coal which meets the current permissible SO . X 

emission level) by using wet mechanical beneficiation processes. A brief 

description of the possible treatment of these coals is presented in 

Sect. l.L1. 

Information on the processes listed in Table 1.1 was.gathered from 

various openly available sources. No proprietary. information was obtained 
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or used in the evaluation. Several of the coal beneficiation processes 

evaluated in this report are under development and have not yet been 

commercialized. These experimental processes were evaluated on the basis 

of available information. However, more detailed evaluations (consisting 

of process designs and economic analyses) were performed for the three 

above-mentioned processes based on conceptual plants with production 

levels of 1500 and 15,000 tons/day of moisture- and ash-free (maf) 

cleaned product coal. These production levels correspond approximately 

to 2300 and 23,000 tons/day of ROM feed coal. A summary of the informa­

tion developed regarding these three processes is presented in Table ES.l 

for the grassroots-type facilities and in Table ES.2 for the battery­

limits type facilities. By definition, a grassroots facility is one for 

which all of the utilities required by the plant are generated onsite; 

for the battery-limits facility, the required utilities are available 

(from an existing plant, for example) and can be purchased. 

The following conclusions about the three selected coal beneficiation 

processes can be derived from the information given in Tables ES.l and 

ES.2: 

1. The processes are capable of reducing the total sulfur content 

of the coals from 25 to 80% and the ash content from 30 to 75%. Generally, 

higher sulfur reductions are obtained when the coals are chemically cleaned; 

however, mechanical beneficiation processes appear to remove a greater 

amount of the ash content of the coal. Also, it should be noted that the 

ash content of the cleaned product coal from the Battelle hydrothermal 

coal process (BHCP) apparently increases. This is because the leachant 

(NaOH) impregnates the coal. 

2. The material and thermal recoveries from most of the conceptual 

plants evaluated are generally high, ranging between -70 and 95%. By defi­

nition, material recovery is the ratio of the mass of the cleaned product 

coal divided by the mass of the feed coal to the plant, whereas thermal 

recovery is the ratio of the heating value of the maf product coal divided 

by the heating value of the maf feed coal. It should be noted, however, 

that the material and thermal recoveries are relatively low (-45 tc 60% 

for the grassroots-type BHCP plant. This is because a significant amount 



Table ES .• l. Summary of information regardir_g coal ben~ficiati•)n processes evaluated - for grassroots facilities 

1500-t-)n,'cay" rna: produ:t 15,000-ton/dayb maf product 
C•)a:. facili;::ies coal facilities 

Perc en: ?ercent. Beneficiation Pe::c ent Percent Beneficiation 
re.:luct5-•)n 

Process description Sulfur Ash 

Wet beneficiation process 

Mild cleaning 

Pennsylvania :oalh 26.6 46 6 
w. Kentucky C)alh 25.5 57 1 
Illinois coalh 25.7 37 3 

Deep cleaning 

Pennsylvania coal 43.4 72 8 
w. Kentucky c)al 27.8 74 4 
Illinois coal 33.5 57 9 

Battelle hydTothermal process 

Pennsylvania coal 79.3 i 
w. Kentucky coal 75-7 i 
Illinois coal 69.6 i 

TRW-Meyers fine coal process 

Pennsylvania coal 78.6 30 0 
W. Kentucky coal 60.8 30 0 
Illinois coal 56.8 30 0 

aHours of operation: wet ~eneficiacion pro~esses 

bHours of operation: wet ~eneficiacion poo~esses 

:.-eccve1r~ coste red.,ction recover~ 

Mated.a:.CI ~aterial0 Thermale $/ton= $/MMBteg Sulfu_ As!-. 

73.9 86.8 6.03 0.24 26.6 46 6 74.6 
80.3 88.6 6.26 0.25 25.5 57 81.3 
:85. 4 92.5 5.84 0.25 25.7 37 ::. 87.5 

69.1 88.0 8.06 o. 30 43.4 72 8 70.4 
76.3 86.5 8.36 0.30 27.8 74 77.8 
77.4 87.4 7.64 0.31 33.5 57 9 79.1 

-49.5 45.1 59.51 3.12 79.3 i 49.5 
·60. 4 53.6 50.60 2.46 75.7 i 60.4 
56.1 50.3 50.43 2.76 69.6 i 56.1 

.82. 0 88.2 12.43 0.54 78.6 30 (I 82.1 
86.0 89.5 13.97 0.57 60.8 30 (I 86.0 
84.0 88.0 13.52 0.59 56.8 30.0 84.0 

8 ho.'dc.y; Battelle hydrothermal and 1RW-Mo:yers ·noces:;es = 24 hr/day. 

16 1r.'cay, Battelle hydrothermal and TRW-!Ieyers processes = 24 hr/day. 

Thermale 

87.6 
89.6 
93.9 

89.7 
88.1 
89.3 

45.0 
53.6 
50.4 

88.2 
89.6 
88.0 

$/tonf 

3.93 
3.92 
3.65 

5.43 
4.99 
5.09 

47.19 
40.09 
42.18 

7.30 
8.21 
7.88 

cBasis: ROM coal cost = $~0/ton; debt/eqJi:y = 70::30; .ann.:al after-tax rate of return or equ:.ty = :.2%; aar.c.al i:-~terest rate on debt 9%. 

dBased on moisture-free ccal. 

eBased on maf coal. 

fFor moist, cleaned product co.al (nonina:. 5:~ moist.:re). 

gBased on heating value of maf cleaned pr)d"ct coa]. 

hSee page viii for specifi: ccal ty;e. 

iApparent ash content incteased because lea·:hant (l'aOH) im~·regnates the product coal. 

coste 
$/MMBtug 

0.16 
0.15 
0.16 

0.20 
0.19 
0.21 

2.47 
1. 95 
2.18 

0.32 
0.34 
0.34 



Table ES.2, Summary of infornation regarding coal beneficiation processes evaluated - for battery-limits facilities 

1500-tcn/dayamaf product 15,000-ton/day b rna£ product 
ccal facilities coal facilities 

Percent Percent Beneficiation Percent Percent Beneficiation 
reduction 

Process description Sulfur As·~ 

Wet beneficiation process 

Mild cleaning 

Pennsylvania coalh 26.6 46 ,.j 
W. Kentucky coalh 25.5 57. L 
Illinois coalh 25.7 3? . .3 

Deep cleaning 

Pennsylvania coal 43.4 72.:3 
w. Kentucky ·coal 27.8 74.4 
Illinois coal 33.5 57.9 

Battelle hydrothermal pr:>cess 

Pennsylvania coal 79.3 i 
w. Kentucky coal 75. 7 i 
Illinois coal 69.6 

TRW-Meyers fine coal pro=ess 

Pennsylvania coal 78.6 30.0 
w. Kentucky coal 60.8 30.0 
Illinois coal 56.8 30.(1 

aHours of operation: wet beneficiation processes 

bHours of operation: wet beneficiation processes 

recover~ coste reduction recovery 
MaterialO Thermale Material0 $/tonf $/MMBt•Jg Sulfur Ash 

74.9 E8.0 5.06 0. 21 26.6 46.6 75.3 
81.7 50.1 5.18 0. 20 25.5 57.1 81.9 
86.9 54.1 4.81 0.21 25.7 37.3 87.5 

70.8 90.1 6. 87 0.26 43.4 72.8 71.2 
78.6 89.1 6.98 0.27 27.8 74.:. 78.9 
79.7 90.0 6.31 0.26 33.5 57.9 80.1 

97.2 92.8 62.09 3.25 79.3 97.2 
100.0 93.5 55.74 2. 71 75.7 i 100.0 
99.1 88.9 56.55 2.92 69.6 i 99.1 

84.4 9(). 8 12.06 0.53 78.6 30.0 84.4 
88.5 92.1 13.29 0.55 60.8 30.0 88.5 
86.4 9().5 13.13 0.57 56.8 30.0 86.5 

8 hr/day; Battelle hydrothermal and TRW-Meyers processes = 24 hr/day. 

16 hr/day; Battelle hydrothermal and TRW-Meyers processes = 24 hr/day. 

Thermale 

88.5 
90.3 
94.8 

90.7 
89.4 
90.4 

92.8 
93.5 
88.9 

90.8 
92.2 
90.6 

$/tonf 

3.97 
3.97 
3.6€ 

5.56 
5.12 
5.22 

63.37 
52.33 
56.46 

7.99 
8.64 
8.62 

cBasis: ROM coal cost = $20/ton; debt/equity = 70:30; annual aher-tax rate of return on equity = 12%; annual interest rate on debt 9%. 

dBased on moisture-free :oal. 

eBased on rna£ coal. 

£For moist, cleane~ product coal (nominal 5% moisture) . 

. gBased or: heating ·Jalue •)f rna£ cleaned product coal. 

hSee page viii for speci:ic coal type. 

iApparent ash content increased because leacrant (NaOH) impregnates the product coal. 

coste 
$/MMBtug 

0.16 
0.16 
0.14 

0.21 
0.20 
0.21 

3.32 
2.55 
2. 92 

0.35 
0.35 
o. 38 

>: 
1-'· 
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of the cleaned product coal produced is diverted in the plant to provide 

the process steam and electric power requirements. 

3. Beneficiation costs for cleaning the coals by the different 

processes range between $4 and $64 per ton of product coal. When trans­

lated into dollars per million Btu, these costs range between $0.14 and 

$3.32 per million Btu. Generally, the beneficiation costs vary with the 

degree of cleaning achieved and with the complexity of the cleaning 

process - that is, the greater the sulfur reduction obtained and the more 

complex the process, the higher the beneficiation cost. 

4. The chemical beneficiation processes (BHCP and TRW-Meyers fine 

coal process), although providing much greater sulfur reduction than the 

mechanical (wet) beneficiation processes, are also more expensive than 

the mechanical beneficiation processes. Hence, by implication, the 

chemical beneficiation processes are not cost competitive with the 

mech~nical processes. However, future process developments and/or 

environmental constraints on coal processing plants may alter this 

conclusion. 

The present study is intended to provide information on several coal 

beneficiation processes. For those processes with sufficient available 

information to perform conceptual designs, process designs were developed 

for conceptual plants and economic evaluations were performed. For the 

other beneficiation processes (which are at various levels of process 

development), process descriptions have been provided in the report 

commensurate with the amount of information and time available to evalu­

ate the process. 

The basic objective of this report is twofold: 

1. to draw attention to the fact that coal beneficiation not 

only offersa viable and often economical means of reducing the 

sulfur and the mineral matter content of several high-sulfur 

U.S. coals so that the coals can be burned in an environmentally 

acceptable manner but also has several other benefits which have 

been mentioned earlier in the executive summary; and 
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2. to present information about potential processes that are currently 

being developed to beneficiate coal. 

Because of severe time constraints, several of the potential coal 

beneficiation processes listed in.Table 1.1 could not be evaluated in 

depth. An in-depth evaluation of these processes should be conducted 

in addition to the present study to more fully appreciate the potentially 

important role that beneficiation can play in the clean burning of coal 

to meet the nation's future energy needs. 
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altogether. To evaluate the potential benefits of the technology, 

DOE/Fossil Energy requested ORNL to conduct a study of the coal bene-

ficiation processes. 

1.1 Objective 

The objective of the study was to identify and analyze the various 

currently used and potential coal beneficiation technologies. 

1.2 Introduritory Remarks 

To achieve the above-stated objective, the following steps were taken. 

1.2.1 Identification of processes 

The technical literature was scanned to identify the various coal 

beneficiation technologies that primarily reduced the sulfur and the 

mineral matter (ash) contenmof coals without destroying the physical 

character of the coal; that is, coal liquefaction type processes were 

excluded from consideration. Table 1.1 is a list of coal beneficiation 

technologies that were identified. These processes were evaluated (to 

varying degrees) in this study. 

With the exception of the Ilok and a few of the chemical coal bene­

ficiation processes, most of the beneficiation technologies listed in 

Table 1.1 remove only the pyritic sulfur and the mineral matter from the 

ROM coal. The Ilok and the few chemical coal beneficiation processes 

mentioned above clalw Lo remove not only thR pyritic sulfur but also 

a fraction of the organically bound sulfur that occurs in coal. 

1.2.2 Selection of representative coals 

Representative coals from various significant coal beds across the 

country were identified and selected to form a basis for the study. 

Table 1.2 is a list of the selected coals together with pertinent data 

about the coals. The information given in this table was obtained from 

the U.S. Bureau of Mines Report of Investigations No. 81181 and Bulletin 

No. 567.
2 
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Table 1.1. Beneficiation processes evaluated 

PHYSICAL AND MECHANICAL BENEFICIATION PROCESSES 

Dry Mechanical Beneficiation 
Crushing and screening 
Centrifugal separation 
The Magnex process 
Dry high-gradient magnetic separation 
Dry table separator 
The Ilok process 

Wet Mechanical Beneficiation 
Mild coal cleaning processa 
Deep coal cleaning processb 
Froth flotation processes 

General tv~Je 
USBM two-stage process 

Multistream cual cleanine sy~tem 
The 0Li~ca proce~s 
Wet high-gradient magnetic separation process 
NRCC oil agglomeration p~ocess 

CHEHICAL COAL RENEFICIATION PROCESSES 

TRW-Meyers coal desulfurization process 
Battelle hydrothermal coal process 
PERC sodium hydroxide beneficiation process 
SURC chemical comminution process 
Ledgemont oxygen leaching pror.ess 
KVH sulfur oxidation process 
PERC oxi~aLlve deSulturization process 
ARCO process 
JPL low-temperflture chlorinolysis process 

MICROBIAL COAL BENt:J:o'IClATION METHODS 

~acterial desulfurization process 

aThis corresponds to what is generally understood in the trade to be a 
level 2 cleaning operation. Generally, at this level, the ROM coal is 
ctushed tn a suitable siz~ (~ lu. x O) and separated into a coarse r.nal 
(5 in. x 1/4) and a fine coal (-1/4 in. x 0) fraction. The coarse coal 
fraction is wet benefir.iated (nsing jig~:;, screet\S, and centrifuges), while 
the fine coal fraction bypasses the washing operations. The two size 
fractions are then combined downstream of thP ~ashing plant for Qule as 
pluuL producl. 

bThio corresput~s to what is generally understood in the trade to be a 
level 4 cleaning operation. It involves more thorough beneficiation of 
the coal. Generally at this level, the ROH coal is crushed to 1-1/2 in. 
x 0 and then wet screened (deslimed) fit 28 mesh (Tyler stau~ard screen 

·size). The 1-1/2 in. x 28 mesh (M) size fraction is then thoroughly 
cleaned (often using heavy-medifl rleaning), while tlte 28 mesh x 0 size 
traction is cleaned in froth flotation cells. Tlte cleaned coal is 
subsequently combined and may be dried in thermal dryers (depending 
on the product coal specifications desired) prior to shipment for sale 
as plant product. 



Table 1. 2. Re?resenta tive u.s. coal3 selected as basis for coal beneficiation studies 
a 

Pr:>xima te analysis (wt %) , Ultimate analysis (wt %) • Heating Hardgrove 
wet basis dr basis value, HHV grindability 

C·>aJ. Fixed Volatile 
sb 

(Btu/lb), index, 
re5ion County Bed Rank Moisture carbon natter Ash c H 0 N Ash maf basis HGI 

Pennsylvania Somerset Lower Bituminou~. 1.5 55.] 16.5 26.9 60.7 3. 92 3.98 1.2 2.9 27.3 15,194 94 
Kittanning py 2. 46 

o = a. 44 

West Virginia Kanawha Winifrede Bituminous 3.2 73.6 18.1 5.1 81.3 L.6 6.94 1.1 0.66 5. 4 14.916 43 
(Nortrem County) py 0.07 

0 = 0.59 

~es.t \-i=ginia Logan Lower Bituminous 2.1 68.l 16.7 13.1 72.7 .;.5 7. 7 1.09 0.61 13.4 14,747 39 
(Southe=n County) Kittanning py 0.09 

0 = 0.52 

Weste~n Kentucky Hopkins Coal Bed 6 Bituminol.Z:> 1.8 4 7. 7 35.6 14.9 66.96 ~.87 9.2 1. 22 2. 55 15. 2. 14.36 7 53 
py 1. 69 

0 = 0.86 
V1 

llli.uis Willian.son Coal Bed 6 Bituminot:s 1.9 44.5 35.7 17.9 61.06 4.88 10.35 1.25 4.21 18.25 13,877 60 
py 2.58 

0 = 1. 63 

WyomiJn& Sweetwater Rock Springs Subbitum:.nous 11. ~ 46.3 37.0 5.5 68.22 6.19 17.33 1.1 0.96 6.2 13.408 51 
No. 11 py 0. 23 

0 = 0. 73 

Wyoming Carbon Johnson Subbit·.Jminous 15.6 41.1 35.8 7.5 65.75 5.01 18.65 1. 14 0.56 8.89 12,470 
py 0.08 

0 = 0. 48 

North )akota Mercer Dakota Lignite 35.8 30.7 27.4 6.1 60.2 5. 3 23.3 0.9 0.8 9.5 11,537 
Star (Mine) py 0. 55 

0 = 0. 25 

NortJ Dakota McLean Garrison Lignite 38.9 29.5 27.1 4.5 60.5 6.3 24.1 1.4 0.3 7. 4 11,901 
Creek 

8Informat~on obtained from refs. 1 and 2. 

bpy = pyritic sulfur. The pyritic sulfur indicated incl•des the sulfate sulfur present in the coal. 
0 = organic sulfur. 
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In the present study,the representative coals were screened to deter­

mine which coals would be more attractive from a beneficiation viewpoint. 

This subset of representative coals consists of the following: 

1. Pennsylvania coal - a bituminous coal from the lower Kittanning 

coal seam located in Somerset County, Pennsylvania; 

2. Western Kentucky coal - a bituminous coal from coal bed No. 6 

located in Hopkins County, western Kentucky; and 

3. Illinois coal - a bituminous coal from coal bed No. 6 located 

in Williamson County, Illinois. 

These coals were selected from the coals given in Table 1.2 principally 

because of their high sulfur content, The remaining coals in Table 1.2 

namely, the West Virginia, Wyoming, and North Dakota coals can be burned 

either directly (without exceeding the EPA emission limit of 1.2 lb SOx 

per million Btu) or after being subjected to a wet beneficiation process. 

Further information on the beneficiation of these latter coals is presented 

in Sect. 1.4. 

1.2.3 Basis of_informRtinn 

Information regarding the candidate c.oal beneficiation pro~esses was 

obtained either directly from the proccs3 de·vt!lupers, from the PrJnipmliilnt 

manutacturers, ur: from open literature sun-rces. No propri'etary information 

was obtained. 

1.2.4 Analysis procedure 

'!'he analysis of the candidate hPneficiation process was conducted 

based on the extent of information nhtRined about the pLucess. G~nerally, 

much more information was available for existing coal beneficiation methods 

(such as physical coal cleaning) than for severa] nf the more c.8nteri~ 

chemical and microbial. coal beneficiation methods. All of the chemical 

and microbial beneficiation techniques discussed in this report are at 

various stages of process development, some being at a more advanced stage 

than oLhers. This is not intended to imply that physical beneficiation 

processes are not being developed; on the contrary, several novel physical 

coal cleaning methods are under development. 
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The analysis procedure for each candidate process generally consisted 

of a (1) brief overview of the process, (2) detailed evaluation of the 

process, and (3) conclusions and recommendations regarding the process. 

Contingent upon the availability of information and time, the detailed 

evaluation of the process consisted of developing all or part of the 

following information regarding each candidate process: 

1. detailed process description; 

2~ block flow diagrams and process flowsheets; 

3. feed, product, and effluent compositions and their quantities; 

4. energy balances; 

5. economic summary, including capital and annual operating costs 

together with estimates of ·their accuracy; 

6. development status summary; 

7. special materials of construction (if required) and their 

fabrication and construction considerations; 

8. problem areas of the process; 

9. envjronmental considerations; 

10. regional considerations; 

11. additional data that may be required to upgrade the quality of 

the technical and/or economic evaluation presented; and 

12. conclusions regarding the process and, it warranted, recummew.la­

tions to speed the completion of its development. 

The mass and energy balances and the economic evaluations indicated in 

items 3, 4, and 5 above were developed for two conceptual plant sizes and for 

two types of installations. The conceptual plants were designed to produce 

1500 and 15,000 tons/day of maf product coal. In addition, both a grassroots 

facility and a battery-limits facility were designed. The premised plant 

sizes and types of facilities were developed by ERDA/Fossil Energy, Office 

of Program Planning and Analysis (now a part of the Department of Energy). 
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1.3 Basic Premises 

The following basic premises were developed to facilitate the study 

of the coal beneficiation processes: 

1. Feed coal to the beneficiation plant was premised to be 24 in. x 0 

size ROM coal. 

2. The cleaned product coal from the beneficiation plant was taken to 

be the size generated by the process, provided it could be shipped 

wir:hoiit excessive wind loss. The product coal moisture content 

was prRmised to be )%, 

3. For the grassroots facility, the only inputs to the beneficiation 

plant were ROM coal and raw water. All utilities required by the 

plant were to be developed onsite. 

4. ¥or the battery-limits facility, all plant utility requirements 

were tu be pu~chased. 

5. All economics for the beneficiation plants were developed in terms 

of January 1977 clnl l:HSii. No forward escalallun lJ~yund January 

1977 wa~ included. 

6. Effluent streams from thP plants were aooumed to Lt: in cumpl:tance 

with dplJllcahJ e first-quarter 197/ federal gn·i de lines. 

7. The conceptual plants' annual servirP fR~tor was aooumGd to be 90% 

from the first year of operation and throughout the life of the 

pln.nt. 

Other premises required in the study (::mrh As thlil p'"ominen for the 

economics evaluations) are listed separately in this report. 

1. 4 Applicat:ion of Coal Beneficiation to the Selected 
West Virginia, Wyoming, and North Dakota Coals 

The West Virginia, Wyoming, and North Dakota coals JistP.d in Table 1.2 

were excluded from the subset of coals used for the more detailed evaluation 

of three of the beneficiation processes primarily because of their low 

sulfur content. Notes on the beneficiation of these relatively low-sulfur 

coals are presented below. 
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1.4.1 West Virginia bituminous coals 

The raw coals from West Virginia reported in Table 1.2 have low sulfur 

contents and can meet the EPA SO emission standards without beneficiation. 
X 

These coals contain a small amount of pyritic sulfur (Kanawha County, 0.07% 

pyritic sulfur; Logan County, 0.09%), and very little reduction in the 

sulfur levels of these two coals would be achieved by beneficiating these 

coals using currently commercial coal beneficiation processes. However, 

beneficiating these coals could lower their ash content. It should be 

noted that these statements apply only to the West Virginia coals selected 

(and not to all West Virginia coals). The selected coals are found mainly 

in southern West Virginia. 

1.4.2 Wyoming subbituminous coals 

The Wyoming subbituminous coals selected are also low in pyritic sulfur, 

and one of the two (Carbon County, Johnson seam coal) will meet the current 

EPA SO 
X 

emission standards when burned. For the other Wyoming coal (Sweet-

water County, Rock Springs No. 11), washability data indicate that the sulfur 

content can be lowered to meet the minimum SOx emission standards (1.2 lb 

so 2 per million Btu) by wet mechanical beneficiation. However, in order to 

liberate sufficient quantities of pyritic sulfur for beneficiation to be 

effective, the coal must be crushed to 14 mesh. Coal of this fineness 

gen~rally limits the type of mechanical beneficiation equipment that can 

be employed to various combinations of high-flow heavy medium, washing 

tables, water cyclones, and/or froth flotation. Since this coal is a 

borderline case with respect to meeting SO emission standards, rhe coal 
. X 

must be well characterized, complete washability tests made, crushed coal 

size spectrum determined, and expert attention given to the selection of 

the beneficiation equipment and process design. The beneficiation process 

sele~ted would probably fall into the deep cleaning category providing for 

maximum pyritic sulfur reduction. 

Assuming that the wet mechanical beneficiation process achieves the 

sulfur reduction goals, processing costs will be higher than those estimated 

for deep cleaning Pennsylvania coal. More specifically, crushing costs will 

be greater, and additional costs will be incurred because a larger propor­

tion of coal fines must be cleaned and dried. 
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1.4.3 North Dakota lignite coals 

The North Dakota lignite coals listed in Table 1.2 are from Mercer and 

McLean Counties. The McLean County lignite has only 0.3% total sulfur­

well within EPA standards for SO emission - and does not require benefici-
x 

ation. About 69% of the sulfur in the Mercer County lignite is pyritic 

sulfur. If one assumes that lignites are amenable to cleaning ~imilar to 

eastern bituminous coals with comparable percentages of pyrite, this coal 

could be beneficiated by a mild cleaning method and quite definitely by a 

deep cleaning system. Unfortunately, very little data3 has been published 

on the beneficiation characteristics nf lignite coals. 

1.4.4 Drying and transportation of western subbituminous and lignite coals 

1.4.4.1 Drying. At this point it seems appropriate to review salient 

features of drying and transporting the dried western subbituminous and 

lignite coals. Considered low-rank coals, they contain from 15 to 40 wt % 

moisture and a small amount of sulfur. Drying these coals produces a 

friable material, and size degradations4 •5 occur during the process. Con­

siderable quantities of dust are also generated, much of it -700 mPsh, 

which must be collectecl and recycled. In large-scale drying te~ts 5 on 

Montana subbituminous coal, 3.7 wt% of the dry feed weight was colle~tpcl 

as dust and l, I wt '1n of thP rlry fe001d of North Dakota lignite wd::; 1:ull ~ct::ed 

as dust. The amount· of dusting appears to be a function of the degree of 

drying and possibly the typP. nf rlry~;>r employed. A variation it't luu.i~ Lui e 

content with coal particle size was also noted for the dried product. This 

aspect wa~ much more apparent when the feed coal had a hroArl size spectrum. 

1.4.4.2 T_ranspq;x::.t,a,~Jg!'~· DnP tn thli' r-.btively hieh pyropho:rit. 

(spontaneous ignition) nature of western subbituminous and lignite coals, 

these coals should be cooled to ambient temperature aftP.r c:lryinp,, especially 

if they are to be stored or shipped. Another method suggested to aid in 

reducing the coal reactivity is a controlled pretreatment of the dried coal 

with air. To provide a measure of the self-ignition c.har.acteristic of the 

dried subbituminous and lignite coal, the oxygen content of each coal was 

determined immediately after being loaded into open-top coal gondolas. The 

oxygen determination was made at the center of the bed with the bed at 
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approximately ambient temperature. The initial oxygen content for both 

types of coals was 22%, and within 1 hr the oxygen content of the subbi­

tuminous coal bed dropped to L,%, while for. the same time period the oxygen 

content of the lignite coal bed dropped to less than 1%. 

For rail shipment, treatment of the low-rank dried coals is necessary 

to prevent wind loss and subsequent airborne contamination. One recommended 

method of treatment involves coating the dried coal with heavy oil at the 

rate of 1.5 to 2.0 gal/ton. In rail transport, care must be exercised to 

prevent air leakage through bottom unloading doors; otherwise rapid heating 

and combustion of the dried coals may occur. 

Loading, unloading, and stockpiling operations can be accomplished 

with standard coal handling equipment without any apparent difficuities. 

In stockpiling the dried, low-rank coals, careful and thorough compaction 

is required to prevent air leakage into the coal pile. 

Utilization of wet mechanical beneficiation methods for cleaning 

western subbituminous and lignite coals may or may not produce an accept­

able level of sulfur in the treated coal. With many eastern bituminous 

coals, actual removal of pyrite by mechanical separation is determined by 

wash8bility tests,and the same will apply to the low-rank western coals. 

Because the amount of pyrite present in these coals is small, it might be 

assumed that sulfur reduction achieved by mechanical beneficiation would 

be small, and in effect the separation would tend to be difficult. Benefi­

ciation costs would be at least the same as, and perhaps greater than, 

those for beneficiating eastern bituminous coals. If ea1:;Lefu markets ore 

contemplated for.the western coals, transportation costs would be sub­

stantially greater on a tonnage basis (when competing with eastern coals), 

especially since the heating value of the western coals is less than that 

of the eastern coals. 
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2. DRY MECHANICAL SEPARATION PROCESSES 

2.1 Crushing and Screening Methods 

2.1.1 Crushing 

In early coal mining operations, the practice was to recover as much 

lump coal as possible and to discard the fines. The current market demands 

for uniform coal sizes and the ever-increasing need for cleaner coals have 

necessitated crushing operations to enable the opP-rRtnrs tn me~t the exact­

ing size specifications and to facilitate subsequent mechanical benefi~iRtion 

proccooeo. 

Because most of the coal being produced today is cleaned, the main 

objectives of crushing are to reduce the ROM coal to a size suitable for 

washing and, secondly, to size coal for market specifications. Size 

reduction involves various principles such as compression, impact, shearing, 

splitting, and attrition. Generally, more than one of the principles is 

employed in a crusher; for example, a shearing action is encountered with 

the main crushing principle of compression in a roll crusher. 

Crushing is usually accomplished with a series of c.rushers, each 

subsequent crusher producing a finer product until the required size 

con5ist is Leached. Initial size reduction is performed wtth primary 

breakers. Primary crushers are designed to receive ROM coal and reduce 

it to a top size of from 2 to 8 in. A bar grate or screen is usually 

positioned ahead of these breakers to removA unrlPrsi?:IC'd coal in the feed, 

Included among the numerous types of primary crushers commercially 

available are single and doubl~ t;'Oll crw::;hPrs, hammlir mille, and rotary 

breakers. The rotary breaker, a perforated rotating drum, is the only 

cru::;ller that: provides some degree o£ beneficiation. ROM coal is fed into 

one end, and breakage is achieved by the lifting and dropping action of 

the rotating drum. Sized coal is discharged through the shell perfora-

tions, while rock and tramp iron are discharged through the refuse chute. 

Secondary crushing varies considerably with the facilities that 

follow the primary crushing. If coal cleaning facilities are used, 

secondary crushers may be used to reduce the size of the middling 
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fraction from jigs or the middling fraction from heavy-medium trough 

separators, and in turn these fractions would be rewashed. On the other 

hand, secondary reduction may be designed to reduce coal produc.t from the 

primary crushers or to reduce cleaned product coal from the washing plant 

to the market specification. 

2.1. 2 Screening 

In coal preparation, sizing is one of the more important functions and 

is found throughout the entire coal mining and processing operation. Sizing, 

as ·it refers to coal, is the separation of a heterogeneous mixture of parti­

cle sizes into groups wherein all particles range between a maximum and 

minimum size. Coal sizing is a beneficiation process. In the coal industry, 

sizing is nearly always performed by passing the coal over a screen. In 

today's modern coal preparation facilities, vibrating-type screens are more 

predominant, generally replacing older designs such as the shaker and 

trammel screens. 

Screening operations are performed in coal operations to: 

(1) remove fines or undersized coal from crusher feeds to conserve 

power or to prevent overcrushing; (2) segregate coal sizes for feed 

to different types of beneficiation equipment; (3) separate heavy mediums, 

such as magnetite, from the coal product or refuse; and (4) separate 

product coal into commercial sizes. The last objective is not as valid 

as it once was because much of the coal currently used is pulverized 

before use by the consumer. 

2.1.3 Tramp iron removal 

Two other beneficiation methods usually thought of in_conjunction with 

crushing and screening processes are: (1) tramp iron removal and (2) hand 

picking operations. The presence of tramp iron in the raw coal feed can 

be very costly to cleaning plants from the standpoint of damaged equipment 

and loss of productive operation. Tramp iron is normally removed by electro­

magnets positioned strategically with reference to the flow of coal to 

maximize the effectiveness of the magnet design. 
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2.1.4 Hand picking 

Hand picking op·erations, although performed on a much smaller scale 

than in the past, are still used in some modern coal preparation plants. 

Probably the earliest form of coal cleaning, hand picking is used to remove 

rock, coal slack, and other foreign objects. Picking methods are usually 

limited to coal sized 3 in. and larger. Refuse from hand picking opera­

tions usually contains a relatively high percentage of usable coal and is 

generally crushed to free the coal and treated in the plant to recover the 

coal value. 

2.2 Centrifugal Separation 

2.2.1 Centrifugal separator 

A mechanical benefici~tion technique that TTRPR a c~ntrifugal-type 

separator in series with an electrostatic separator for removing pyritic 

sulfur from dry fine coals was investigAted by the U.S. Bureau of Mines6 

at the Morgantown Energy Research Center, Morgantown, West Virginia. 

Figure 2.1 is a cross section of the centrifugal separator. Finely 

pulverized coal (70% -200 mesh) is fed through a hollow c~ntrRJ pi~e 

onto a rotating disc which disperses the coal horizontally into An upt.Tard 

flowing airstream. Particles light enough to be entrained by the airstream 

are transported upward into the centrifugal fan separAtor. In this section, 

the pyrite-rich or heavier particles are propelled to the inside separator 

wall and fall to the heavy-particle exit where they are combined with the 

material that was not entrainen hy the airstream. Those particle~ ~uffi­

ciently lightweight to -remain SttRpenrlprl arQ c:arriod into the Mtuuluti UL!Lween 

the inner and outer cones of the separator. Here they are disengaged from 

the airstream and fall to the lightweight product exit. 

The heavy-product material is recycled to the centrifuge and reprocessed 

at a higher air velocity than used in the initial pass. The lightweight 

material separated during the second step is combined with the lightweight 

material from the initial separation. The process is repeated, possibly 

three or four times, until about 75% of the -200 mesh material present in 

the coal feed has been collected in the lightweight fraction. 
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The lightweight product from the centrifugal separations, depleted in 

pyritic sulfur, is taken as product and may amount to as much as 50% of the 

raw coal feed. The heavy-product material, enriched in pyritic sulfur, is 

processed on an electrostatic separator to remove the pyritic sulfur. 

Some factors that influence the separation efficiency of the centrif­

ugal separator are: (1) particle size of the coal as well as pyrite, 

(2) particle shape, (3) mass, (4) air velocity, and (5) equipment design. 

From exploratory tests made with coal ground (-60 mesh x 0) in an air-swept 

grinding mill, tentative processing conditions and preliminary separation 

efficiencies were determined for the centrifugal separator. Best separation 

efficiencies were obtained from closely sized particle fractions, and the 

maximum efficiency was obtained from the 270- to 400-mesh range. Nearly 

60% of the pyritic sulfur was removed from this fraction in the tests made. 

Separation efficiency dropped to about 15 to 20% when the particle size 

fraction reached the 60- to 80-mesh range. Upon examination of the 

400 mesh x 0 particle size range, it was determined that only 5% of the 

pyrite was separated. The explanation given for the low separation was 

that the pyrite was ground extremely fine in the air-swept ~rinding mill 

before it could escape with the air sweep. Another possible explanation 

is that the 400 mesh x 0 fraction may have contained much of the ash­

forming minerals with specific gravities near that of the pyrite, and 

little or no separation occurred in the centrifugal separator. 

L.L.L Electrostatic separator 

The heavy, pyrite-rich coal fraction from the centrifugal separator 

is spread in a thin layer over an electrically grounded rotor. The 

particles pass under an active electrode and are electrically charged. 

The electrostatic separator utilizes thP. niffPrPn~e i.n conductivity or 

dielectric properties of coal and mineral matter (pyrite) to maintain or 

dissipate the induced charge. The pyrite material becomes equipotential 

with the rotor and falls into a hopper. The coal-rich dielectric material 

becomes firmly attached to the rotor, while the int.P.rmP.niate material is 

less strongly attached and is positioned somewhat further from the rotor 

surface. Scraper blades set at appropriate positions with respect to the 

rotor remove these materials, and they fall into separate hoppers. 
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The most efficient single-pass pyrite separations were achieved on 

particles with a narrow size range, and it was determined that the most 

effective operation conditions (rotor speeds and voltage) were considerably 

different for fine and large particles. Humidity and coal moisture content 

have an appreciable effect on the separation, as do combinations of humidity, 

moisture content, and coal fines. These factors must be controlled to obtain 

good separation. 

2.2.3 Centrifugal-electrostatic separation results 

The separation results achieved by the dry separation process 

(centrifugal and electrostatic processing in series) on three Pittsburgh 

seam coals ground to 70% -200 mesh are summarized in Table 2.1. Figure 2.2 

is a schematic diagram of the dry separation process. 

Two types of grinding mills were used to prepare the raw coal feed 

for the test program- a ball mill and a Hardgrove mill. Grindability 

tests performed in these mills on the different coals indicated that a 

somewhat finer particle size is produced· by the ball-milling operation. 

Dry-separation beneficiation of the coals prepared in the two mills 

by single-stage grinding showed small differences in the percentages of 

pyrite extracted. Approximately 60 to 70% of the potentially available 

pyrite was removed, Results for stage grinding and intermediate dry 

separation showed significant improvements in the pyrite separation 

efficiency for the coals from both mills. With this latter processing 

method, about 85% of the potentially available pyrite was extracted. 

The dry separation process for coal beneficiation is limited to the 

removal of pyritic sulfur from coals (as is the wet mechanical beneficia­

tion process). The pyritic sulfur removal efficiencies are a little lower 

than for wet mechanical separation methods. Probably a more realistic 

comparison for the dry process pyrite separation efficiency would be with 

a froth flotation system processing the same size range of coal fines. 

The separation efficiencies for these two sulfur removal systems are about 

equal, and both perform an effective separation. 
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Table 2.1. Experimental results of dry separation process 
showing amount of pyrite removala 

Percent initial 
Potential amount 

sulfur in coal Pyrite of pyrite 
removed Av;d 1 Ah 1 P fnr 

Coal Total Pyrite (%) removal (%)b 

Pittsburgh seam 4.10 1.93 36c so 
roof coal 

Pittsburgh seam 4.10 1. q1 45d 55 
l:'QQf r.oa.;L 

Pittsburgh ocam :L42 1. 79 sse 80 
utility coal 

Pittsburgh seam 2.98 1. 87 soc 70 
strip mine coal 

Pittsburgh seam 3.42 1. 79 sse '82 
utility coal 

Pittsburgh seam 2.98 1.87 t!Oe 68 
strip mine coal 

Pittsburgh seam 2.98 1.87 6.'5± 74 
strip mine coal 

alnformation obtained from ref. 6. 

Pyrite in 
reject 

fraction 
(%) 

13 

23 

20 

14 

22 

15 

26 

bThe potential amount of pyrite available for removAl was determined 
by sink-float testing at 1.6 specific graviLy. Sink-float tests were 
made on pulverized samples of the listed coals. 

cBall milled 60 min. 

dBall milled and separated in stages - 60 min total milling time 
(Lhree SLages). 

~ardgrove milled 30 min. 
f . Hardgrove m1lled and separated in stages - 75 min total milling time 

(four stages). 
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Thermal efficiency for the dry separation process could not be 

determined because no heating values were given for the coal feed, product 

coal, or the waste material. 

Commercial-scale equipment for a dry separation system would involve 

the development of large-scale dry centrifugal and electrostatic 

separators. Because of the explosive characteristics of fine coal dust, 

special emphasis would be needed in designing the equipment and facility, 

as well as iri the operation of the facility. This is especially true for 

the electrostatic separator where a potential arcing hazard would he 

always present. 

Commercial equipment is available for crushing, pulverizing, and coal 

storage operation. However, precautions must be taken in selec.ttng the 

grinding equipment. This grinding should preferably be conducted in an 

1nert atmosphere; for example, co 2 or N2 could be used as a blanket gas 

in the crushing and pulverizing operations. Ball milling and Raymond-type 

pulverization are preferable to impact-type equipment to minimize sparking 

within the equipment. Usually coal pulverization is performed at an ele­

vated temperature (150 to 190°F); hence the ARRn~i~ted moisture is in vapor 

form and does not present any problem. Storage of the fine moisture-laden 

coal may pose a problem in the dry separation process because serious coal 

caking can occur if the temperature is permitted to drop and the vapor 

condenses as surface moisture. 

Not necessarily unique to the dry sepAr~tion process, but nonetheless 

of considerable importance, is the·rigid control of the fine rnAl dust 

that would always be present in this system. DuRt ~nntrol must be exer­

cised for three important reasons: (1) to prevent a health hazard to 

personnel,. (2) to prevent ~ir pollution, and (3) as mentioned earlier, 

to prevent an explosion or fire hazard. 

The transportation of the fine coal would be accomplished by 

using a pneumatic system which is technologically well developed. For 

long-distance transportation, the fine coal would have to be hauled in 

tank-type vessels equipped for pneumatic loading and unloading. Due 

consideration must be given to transporting the fine coal because of the 
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potential hazard of tank rupture in the event of an accident. In such a 

case, the possibility of sparks in close proximity to the fine coal would 

be great and could ignite the coal. 

Wastes from the facility would consist mainly of ash-forming minerals, 

a small amount of fine coal, and_the pyrite. The pyrite is not expected 

to exceed a maximum of 10 to 12% in the refuse stream. It would be neces-

sary to wet and cover this waste because of its extreme fineness; otherwise 

wind-blown air pollution and ground contamination would become a problem. 

In summary, more laboratory-scale and small-scale pilot-plant develop­

ment work is required for the dry coal beneficiation process so thar thermal 

efficiencies, cost data, equipment scale-up factors, and more information 

on the potential hazards can be determined. 

2.3 Dry Magnetic Separation Techniques 

2.3.1 The Magnex process 

The Magnex process is a dry, low-intensity magnetic beneficiation 

technique that uses iron carbonyl [Fe(C0)
5

] to separate the coal from the 

attendant pyrites and mineral matter. The process was developed by 

Hazen Research, Inc. (which holds the patent for the process) under 

funding from Inex Resources, Inc.,of Denver, Colorado. Information about 

the process was obtained from a paper presented by Kindig and Turner, 7 

who reported on the process based on their bench-scale studies. According 

to these investigators, a continuous pilot plant based on the Magnex process 

was scheduled to start up in September 1976. Funding for the pilot plant 

is being provided by Inex Resources, Inc. Results of the pilot-plant 
8 

studies are expected to be published soon. 

Figure 2.3 is a block flow diagram of the Magnex process. The process 

basically consists of treating pulverized coal [preferred particle size: 

-14 mesh (-1.4 rnrn)] with iron carbonyl vapor at atmospheric pressure and 

338°F (170°C). The iron carbonyl decomposes to form magnetic materials on 

the ash and the pyrites, but it does not render the coal particles magnetic. 

The treated coal is then subjected to a conventional low-intensity magnetic 

separator where the ash and the pyrites are removed from the coal. The clean 

coal and the ash report to separate collecting bins. 
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The process is reportedly able to reduce the pyritic sulfur and ash 

contentsof the coals treated (Lower Freeport and Pittsburgh seam coals) 

by around 86 and 67%, respectively, while recovering around 73% of the 

clean coal. These results were obtained from the bench-scale studies 

conducted on the two coals. 7 In addition, Kindig and Turner report that 

a preliminary cost estimate for a commercial version of the proce~s places 

the capital costs at around $4 per ton and the operating costs at around 

$6 per ton. These costs appear to be too low. However, a more detailed 

evaluation of the process and its economics would be required to determine 

more realistic cost estimates for the process. 

One of the major advantages of the process as a coal beneficiating 

technique is that dewatering costs are eliminated and the processing 

scheme is relatively simple. The major disadvantage of the process is 

that it uses iron carbonyl to beneficiate the coal. Iron carbonyl is a 

highly toxic [the threshold limit value (TLV) for iron carbonyl in air is 
9 . 8 

10 ppb ] and relatively expensive (10¢ per pound ) reagent. 

The process is still at an early stage of development. Although it 

appears to offer a relatively simple means of beneficiating coal, the use 

of iron carbonyl as the reagent may pose a problem in the potential 

commercial application of the process. 

2.3.2 Dry high-gradient magnetic separation technique 

The dry high-gradient magnetic separation (HGMS) technique is a 

process whereby the r::or.1l i.s beneficiated by sub.iecting it in a finely 

pulverized form to a high-intensity magnetic field [field intensity up 

to 20 kilo-oersteds (kOe)]. The process is similar to the wet HGMS (see 

Sect. 3. 7) except that (1) no water is used in this process and (2) the 

magnetic field is applied to an air-fluidized bed of the coal particles 

rather than a water slurry. 

The technique is currently being developed jointly by Oak Ridge 

National Laboratory and the Chemical Engineering Department at Auburn 

University. 

The laboratory-scale process essentially consists of subjecting a 

fluidized bed of coal particles to a high-intensity magnetic field. The 
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coal is fluidized by air inside a specially shaped container which is 

enclosed in an electromagnet. A magnetic separator matrix composed of 

several metallic screens and spacer rings is located in the container to 

trap the pyrites and the ash constituents. The particle size is generally 

in the 100~ to 200-mesh (74- to 147-~m) size range. Early experimental runs 

indicate10 that, by using a recirculating-type fluidized bed and a magnetic 

field intensity of 20 kOe, the pyrites and the ash content of the coal were 

reduced by about 87 and 52% respectively. Coal yields in these runs were 

around 80%. 

The development of the process is At An early stage, and ouffieient 

1nformaE10rt has not been developed to assess its commercial viability. 

However, the technique appears tn have promise, and further studies are 

envisaged. The major advantage of the process is that no water is involved 

in the beneficiation process, thereby reducing the problems associated with 

the dewatering of the fine coals. However, the use of an air-fluidized bed 

of finely pulverized coal may pose a potential explosion hazard unless 

appropriate steps are taken to prevent the buildup of static electricity 

in the bed. 

2.4 ·Dry Table Sepgrator 

The dry table separator is a dry coal beneficiating devic:P. in. which 

the coal is separated from the associated pyrites and mineral mAttPr hy 

using vibratory and gravitational forces. The equipment has been developed 

by FMC Corporation And was reported on by Wilson11 in 1977. 

Figure 2.4 is a sketch of the dry table separator. A cross-~ectional 

view of the table is also shown in Fig. 2.4 to illustrate the movement of the 

cual and the mineral matter as they travel along the length of the table. 

The dry table relies on several physical properties of the coal and the 

mineral matter particles to effect the separation, notably the particle 

size, density, resiliency, and surface roughness characteristics. Basi­

cally, Lhe dry table consists ot a short but wide deck that is slightly 

inclined. A downward sloping surface called the discharge lip is attached 

to the discharge end of the deck. The deck itself is tapered along its 

length from the feed entry end to the mineral matter discharge end. The 
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entire assembly is vibrated by an electromechanical device similar to that 

used in vibratory feeders. 

Dry, sized raw coal is fed at the widest end of the dry table deck. 

For optimal coal--mineral matter separation per pass, the ratio of the 

top to bottom size of the feed particles should be 4 to 1. The vibrating 

motiou uf Llu: deck causes the incoming feed particles to move toward and 

accumulate along the back wall of the deck. Gravity and vibratory forces 

make the particles on the pile surface move toward the tapered end of the 

deck, while at the same time the underlying material in the pile is forceu 

toward the ba~k wall of the deck. Also, because of the motion of the 

table, particles at the top of the pile are continuously discharged onto 

the discharge lip. Particles that are large and of .l.m•! density (ouch as 

coal) tend to move to the top of the pile, from which point they are dis­

charged onto the discharge lip; more dense particles (such as mineral 

matter) tend to concentrate and move along the back wall to the mineral 

matter-and-pyrite discharge end. 

Further separation of the coal and the mineral matter occurs on the 

discharge lip; the degree of separation is based on the shape, resiliency, 

and sutfa~e roughness characteristics of the particles. Coal pRrl·irle~ 

with hlgher resiliency and less surface roughness tend to bounce or slip 

off the disch<;:trge lip, whPre<ls the lese rcailient awl tuugher mineral 

watrer and pyrites are conveyed back up the discharge lip to the pile on 

the deck. Tl~se particles are ultimately discharged at the tapered end 

of the deck. 

The quality o± the discharge along the length of the dry table is 

similar in character to that obtained from a wet concentration table; 

that is, it is graded from an essentially mineral matter--free coal 

product (discharged close to thP feed Qnd) through a series uf 

coal--mineral matter fractions (discharged along the length of the 

table) to essentially a mineral matter--pyrites product, which is 

discharged at the end of the deck. 

Results of experimental studies reported by Wilson11 indicate that, 

when the dry table separator was used to beneficiate a 4:1 sized raw 

Arizona subbituminous coal, 74% of the ash and 50% of the pyrites were 
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removed from the sample coal while recovering 90% of the coal's potential 

heating value. However, it should be remembered that the extent of pyrite 

reduction obtained is generally a function of the extent of pyrites liber­

ated during the pulverization of the feed coal and the difference between 

the physical properties of the coal and the pyrite particles. 

The dry table separator has a beneficiation capability similar to 

that of a Baum jig. It can be used over a broad span of particle sizes; 

there are apparently no limitations on the maximum particle size that can 

be beneficiated. However, the minimum particle sizes that can be benefi­

ciated are limited by the formation of agglomerates, which may be caused 

by a buildup of electrostatic charges or surface.moisture. 

The dry table separator should be regarded as a "roughing" device 

that can be especially useful if the availability of water is restricted 

and if wet beneficiation methods cannot be used. 

2.5 The Ilok Process 

2.5.1 Introduction 

The Ilok process is a dry coal beneficiation process in which all of 

the sulfur (pyritic, sulfate, and organic) and the ash is removed by 

mechanically grinding the coal in a specially designed reductor mill down 

to -4-~m particle size. The process is offered as a part of the Ilok coal 
12 powder technology by Dr. V. Stephen Krajcovic-Ilok. Definitive infor-

mation on the process is scarce and is supposedly available from Ilok upon 

signing nondisclosure agreements with him. To develop the information for 

this report, other sources of information (in addition to the information 

provided by Ilok) were consulted, namely: 

1. An executive summary13 issued by EPRI based on the report 

submitted to them by E. E. Soehngen, an independent consultant. 

EPRI retained Soehngen to search into the basis for the coal 

cleaning technology proposed by Ilok. 

2. A report by Soo and Rieber14 based on their evaluation of the 

Ilok process. The evaluation of Soo and Rieber was funded by 

the Office of Coal, Federal Energy Administration. 
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Th d by Ilok12 . f 1 . . h 1 e process as propose cons1sts o pu ver1z1ng t e coa in 

a specially designed high-performance comminution mill conceived by 

Hans Rohrbach in Germany during the late 1930s. The feed coal is pulver-

ized so that 97% of the coal consists of particles less than 4 ~m in size. 

With coal particles at the -4-~m size, the ash and all forms of the sulfur 

are mechanically separated in the reductor mill. The liberated sulfur 
/ 

supposedly leaves the mill as H
2
S. The process was estimated to require 

25 kWhr/ton of coa112 to achieve the above size comminution. Information 

about the process is veiled in secrecy by Ilok, who supposedly holds the 

patents to the p~ocess. 

2.5.2 Conclusions and recommendations 

The following conclusions may be made regarding the Ilok process, 

based on the information available: 

1. The process appears to be of dubious merit. 13 Soehngen indicated 

that the process is based on conceptual theories propounded by Hans Rohrbach; 

no plant utilizing the process has ever been built. In his evaluation of 

the basis of the process for EPRI. Soehngen reports13 ~hat hP wA~ nnt able 

to find facts to substantiate the claims made by Ilok. 

2. 14 Soo and Rieber state that,based on the info~mation supplied to 

them by Ilok under a nondisclosure agreement: 

a. The process will not work. 

b. The coal input to the reductor mill is not ROM coal but 

highly cleaned. carefully sized nut coal. 

c. Even ouppooing that· suc.h a mi('.i"(Jpulv~I.lzlng mill worked, 

the power requirements for the above comminution level, 

based on accepted physical principJ es, wn11ld not be less 

than 200 kWhr/ton of coal. This value is several times the 

value estimated by Ilok. 

It is recommended that no furthPr effort be expended on an evaluation 

of the Ilok process, at least until substantive evidence to support the 

claims of this process is presented. 
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3. WET MECHANICAL SEPARATION METHODS 

3.1 Introduction- Wet Mechanical Beneficiation 

Historically, wet cleaning of coal to lower the ash and sulfur contents 

was practiced by coke producers as far back as the last century. Today, 

in excess of 45% of the bituminous and anthracite coals are mechanically 

cleaned, whereas only very small tonnages of subbituminous coals and 

practically no lignite coals are so cleaned. 

Wet mechanical beneficiation methods generally employ gravity concen­

tration for preparing cleaned coal; the one exception is froth flotation. 

Wet cleaning methods are limited to the partial removal of ash and pyritic 

sulfur contents of the coals. The effectiveness of the washing process is 

dependent upon the particular physical characteristics of the coal. These 

characteristics determine the ease or difficulty with which the impurities 

can be liberated from the coal. Some of the physical properties affecting 

separation are: (1) specific gravity of impurities, (2) coal fracture 

system, (3) size composition, (4) hardness, (5) grindability, and 

(6) distribution and particle size of the pyritic sulfur. 

In the past three or four decades, development of cleaning technology 

and improvements in wet beneficiation equipment have accelerated greatly. 

Introduction of continuous mining and full seam mining methods has markedly 

increased the ash and sulfur levels of the ROM coal and has placed greater 
15 cmphacis on cleaning plAnts. Rapidly changing coal markets - that is, 

the demand for a more uniform coal product in the fine sizes as well as 

in the coarse sizes and the coal producer's drive for increased profits 

have contributed to the growth of coal preparation technology and improved 

equipment designs. Additionally, new state and federal laws aimed at 

eliminating pollution have been enacted. These regulations have influenced 

coal producers to improve waste-treatment facilities, to improve or develop 

new fine coal recovery systems, and to provide additional equipment for 

recycling water supplies as a conservation measure as well as for elimina­

tion of stream pollution. 
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Various types of wet beneficiation equipment are c.ommercially avail­

able from coal equipment manufacturers. A summary of the more generally 

used wet mechanical cleaning equipment is presented in Table 3.1. 

Table 3.1. Wet mechanical beneficiation equipment 

For coarse coal (8 x 1/4 in.) processing 

Dense-medium equipment 

Jigs 

For fine coal (-1/4 in. x 0) processing 

Dense-medium cyclones 

Water only cyclones 

Wet concentration tables 

Froth flotation 

Centrifuges 

The equipment listed in Table 3,] is ;:mAi li!ble in numerou~ designs :.tnd 

capacities to handle essentially any rnAl cleaning problem. Mu~ern cleaning 

faciliLles usually have several types nf r\eaning equipment desigtte~ inro 

the process to effect a more efficient separation. The cleaning equipment 

is augmented with a large array of commercially available crtJRhing, Arind­

ing, sizing, conveying, dewatering, drying, and storage equipment of 

comparaule capacities. 

Wet mechanical cleaning processes are limited to partiAl removal of 

the pyritic sulfur (about 25 to 65%) and to the luwering of ash impurities 

present in the coal. The reduction of these constituents is dependent on 

the physical characteristics of the coal feedstock. In recent years most 

of tl1e research and development efforts in wet mechanical cleaning methods 

have been directed toward lowering the sulfur content of coals. To this 

end, the top size of coal to be cleaned has been reduced, as required, to 
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liberate more of the impurities. Not only is more sulfur removed, but 

several basic changes have taken place in the plant designs. First, 

greater emphasis has been placed on dense-medium separation-type equipment 

and, subsequently, more tabling and/or froth flotation circuits are needed 

to maintain process efficiencies and to handle the increased percentages 

of the fine coal. Also, as the percentage of fine coal increases, the 

coal-drying requirements are proportionally larger. Each of these changes 

produces an incremental increase in the coal processing costs. With the 

incentives mentioned earlier, equipment manufacturers and coal producers 

have increased equipment capacities, improved separation efficiencies, and 

minimized production costs. The greatest advancements in wet mechanical 

cleaning technology have been achieved in fine-coal processing and recovery. 

However, in the overall wet mechanical cleaning technology, the area of 

fine-coal preparation still has the greatest potential for improvements 

in processing efficiencies and operating costs. 

3.2 Wet Mechanical Beneficiation Equipment 

3.2.1 Jigs 

The basic principle of jigging is that the pulsating fluid flow through 

a bed of coal causes expansion and compaction of the coal bed. A stratifi­

cation of the ra~ coal results in which the density of the bed increases 

from the top to the bottom. Water is normally used and is pulsated with 

air or with plungers. Most jigging operations being installed today have 

fixed screens for coal bed support and are air actuated. The jigs are 

availabie in a variety of designs for separating two or more products and 

have the ability to handle raw coal feeds up to 8 in. in size. Depending 

on the feed coal size, the capacity of jigs ranges up to approximately 

1000 tons/hr. The capacity range for jigs is about 3 to 6 tons/hr of 

coal per square foot of effective washing area. For example, a jig with 

about 180 ft 2 of effective washing area can process about 1000 tons/hr 

of 6-in. x 0 size coal. 

Most of the coal mechanically cleaned in the United States is washed 

in jigs because operating costs for jigs are somewhat lower than for other 



32 

processes. In comparison with the highly effective dense-medium separation 

equipment, jigs are slightly less effective in achieving both quality and 

high recovery, especially when processing raw coal feeds containing a high 

percentage of "near-gravity" material. 

3.2.2 Wet concentration tables 

The wet concentration table is one of the oldest coal cleaning 

devices. The capacity of the table depends on feed coal size and wash­

ability characteristics. Single-deck wet vibrating tables (134 ft 2 in 

size) will effectively process up to 10 tons/hr of 3/8 or ~/lfi-in. x 0 

size feed. Coal sizes up to 1-1/2 in. X n rRn bP prncv~~~d Yiina wet 

concentration tables at rates of about 15 to 25 tons/hr per table. In 

many cases, double-deck concentration tables are used to effect a better 

separation. 

In operation, raw coal is spread over the table deck by the externally 

induced vibrational motion, and gravitational flow stratifies the particles 

behind riffles on the table. Cross-flowing water re1uoves successive layers 

of the stratified particles from the top downward as the coal bed travels 

toward the outer end of the table. 

3.2.3 Water-type cyclones 

Water-type cyclones (hydrocyclones) are used to clean 1/4-in. x 0 
16 size coals, using water as the transport fluid. The water cyclone is a 

cylindrical vessel with a conical-shaped bottom section and a tangential 

inlet near the top. The water cyclone differs somewhat from the conven­

tional dense-medium cyclone in that the cone angle is larger (up to 120°) 

and the internal vortex finder is longer. A coal-water slurry is fed to 

the tangential feed nozzle and,upon entering the cyclone,is subjected to 

centrifugal forces. The lighter-density coal partirles Rre generally 

retained by the ascending vortex and exit through the overflow. Conversely, 

the higher-density mineral matter tends to migrate to the descending vortex 

and reports to the underflow. Treatment of -1/4-in. coal in hydrocyclones 

often results in significant crossover of clean coal to the refuse stream, 

which necessitates a two-stage system or one followed by a flotation unit. 

Sharp separations are not obtained in hydrocyclones, and they cannot be 
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used for difficult-to-clean coal, for separations at the lower specific 

gravities, or with fine coals containing a large percentage of "near­

gravity" material. Hydrocyclones find application in treating feeds with 

appreciable concentrations of liberated pyrite or where space limitations 

are important. 

3.2.4 Low-flow dense-medium vessels 

The dense- (heavy-) medium separation process usually treats coal from 

8 in. down to 1/4 in. in size by submerging the raw coal into a liquid 

suspension that has a specific gravity intermediate between the coal and 

the mineral impurities. The coal floats and the waste material sinks in 

the liquid. Liquids in the form of organic liquids or salts dissolved in 

water find limited use in commercial practice because of high costs of 

recovery of liquids from the coal and waste products. Several different 

equipment designs are available for dense-medium separation, and all use 

the same principle wherein the product coal floats and the waste material 

sinks. 

Of the suspension materials employed in dense-medium separation (sand, 

bauxite, ferrosilicon, and magnetite), magnetite is most frequently used 

because of its low cost (approximately $70/ton for -325-mesh magnetite) 

and the ease with which it can be recovered by magnets. Magnetite losses 

amount to 1. 5 to 1. 7 5 lb of magnetite per ton of coal treated. For coarse 

coal, the present design trend in dense-medium separation equipment is 

toward shallow baths (settling tanks) where an inactive or low-flow region 

is provided for the separation to occt.lr. Shallow baths minimize the amount 

of magnetite required in the system. Today's modern dense-medium processes 

are capable of very high throughputs (up to 850 to 900 tons/hr of coal feed) 

and effect a sharp separation of the feed coal into a clean product and 

refuse. They are highly automated and require a very small operating crew. 

The advantages of dense-medium processes over other coal beneficiation 

processes are: (1) the ability to make sharp separations wi.Lldn the normal 

specific gravity range even at high percentages of near ±0.1 specific 

gravity material; (2) the ability to easily control the specific gravity 

of the dense medium to within ±0.005 specific gravity unit of the separat­

ing gravity; (3) the flexibility to change the specHic gravity of the medium 
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to meet product requirement as well as raw coaJ feed; (4) the ability to 

handle a wide range of raw coal sizes up to 8 in.; and (5) low capital and 

operating costs, considering the high coal throughput and the small area 

required for the separation. 

3. 2. 5 High-flow dense~medium vessels - cleaning_ of 2 .. .=i:~ ·-·· x. _28 mesh c-.oA 1. 

One of the simplest and yet one of the most effective devices for 

beneficiating coal is the heavy-medium cyclone. Presized coal ranging 

from 2 in. down to 28 mesh is premixed with the heavy medium and fPd to 

t:he cyclone at pressures up to 25 to 30 psig. In a typical heavy-medium 

cyc.l nne, a mixture of rul'!d I mn (USually magnt;!Lite) <'!nr,l deRl imP.il J:a~o,r l.!uul 

{that is, coal from which the -28 mesh material has beP.n removed) enters 

tangentially near the top of the cyclone section. In the cyclone, the 

normal gravitational force found in a heavy-medium static bath is replaced 

by a much stronger centrifugal force. Due to strong centrifugal action, 

the clean coal (being of lower specific gravity) is forced toward the 

axis of the cyclone while the mineral matter (being of higher density) is 

forced toward the walls of the cyclone. Hence, the clean coal is sepa­

rated from the associated mineral matter. The clean coal collected at the 

cenual a:x:is of the cyclone passes through a vortcx·-.. finde:r (a concentric 

tube located about the cyclone axis) and P.xi.ts the cyclone at the tOP whU.e. 

the mineral matter i8 discharged (through an underflow orifice) from the 

bottom of the cyclorte. 

As a consequence of the high separating forces developed in this type 

of fine-coal separator, c.ycloneo are very compact in size but have high 

capacities and are even able to clean fine cual at these high throughputs. 

The heavy medium used in the cyclone acts as a homogeneous fluid 

because of the fiue particle size employed (generally 95% through 325 mesh); 

~nd signiticanr separation of the magnetite particles from the water does 

not occur. The heavy medium flows out of the cyclone with both the cleaned 

coal and the mineral matter stream and is recovered (for re-use) from both 

streams downstream of the cyclone. 

Both the cyclone overflow and underflow pass over sieve-bend screens 

and then over wash and drain screens to remove nearly all the heavy medium 
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from the cleaned coal and the waste materials. Capacities of dense-medium 

cyclones, for example, range up to 100 tons/hr for 28-in.-diam units, and 

cyclones can handle coal sizes ranging from 28 mesh to 2 in. For the 2-in. 

to 28-mesh size coal range, the cyclone performs a sharper separation 

between the coal and refuse than any other type of separator that is 

commercially available. Capital and operating costs are usually higher 

for dense-medium cyclone installations than for comparable hydrocyclones 

or vibrating-table systems. However, with their superior separation capa­

bilities. at low operating densities, dense-medium cyclone operations have 

a decided economic advantage over other types of fine coal separation 

systems,especially if a large amount of "near-gravity" material is present 

in the coal feed. 

The original development work on dense-medium cyclones was performed 

by the Dutch State Mines during World War II .. Since then,dense-medium 

cyclones have been used commercially -in Europe (notably in Holland, Germany, 

and France). The first commercial application of the dense-medium cyclones 

in the United States was in 1961. Several preparation plants have since 

been built which use dense-medium cyclones in the coal preparation circuit. 

Because dense.-medium cyclone systems made their entry into this 

country's coal cleaning industry fairly recently, more developments and 

improvements will undoubtedly be made. For example, within the past five 

or six years, the top size of the feed has been increased to 2 in. and, 

except for the -28 mesh x 0 material, the entire plant throughput can be 

~J.eAnPrl in rlPnsP-mP.rlinm r.yrlones. 

The major problem with dense-medium cyclone separation is that it 

cannot effectively treat -28 mesh coal. A separate fine coal treatment 

circuit is required for this purpose. Several coal cleaning plants are 

now using froth flotation circuits to handle coal fines. However, based 

on recent development work at the U.S. Bureau of Mines, 17 the effective 

range ot the heavy-medium cyclone may be extended to include the 48 mesh 

x 0 fines. In their investigations, the U.S. Bureau of Mines limited 

the raw coal feed s1ze to the 48 mesh x 0 material. Normally,this size 

fraction of the raw coal contains the greater percentage of clay and 

slimes (as well as some of the pyrite) and is the most difficult fraction 
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to beneficiate. The clay and slime associated with the raw coal report in 

this size fraction because of their fine particle size. The U.S. Bureau 

of Mines studies showed excellent separation of the fine coal down to 

65 mesh and still good separation results in the 65- by 100-mesh range 

material. Therefore, the potential exists for treating the entire coal 

throughput by using heavy-medium cyclones. 

3.3 Froth Flotation 

3.3.1 General techniques 

In past years, ultrafine coal along with the refuse materials was 

discarded because of the low coal prir.P.R r~nc:l the relatively high re.c.overy 

costs associated with processing fine coal. However, the influence of 

rising coal prices, the resul~ing demand for improved r.ost efficiencies, 

and the need tu meet stringent environmental regulations are important 

factors contributing to the present emphasis on the recovery of the fine 

coal. Coals in the 48 rne~h x 0 size range are generally cleaned by froth 

flotation. Froth flotation techniques are employed to separatP. thP finP 

coal from the pyrites, slimes, and associated ash-bearing minerals. 

Froth flotation of coal is a process that depends on the selective 

adhesion of air bubbles to the coal particles to separate the fine coal 

from the associated mineral matter. As finely dispersed air bubbles are 

passed through the coal slurry, the air bubbles adhere to the coal 

particles and float them to the surface where they are removed as a 

concentrate while the associated mineral matter, wetted by the water, 

sinks to the bottom of the vessel. This process entails the use of 

chemical reagents which form an air-adhering surface on the coal parti­

cles and which make a wettable surface on the ash-forming particles. In 

addition, flotation agents are added to the coal slurry prior to or during 

flotation to aid the separation process. These reagents are classified as 

frothers, collectors, and modifying agents. 

Frothing agents facilitate the production of stable froths. A stable 

froth is needed to carry the coal concentrate until it can be removed from 

the flotation unit. The frothing agents can be inorganic or organic in 



37 

nature, but most are organic materials such as alcohols, kerosene, and 

even crude oil. 

Collector reagents aid in promoting better contact between the coal 

particle and air bubbles by forming a thin film over the coal particles, 

thus forming a water-repellant surface. However, in order to effect a 

separation, the collector must not coat the ash-forming or pyritic 

minerals. 

Modifying agents serve several functions,which include: (1) dispers­

ing agents inhibiting unwanted mineral flotation by coating the mineral 

particles and not coating the coal particles, (2) activating agents to 

alter the coal surface to enable a film coating of the collector reagent 

to form and aid the air-bubble attachment, (3) pH regulators to adjust the 

flotation slurry alkalinity or acidity, and (4) dispersing agents to help 

reduce the effects of slimes and clays on the separation. 

Froth flotation reagents are the most expensive items in flotation 

processing systems, and it is imperative that the proper kind and amount 

of reagent be used. Reagent costs have been estimated to be 50 to 60% of 

the total flotation system operating cost. Even though recent developments 

in froth flotation techniques have increased flotation process recovery 

efficiencies, a continuing effort aimed at developing better and 

cheaper reagents should be pursued. 

Coal processors and equipment manufacturers have made great strides in 

overall froth flotation cell technology. Continuing efforts are being made 

to improve cell efficiency, increase capacity, lower power requirements, 

and provide complete automation in order to lower operating costs. One 

new method being investigated involves separating the feed into specific 

size ranges such as 14 mesh x 48 mesh, 48 mesh x 100 mesh, and 100 mesh 

x 0. 18 Better cleaning efficiencieo were obtained for the individual size 

fractions th~n were obtained for the overall -14 mesh size range. Other 

process improvements being made include froth flotation treatment of over­

flows from classifiers and water cyclones to decrease the load on thickeners, 

thus simplifying the water recycle circuits. 
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3.3.2 U.S. Bureau of Mines two-stage fro~h flotation pr,ocess 

Excellent pyritic separation results have been obtained in a two-stage 

froth flotation circuit developed by the U.S. Bureau of Mines~ 19 This 

system is unique in that a frother [methylisobutyl carbinol (MIBC)] is used 

in one stage to concentrate the fine coal. The coal concentrate is then 

rcpulpcd and treated with a coal depressant (Aero Depressant 633) and 

hydrochloric acid (HCl) to which a pyrite collector (potassium amylxanthate) 

and a frother (MIBC) are added. In the second stage, the coal sinks and 

the pyrite floats to the curface, t.llat is, the reverse uf normal flotation 

methods. Pyrite separations of 70 and 90% have been achieved for two 

PPnnsylvania conls. 

In the future,froth flotation processing will play a more significant 

role in coal cleaning due to the greater amounts of fines found in raw coal 

produced by continuous mining methods and the need to intentionally reduce 

raw coal sizes to liberate more of the pyriti r rontento and ettltauee rhe 

recovery of clean marketable coal. 

3.4 Preliminary Procc3s De~lgnY and Economic Evaluations 
Based nn WQt Mcchanicdl Beneficiation 

3.4.1 General design considerations 

Prel.iminary process designs and economic evaluations have been devel­

oped for conceptual coal cle<Jning planto that Leueficiate the coal by 

using the wet mechanical beneficiation process. ThP designs were developed 

for pl ;:mt~t bcncficiaLlug t:he Pennsylvania, wPstern Kcntuf'.ky, auu Illinois 

coals (see Table 1.2 for uetails and analyses of the coals). These coal~ 

were selected from Table 1.2 because of their high sulfur content and 

differences in cleaning properties. To assess the effect of plant 

capacity and the degree of beneficiation, the plant designs were developed 

for two levels of product coal capacity (1500 and 15,000 tons/day of maf 

coal) and for two levels of cleaning- namely, mild and deep cleaning of 

coal. 

In the mild coal cleaning plants, the ROM coal (premised to be 

24 in. x 0 in size) is crushed and reduced to a 5 in. x 0 size consist. 
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The 5 in. x 0 coal is then dry-classified_ using 1/4-in. screens into two 

fractions: a 5- x 1/4-in. fraction and a -1/4-in. fraction. The 5- x 

1/4-in. size fraction (also generally referred to in the trade as coarse 

coal) is then wet beneficiated using jigs. The -1/4-in. size fraction 

bypasses the wet beneficiation step and is combined with the cleaned and 

dewatered coarse coal fraction to yield the cleaned coal product from the 

plant. 

In the deep coal cleaning plants, the ROM coal (24 in. x 0 size) is 

crushed and reduced in size to yield a 1-1/2 in. x 0 size consist raw feed 

coal. The raw feed coal is then wet-classified (deslimed) using 28-mesh 

screens into two fractions: 1-1/2 in .. x 28 mesh and -28 mesh. The 

1-1/2 in. x 28 mesh size fraction raw coal is beneficiated using two-stage 

dense-medium cyclones,while the -28 mesh size fraction is beneficiated 

using froth flotation cells. In the deep coal cleaning conceptual designs 

evaluated in this study, only a fraction (-66%) of the -28 mesh coal was 

subjected to thermal drying along with the cleaned and dewatered 1-1/2 in. 

x 28 mesh size coal. This step was taken so as to meet the premised 5% 

moisture content specified for the plant cleaned coal product. The 

thermally dried and undried coal streams are subsequently combined to 

yield the plant product coal stream. 

The proposed conceptual plants will provide guidelines for establishing 

relative beneficiation costs for easy-to-clean and the more-difficult-to­

clean coals. It is recognized that the proposed cleaning systems are not 

nP.cP.ssarily optimum because of the very limited amount of data available 

for the particular coals. The available data were restricted to coal 

analyses, heating value, and a minimal amount of washability information. 

Other essential data that are valuable in designing a cleaning process 

. 1 d . . h . 15 1 d . d 1 . 1 . 1nc u e m1n1ng tee n1ques, raw coa an s1ze coa part1c e s1ze spectra, 

and a complete sink-float washability analysis. 

To arrive at a design basis for each cleaning process, continuous 

mining techniques were assumed, generally meaning an increase in the 

impurity level of the ROM coal and a lowering of the particle size 

spectrum. Coal size consists were extrapolated from similar coals 

origiuating in the sAme geological orcos, and it was nQcessary to 
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extrapolate the washability data obtained from ref. 1 to finer-sized coals 

and also to interpolate the data for intermediate float-sink specific 

gravities. 

3.4.1.1 Cleaning plant location. The coal beneficiation facilities 

were premised to be located at the coal mine mouth and were designed to 

receive ROM coal by conveyor. The ROM coal ranges up to 24 in. in ~ize. 

Because significant amounts of rocks are usually received with the ROM 

coal, an average of 10% was used in this evaluation for the various coal 

feeds. The rock was premised to be rejected in the primary reduction 

operation and subsequently joinR the cleaning plant refuoc stream for 

eventual disposal at the mine. 

3.4.1.2 Coal mine capacities. One important aspect that should be 

noted is that the output from current mines ranges up to about 4 to 

5 million tons of coal per year, although 2 to 4 million tons per year 

is a more realistic value. Hence, a prerequisite for the 15,000-ton/day 

(maf) product cleaning facility would be a mine production capability of 

7 to 9 million tons/year of ROM coal or, alternRt:i.vely, an ROM coal supply 

from more than one mine. In the case where coal would be obtained from 

more than one source, a transportation cost would be .i.nenrred for a portion 

of the coal. However, for this study a single ROM coal source was assumed. 

3.4.1.3 Cual storage. A 20-day live coal surface storage supply was 

planned for the beneficiation plant. No dead storage facilities were 

designed for the plants. The storage yard will provide a small degree of 

blendiug uf the raw co<1l. Conical piles were pianned for thP. 1500-ton/day 

plants, and parallel piles were planned for the 15,000-ton/day facilities. 

In all cases, the coal was assumed to be sized prior to the coal yard. 

3. 4 .1. 4 Ben~~fici_a.E_i_on plant ope,I_ating sche_dnl P.. The 1500-ton/day 

conceptual plants were designed to operate 8 hr/day, 5 days/week for 

about 329 days/year, whereas the 15,000-ton/day plants were designed to 

operate 16 hr/day, 7 days/week for about 329 d8ys/year. 

3.4.1.5 Freshwater supply. No treatment of freshwater supply to the 

cleaning plants was assumed to be required unless (occasionally) the 

sediment concentration became high or if an acid condition existed. 
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Because grassroots faciliti~s were planned and relatively small freshwater 

requirements were anticipated, the water-treatment equipment required for 

boiler feed and potable water supplies is expected to handle these infre­

quent occurrences. 

3.4.1.6 Water handling. Closed process water loops were used to 

eliminate stream pollution. The process wash water is treated in thickeners 

and, with the aid of flocculants, the wash water solid concentrations are 

controlled. Both the overflow and the underflow from the system ar~ 

filtered. The filtrate is recycled to the plant, while the filter cake 

is discarded as refuse. The plant water lo~ses are limited to water 

associated with the coal product, refuse, arid the coal drying opera-

tion. 

3.4.1.7 Ai~~ality control. No significant air pollution is expected 

from the wet mechanical beneficiation facilities with the exception of 

those plants that require coal drying sections. The dryer exhausts were 

fitted with wet scrubbers to ensure that particulate emissions complied 

with existing regulations. However, the dryers for the 15,000-ton/day 

plants are fired with cleaned·product coal, and the resulting flue gas in 

most instances may not meet EPA sulfur oxide emissions standards. The 

steam-electric power generation unit also uses the same cleaned product 

as fuel and also.may have sulfur oxide emissions above legally permissible 

standards. To regulate the sulfur oxide emissions, the flue gas streams 

are combined and treated in limestone slurry flue gas desulfurization 

units. The boiler ash, excess lime, and fixed, dewatered calcium sulfate 

are combined and disposed off with other plant refuse. 

3.4.1.8 Solid wastes. The principal sources of solid waste materials 

from wet mechanical beneficiation plants are reject rock from the rotary 

breakers, high-ash, high-sulfur refuse from the jig or secondary heavy­

medium cyclones, and filter .cake waste containing primarily clay and 

slimes separated from the coal fines. Steam plant ash and flue gas 

scrubber solids are expected to be only about 10% of the cleaning plant 

waste. The solid wastes are assumed to be disposed of at the mine site. 
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3.4.2 Mild-cleaning wet beneficiation process description 

The mild-cleaning process (at 1500- and 15,000-ton/day MAF capacities) 

is designed to lower the ash and sulfur components with a minimum of heat­

ing value losses and in the most economical way. Process flow diagrams, 

Figs. 3.1 and 3.2·, show the mild-cleaning systems at the 1500- and 15,000-

ton/day levels respectively. Western Kentucky coal was used in the 

1500-ton/day flowsheet and Pennsylvania coal in the 15,000-ton/day flow­

sheet. The chemical analyses of the raw coals are summarized in Table 1.2. 

The bed moisture for the coals is also shown in that table.. A surface 

moisture content of .4% was used, in addition to the bed moistnrP., ,in the 

design ot the cleaning plants. The equipment lists for these two plants 

are reported in Appendix C. 

The ROM coal is reduced to a 5 in. x 0 size in rotary breakers and is 

transferred to the coal storage area. This section of the process is 

designed to operate 8 hr/day, 5 days/week. 

Raw coal is conveyed into the cleaning plant and screened into coarse 

(5 x 1/4 in.) and fine (-1/4 in. x 0) coal fractions. The fine coal 

fraction bypasses cleaning operations and,by not wetting the fine coal, 

it is possible to eliminate coal drying operations from the mild treatment 

facility and yet meet the 5% nominal moisture content for the total plant 

capacity. This is accomplished by blending the cleaned wet coarse fractions 

containing less than 5% moisture with the fine coal. 

The coarse coal (5 x 1/4 in.) is beneficiated in a three-product jig 

washer fitted wl.th a middlings crusher and rewasher. The three products 

from the jig washer are the cleaned coal fraction, the middlings fraction, 

and the refuse fraction, all 5 x 1/4 in. in size. The middlings fraction, 

~tlll containing a high percentage ot impurities, is resized to 1 in. x 0 

to liberate additional impurities and is then rewashed. The re~lP.aned 

middlings material is dewatered and rinsed on screens. The main (5 x 

1/4 in.) cleaned coal fraction is screened into 5 x 1 in. and 1 x 1/4 in. 

sizes. Tbt= 1 x 1/4 lu. material is combined with the recleaned middlings 

and further dewatered in a basket centrifuge. 
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The underflows-fromscreening operations and the dewatering centrifuge 

~ontaining fine coa~ are collected in a sump and pumped to a classifying 

and dewatering cyclone. The cyclone underflow containing the high-ash 

material reports to a thickener. The thickener underflow is filtered, 

and the filter cake is conveyed to the refuse stream. The clarified water 

overflow from the thickener is recycled. The cleaned coal fraction is then 

blended with the fine coal fraction, which bypasses the cleaning circuit 

and is conveyed to a storage silo (1500- or 15,000-ton capacity). 

A secondary ground storage area was planned for clean coal storage 

when major equipment failures occur in the clean coal storage or coal 

loadout systems or in the event that empty coal cars are not available. 

Mobile equipment will be used to retrieve coal from the ground storage 

area. 

The smaller-capacity (1500-ton/day) mild-cleaning plant is operated 

with one production line 8 hr/day, 5 days/week. In the larger-capacity 

(15,000-ton/day) plant, operation is 16 hr/day, 7 days/week, and two 

parallel lines are needed. All loadout facilities are operated one shift 

per day. 

3.4.3 Deep-cleaning wet beneficiation process description 

The flow diagrams for the proposed deep-cleaning wet beneficiation 

plants are shown in Figs. 3.3 and 3.4 for the 1500- and 15,000-ton/day 

capacity plants. Western Kentucky coal is used in each of the flow 

diagrams to typify the coal flows. The design of both plants is the 

same except that one process line is used in the smaller-capacity process, 

and the plant cleaning section is operated 8 hr/day, 5 days/week. In the 

15,000-ton/day capacity process, two parallel lines are required and 

operate 16 hr/day, 7days/week. The receiving, primary reduction, and 

coal loadout units of both capacity plants operate 8 hr/day. 

The ROM coal is reduced to a 1-1/2 in. x 0 size in rotary breakers to 

free more of the impurities than accomplished in the mild-cleaning proc­

esses in which the ROM coal was reduced to only 5 in. x 0. The sized raw 

coal (1-1/2 in. x 0) is wet screened into 1-1/2 in. x 28 mesh and 

-28 mesh x 0 fractions. The coarse coal (1-1/2 in. x 28 mesh) cleaning 



2329~-~.0~ ( 2~?"'------""1 
COf\L 

1529(; 

ro----i"FRE.SH WATE_P 

VENT 
TO 

ATMOSPHERE: f-ROM MINE BY CONVEYOR 

~--~i{-DISTRIBUTOR 
• 1 11-2903 

i :1 ~ MAGN CTIC g~rVi~ATOII~ 
• + p=.=--'*~ 

i : 
I 

26.933T 

'I MAKEUP 

~~·oj -----:--r-
~-~~f '~'" ! L, 

2622G 

12-2101 
PARTICULATE 
SCRLI!:BER 

REFUSE 

(TO DISPOSE 

908G 
36.477T I'?OOG 

~~- I 
~~;:1: 3 . .3T I 48.69T 

H-4003 
FROTH 

FLOTATION 
CHLS 

111-2702 WATNE: ~ ~ ~ 

~-=~-,------------~O~~T ____________ _ J 
CYCLOID 

HEAD TANK 

' II TI-IICK£N~P 1" 

~ 

I : ! CROSS-FLOW 

MAGNETITE 
STORAGE BIN 11-1501 

2436G 
L ___ 42~ ~3~ _______ _ 

I : 
_ __.J 2j 

62IG /SCREEN 

I I . 'iECONOARY ~IG-16BT 0 ~~G I I HEAVY MEDIUM -oi/ ~/ 25C .( 

I '
1 

', CYCLOID /·•1-2508 I\)_ 0 oRAi'N-a'RINSE 
9 G 11-2'?02 - SCREEN I I I 38~1~5T-........,_, 11·2509 0~ 

48.69T 
1054G 

II- 2504 

I 
I" 

"'I~ 
~~~ 'E.n 

~5_§_ - ---LJ-­
\4.533T ll-1511 

SLURF.l 
PUMP 

-1 lOG PR1MAt
0
Y UM 

I : ~: f---<>·· 1~2G o- ~ '7; H-2.901 

- to---o- AIR 1037G HEAC"f,~LMOID I I I 
~w .. , : e.,N SRINSE j »CROSS F\OW '-

[,J ~- 1012G 

' ---o-1 -- TO Vf\iUUM 
11-1507 I VACUUM FILTEfi SYSTF.M 

.._ SCREEN ({l 1_2 gf§EEN CENTRIFUGE CROSS-FLOW l55045T 

I· : ~~ 11'_"2~~0 11 _6 ~--------- • 19Git.V2•3/BJ _ ,fc;s~·~~ 
i ! ~~ RE:I~SE~ ~ ~!~ f' ~E~;~;T j ll-ZSI1 ~ ~ ~ ~~~ ~~ i~~~!~~R£IOOT ~ ~~ -DRAIN SCREEN 

I - -- _j51.908T T~~~~~iR ,., l 

' 
:;:I" _., 
0-

1 

0 
X 
~ 
~ 
N 

11·230 7 

COLLECTION 
CONVEYOF\ 

FILTRATE ~1-1'302 
PUMP 

25!'; 

~~ 
1 11-2~09 

I 
I 

=b I tt-231o 
_j. TRANSFER 

~.._E~U_ll CONVEYOR 
TO 11-2306 

I I I 9 "--~' cg~~~g~: ~ ~~ ;;.,._l~-----r~t--~L~~;;;::oo"=;;::::":=:;;:=t 
11 : :1 I ~~~:oa ,.,,os ~ t;::::~-"1 __ ,:______ 1 - , •• 

;-MINE)-- --~- J ______________ CO_N_V_E~O-R-----~-----%}}~-----~-------_j_- __ 1_ --------------------- L,_ _ _;:::__ --._,;-"---j~~is~·~ 
liMA:L:aNATLR~7~.~i: 13zG1"Y'"'"'' !! .. ,.,.,,.,!\\"~"" ,, """ ~ ~ 57

.7!% ASH 239.649 CL.R'riER <:o FEED SUMP ,..n ~~ 
MF 415_2G4 1\·2701 TO ~~ ~ « 

5. 2 2 % SULFUR SC R F. ENS l'H~EA~V~Y'_!_M~Ek'D~I~U~M',._ ___ -f-.~-~~{~3~/~8-"~,~2~8~M::C) ~-~il~6~21'0rrGf"~-~-"':'~-t~-~~J ~ - 11~ 1502 ti - 2 3 0 2 

L-----~----!~~ ----~~~ ·y:G SpGcl85 c=~==========·=·==3=T==~~~~~~-I~·~o~·~~~~~~~~~~~·~-~·~·~o~·=============~=========~==~~ 
II-ISOS . ['j' L..,~ CLEAN COAL. COLLECTION CONVEYOR SLURRY J -
PUMP 11-150(J 

R E C YCL [ WAT E fi 
PUfiiP 

0-6-
11·1508 

"' 0 
~ 

FILTRATE \ 
PUMP #.,0 

,1~ ,, 

Coal maf 
A<h 
Coal mf 
Bed moisture 
Total 
Surfa~e moisture 

Sulfur 

Milteriol balance {tons/dar) 
Raw coal Prcduc t Plan;; 
~ ~ refuse Total 

1575.64 1500.00 175.64 1675.64 
300.35 60.71 239.64 300.35 
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process is a two-stage heavy-medium cyclone separation system in which 

magnetite is used as the heavy medium. In stage one, the coal and heavy­

medium slurry (sp gr 1.38 for western Kentucky coal) feed by gravity to 

the separating cyclone at a feed pressure of 15 to 18 psig. The cleaned 

coal overflows the cyclone and passes consecutively over stationary cross­

flow screens and vibrating rinse-and-drain screens, through a dewatering 

centrifuge, and is discharged to the clean coal collection conveyor. 

The underflow from stage one flows over stationary cross-flow screens 

and then vibrating screens to separate the material into 1-1/2 x 3/8 in. 

and 3/8 in. x 28 mesh fractions. To liberate more of the impurities, the 

1-1/2 x 3/8 in. material is reduced to 3/8 in. x 0 a.nd the 28 mesh x 0 

portion removed by vibrating screens. All of the 3/8 in. x 28 mesh material 

is combined, and the combined stream flows to the second-stage feed sump. 

The slurry is adjusted to a specific gravity of 1.85 and is then pumped to 

the second-stage heavy-medium cyclone. Again as in stage 1, cleaned coal 

overflows the cyclone onto cross-flow screens, rinse and drain screens, 

through a dewatering centrifuge, and onto the clean coal collection con­

veyor. The second-stage underflow containing high-ash, high-sulfur 

material flows over cross-flow screens, drain and rinse screens, and onto 

a collection conveyor and then to eventual disposal. 

The function of the cross-flow screens is to separate most of the 

heavy medium from the coal or waste material. The heavy medium returns 

to the respective heavy-medium sump for reuse. The underflow from the 

drain and rinse screens, which contains diluted medium and some -28 mesh 

coal resulting mostly from attrition, is piped to a dilute-medium clari­

fier. The clarified water overflow is recycled, and the underflow is 

pumped to magnetic drum separators. The magnetite and fine coal are 

separated,and each is recycled in the process. 

The fine coal (-28 mesh x 0) separated at the beginning of the process 

is collected in a fine coal sump along with the other fine coal streams 

created by the two-stage heavy-medium circuits. This slurry is pumped to 

classifying water cyclones, and a separation of the ±100 mesh material is 

made. The overflow from the cyclones containing very fine coal, slimes, 

and clays is c.onvAyed to froth flotation cells for final cleaning. The 
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overflow concentrate, which consists of clean coal from the flotation units, 

is combined with the cyclone classifier underflow clean coal (28 x 100 mesh). 

The cleaned coal from the latter two operations is very fine (-28 mesh x 0) 

and retains about 24% surface moisture. Therefore, to achieve an overall 

product-coal moisture content of·no more than 5%, part of the fine coal 

must be dried before it is finally blended with the outgoing coal stream. 

The high-ash underflow from the flotation cells is piped to thickeners 

where the solids are separated with the aid of a flocculating agent. Clear 

water overflow is recycled, and the thickened underflow containing waste 

material is filtered. This portion of the waste is combined with the waste 

stream from the second-stage separation and the reject rock from the primary 

si.ze-reduction st~p. The combined waste strea¥1 is then trucked to the mine 

disposal area. 

3.4.4 Economic analyses procedure for the 
wet mechanical beneficiation processes 

Economic evaluations were performed using the discounted cash flow 

(DCF) rate-of-return method for the following cases of the wet mechanical 

beneficiation·processes evaluated: 

1. plant sizes 1500 and 15,000 tons/day of maf product coal; 

2. plant types grassroots and battery-limits; and 

3. coal cleaning levels -mild and deep cleaning. 

Capital costs for .the mechanical beneficiation facilities were 

obtained from several sources: 

1. estimates of individual equipment items taken from the literature 

and corrected for escalation by cost indexeo to January 19/7; 

2. scaling of vendor estimates for similar type beneficiation 

facilities
20 

(a scaling factor of the 0.7 power of the plant 

capacities was employed for the larger plants); and 

3. application of the coal preparation factoring model 21 for esti­

mating capital and operating costs for coal preparation facilitieo. 

The cost estimates developed are factored estimates with a probable 

accuracy of ±30%. 
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Further details regarding the basis for the economic evaluations are 

given in Appendix A. The results of the analyses are summarized in the 

following section. 

3.4.5 Results and discussion of results 

The results of the preliminary process design and economic analyses 

are summarized separately below for the grassroots and the battery-limits 

type facilities. 

3.4.5.1 Results for the grassroots facilities. Table 3.2 summarizes 

the results for conceptual plants beneficiating Pennsylvania, western 

Kentucky, and Illinois coals at a nominal daily production rate of 

1500 tons of maf coal. Table 3.3 presents similar results for the 

15,000-ton/day plants. Of the three coals examined, the Pennsylvania 

coal responded best to the washing methods. The percentage recovery of 

the heating value for the Pennsylvania coal was essentially the same as 

for the other two coals, but the amount of ash removal by beneficiation 

was significantly greater. 

For the mild-cleaning process, beneficiation costs for Pennsylvania 

coal were calculated to be $6.03 and $3.93 per ton of mf (moisture-free) 

feed coal for the 1500- and 15,000-ton/day capacity levels, respectively, 

whereas for the deep-cleaning method the costs increased to $8.06 and 

$5.43 per ton at the same production capacities. The beneficiation costs 

reported in Tables 3.2 and 3.3 are the costs involved in beneficiating the 

coal; they do not include the cost of the ROM coal used to produce the 

cleaned product coal. The ROM coal cost is added to the beneficiation 

cost to yield the calculated (and reported) cleaned product coal price. 

The beneficiation costs shown in Tables 3.2 and 3.3 were calculated for 

an ROM coal cost of $20 per ton, annual after-tax rate of return on equity 

of 12%, a debt/equity ratio of 70:30, and an annual interest rate of 9% 

on the debt. 

A summary of the various capital and operating costs and the product 

coal price (for 12 and 15% rate of return on equity capital) is reported 

in Table 3.4 for Pennsylvania, western Kentucky, and Illinois coals. The 

estimated direct capital cost for like cleaning methods is the same for 



'I"b)e 3". 2. Wet mecoh3nical be·:tef:.ciation summary for grassroots ft=cility 
(capacit:' - 15(•0 ~ons/day of maf product ·coal) 

Penns{lvania =)al Western Kentucky coal Illin~is coal 

Mild ·Cleanin~ Dee) cleartin~ Mild cleaning Deep cleaning Mild cleaning Deep cleaning 

Daily flow, tons/da? 

A. Raw coal feed 

Ash, % 

Sulfur, :-c: 

Total moisture, % 

HHV, Btu.'lb 

B. Clean product ccal 

Ash, % 

$t:;lfur, ~ 

Total mo~stuYe, % 

HliV, Btu,'!lb 

Potential therma!l energy 
(109 B~u/day) 

Raw ccal feeco 

Clean product coc.l 

Percent recovery 

Material a 

Thermalb 

Beneficiation ccstc,d 

per ton 

¢ per millio~ Btu 

of 

2.9( 

5.44 

l/56 

14.59 

2.13' 

4.89 

H.9 

6.J3 

maf 

1728 

15,1"14 

1500 

15,194 

52.5:. 

45.58 

86.8 

24 

]).: oaf 

23.4. 1:04 

27.3. 

2.~() 

5. >4 

1J.:o 

7 ... 2 

1,.;4 

5.1!l 

6!1.1 

8.(6 

1~,194 

1~00 

1:',194 

51:.7~ 

45.58 

88.0 

30 

"Mater~al recovery = ('""ig:1t o: c:eaned Froduc~ c.ca·) x !LOC. 
w~ight o: raw feed coal 

mf 

1997 

15.2 

2.55 

5.73 

1605 

6.52 

1.90 

4.98 

80.~ 

6.25 

bThermal recover-_ = ( h:ating val•e of c]eaned pte-duct C)al) 100 heatin5 ~alue of raw feed coal x · 

maf 

1694 

14,367 

1500 

1L,367 

48.67 

4;:.10 

8C..6 

25 

mf 

2(!44 

15.2 

2.55 

5.73 

1561 

3.89 

1.84 

5.0 

76.3 

9.36 

maf 

1734 

14,367 

1500 

14.36-7 

49.82 

43.10 

86.5 

30 

mf 

1985 

18.25 

4.21 

5.9 

1694 

11.45 

3.13 

4.87 

85.4 

5.84 

cBeneficiation cost is :he cost iavolved :in clear.ing (be:teficiating) the raw coal. It does not include 
the cost of the ROM coal ::cequ~-:-eol to prc:duce the -cl.eane'l prod~ct coal. 

dCosts reported are coal·:u=.ated :,a:::ed on $20 per ton ROM :oail. C)St, 70:30 debt/equity ratio for plant 
capitc.l, 12% annual af:er-tax ::-a;:e of return on eqLity :apital, and 9% annual interest rate on debt. 

maf 

1622 

13,877 

1500 

13,877 

45.03 

41.63 

92.5 

25 

mf 

2099 

18.25 

4.21 

5.9 

1625 

7.68 

2.80 

5.0 

77.4 

7.64 

maf 

1716 

13,877 

1500 

13,877 

47.63 

41.63 

87.4 

31 



Table 3.3. Wet mechanical beneficiation summary for grassroots facility 
(capacity- 15,000 tons/day of maf product coal) 

?ennsylvania coal Western Kentucky coal Illinois coal 

Daily flow, tons/day 

A. Raw coa: feed 

Ash, % 

Sulfur, % 

Total moisture, % 

ID!V, Bt•J/ lb 

B. Clean p7oduct coal 

Ash, % 

Sulfur, % 

Total mJisture, % 

HHV, BtJ/lb 

Potential thernal energy 
(109 Btu/day) 

Raw coal feed 

Clean product coal 

Percent recovery 

Material a 

Thernalb 

Beneficiation costc,d 

$ per ton 

c per million Btu 

Mild cl:aning 

mf maf 

23,543 17,116 

27.3 

2.90 

5.44 

15,194 

17,562 15,000 

14.59 

2.13 

4.89 

74.6 

3.93 

15,194 

520.1 

455.8 

87.6 

16 

Deep cleaning 

mf maf 

23,005 16,725 

27.3 

2.90 

5.44 

15,194 

. 16,202 15,000 

7.42 

l. 64 

5.0. 

70.4 

5.43 

15,194 

508.2 

455.8 

89.7 

20 

aM i 1 _ (weight of cl"'aned product coal) lOO 
ater a recc•very - weight of raw feed coal x · 

Mild cleaning 

mf maf 

19,746 16,745 

15.2 

2.55 

5.73 

14,367 

16,0L6 15,000 

6.52 

l. 90 

4.98 

81.3 

3.92 

14,357 

481.1 

431.0 

89.6 

15 

bThermal reco,·ery { heating valu: of cleaned product coal) 
\ heating v3lue of raw feed coal x 100 · 

Deep cleaning 

mf maf 

20,072 17,021 

15.2 

2.55 

5.73 

14,367 

15,6::17 15,000 

3.89 

l. 84 

5.0 

77.8 

4.9S 

14,367 

489.1 

431.0 

88.1 

19 

Mild cleaning 

mf maf 

19,540 15,974 

18.25 

4.21 

5.9 

13,877 

16,940 15,000 

11.45 

3.13 

4. 87 

86.7 

3.65 

13,877 

443.3 

416.3 

93.9 

16 

cBeneficiation cost is the cost in·Jolved in cleaning (beneficiating) the raw coal. It does not include 
the cost of the ROM coal required to produce the cleaned product coal. 

dCosts reported are calculated bas:d on $20 per ton ROM 'coal cost, 70:30 debt/equity ratio for plant 
capital, 12% annual after-tax rate of return on equity capital, and 9% annual interest rate on debt. 

Deep cleaning 

mf maf 

20,545 16,795 

18.25 

4.21 

5.9 

13,877 

16,248 15,000 

7.68 

2.80 

5.0 

79.1 

5.09 

13,877 

466.1 

416.3 

89.3 

21 
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!able 3.4. Summary of the capital and operating costs, and the calculated product 
coal pri=e for the wet beneficiation p~ocessesa 

Facility type: grassroots 

Product coal price 
($/ton) for 

Direct .Annual Working Tota:. annual after-tax 
cap:::.tal cpe::-ating capital capit3.l rate of return 

Coal Cleaning cost C()St cost invest:Je::tt on eguit~ 
t~Ee level <~:.o6) ($1062 {~1062 . {~1~~· 12% 

PLANT CAPACITY - 1500 tons/day of maf FRODUCT CO.:.L o: 

Pennsylvania Mild 6.25 1.91 2.69 11.001 33.15 
D:ep 8.31 2.31 2.59 13.75 37.00 

Western Kentu·:ky MUd 6.25 L 75 2.39 10.7':J 31.16 
D:!ep 8.·31 2.33 2.42 13.5':J 34.56 

Illinois Mild 6.25 1. 69 2.46 10. 8:. 29.27 
D:!ep 8.31 2.12 2.48 13.6:. 33.48 

?LANT CAPACITY - 15,000 tons/day of maf PRODUCT CO.!.L d 

Pennsylvania Mlld 39.08 11.14 26.19 78.3; 30.75 
D~ep 55.05 1L. 23 25.02 98. 2·: 33.83 

Western Kentueky Mild 35.08 5'.54 23.16 75.3-a 28.54 
Deep 55.05 11.20 23.03 96.3( 30.71 

Illinois Mild 39.08 ~.02 23.83 76.0:: 26.U 
Deep 55.05 1~ .. 65 23.93 97.2( 30.38 

aFor 90% p:.ant set:vice factor. 

bCalculated product coal price is based on $20 per ton ROM coal, 70:30 deb:/equity ratio, 
and 9% annual interest ~ate on the C.ebt fraction of capital. This price :kcludes the 
ROM coal cost. 

cPlant opeilrates 1 shift/day, -5 days/week with SO% annual plant s:rvice factor_ 
d 
Plant operates 2 shiftslday, -7 days/week with 90% annual plant service f.:.cto::-. 

of: 
15% 

33.45 
37.39 

31.47 
34.95 

29.57 
33.87 

30.98 
34.14 

28.77 
31.02 

26.93 
30.68 

b 

V1 
C\ 
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all coals at like production levels because the variation in the raw coal 

throughput is relatively minor. Total capital investment costs (for the 

Pennsylvania coal, for example) for the 1500- and 15,000-ton/day mild-clean­

ing methods are $11.09 and $78.37 million respectively. In comparison, the 

total capital investment costs for the deep-cleaning processes are $13.76 and 

$98.29 million for the different plant capacity levels. Similar investment 

costs for the western Kentucky and Illinois coals are given in Table 3.4. 

Small variations are indicated in the working capital, annual oper­

ating cost, and total capital investment estimates for the three coals 

under comparative conditions. The product coal prices reported in 

Table 3.4 are based on $20 per ton ROM coal, 70:30 debt/equity ratio, 

and 12 and 15% annual rate of return on equity. For corresponding 

cleaning procedures, the higher-capacity coal washing facilities produce 

clean coal at somewhat lower costs - about 8% lower for the mild method 

and about 10% less for the deep-cleaning process. 

Results of the economic analyses of the wet beneficiation processes 

for the three coals are presented in graphical form in Appendix B. The 

graphs indicate the variations of the cleaned coal product price for 

various ROM coal costs ranging between $10 per ton and $50 per ton, 

debt/equity ratios of 0:100, 30:70, 70:30,and 95:5, and for 12 and 15% 

annual after-tax rate of return on equity. 

Detailed breakdowns of the various cost items that constitute the 

annual operating cost, working capital, and total capital investment are 

presented in Tables 3.5, 3.6, and 3.7 respectively. The data are presented 

for both the mild- and the deep-cleaning processes and for the 1500- and 

15,000-ton/day product coal plant sizes. 

3.4.5.2 Results for the battery-limits facilities. Analyses similar 

to those described above for the grassroots facilities were performed for 

the battery-limits facilities except that all the plant utility require­

ments were purchased. The results of these analyses are presented in 

Tables 3.8-3.13 and in graphical form in Appendix B. 

3.4.5.3 Discussion regarding the ash and sulfur reduction achieved. 

Because mechanical beneficiation processes are inherently limited to the 

lowering of the ash and pyritic sulfur (thereby also the total sulfur) 



Table 3.5. Annual oper~ting cost summary for we~ m~chanical beneficiation- mild- and deep-cleaning plants 

Fccility ty?e: grassroots 

Cost corr.ponent 

Utilitiesa 

Electric power (generated 
onsite) 

Chemicals8 (includes proc~ss wate~) 

Operating labor costs 

Process operating labcr 

Supervisory personnel cost 

Labor bur:len 

Plant mainte~ance cost (includes 
maintenance materials, labor, 
labor supervision, :;nd labor burden:• 

Operating suppliesa 

General administrative 
overhead cos;:s 

Waste disposal costa 

Property insurance cost 

Total gross operating :ostb 

By-product credita 

Total ne;: operating ~o=tb 

All V3lues are i~ millions of dollars. 

P~nnsylv~nia 

M::.l:l 

0 0 

0.005 

0.310 

0.062 

0.130 

0.406 

0.093 

0.324 

0.5E7 

J.JE4 

Jeep 

•). 0 

0.185 

0.310 

0.062 

0.130 

0.540 

c. 093 

(.377 

(.614 

C.085 

1.:181 2. 396 

~ Q:_Q_ 

L.:l8J 2:.396 

15)(-ton/day plant 

'"estern Een~ucky 

Mild Deep 

0.0 o.o 

().005 0.:0.22 

o.310 o.::10 
0.062 •0.(62 

0.130 ().]30 

0.406 

0.09~ 

0 324 

0.407 

0. 06-\ 

0 . .':40 

0.093 

J.377 

). 696 

).035 

1.801 ~-415 

Q.,_Q_ •). 0 

1.801 -~. 4 L5 

Illinois 

Mild 

Q.O 

0.005 

0.310 

0.062 

0.130 

0.406 

0.093 

0.324 

0.341 

0.064 

Deep 

0.0 

0.136 

0.310 

0.062 

0.130 

0.540 

0.093 

0. 377 

0.085 

P:nnsy1vcnia 

MLd 

o.o 

0.134 

0 8::-3 

0 1E7 

o.::so 

2.540 

0.250 

1.449 

5.615 

0.399 

J:eep 

c.c 

0.943 

[). 87 4 

).175 

)o. 35 7 

3.579 

0.2)2 

1. 8-36 

6.338 

0 562 

1. 735 2.185 n:n7 -_L 986 

0.0 0.0 0.0 0.0 

1. 735 2.i85 ll.l37 "_!.986 

15 000-ton/day plant 

Western Kentucky 

Mild 

0.0 

0.105 

0.833 

0.167 

0.350 

2.540 

0.250 

1. 449 

3.869 

0.399 

Deep 

0.0 

0. 745 

0.874 

0.175 

0.367 

3.579 

0.262 

1.886 

3.164 

0.562 

9.962 11.614 

0.0 ~ 

9.962 11.614 

aThe costs shown are reported for c 100~ ?lant service factor. ?or other plant service factors, mu"_t~ply the cost for 
the items mcrked with an "a" by the desi·:ed pla~t servi:e fa-::tor to obtain the appr:opriate 3nnua1 C?erating cost. 

b The costs shown do not i -::elude the f ee:lstock cost, dep·rec iation, a·:1d taxes. These costs are accounted for separately 
in the computer program fRP. S :e Append::x A fo~ furth:: details. 

Illinois 

Mild 

0.0 

0.156 

0.833 

0.167 

0.350 

2.540 

0.250 

l. 449 

3.238 

0.399 

Deep 

0.0 

0.883 

J.874 

0.175 

0.367 

3.579 

0.262 

~. 886 

4.638 

0.562 

9. 382 13.226 

0.0 0.0 

9.382 U.226 

\J1 
00 



Table 3.6. Working ca~ital estimate for wet mechanical beneficiation - mild- and deep-cleaning plants 

Facility type: grassroots 

All values are in millions of dollars. 

1500-ton/da~ Elant 15 1 000-ton/da~ Elant 

Coal Penns~lvania \Jest ern Ken tuck~ Illinois Penns~lvania Western Ken tuck~ Illinois 

compon=nt Mild Deep Mild Deep Mild Deep Mild Deep Mild Deep Mild Deep 

Raw coal inventory at $20 per ton 0.951 0.938 o. 799 0.818 0. 794 0.840 9.417 9.202 7.898 8.029 7.816 8.218 
(20 days) 

Product coal inve:~tory at 1.580 1. 458 1. 445 1. 405 1. 525 1.462 15.806 14.582 14.442 14.046 15.246 14.623 
$30 per con (30 days) 

:;ross operating cost (30 days) 0.163 0.197 G.l48 0.199 0.143 0.180 0.965 1.232 0.819 0.954 o. 771 1.087 

Total working capital 2.694 2.593 2.392 2.422 2.462 2.482 26.188 25.016 23.159 23.029 23.833 23.928 

Table 3. 7. CapitaJ. investment for wet mechanical beneficiation - mild- and deep-cleaning plants 
lll 

sunmary \0 

Facility type: grassroots 

A:Ol values are in millions of dollars. 

"500-ton/da~ Elant 15 1 000-ton/da~ Elant 

Cos1: Penns~lvania Western Ken tuck~ Illinois Penns~lvania Western Kentucki Illinois 

component Mild Deep Mild Deep Mild Deep Mild Deep Mild Deep Mild Deep 

Total direct plant cost, D 6.25 8.31 6.25 8.31 6.25 8.31 39.08 55.05 39.08 55.05 39.08 55.05 

Engineering and contractor's fee, 0.94 1. 25 0.94 1. 25 0.94 1. 25 5.86 8.26 5.86 8.26 5.86 8.26 
15% D 

Project contingency, 15% D 0.94 1. 25 0.94 1. 25 0.94 1. 25 5.86 8.26 ~-. 86 8.26 5.86 8.26 

Start-u? plant m~difications, 2% D 0.12 0.16 0.12 0.16 0.12 C.l6 0.78 1.10 0.78 1.10 o. 78 1.10 

Working capital 2.69 2.59 2.39 2.42 2.46 2.48 26.19 25.02 23.16 23.03 23.83 23.93 

Land cost _.2..:..!-2 0.20 0.15 0.20 0.15 ___9_:.1Q 0.60 0.60 ___Q_;_§.Q_ 0.60 0.60 0.60 

To cal capit;~l investment 11.09 13.76 10.79 13.59 10.86 13.65 78.37 98.29 75.34 96.30 76.01 97.20 



Table 3. 8. W2t rr.ech<nical beneficia tior. summary 

Plant capa::.ty: 150C tons/day of rna£ product coal 

?a:ility type: banery limits 

Pennsylvania :o3l Western Kentucky coal Illinois coal 

:~Ld cleaning Mild cleaning Deep cleaning M~ld c~eaning Deep :leaning 

Daily ilow, tons/day 

A. Raw co~l feed 

Ash, % 

Total sulfur, % 

Total oois:ure, 7o 

HHV, B:u/lb 

B. Clean ~oal product 

Ash, % 

Total sulfur, % 

Total noisture, % 

HHV, B:u/lb 

Potential the=nal energy 
(109 B;:u/day) 

Raw coal feed 

Clean coal procuct 

Percenc recov~~y 

Material a 

Thermalb 

Beneficiation cos:c,~ 

per ton 

~ per mill~n Btu 

nf 

234.; 

27 .] 

2.90 

175~ 

l!f .. ;g 

2.1.! 

'4 ... 

5 .. 0.) 

maf 

1705 

15,194 

1500 

15,194 

51 .. 30 

45. 38 

88.0 

21 

2239• 

27.3 

2. 30 

5·. ~4 

15~0 

7- 42: 

1.34 

5. ·) 

7J.8. 

6. 37 

1664 

15,1~4 

1500 

15,1~4 

:o 0 Sf: 

~s. sf: 

90.1 

<6 

~aterial recover·.· = 'w·eigh~ :>f c:eaned product :oo"·) >: l(IO. 
~ \ we1g~t o: raw feed coal 

mf 

1963 

15.2 

2.55 

5.73 

1605 

6.52 

1. 90 

4.98 

81.7 

5.18 

bTh 1 ( h;,ating v .. loe of -:leaned p ooduct coc.l·) lOO 
erma recovery = • hea::in:; value of raw fe::!d. coal x · 

maf 

1665 

14,367 

1500 

14,367 

47.84 

43.10 

90.1 

20 

mf 

19&6 

15 0 2. 

2.55 

5.13 

1561 

3.~-9 

1.&4 

5.0 

78.6 

6.58 

maf 

1685 

14,367 

1500 

14,367 

48.40 

43.10 

89.1 

27 

mf 

l91i9 

~8-25 

5.9 

:6S4 

11.45 

l.B 

o.E7 

36.~ 

q,El 

cBeneficiation cost is toe cost involved in clea1in!; (beneficiating) the raw coal. It does not ~nc]ud., 
the cost of :he F:OM coal re~~i=eal to produce the c:.eaned prcxluct coal. 

dCosts reported are cal·:~latod f>ased on $20 per :oo RO:M cc•al cost, 70:30 debt/equity ratio f-or J~ant 
capital, 12% annua). afte:r-taK :-a::e of return on eqLity cc..pital, and 9% annual interest rate on debt. 

maf 

1622 

13,877 

1500 

13,877 

44.23 

41.63 

94.1 

21 

mf 

2039 

18 0 23 

4.21 

5.9 

1625 

7.68 

2.80 

5.0 

79.7 

6.31 

maf 

1667 

13,877 

1500 

13,877 

46.27 

41.63 

90.0 

26 

0'\ 
0 



Table 3.9. Wet mechanical beneficiation summary 

Plant capacity: 15,000 tons/day of maf product coal 

Facility type: battery limits 

Penns~lvania coal Western Kentucky coal Illinois coal 

Mild cleaning Deee cleanins Mild clean ins Deee cleaning Mild cleaning- Deee cleaning 

.;,f maf mf maf mf maf mf maf mf maf mf maf 

Daily flew, tons/day 

A. Raw coal feed 23,327 16,959 22,746 16,536 19,602 16,623 19,781 16 '77 5 19,353 15,821 20' 291 16,588 

Ash, % 27.3 27.3 15.2 15.2 18.25 18.25 

Total sulfur, % 2.90 <.90 2.55 2.55 4.21 4.21 

Total moisture, % 5.44 .:;.44 5.73 5.73 5.9 5.9 

HHV, Btu/lb 15,194 15,194 14,367 14,367 13,877 13,877 

B. Clean coal product 17,562 15,000 16,202 15,000 1~,046 15,000 15,607 15,000 16,940 15,000 16,248 15,000 

Ash, % 14.59 7.42 6.52 3.89 11.45 7.68 

Tot:al sulfur, % 2.13 1. 64 1.90 1.84 3.13 2.80 

Tot:al moisture, % 4.89 5.0 4.98 5.0 4.87 5.0 

HHOI, Btu/lb 15,194 15,194 14,367 14,367 13,877 13,877 0\ 
I-' 

Potential thermal energy 
(109 Btu/day) 

Raw coal feed 515.3 502.5 477.6 482.0 439.1 460.4 

Clean ·Ooal product 455.8 455.8 431.0 431.0 416.3 416.3 

Percent r2covery 

Material a 75.3 71.2 81.9 78.9 87.5 80.1 

Therma~b 88.5 90.7 90.3 89.4 94.8 90.4 

Beneficiation costc,d 

per ton 3.97 5.56 3.97 5.12 3.66 5. 22 

per million Btu 16 21 16 20 14 21 

~at erial ( wei~ht of cleaned ·eroduc t coal) 100 recovery = . h of rav feed coal x · ••e1g t 

bThermal recovery = ( heatins value o: cleaned eroduct coal) 
jeating value of raw feed coal x 100. 

cBeneficiation cost is the cost invol•ed in cleaning (beneficiating) the raw coal .. It does not include 
the cost of the ROM coal required to produce the cleaned product coal. 

dCosts reforted are calculated based on $20 per ton ROM coal cost, 70;30 debt/equity ratio for plant 
capital, 12% annual after-tax rate of return on·equity capital, and 9% annual in::erest rate on debt. 



Table 3.10. Sumnary of tr.e capital and operating costs, and tthe calculated product 
coal price fer the wet beneficiation processesa 

Coal 
type 

Pennsylvania 

Western Kentucky 

Illinois 

Per,nsylvani.a 

Wee.tern Kentucky 

Illinois 

C]ea::ling 
lev:!l 

Facilit~ type: battery limits 

Direct 
capital 
COEt 

(.$1(•6) 

Annual 
operating 

cost 
($106) 

vlorking 
capital 
cost 

($105) 

Total 
capital 

inVEStment 
($106) 

PLANT CAFAClTY- ]500 tons/day of maf PRODUC'I COALe 

Mild 
Deep 

[oiil.d 
Jeep 

5.51 
6.:'8 

5 . .H 
6.:'8 

5.51 
6.:'8 

1.48 
1.98 

1.33 
1.98 

1. 27 
1. 76 

2.65 
2.55 

2.34 
2.37 

2.41 
2.43 

]0.08 
]1.71 

9. 77 
11.53 

9.84 
:l.1.59 

FLANT C«U'ACIT':' - 1:-.000 tons/day of maf PRODUCT COAL d 

M:iild 
Deep 

Mild 
De.ep 

!Mild 
De:ep 

36.5E 
51.5l 

36. SE; 
5l.SL 

36.58 
51.54 

11.80 
15.60 

10.23 
12.74 

9.66 
14.07 

26.18 
24.95 

23.18 
23.06 

23.83 
23.97 

:-:.07 
~::-.58 

7 :i.07 
91.69 

7Z.72 
9Z.60 

aFar 90% plant s2r~ice f~ctor. 

b Product coal price 
($/ton) for 

annual after-tax 
rate of return 
on equity of: 
12% 15% 

31.76 
35.13 

29.64 
32.43 

27.83 
31.41 

30.53 
33.64 

28.40 
30.47 

26.51 
30.20 

32.03 
35.46 

29.93 
32.77 

28.10 
31.74 

30.75 
33.93 

28.62 
30.77 

26.73 
30.48 

bCalculate:. prod-Jet co;;l price is based on ~20 per ton ROM coal, 70:30 debt.'equity ratio, 
and 9% annua~ i::1t~rest rate or. th·:! debt fraction of capital. This price includes the 
ROM coal ::.ost. 

cPlant operat~s !L ehift/day, -: da·,r.;;/:.~eek vi.th 90% annual plant servic;, fac;:or. 

dPlant operates 2 ehift.s,'day, -7 days/week ·;.~ith 90% annual plant servi::e factor. 

0\ 
N 



Table ~-.11. Ar.nual operating cost sum."llary for wet mechanical beneficiation - mild- and deep-cleaning plants 

Facility type: battery limits 

Cost 
component 

Utilities a 

Electric power at 2.5c/kHhr 

Chemicalsa (includes process water) 

Operating labor costs 

Process operating labor 

Supervisory personnel cost 

Labor burden 

Plant maintenance cost (includes 
maintenance material~, labor, 
labor supervision,an~ labor burden) 

Operating suppliesa 

General adminiscrative overhead 
costs 

Waste disposal costa 

All values are in millions of dollars. 

Pennsylvania 

Mild Deep 

0.261 

(1.005 

(1.117 

(1.024 

(•. 049 

(.035 

c .171 

c. 572 

0.548 

0.185 

0.117 

0.024 

0.049 

0.339 

0.035 

0.197 

0.544 

1500-ton/day plant 

Western Kentucky 

Mild Deep 

0.261 

0.005 

0.117 

0.024 

0.049 

0.275 

0.035 

0.171 

0.407 

0.548 

0.122 

0.117 

0.024 

0.049 

0.339 

0.035 

0.197 

0.546 

Illinois 

Mild Deep 

0.261 

0.005 

0.117 

0.024 

0.049 

0.275 

0.035 

0.171 

0.346 

0.548 

0.136 

0.117 

0.024 

0.049 

0.339 

0.035 

0.197 

0.298 

15,000-ton/day plant 

Pennsylvania 

Mild Deep 

3.001 

0.129 

0.413 

0.083 

0.173 

1. 829 

0.124 

0.946 

5.615 

3.921 

1.094 

0.517 

0.103 

0.217 

2.577 

0.155 

1. 299 

6.338 

Western Kentucky 

Mild Deep 

3.001 

0.129 

0.413 

0.083 

0.173 

1. 829 

0.124 

0.946 

3.869 

3.921 

0.896 

0.517 

0.103 

o. 217 

2. 577 

0.155 

1. 299 

3.164 

Illinois 

Mild Deep 

3.001 

0.129 

0.413 

0.083 

0.173 

1.825 

0.124 

0.946 

3.238 

3.921 

1. 028 

0.517 

0.103 

o. 217 

2.577 

0.155 

1.299 

4.635 

Property insurance cost (.056 0.069 

1. 565 2.107 

0.056 0.069 0.056 0.069 0.373 0.527 0.373 0.527 0.373 ~ 

b Total gross operating cost 

By-product credita 

Tot~l net operatin5 costb 

c.o 0.0 

1. 565 2.107 

1. 400 2. 046 

.9...:.Q__ 0 . 0 

1.400 2.046 

1.339 1.812 12.686 16.748 10.940 13.376 10.309 14.979 

0.0 0.0 0 . 0 .9...:.Q__ .9...:.Q__ .9...:.Q__ 0 . 0 0 . 0 

1.339 1.812 12.686 16.748 10.940 13.376 10.309 14.979 

aThe costs shown are reported for a 100~ plant service factor. For other plant service factors, multiply the 
cost for the items lll3rked with an "a" by the desired plant service factor to obtain the appropriate annual 
operating cost. 

bThe costs shown do ~t include the feedstock cost, depreciation, and taxes. These costs are accounted for 
separately in the co~puter program PRP. See Appendix A for further details. 



Table 3.12. \<'orking ::a;>ital estimate :cr wet nechanical beneficiation -mild- aod deep-cleaning plants 

Facility type: battery limits 

All values are in millicns of dollars. 

15CO-ton/dal 21ant 15 1000-ton/dal 2lant 

Cost 
iPennsllvania ·· ·.o~~sterr. Ken:uckl Illinois Penns,·l·Jania Western Kentuckl 

component Mild Deep Mild D~ep Mild Deep Mild Deep Mild Deep 

Raw coal inventory at $2(o per ton 0.938 0.91E 0. 785 0.795 0. 780 0.816 9.331 9.098 7.841 7.913 
(20 days) 

Product coal invencory at $30 per ·:on 1. 581 1.4SC. 1. 44t: 1.405 1. 524 1. 462 15.806 14.582 14.442 14.046 
(30 days) 

Gross operating ::ost (JO days) 0.129 0.17::. 0.115 0.168 0.110 0.149 1.043 1.270 0.899 1.100 

Total working capital 2.648 2.5L,/ 2.344 2.368 2.414 2.427 26.180 24.950 23.182 23.059 

Table 3.13. Cnita] jnves tme.n t sumr.ar~ for wet ·nechanical beneficiation - mil~ and deep-cleaning plants 

Facility ty?e: battery limits 

P.ll valu-es are in millions of dollars. 

1.500-ton/da~ 21ant 15,00)-ton/dal 21ant 

Cost Pennsvlvania 'iJestern Kentuckl Illinois Penn:~lvania Western Kentuckl 

component Mild Deep Mild Jeep Mild Deep Mild Deep Mild Deep 

Total direct plant cost. D 5.51 6.78 5.51 6.78 5.51 6.78 36.58 51.54 36.58 51.54 

Engineering and c,:lntraccor':; f:e, 0.83 1. 02 0.83 1.02 0.83 1.02 5.49 7.73 5.49 7.73 
15% D 

Project contingency, 15:; D 0.83 1. 02 0.83 1.02 0.83 1.02 5.49 7.73 5.49 7. 73 

Startup plant modifications, 2>.: D 0.11 o.:.4 0.11 0.14 O.ll 0.14 o. 73 1. 03 o. 73 1.03 

Working capital 2.65 2.55 2.34 2.37 2.41 2.43 26.18 24.95 23.18 23.06 

Land cos:: D.l5 0.20 0.15 0.20 0.15 0.20 0.60 0.'60 0.60 0.60 

Total -:apital investr·ent. 1•).08 11.71 9. 77 11.53 9.84 11.59 75.07 93.58 72.07 91.69 

Illinds 

Mild Deep 

7.741 8.ll6 

15.246 14.623 

0.847 1. 231 

23.834 23.970 

0\ 
+:---

Illinois 

Mild Deep 

36.58 51.54 

5.49 7.73 

5.49 7.73 

0.73 1.03 

23.83 23.97 

0.60 0.60 

72.72 92.60 
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contents of the coal, a comparison of the ash and sulfur reduction achieved 

by the wet beneficiation processes was studied for the three coals and the 

two levels of beneficiation evaluated in this study. Table 3.14 presents 

a summary of the distribution of the ash and sulfur components between the 

raw coal, cleaned product coal, and the plant refuse streams for the above­

mentioned cases. In addition, the reduction achieved in the ash and total 

sulfur content of the coal due to the beneficiation processes is also 

presented in Table 3.14. 

Referring to Table 3.14, for the mild-cleaning level of beneficia­

tion (in which the fine coal was not wet beneficiated), a moderate 

ash reduction level was achieved. The ash reduction ranged from about 37% 

to about 57% for the three coals evaluated. However, for the deep-cleaning 

level of beneficiation in which the feed coal was of a smaller size and the 

total throughput of coal was beneficiated, the ash reduction ranged from 

about 58% to about 74%. This indicates the significant increase in the 

ash reduction that can be achieved by subjecting .the coals to a deeper 

(fuller) beneficiation process. 

The reduction in the sulfur content of the three coals achieved by 

the wet mechanical beneficiation processes is given in Table 3.15. From 

Table 3.15, it should be noted that the incremental pyritic sulfur reduc­

tion obtained between the deep and the mild beneficiation levels ranges 

between about 4 and 20%. Information presented in Table 3.15 suggests 

that no incremental advantage would be gained by the deep beneficiation 

(over mild beneficiation) of the western Kentucky coal. However, the 

results for the Pennsylvania coal show a much more significant increase 

in the sulfur reduction by beneficiating the coal to a deeper level. The 

Illinois coal examined gave intermediate results. 

The significance of the sulfur reduction in the coal by the wet 

beneficiation processes is further highlighted when. the potential so2 
emission levels from burning the raw and the cleaned product coals are 

considered. The results of the above comparison are presented in 

Table 3.16. The so 2 emission levels shown in Table 3.16 are the 

emissions that would result if the coals were fired in a conventional 

utility boiler without any flue-gas scrubbing downstream of the boiler. 



Tal: le 3.14. Scmmary of the as:1 ::1nd total sulfur content of the raw coal, 
cleaned pr~duct, ::1nd refuse streams for the 

c.onceFtual wet mechanic3.l beneficiation plants evaluated 

Reduction achieved in 
Rc:w coal fee:l Product coal Refuse the p~ant product due 

Coal Cleaning P_sh Sulfu[" Ash Sulfur Ash Sulfurr to be~eficiation (%) 

type level (%) co (%) (%) (%) en Ash Total sulfur 

Pennsylvania 2/.3 2.9 

Mild !1.4.59 2.13 66.0 5.26 46.6 26.6 
"' Deep 7.42 1.64 77.0 6.05 72.8 43.4 "' 

Western Kentucky 1.':.2 2.5.5 

Mild 6.52 1.90 54.7 5.51 57.1 25 . .5 

Deep 3.89 1.84 57.7 5.22 74.4 27.8 

Illinois .!I.E. 25 4.21 

Hild U.4.5 3.13 66.0 11. ?9 37.3 25.7 

Deep 7. 6-3 2.80 61.0 9.92 58.0 33 . .5 



Table 3.15. Sulfur reduction by wet mechanical beneficiation 

Incremental 
Raw coal feed Product coal Sulfur reduction sulfur reduction (%) 

(% sulfur) 
Cleaning 

(% sulfur) (%) (deeE-mild) 

Coal type Total Pyritic level Total Pyritic . Total Pyritic Total Pyritic 

Pennsylvania 2.90. 2. ~6 

Mild 2.13 1.69 26.6 31.3 
16.8 19.9 

Deep 1.64 1.20 43.4 51.2 0\ ...... 

Western Kentucky 2.55 1. 69 

Mild 1.90 1.04 25.5 38.5 
2.3 3.5 

Deep 1.84 0.98 27.8 42.0 

Illinois 4.21 2 . .58 

Mild 3.13 1. 50 25.7 41.9 
7.8 12.8 

Deep 2.80 1.17 33.5 54.7 



Coal 
type 

Pennsylvania 

Western Kentucky 

Illinoi:3 

Table .3 .!6. Pot·=nt::.al reduction in S02 stack-gas emission 
effe:.t=d by wet mechar.ical beneficiation - combus~ion 

of raw coal vs cleaned coal 

Potentiai so~ emission 
fr~m coaL-fi;ed boilera Reduction in S02 

(b S02/106 Btu) emission due to 
Cleaning coal benefi-:::iationb 
level Raw coal Product coal (%) 

5.25 

Mild 3.28 37.5 

Deep 2.33 55.6 

4.1S 

Mild 2.83 32.5 

Deep 2.67 36.3 

/.4';. 

M:Hd 5.09 31.-'t 

Deep 4.37 41.1 

a 
Calculated using the e~uation: 

Incremental S02 
emission reduction 

(deep-mild) 
(%) 

18.1 

3.8 

9.7 

Btu = 20. x sulfur, percent (naf basis) 
Emission, lb SOz per mi:..lion coal heating value (maf basis), Btu/lb x lo-3 

b Calculated as: Ra•.v coal SO) emission - prcduct coal S02 emission 
raw coal so2 emission 

X :lQO .. 

0'· 
00 
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Admittedly, for the three coals evaluated, the potential so
2 

emission 

levels are much higher than the statutory limits of 1.2 lb so2 per million 

Btu. However, the reduction in the so2 emission levels due to beneficia­

tion indicates the potential reduction in the flue-gas scrubbing that 

would be required downstream of the boiler. The potential S0 2 emission 

reductions range between about 31 and 56%. It should be noted that the 

incremental reduction (due to deep over mild beneficiation) in the so2 
emission levels parallels the incremental sulfur reductions in the coals 

reported in Table 3.15. 

Generally, for the coals evaluated, good recovery of the coal heating 

values was obtained by both the mild and the deep wet beneficiation proc­

esses (see Tables 3.2, 3.3, 3.8, and 3.9), while simultaneously effecting 

a significant decrease in the mass of the total coal product. This is an 

important factor when considering transportation costs since more potential 

heating value (and less refuse) is shipped for transporting the same tonnage 

of coal than would be the case if the coals were not beneficiated. 

Another potential economic benefit that may accrue from beneficiating 

the coal at (or near) the coal mine is that the refuse generated in the 

process may be conveniently disposed of at the mine, thereby reducing 

disposal costs at the end-user facility. 

In view of the generally excellent ash reductions achieved (see 

Table 3.14) and the nearly 50% reduction in the pyritic sulfur content 

(see Table 3.15) in the coals evaluated when using the deep beneficiation 

process, the only other measure that could improve the cleaning efficiency 

would be to further reduce the size of the coal feed processed. Reducing 

the size of the coal feed would liberate additional impurities that could 

then be removed. However, it would also increase the processing costs 

and lower the recovery efficiency. 

3.4.6 Material problems associated with wet mechanical 
beneficiation systems 

Although very little data has been published on the subject, the 

generally accepted design(and operatio~of a wet mechanical coal washery' 

is based on one or two shifts per day, 5 or 6 days/week. The offshifts 

and weekends provide time required for maintenance operations. This is 
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not meant to infer that maintenance is not performed during operational 

periods but merely to indicate the magnitude of the maintenance problem. 

Because coal tonnages are usually high in a wet coal washery, the 

major maintenance problems relate to erosion, mechanical equipment failure, 

and some corrosion. Coal, a heterogeneous material made up of components 

pf varying properties, is recognized to be a highly abrasive material. 

In addition, mineral matter present with the coal adds considerably to 

the abrasion characteristics of the coal. 

ln wet mechanical beneficiation plants, the coal is generally trans­

ported by conveyors, chutes, or pumps in the form of slurries. In these 

plants erosion is a primary maintenance problem even though the bins and 

chutes are provided with abrasfon-resistant metal liners, the storage 

vessels are lined with extra-strong concrete, and slurry-handling pumps 

are fitted with ".Ni-Hard" materials. "Ni-Hard" materials, as the name 

implies, are a class of materials that are hardened and made abrasion 

resistant. Other areas of high erosion are the vibrating and stationary 

screen applications and the size-reduction equipment used in the benefi­

r.i::~tinn plAnt. 

Mechanical maintenance problems exist throughout a wet mechanical 

washing plant from the vast amount of conveying, crushing, centrifuging, 

and f1lrerirtg equipment present. Equipment susceptible to mechanical 

failures includes conveyor belts, gear drives, chain drives, and filter 

mediums. 

In summing up the overall status of wet mechanical beneficiation, 

only small gains can be expected in ash or sulfur removal or processing 

efficiency due to physical constraints of the sP.pArAtinn prnrPssPs, P¥rPpt 

possibly in fine coal processing. Cost reductions in the form of lower 

maintenance costs are anticipated as equipment designs improve. 
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3.5 Multistream Coal Cleaning System22 

3.5.1 Process description 

The coal beneficiation process, advanced by General Public Utilities 

(GPU) in association with Heyl and·Patterson, Inc., is a wet mechanical 

beneficiation process and consists essentially of a two-stage heavy-medium 

cyclone separation facility. A plant based on this process is currently 

being built at Homer City, Pennsylvania. The system is designed to produce 

a low-sulfur coal, a medium-sulfur coal, and a refuse stream. The low­

sulfur coal will be used in the new boilers, and the medium-sulfur coal 

will be used in the boilers of existing power generating facilities at 

Homer City. Utilizing the coals in this way, GPU complies with the current 

federal and state regulations for SOx stack gas emissions. 

In the multistream coal cleaning process, the ROM coal is crushed to 

a predetermined size consist and then washed in the first-stage heavy-medium 

cyclone unit at a relatively high specific gravity. No details of the 

process separatiotts were provided by GPU, but stage one removes a signifi­

cant amount of the ash and a large fraction of the pyritic sulfur content 

of the raw coal, which is discarded as refuse. The overflow or cleaned 

coal stream from stage one becomes the feed for stage two. The second 

stage operates at a low specific gravity and merely separates the feed 

into a high-grade coal (low sulfur, low ash) and a medium-sulfur and -ash 

product coal. Both stages of the multistream process use magnetite as the 

heavy medium. Figure 3.5 represents the flow pattern in the multistream 

cleaning process. 

3.5.2 Discussion 6f multistream cleaning process 

The proposed process appears to have drawbacks. First, it was 

reported that, to be reasonably successful, the organic sulfur content of 

the raw coal feed should·be low, and from the high specific gravity used 

in otage one it musL be assumed that the pyritic sulfur is in a form that 

is easily beneficiated to lower the sulfur content from 2.7 to 1.7% and 

recover most of the coal value. A large, well-def~ned source of coal 

with the particular beneficiation characteristics must be available; 

otherwise, a small shift in bcncfic.i.ation propertit!s could raise the 
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sulfur content of the high-grade coal fraction above the specification 

level needed for compliance with EPA standards for SO emission control 
X 

for new power generation plants. Furthermore, in the proposed operational 

sequence, the capital investment and operating costs of stage two approach 

those of stage one because the capacity of each stage is about equal. The 

only difference in the capacities of the two stages is that of the refuse 

stream (about 15 to 18% of the raw coal feed). 

If the operational sequence had been reversed with a low-specific­

gravity first stage and with the high-grade coal produced from stage one 

overflow being the feed to the second stage, the design capacity of stage 

two could have been reduced because the high-grade coal amounts to about 

28 to 32% of the raw coal. This would also provide some additional 

operating flexibility because interstage crushing could be used to 

liberate more of the impurities, thus lowering the ash and sulfur con­

tents of the medium-sulfur coal and possibly lowering the coal value 

lost in the waste stream. 

3.5.3 Technical and economic evaluation 

Existing technology and equipment were used in the design of the 

multistream coal cleaning system. Very limited facility information was 

presented, but presumably the facility included a raw coal storage yard, 

magnetite recycling system, fine coal treatment unit (vibrating tables or 

froth flotation), water recovery, coal dewatering, coal drying, and dry 

coal storage as well as the indicated crushing and heavy-medium cyclone 

separation equipment. The technology discussion presented for the wet 

mechanical beneficiation deep-cleaning facility also applies to the 

multistream coal cleaning system. 

A capital cost of $35 million was given by GPU for the mine-mouth 

coal cleaning installation with an indicated annual capacity of 1.3 million 

tons. Based on estimated capital costs
20 

of $72.8 million for a similar 

facility producing 13.5 million tons/year by McNally Pittsburgh Manufactur­

ing Corporation, the capital cost reported by GPU appears high by a factor 
21 of two. Additionally, utilizing a method devised by Fluor Utah, Inc., 

for estimating capital costs for wet mechanical beneficiation plants, a 

ball park figure of about $20 million is calculated for a 1.3 million-
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ton/year cleaning plant. A comparison of the GPU capital cost with costs 

calculated for similar mechanical beneficiation systems provided in this 

document with an annual capacity of about 7 million tons/year indicated 

a cost of $17 million using a 0.7 power factor on relative plant capacities. 

However, the battery limits of the GPU coal cleaning plant were not stated, 

and comparison of the quoted $35 million with the latter two methods of 

estimating the capital cost may be invalid. 

3.6 Otisca Process 

3.6.1 Introduction 

The Otisca process developed by Otisca Industries, Ltd., ·is similar 

to the heavy-medium separation process except that the Otisca process 

operates under a high vacuum, and the fluid used in this process as the 

medium is refrigerant R-11 (Freon). The Freon has a specific gravity of 

1.5 at 60°F. No water other than that associated with the coal is involved 

in the process; hence the capital investment and the operating costs are 

reduced significantly because no dewatering equipment such as screens, 

vacuum fiiters, filter presses, etc. is required. The process operates 

at 1 to 2 in. of water pressure and at about 60 to 68°F. The operating 

pressure and temperature are determined by the physical properties of the 

medium (parting liquid). 

The developers of the process claim that the process is capable of 

reducing the ash and the total sulfur content of the coal by about 50 and 

44%, respectively, while recovering in excess of 73% of the raw coal as 

cleaned product coal. In addition, the developers claim that the process 

can handle any reasonable top size of coal. A 20-ton/hr demonstration­

type pilot plant based on the process has been successfully operated by 

Otisca Industries to beneficiate 5 mesh x 0 size consist Upper Freepor~ 

coal from the North Branch mine of the Island Creek Coal Company. 

The process consists essentially of mixing the crushed and sized feed 

coal with the parting liquid (Freon) and allowing the clean coal to be 

separated from the reject material, which consists chiefly of mineral 

matter and pyritic sulfur. Because the Freon does not react with the 
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coal matter, the organic sulfur content of the coal is not reduced. A 

small concentration (generally 0.6 lb per ton of feed coal) of a proprie­

tary additive is added with the parting liquid to help control (1) the 

middling concentration and (2) the concentration of the water and the 

included slimes on the coal product. After the heavy-medium type separa­

tion, the cleaned coal product is dried to the desired moisture content 

and shipped as plant product; the reject stream is also dried and disposed. 

of as a plant waste product. The evaporated medium from various sections 

of the process is collected, compressed, condensed, purified (removal of 

water and air), and recycled in the process. 

23 
According to the process developers, the capital investment for a 

battery-limits type plant is expected to be around $10,000 per ton per 

hour of feed coal processed, while ~he operating costs ~re estimated to 

be less than $1 per ton of coal processed. The operating cost reported 

appears to be very low; however, no independent evaluation has been 

performed to verify the reported value. 

3.6.2 Process description 

Figure 3.6 is a block flow diagram of the Otisca process. Referring 

to Fig. 3.6, the sized feed coal (generally 1/2 in. x 0) is fed by screw 

feeders through a rotary valve to the conditioner vessel where the coal 

is mixed with the parting liquid and the additive. The conditioning of 

the coal is generally accomplished in a few minutes after the coal is 

slurried and mildly agitated. The coal-medium slurry is then taken to 

the center of the separator where the reject material sinks to the bottom 

of the vessel while the cleaned coal is removed from the top of the vessel 

by means of a screw conveyor. The cleaned coal is then dried by indirect 

heat exchange with 200°F water and is taken to product storage. The reject 

material is removed from the bottom of the separator vessel and is also 

dried by indirect heat exchange with hot water. The reject material 

contains about 12% moisture and can be readily compacted for disposal 

purposes. 

As shown in Fig. 3.6, the medium vapors from the conditioner, separator, 

and dryer vessels are collected and taken to the regeneration section. In 

the regeneration section, they are filtered, compressed, and condensed for 
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recycle in the process. The noncondensable gases (consisting mainly of 

air and water vapor) are stripped from the medium vapors in the regenera­

tion section and are vented to the atmosphere. Parting liquid or medium 

loss in the process is expected to be less than 2 lb of medium liquid per 

ton of feed coal. The concentration of the medium vapors in the noncon­

densables gas stream can be reduced to a few parts per million by 

processing the noncondensables gas stream through a carbon adsorber or 

an oil absorber. This may be necessary to avoid problems related to the 

discharge of Freon into the atmosphere. Concentration of the medium in 

the cleaned coal product and the reject streams (downstream of the dryers) 

is expected to be on the order of a few parts per million. 

3.6.3 Economics of the process 

Time limitations for the present beneficiation study precluded an 

independent economic evaluation of the process. However, according to 

ref. 23, the developers of the process indicate that the capital invest­

ment for a battery-limits facility is about $10,000 per ton per hour of 

feed coal processed, whereas the operating costs are estimated to be less 

than $1 per ton of feed coal processed. The operating costs given above 

are stated to include the cost of the operating and maintenance labor, 

the process and maintenance materials, and the plant energy requirements. 

No costs were included for the use of capital, taxes, and depreciation. 

As indicated earlier, the operating cost reported appears to be very low. 

The developers claim that the capital cost for a similar size water­

baaed coal beneficiatiuat facility is expected to be 2 to 4 times the 

capital cost for the Otisca plant. 23 

It is expected that an independent evaluation of the process can be 

performed at a later date to verify the claims of the process developers. 

3. 6. 4 Cum.:lu~ions and recommendations 

Based on d1e ~e~ults of the evaluation presented in this report, the 

following conclusions can be made regarding the Otisca process: 

1. It is a relatively simple process. 
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2. It uses a medium (for the beneficiation) that is relatively 

innocuous in terms of its toxicity, flammability, and corrosive 

characteristics. 

3. The process plants will be designed to be completely enclosed. 

Hence, noise and air pollution problems are expected to be 

reduced considerably. 

4. Because of the noncorrosive nature of the medium used and the 

mild processing conditions, no special materials of construction 

are required for fabricating the process equipment. 

5. The ptoc~S5 ls claimed to efficiently bQnQfici~tP R wirlA range of 

coal size consists. It appears to be applicabl~ even for process­

ing fine-sized (200 mesh x 0) coal. 

6. Maintenance costs for the plant are expected to be low. 

7. Since Freon (a fluorocarbon) is used as the parting liquid in 

the process, it may pose an environmental problem. In recent 

times, concern has been expressed regarding the potentially 

deleterious effect of fluoru<.:at Lum; Jischarged into the earth's 

atmosphere. 

8. The process can only reduce the ash and the pyritic sulfur contents 

of the coal; it does not affect the organic sulfur content of the 

coal. Hence, the same regional considerations apply to the Otisca 

process as apply to several of the other coal beneficiation proc­

es5e~ discussed in this report. That is, if the processing plant 

is built as a mine-mouth facility, then its potential applicability 

is restricted to those regions of the country Lhat have low-orgai).ic­

aulfur-contcnt coal. However, if thR plRnt is built at the end-use 

l:; i. L~, llu:~ dbove regiOt'l.lll limi tu tium.: uu uu b ~pply, 

Overall, the process appears to possess considerable merit. It appears 

to be a simple, versatile, and inexpensive process. However, to more fully 

explore the applicability of the process, it is H:!<.:uutut~uued that: 

1. a more detailed evaluation of the process be conducted (preferably 

by an independent organization or person) to determine the merits 

and limitations of the process, and 
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2. further process developments be supported to determine the range 

of applicability and the commercial viability of the process. 

3.7 Wet High-Gradient Magnetic Separation Process 

3.7.1 Introduction 

The wet high-gradient magnetic separation (HGMS) process has been 

proposed as a method for reducing the pyritic sulfur and ash contents of 

coal. The process relies on the difference in the magnetic susceptibility 

of the coal and the mineral impurities to effect the separation between 

them. The process is based on a commercially proven process that is used 

in the kaolin industry to remove iron and titanium impurities from kaolin 

clay. 

Basically, the process involves. passing a water slurry of finely 

pulverized coal [generally -200 mesh (-74 ~m) particle size] at ambient 

temperature and pressure through a container where it is subjected to a 

high-intensity magnetic field (field intensity up to 20 kOe). The con­

tainer is generally packed with a stainless steel wool matrix. The 

paramagnetic material present in the coal slurry, such as pyrite and 

mineral matter, becomes magnetized and is trapped in the matrix while 

the diamagnetic coal particles, unaffected by the magnetic field, pass 

through the container for further downstream processing. When the steel 

wool matrix is loaded to its magnetic capacity, the slurry feed is stopped 

and the electric power is cut off. The matrix is then backwashed to remove 

the trapped pyrite and ash. Following the backwashing step, the feed and 

the power are resumed to the HGMS container, and the entire process is 

repeated. Power consumption for generating the high-intensity magnetic 

field in a single HGMS unit is estimated to be 400 to 500 kW, and a single 

unit can c.lean np t.n 100 tons/hr of feed material.
24 

The process is relatively simple and efficient. Results of experi­

ments reported by Liu and Lin25 indicate that, depending on the type of 

coal and experimental conditions used, a single pass through an HGMS device 

reduces the pyritic sulfur content of the coal by 80 to 90%, the ash content 

by 35 to 45%, and the total sulfur level by 40 to 55%. These reduction 



80 

levels were obtained while achieving about 95% recovery of the coal. Other 

investigators in the field have reported obtaining similar results using 

HGMS separators. 

The process can be used to reduce the sulfur level of coals having a 

high pyritic sulfur content. However, since the p·rocess is inherently a 

mechanical beneficiation type process, the coal passes through the process 

virtually unchanged. Hence, the process would not be suitable for reducing 

the sulfur level of coals that have a high organic sulfur content and a low 

pyritic sulfur content. Other drawbacks of the process at the present stage 

of development are: 

1. The process is batch or cyclic in nature~ This entails either 

considerable downtime for backwashing the magnetic filter or 

the installation of several HGMS separators in parallel to permit 

continuous operation of the process. 

2. The coal has to be pulverized to a fine size to permit the 

liberation of the pyrite and the ash from the coal. This 

increases the cost of pulverizing and, more importantly, 

dewatering the product coal. 

24 
Preliminary economic estimates reported by Murray indicate that the 

installed capital cost for a 500-ton/hr HGMS coal cleaning plant would be 

about $8 million, and the operating costs were reported to be $0.37 per 

ton of clean coal produced. The above costs appear to be very low; 

however, time limitations for the present beneficiation study precluded 

an independent evaluation of the economics of the HGMS process. 

Studies are currently being conducted to develop a con.tinuous version 

of the process,which would use a moving matrix HGMS unit called the Carousel 
26 

Separator. Efforts are also under way to replace the stainless steel 

wool matrix with other matrix types to permit the beneficiation of coarser 

feed materials. 

Most of the studies on HGMS technology have been conducted in bench­

or pilot plant-scale equipment. However, much development work remains to 

be done in semicornrnercial-scale units before the process can even be 

considered to be a commercially viable process. 
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3.7.2 Process description 

Figure 3.7 is a conceptual flow diagram of the commercial version of 

the process with a schematic of the high-intensity magnetic separator. 

Referring to Fig. 3.7, ROM coal is first mechanically crushed to -200 mesh 

(-74 ~m) size to liberate as much of the pyrite and ash from the coal as 

possible. The finely pulverized coal is then taken to a mixing tank where 

it is mixed with water and a very small amount of dispersant or wetting 

agent to form a 30 wt % coal slurry. The wetting agent is added to mini­

mize froth formation. The coal slurry is then pumped into the HGMS 

container at a fixed rate where it is subjected to a high-intensity 

magnetic field (-20 kOe). At present, the container vessel can be up 

to 7 ft (-2.1 m) in diameter and about 20 in. (-51 em) tall. The vessel 

is packed with stainless steel wool (or other suitable material) to form 

a matrix with a void volume of about 94 to 95%. The pyritic sulfur and 

the ash constituents in the coal slurry become magnetized and are trapped 

on the steel wool matrix while the coal passes through the separator 

unaffected. The cleaned coal slurry is taken through a filtration step 

such as a vacuum filter where excess water is removed from the coal. The 

moist coal then passes through a thermal dryer where it is dried to the 

desired moisture content to yield the cleaned product coal. Water that 

is separated from the coal in the filter is clarified and reused. 

The coal slurry is allowed to flow through the HGMS until the matrix 

reaches its magnetic loading capacity. When this point is reached, the 

feed is stopped and the power is switched off. The magnetic filter is then 

backwashed with water to remove the trapped pyrites and mineral matter. 

With the magnetic field switched off, the mineral matter is released from 

the matrix quite readily. The effluent water from the backwashing step is 

taken to a clarifier or settling tank where the water is recovered for 

reuse; the mineral matter collected is disposed of. After the magnetic 

filter has been washed clean, the slurry feed to the HGMS is resumed, and 

the entire process is repeated in a cyclic manner. 

In normal industrial operations, it is envisaged that several of 

these HGMS units may be used in parallel so that,while one is being back­

washed, the slurry can be fed to the others or, alternatively, the coal 
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beneficiation plant may be built around a Carousel-type HGMS unit mentioned 

earlier. 

3.8 Oil Agglomeration Process 

3.8.1 Introduction 

The oil agglomeration process or the spherical agglomeration process 
27 

is a wet mechanical beneficiation process that beneficiates the coal by 

forming microagglomerates or floes of the coal particles. The process has 

been developed up to the semipilot-plant scale level by the National Research 
28 29 . 

Council of Canada. The Trent, Convertol, and Central Fuel Research Inst1-

tute of India (CFRI) oil agglomeration processes30 use the same principles as 

the oil agglomeration process described here. The process is especially 

suited for the beneficiatibn of fine-sized coals and yields the best results 

when used with other wet mechanical beneficiation processes such as heavy­

medium or gravity separation. The process may be used either as an alternate 

to the froth flotation process or as an additional processing step following 

froth flotation to recover the very fine-sized (<200-mesh) coal particles 

that are generally not recovered by the froth flotation process. 

The process basically consists of recovering or upgrading the fine 

coal particles, when they exist as a suspension in water, by using a 

second liquid such as kerosene or fuel oil that is immiscible with water. 

The second liquid preferentially wets the fine coal particles and causes 

them to agglomerate or flocculate.. The fine coal-water-oil mixture is 

then taken through a sink-float step where the coal floes float on the 

water while the associated mineral matter and pyrites, being hydrophilic, 

sink to the bottom of the tank. The floes are then removed and pelle­

tized into larger sized-balls to improve their mechanical properties. 
31 Capes et al. report that their laboratory tests indicated that: 

1. The process can reduce the ash and the total sulfur content of 

the coal by about 76 and 56%, respectively, while recovering 

about 90% of the potential heat content of the coal. The 

reduction in the total sulfur content is due to the reduction 

in the pyritic sulfur content of the coal. The organic sulfur 

content is not affected by the process. 
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2. The process is most effective when operated as a two-step process 

in which one liquid (generally a light oil) is used to effect the 

separation of the fine coal from the mineral matter while a second 

liquid (generally a heavier oil) is used to pelletize the floes to 

improve their mechanical properties. 

3. Of the several liquids investigated as the agglomerating oil, 

Varsol (a kerosene-like petroleum distillate) appeared to give 

the best results. Other liquids tested were fuel oil, kerosene, 

light coal tar, and heavy crude oil. 

3.8.2 Process description 

Figure 3.8 is a sketch of the conceptual commercial-scale version 

ot the process. The pulverized coal (-28 ~esh) is mixed with water to 

form a 20 wt % coal-water slurry. The coal-water slurry is mixed with 

the agglomerating oil in high-shear mixers where the coal particles are 

preferentially wetted by the oil. The slurry-oil mixture is then 

transferred to agglomeration and settling tanks where the carbonaceous 

material is skimmed from the surface as floes while the mineral matter 

and the liberated pyrites sink to the bottom of the vessel. The skimmed 

floes are transferred to dewatering screens where the excess water is 

drained. The dewatered floes are then taken to a pelletizing disc 

where heavy pelletizing oil is added to the floes to form large-sized 

(generally >1/4 in. in diameter) pellets. These pellets are shipped 

as the cleaned coal product from the plant. 

The mineral matter and the pyrites (tailings) that we~e separated 

from the coal in the_agglomeration and settling tanks and the water from 

the dewatering screens are taken through a hydrocyclone where the tailings 

are rejected; the water is recovered and recycled in the process. The 

tailings are discarded as plant refuse. 

3.8.3 Conclusions and recommendations 

Based on the results of the above study, the following conclusions 

can be made regarding the oil agglomeration process: 

1. The process is applicable only to fine-sized coal. 
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2. It is a relatively simple process and yields a cleaned coal 

product with improved handling properties. 

3. The use of the oil helps to reduce the dewatering costs 

considerably. 

4. The process yields best results when used in conjunction with 

other mechanical beneficiation processes. It should be con­

sidered as an alternate to the froth flotation process. 

5. The process can apparently be tailored to handle any type of 

coal by a judicious selection of the agglomerating oil. 

6. The process is most applicable when beneficiating easily friable 

coals. 

The following recommendations are made for further studies regarding 

the oil agglomeration process: 

1. The economics of the process should be developed for two cases -

namely, where the process is treated as an add-on process to an 

existing coal preparation facility, and where the process is 

treated as a stand-alone coal beneficiation faciiity. 

2. Laboratory tests should be continued to detennlne t11e range of 

applicability of the process (in terms of the different types of 

coal it can beneficiate) and the degree of beneficiation that 

can be obtained with the process. 

4. CHEMiCAL HENEF!ClA'l'lUN .l:'l<.Ut,;ES:>!!.S 

4.1 The TRW-Heyers Coal Desulfurization Process 

4.1.1 Introduction 

The TRW-Meyers coal desulfurization process is a chemical beneficiation 

process in which the coal is treated with an aqueous ferric sulfate solution 

at temperatures ranging between 194 and 266°F (90 and 130°C) and pressures 

up to 120 psig (-0.9 MPa). The coal matter goes through the process virtu­

ally unchanged, but the pyritic sulfur present in the coal is leached out 

by the ferric sulfate solution to form ferrous sulfate and elemental sulfur. 
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The ferric sulfate consumed in the process is continuously regenerated by 

reacting the spent leach solution with oxygen or air. Excess ferrous 

sulfate generated in the process is separated out and may be recovered 

as a by-product of the process. The elemental sulfur formed in the 

reaction is also recovered by either steam distillation or solvent 

extraction as a by-product of the process. The underlying chemistry 

of the process may be represented by the following·stoichiometric 

equations: 

Treating reaction 

FeS 2 + 4.6 Fe 2(so 4)
3 

+ 4.8 H
2

0 + 10.2 Feso4 + 4.8 H
2
so

4
+ 0.8 S, (1) 

Regeneration reaction 

2.4 0
2 

+ 9.6 FeS0
4 

+ 4.8 H2so 4 + 4.8 Fe
2

(so4) 3 + 4.8 H20, ( 2) 

Net overall reaction 

2.4 0
2 

+ Fes
2 

+ 0.2 Fe 2(so4)
3 

+ 0.6 Feso4 + 0.8 S. (3) 

The process is especially suited to processing coals containing a high 

percentage of pyritic sulfur. The process is capable of removing up to 95% 

of the pyritic sulfur present in the coal and of reducing the ash content 

of the feed coal by 10 to 30%. In so doing, the process can yield a product 

coal that has up to 5% higher heating value than the feed coal. 

Working under EPA sponsorship, TRW has conducted extensive laboratory 

and bench-scale tests over the past six years to develop the process. 

Though the process itself is new, it is based on established unit opera­

tions practiced in the ore-dressing and steel industries. An 8-ton/day 

process devel~pment unit was expected to be ready by mid-1977 to demonstrate 

key steps in the process and to verify the commercial viability of the 

process. 

4.1.2 Process description 

The TRW-Meyers coal desulfurization process was initially developed 

for beneficiating fine coals with a nominal top particle size less than 

1/16 in. (-1.4 mm), which corresponds to a nominal top size less than 

14 mesh in the U.S. Sieve Series. However, later process development 

efforts at TRW indicated that the process can be engineered to desulfurize 

coarse coals having a nominal top size of 1/4 in. (6.4 mm). Processing 
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fine coals results in the highest rate of pyritic sulfur removal from the 

coal. However, the dewatering costs are higher, and the product coal may 

have to be pelletized to avoid excessive windage loss if the product coal 

has to be shipped. Coarse coal processing, on the other hand, has a much 

slower rate of sulfur removal, but, generally, the dewatering costs are 

lower and the coal can be shipped directly over long distances without 

requiring pelletizing. 

The processing scheme to be used in any given situation will, of 

course,depend primarily on the pyritic sulfur level of the ROM coal, the 

degree or depth of cleaning required, and the end use of the cleaned 

product coal. Brief descriptions of both the fine and the coarse coal 

processing schemes are presented below. 

4.1.3 Fine coal processing scheme 

Figure 4.1 is a block flow diagram of the fine coal processing scheme. 

Referring to Fig. 4.1, ROM coal is first ground to a nominal top size of 

less than 14 mesh U.S. Sieve Series (USS). The pulverized coal is then 

intimately mixed with the hot recycled leach solution in the mixing vessel. 

The coal-leach solution slurry is transferred to the reaction/regeneration 

reactors where the pyrite-leaching reaction is permitted to occur for about 

8 hr at temperatures ranging between 215 and 265°F (-102 and 130°C) and 

pressures up to 8 atm (0.9 MPa). The heat of reaction is used to heat the 

recycle leach solution. The majority of the pyrites present with the coal 

undergo the treating reaction given by Eq. (1) during this 8-hr period. 

High-purity oxygen is also added to the reaction mixture to simultaneously 

regenerate the ferric sulfate leach from the spent ferrous sulfate solu­

tion, nc ohmm by Eq. (2). 

After about 8 hr th~ reaction mixture is transferred to the oecondnry 

reactor where the residual pyrites in the coal are converted to terrous 

sulfate. In the secondary reactor, the leaching reactions occur at the 

boiling point temperature of the solution and at essentially atmospheric 

pressure. The coal-leach solution slurry is kept in the secondary reactor 

for up to 36 hr to permit the depyritization reaction to be completed. 

From the secondary reactor, the coal slurry is taken to the wash 

section where the pulverized coal is separated from the spent leach 
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Fig. 4.1. Block flow diagram for the TRW-Meyers fine coal processing scheme. 
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solution. The filter cake is reslurried and refiltered to remove as much 

of the leach solution as possible. Cleaner water (that is, water containing 

a lower concentration of the spent leach solution) is used to wash the filter 

cake and reslurry it at each succeeding step. After the coal has been 

slurried for the second time, the coal cake is dewatered in a centrifuge. 

Moist coal from the.centrifuge is then taken to the drying/vaporization 

step where the coal cake is flash dried by high-temperature steam, which is 

provided from the steam reheating step. Flash drying the coal also vapor­

izes the elemental sulfur accompanying the coal from the treating reaction. 

The dried coal is separated from the steam-s~lfur v~por stbe~ro in ~ cyclone 

separator and is cooled to yieid the cieaned product coal. It required, 

the clean coal may then be pelletized for long-distance shipment. 

The steam-sulfur vapor stream that is separated from the coal in the 

cyclone separator is taken to the sulfur condensation step where it is 

scrubbed with hot recycle water. In this step, the sulfur vapor is con­

densed to yield the liquid sulfur product, and the hot water is vaporized 

to form steam,which is then externally heated and used to flash dry the 

moist coal cake in the drying/vaporization step mentioned earlier. The 

hot liquid sulfur and the condensed water are taken to the water/sulfur 

separation step where the liquid sulfur is separated from the water in a 

phase separator. The liquid sulfur is removed from the phase separator 

and is taken to storage as a salable by-product of the process. The hot 

water from the phase separator is used to provide the heat duty in the 

triple-effect evaporator in the sulfate removal section and is subsequently 

returned to the sulfur condensation step for reuse. 

The filtrate and the wash water from the first filtration step in the 

wash section are rich in ferro~s sulf~te. This stream is concentrated in a 

triple-effect evaporator located in the sulfate removal section. The wash 

water recovered from the evaporators is reused in the second repulping 

step. The concentrated liquor from the evaporators is taken to the crystal 

separation step where the iron sulfate crystals are separated from the 

leach solution. The iron sulfate crystals are stored for possible reuse 

in the process or are disposed of as waste products. If a market should 

exist for the iron sulfate, the crystals can be sold as a by-product of 
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the process. However, the iron crystals are generally disposed of as 

plant waste. 

A portion of the wash water from the first filtration step in the 

wash section is neutralized by the addition of lime to yield gypsum. Just 

like the iron sulfate crystals mentioned above, the gypsum produced may be 

disposed of either as a by-product of the process or as a plant waste 

stream. 

The neutralized wash water from the neutralization step is combined 

with the concentrated leach solution from the crystal separation step and 

is returned to the reactor section for reuse. 

The process is relatively self-sufficient in that the leachant is 

generated in the process. Most of the plant streams from the various unit 

operations are recycled as far as possible. Oxygen and lime are the only 

chemicals used in the process other than some make-up water which is needed 

to replace the water lost in the vacuum filters and the evaporator. Some 

fuel is also required to heat the steam used in the flash drying step. A 

small fraction of the cleaned product coal is generally used to meet the 

plant fuel requirements. 

A sketch of the baseline flow diagram for the conceptual commercial­

scale embodiment of the TRW-Meyers fine coal processing scheme is given in 

Fig. 4.2. 

4.1.4 Coarse coal processing scheme 

As indicated earlier, some of the major incentives for developing the 

coarse coal processing scheme are: 

1. less ~releaching preparation of the coal, 

2. lower costs for dewatering the cleaned coal, and 

3. elimination of briquetting or pelletizing the cleaned product 

coal. 

The disadvantage of the coarse coal processing scheme is that the leaching 

reaction rates are considerably slower, thereby necessitating much longer 

coal processing times. 
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Coarse coal processing is carried out at approximately atmospheric 

pressure because studies at TRW indicated that pressure does not signifi­

cantly increase the pyrite leaching rate from coarse coals. 

The nominal coal particle size for coarse coal processing is 

1/4 in. x 0 (6.35 mm x 0). The fine coal processing scheme described 

earlier cannot be readily applied to processing coarse coals because of 

the tendency of the coal to separate out of the leach solution. Though 

the fines in the above size consist (nominally 48 mesh x 0) can be slurried, 

the larger-size coal (that is, 1/4 in. x 48 mesh) settles out of the leach 

solution quite rapidly. To circumvent this problem, the coal mass is held 

in a fixed position (as in a packed bed) and the leach solution is perco­

lated through the coal mass. In this processing scheme, the coal is 

transferred from one operation to the next by means of mechanical conveyor 

systems rather than by slurry pumping. 

TRW extensively evaluated the following possible reactor configurations: 

1. above-ground batch reactor, 

2. lined pit batch reactor, 

3. continuous cocurrent reactor, and 

4. continuous countercurrent reactor. 

Their studies indicated that reactor configurations 2 and 4 are the optimum 

configurations. Either of the two reactor configurations may be used for 

processing coarse coals. 

Figure 4.3 is a block diagram of the conceptual coarse coal processing 

scheme. Referring to Fig. 4.3, coal crushed to 1/4 in. x 0 size consist is 

fed to the ambient-pressure reactor. In the reactor the coal is contacted 

with freshly regenerated leach solution from the leach solution regenerator. 

The leach solution is rich in ferric sulfate, and the pyrites in the coal 

undergo the treating reaction given by Rq. (1). The residence time for 

the coal in the reactor is approximately 50 hr. The exact residence time 

depends on the pyritic sulfur content of the coal and also on the type of 

reactor used. Spent leach solution from the reactor is returned to the 

leach solution regenerator. The spent solution also contains a portion 

of the fines fraction from the coal. 
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After the required reaction period, the leach solution--wet coal is 

taken from the reactor to the leach solution drain and coal rinse step. 

In this operation, the leach solution is drained from the coal, and the 

coal mass is spray-rinsed on a conveyor with leach solution--contaminated 

water obtained from the fines removal filter 2. Following the draining and 

the rinsing operation, the coal is transferred by conveyors to the water 

wash and drain step where the coal is washed with clean water recovered 

from the evaporator/crystallizer and the coal dryer. The wash vessel is 

sized to allow 1-hr residence time for the coal to permit the water to wash 

off the leach solution present in the coal pores. The water is then drained 

from the coal, and the coal moisture content is reduced to 20 to 25%. The 

moist coal then moves to an inert-atmosphere dryer where the coal is dried 

to the desired moisture level. 

From the dryer, the coal moves to the sulfur distillation step from 

where the elemental sulfur formed during the leaching process is distilled. 

The cleaned coal is then cooled and taken to storage for eventual sale. 

The sulfur vapors removed in the sulfur distillation step are condensed 

and cast into blocks for disposal as a salable by-product of the process. 

The spent leach solution stream from the ambient reactor is combined 

with the liquid stream recovered from the leach solution drain step and is 

taken to the leach solution regenerator where the ferrous sulfate is reacted 

with oxygen according to. the regeneration reaction given by Eq. (2). 

The combined feed stream to the leach solution regenerator contains a 

portion of the fines fraction from the feed coal. A bleed stream is with­

drawn from this stream and is taken to fines removal filter 1 where the 

fine coal is filtered from the weak, spent leach solution. The fine coal 

cake from the filter is returned to the main coal stream at the water wash 

and drain step. The filtrate from the filter is taken to the salt conver­

sion step where a major fraction of the ferric ions is converted to ferrous 

ions by the addition of scrap iron. The effluent stream from the salt 

conversion step is taken to the evaporator/crystallizer where the water 

is evaporated from the stream. The clean water from the evaporator/crystal­

lizer is mixed with the clean water from the dryer and is taken to the water 

wash and drain step where it is used to wash out the residual leach solution 
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from the coal. The concentrated mother liquor from the evaporator/crystal­

lizer is neutralized by the addition of lime and is then filtered through a 

leaf filter. The crystallized salts from the filter are disposed of as 

waste salt, while the filtrate is taken to the leach solution regenerator 

for eventual reuse in the process. 

Spent wash water from the water wash and drain step is filtered through 

fines removal filter 2. The fine coal cake from the filter is taken and 

dried with the main coal stream in the dryer, while the filtrate is used as 

the rinse water in the leach solution drain and coal rinse step. 

4.1.5 Mass and energy balances 

Simplified mass and energy balances were developed for the two premioed 

conceptual beneficiation plant sizes (namely, 1500 and 15,000 tons/day of 

maf product coal) based on the information reported by TRW in the EPA 
32 report. The balances were developed for the three coals in the subset 

of representative coals (Pennsylvania, western Kentucky, and Illinois). 

The results of the analyses are summarized in Tables 4.1 and 4.2 for the 

grassroots and the battery-limits type facilities. 

4 .1. 6 Eeunumle evaluar:ion 

Detailed economic analyses using the DCF method have been performed 

for the TRW-Meyers fine coal processing scheme. The analyses were carried 

out for conceptual plants designed to produce 1500 and 15,000 tons/day of 

rna£ coal. The basic premises underlying the economic analyses are given 

in Appendix A. Order-of-magnitude type costs were develop~d for the 

processing plants based on intormation reported by TRW in EPA Report 

No. EPA-600/2-76-143a.
32 

TRW reported the economics based on costs effec­

tive in June 1975. In the present study, the TRW costs have been escalated 

using the appropriate Marshall And Swift escalation factors obtained from 

Chemical Engineering
33 

to reflect costs effective in January 1977. 

Results of the economic analyses are summarized in Table 4.3 for the 

coals and plant types evaluated, together with the calculated product coal 

prices for the 12 and 15% annual after-tax rate of return (AARR) on equity 

capital. The results of the analyses have also been plotted as graphs of 

the cleaned product coal price for ROM coal costs ranging between $10 per 



Table 4.1. TRW-Meyers fine coal processing scheme summary 

Facility type: grassroots 

1500-ton/day facility 15,000-ton/day facility 

Penns•.1lvania Western Kentucky lllincis Pennsylvania Western Ker.tucky 

Daily rlow, tons/day 

A. Raw coal feed 

Ash, % 

Total sulfur, % 

T9tal moisture, 2 
(assumed) 

HHV, Btu/lb 

B. Clean coal product 

Ash, % 

Total sulfur, % 

Total moisture, % 
(premised) 

HHV, Btu/ lb 

Potential thermal energy 
(109 Btu/day) 

Raw coal feed 

Clean coal product 

Percent recovery 

Material
8 

TheTmal b 

Beneficiation costc,d 

$ per ton 

C per million Btu 

mf 

2339 

27.3 

2.90 

10.0 

1919 

21.8 

0.62 

5.0 

82.0 

12.43 

maf 

1701 

15,194 

1500 

15,194 

51.68 

45.58 

88.2 

54 

mf 

197 5 

15·. 2 

2.55 

10.0 

1699 

u. 7 

1.0 

5.0 

86.0 

13.97 

~aterial recovery = 
weight of cl::aaned product coal 

weight of raw feed coal 

maf 

1675 

14,367 

1500 

14.367 

48.14 

43.10 

89.5 

57 

X 100. 

bTherw~l recovery heating valu::a of cleaned product coal 
heating value of raw feed coal 

mf maf 

2085 1705 

18.25 

4.21 

10.0 

1752 

14.4 

1. 82 

5.0 

84.0 

13.52 

X 100. 

13,877 

1500 

13,877 

47.32 

41.63 

88.0 

59 

mf 

23,323 

27.3 

2.90 

10.0 

maf 

16! 963 

15,194. 

19,173 15,000 

21.8 

0.62 

5.0 

82.1 

7.30 

15,194 

515.5 

455.8 

88.4 

32 

mf 

19,7:.5 

15.2 

2.55 

10.0 

16,9-35 

11.7 

1.0 

5.0 

86.0 

8.21 

cBeneficiation cost is the cost involved in clear.ing (benefi::iating) the raw coal. It does not include 
the cost of the ROM coal required to produce the cleaned pr·~duct coal. 

dCosts reported are c.clculated based on ~-20 per ton ROM coal cost, 70:30 debt/equity ratio for plant 
capital, 12% annual after-tax rate of return on equity capital, and 9% annual' interest rate on debt. 

maf 

16! 744 

14,367 

15,000 

14,367 

481.1 

431.0 

89.6 

34 

Illinois 

mf 

20,843 

18.25 

4.21 

10.0 

17,520 

14.4 

1. 82 

5.0 

84.0 

7.88 

maf 

17,039 

13,877 

15,000 

13,877 

472.9 

416.3 

88.0 

34 



Ta-)le 4. 2. TF.W-Me~-ers ftne coal processing scheme surmn3ry 

Faci:oty ty~e: battery-:imits 

1500-ton/dc.y fa< :Lty 15 ,")00-ton/day facility 

Penn;ylvania Western f.entuo.ky Illinois Penns'-·lvania: Vestern Kentucky 

Daily flow, tons/day 

A. Raw coal feed 

Ash, % 

Total suLfur, % 

Total moisture, % 
(assumed) 

HHV, Btu/ lb 

B. Clean coal ~roduct 

Ash, % 

Total sulfur, % 

Total moisture, % 
(premised) 

HHV, BtL 1 lb 

Potential thermal energy 
(109 Btu/day) 

Raw co a 1 f ee·d 

Clean coal ~=odc~t 

Percent recover? 

Material a 

Thermalb 

Beneficiation ccstc,d 

per ton 

~ per millicn Bt" 

2274 

27.3 

2.90 

10.0 

1919 

21.8 

0.62 

5.0 

8~.- 4 

maf 

1653 

15,19~ 

1500 

15,19~ 

50.23 

45.58 

9J. 8 

53 

mf 

1920 

15.2 

2.55 

10.0 

1698 

11.7 

1.0 

5.0 

88.5 

13.29 

vei,ht of c_eaned p~oduct coal 
~eight o:: ra•..r fe~d coal 

rr.a:· 

14,367 

150~ 

14,~67 

46. :a 
43. :o 

n.: 

55 

x lCO. 

bTherma: recover-y hea::;ing V3llle of cl-!aned product coc: 1 
•eating ,a:ue of raw feed ccaL 

mf 

2027 

18.25 

4-21 

10.0 

1752 

14.4 

1. 82 

5.0 

86.4 

13.13 

X 100. 

maf 

1657 

13,877 

1500 

13,877 

45.99 

41.63 

90.5 

57 

mf 

22,731 

27.3 

2.90 

10.0 

19,190 

2L8 

0.&2 

5.0 

g;, .4 

7.99 

maf 

16,525 

15 ,OO•J 

15 ,:.9~ 

502.2 

455.8 

90.!; 

35 

mf 

19,196 

15.2 

2.55 

10.0 

J 6 '985 

ll. 7 

1.0 

E8.5 

E.64 

cBeneficiation -:ost is the cost i!lvol-..red :.n cleaning (benefic.iad.ng) the raw coaL. It does ro: inc:=.t:de 
the cost of tl-e RC~ coal require,f to produce the cleaneC preoduc::t coal. 

dCosts repartee arE• ca~cu:ated oa"ed •)n $!0 per ton lOOM ccc.1 cost:, 70:30 debt/equity rctio foe p1ar::< 
capita.:, 12% cnnuc.l afte::--tax ra:e of re:urn on equjty ccpital, and 91. annual interest rate :J:l de~. 

maf 

16,278 

14,367 

15,000 

14,367 

467.7 

431.0 

92.2 

35 

Illinois 

mf 

20,264 

18.25 

4.21 

10.0 

17,519 

14.4 

]. 82 

5.0 

86.5 

8.62 

maf 

16,566 

13,877 

15,000 

13,877 

459.8 

416.3 

90.5 

38 

1.0 
00 



Table 4.3. Summary of economic analyses for the conceptual TRW-Meyers fine coal beneficiation plantsa 

Plant size, in tons/day of maf product coal 

Grassroots facilit~ Battery-limits facilit~ 

Penns~lvan~a coal w. Kentuck~ coal Illinois coal Pe:ms~lvania coal w. Kentuck~ coal 

Component 

Cost, millions of dollars 

Direct capita::. 

Annual operating (gross)b 

Working capital 

Total capital investment 

Product coal price, $ per tone 

At 12% AARRd 

At 15% AARR 

1500 

17.73 

4.57 

3.18 

26.58 

37.60 

38.21 

lS,OOO 1500 15,000 

122.94 17.58 121.86 

23.03 4.55 22.87 

29.86 2.83 26.45 

183.54 26.04 178.78 

32.44 ::.8.14 32.36 

32.90 38.81 32.86 

1500 15,000 1500 15,000 !500 

17.78 123.12 11.63 81.96 11.53 

4.58 23.05 5.43 34.03 5.26 

2.93 27.39 3.24 30.67 2.88 

26.41 18i.29 18.88 139.45 18.40 

38.21 32.56 36.52 32.44 36.78 

38.87 33.06 36.95 32.79 ::.7. 25 

3
The beneficiaticn plants were designed tc operate 3 shifts/day, 7 days/week with 90% annual plant service factor. 

bFor 90% plant service factor. 

·~calculated product coal price based on $20 per ton ROM coal, 70:30 debt/equity ratio, and 9% annual interest rate 
on debt fractior. of capital. This price includes the ROM coal cost. 

dAARR = annual after-tax rate of return on equity capital. 

15,000 

79.88 

33.12 

27.09 

133.13 

32.12 

32.50 

Illinois coal 

1500 15,000 

11.65 80.72 

5.47 34.01 

2.99 28.19 
\0 

18.67 135.34 \0 

37.13 32.62 

37.60 32.99 
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ton and $50 per ton and for debt/equity ratios of 0:100, 30:70, 70:30, and 

95:5. These plots for the 12 and 15% AARR cases are shown in Appendix B. 

The calculated annual operating cost, working capital, and the capital 

investment for the conceptual plants are summarized in Tables 4.4, 4.5, 

and 4.6, respectively. Table 4.7 lists the offsite facilities included 

in the above cost estimates. 

Detailed economic analyses for the coarse coal processing scheme 

(similar to those reported above for the fine coal processing scheme) have 
J2 not been performed. However, the TRW studies presented in the EPA report 

indicate that, for the coarse coal processing scheme, the capital luves LllteuL 

requirements are about 50% lower and the operating costs are about 25% less 

than similar costs for the fine coal processing scheme. Detailed analyses 

of the coarse coal processing scheme are proposed to be conducted con­

tingent upon the availability of time. 

4.1.7 Materials of construction 

Experimental studie.s were conducted at TRW to determine the materials 

of construction that may be used to fabricate the equipment used in the 

TRW-Meyers coal desulfurization process. These studies consisted largely 

of static testing of various stainless steel alloys in environments 

simulating the leaching chemicals used in the process with some short­

duration dynamic testing under actual operating conditions. The results 
32 of the above studies are presented in the EPA report. 

Based on the above study, the following conclusions may be drawn 

regarding the materials of construction that can be used ro fabricate 

the proecoo equipment• 

1. The materials of construction selected must possess the ne~PssAry 

mechanical strength and obro~ion and corrooion resigtance ulcta~~u 

by the processing conditions and must be relatively inexpensive. 

2. Static testing results indicated that 304, 304L, 31~ and 316L 

stainless steel alloys are marginal as materials of construction 

for the coal desulfurization reactor. 



Table 4.4. Operating cost summary for the conceptual TRW-Meyers fine coal beneficiation facilities 

Plant size, in tons/day of maf product coal 
All values are in millions of dollars. 

Cost 
component 

Utilities a 

Electric power at 2.5c/kWhr 

Process water at $0.5/kgal 

Cooling water at $0.05/kgal 

Chemicals a 

99.5% oxygen at $30 per ton 

Lime at $28 per ton 

Operating labor cost 

Process operating labor 

Supervisory personnel cost 

Labor burden 

Plant mai~tenance cost 
(includes maintenance materials, 
labor, s·Jpervision, and nain­
tenance Labor burden) 

Operating suppliesa 

General administrative 
overhead cost 

Waste disposal cost
8 

Property insurance cost 

Total &ross operating costb 

By-procuct credita 

Total ~et operating costb,c 

Grassroots facility 

Ptnnsylvania coal W. Kentucky coal 

1500 

•0.0 

0.021 

0.189 

0.0 

:>.087 

).995 

•). 199 

•). 418 

~.153 

0.299 

0.979 

15,000 

0.0 

o. 205 

l. 884 

o.o 
0.869 

3.19~ 

0.639 

1. 341 

7.561 

0.958 

4.685 

c. 060 0. 604 

c. 234 1. 53 7 

4.634 23.477 

C.310 3.102 

4.324 20.375 

1500 

0.0 

0.020 

0.187 

o.o 
0.086 

0.995 

0.199 

0.418 

1.143 

0.299 

0.975 

15,000 

0.0 

0.202 

1.858 

0.0 

0.856 

3.194 

0.639 

l. 341 

7.495 

0.958 

4. 659 

0.060 0.595 

o. 232 l. 523 

4.614 23.320 

o. 211 2.102 

4.403 21.218 

Illinois coal 

1500 

0.0 

0.021 

0.190 

0.0 

0.088 

0.995 

0.199 

0.418 

1.156 

o. 299 

0.980 

15,000 

0.0 

0.205 

1.88.3 

0.0 

0.871 

3.194 

0.639 

l. 341 

7 .. 572 

0.958 

4.690 

0.061 0.605 

o. 235 l. 539 

4.642 23.502 

0.329 3.271 

4.313 20.231 

Battery-limits facility 

Pennsylvania coal W. Kentucky coal 

1500 

1.197 

0.020 

0.172 

0.510 

0.084 

0.990 

0.198 

0.416 

0. 755 

0. 297 

0.817 

15,000 

11.3 7 5 

0.199 

l. 719 

5.088 

0.844 

3.176. 

0.635 

1.334 

5.327 

0.953 

3.784 

0.059 0.587 

0.153 1.082 

5.668 36.103 

0.300 3.017 

5.368 33.086 

1500 

1.180 

0.020 

0.169 

0.344 

0.083 

0.990 

0.198 

0.416 

0.749 

o. 297 

0.814 

15,000 

11. 207 

0.196 

1.692 

3. 437 

0.832 

3.176 

0.635 

1. 334 

5.192 

0.953 

3.728 

0.058 0.578 

0.152 1.054 

5.470 34.014 

0.202 2.041 

5.268 31.973 

aThe costs shown are reported for a 100% plant service factor. For other plant service factors, multiply the cost for 
the items marked with an 11

8
11 by the :lesired service factor to obtain the appropriate annual operating cost. 

0the costs shown do not include the f=edstock cost, depreciation, and taxes. These costs are accounted for separately 
as a part of the analyses in the com?uter program PRP. 

cFurther details regarding the costs 3re presented in Appendix A. 

Illinois coal 

1500 

1.200 

0.020 

0.172 

0.536 

0.085 

0.990 

0.198 

0.416 

0.757 

0. 297 

0.818 

15,000 

11.403 

0. 200 

1. 724 

5.358 

0.847 

3.176 

0.635 

1. 334 

5. 24 7 

0.953 

3.750 

0.059 0. 588 

0.154 1.065 

5.702 36.280 

0.319 3.182 

5.383 33.098 



Cost 
component 

Raw coal inve~tory at 
$20 per ton (~0 days) 

Product coal inventory 
at $30 per ton (30 days) 

Gross operating costs 
(30 days) 

Total working capital 

I.:.ble l.S. Working -:apito:l summary for the oonceptual 
TEW-Meyers fine -:cal beneficiation facilities 

Plant size, ir tens/day of maf product coal 
All valJes are i~ millions of dollars. 

Grassroots facilit:t Battery-limits facilit:t 

PenP.3:tl v.mi.a coal w. Kentuck·1 ccal Illinois coal Penns:tl·~an::.;; co a w. Kentt:ck:t coal 

15)0 ]5,000 1500 15, OC•O 1500 15,0•JoJ 1500 . .L.: ,000 1500 15,000 

l. 004 10.013 0.857 :3. 568 0.902 9.019 0.976 ~'. 753 0.833 8.330 

1.795 17.920 1. 596 15-.. 9£,2 1. 644 16.444 1. 795 L~-948 1. 596 15.963 

0.381 1. 930 ~ l. 9:.7 0.381 ~ .0 .1+66 ~.967 0.450 2.796 

3.180 ~9.863 2.832 2':1-.4<-7 2. 927 27.395 3.237 30.668 2.879 27.089 

lllin:Jis coal 

1500 15,000 
1-' 
0 

0.817 8.768 N 

1. 644 16.444 

0.469 2.982 

2.990 28.194 



Table 4.6. Capital investment summary for the conceptual 
TRW-Meyers fine coal beneficiation facilities 

Plant size, in tons/day of naf product coal 
All values are in millions of dollars. 

Grassroots facility Battery-limits facility 

Coal 
component 

Pennsylvan~a coal W. Kentucky coal 
1500 :..5,000 1500 15,000 

Bat eery limits t.enefi::iation u. 82 81.96 ll. 72 81.24 
plant, E 

Off site facilittes (see 2..:..2.1. £0.98 ~ 40.62 
Table 4. 7) , 50% E 

Total direct plant cost, D 17.73 1£2.94 17.58 121.86 

Engineering and contractor's 2.66 9.84 2.64 9.75 
fee, 8% D or 15% D 

Project contingency, :..5% D 2.66 18.44 2.64 18.28 

Startup plant modifications, 0.35 .2.46 0.35 2.44 
2% D 

:.lor king capital 3.18 29.86 2.83 26.45 

Land cost a o.o J.O o.o 0.0 

Total capital investment 26.58 183.54 :<6.04 178.78 

a Land cost for t:,e grassroots facility is include"d in the offsite 
battery-limits ?lant is estimated at $2000 per acre. 

Illinois coal 
1500 15,000 

11.85 82.08 

5.93 41.04 

17.78 123.12 

2.67 9.85 

2.67 18.47 

0.36 2.46 

2.93 27.39 

0.0 0.0 

26.41 181.29 

facilities cost 

Pennsylvania coal W. Kentucky coal 
1500 15,000 1500 15,000 

11.63 81.96 ll. 53 79.88 

0.0 0.0 o.o ....Q:.Q_ --. 
, 

E.63 81.96 11.53 79.88 

l. 74 12.29 1. 73 11.98 

1. 74 12.29 1. 73 11.98 

0.23 1. 64 0.23 1. 60 

3.24 30.67 2.88 27.09 

0.30 0.60 0.30 0.60 

18.88 139.45 18.40 133.13 

estimate. Land cost for the 

Illinois coal 
1500 15,000 

l1.65 80.72 

o.o 0.0 

11.65 80.72 

1. 7 5 12.11 

1. 75 12.11 

0.23 1. 61 

2.99 28.19 

0.30 0.60 

18.67 135.34 

1-' 
0 
w 
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Table 4.7. Summary of offsite facilities for the 
TRW-Meyers fine coal beneficiation plants 

1. Feed and product coal handllug, u:ansporting, and storage f.:1cilitiss. 

2. By-product handling and storage faciliries. 

3. Water procurement, treatment, and pumping facilities. 

4. Power and steam generation facilities. 

5. Oxygen p:Jant and storage facilities. Order-of-magnitude cost 
estimates for the oxygen plant and storage facilities were 
obtained from Linde Division, Union Carbide. 

6. Waste treatment handling facilities. 

7. Storage and handling facilities for other chemicals required in 
t:he prueess. 

8. Office buildings and plant maintenance facilities. 

9. Land. 

10. Other site· improvements such as roads, fences, railroad spurs, etc. 
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3. Dynamic testing results indicated that the stability of some of 

the above-mentioned stainless steel alloys was improved when the 

alloys were subjected to a leaching chemicals environment rich in 

oxygen. Such an environment would exist, for example, in a 

simultaneous reactor/regenerator set-up. However, longer-dura­

tion dynamic tests need to be conducted before any definitive 

conclusions can be reached regarding the use of the stainless 

steel alloys. 

4. Ar~co 22-13-5 (Nitronic-50) austenitic stainless steel was found 

to be superior to 316 or 3161 stainless steels in corrosion 

resistance and mechanical s~rength. However, this steel is also 

more expensive than 316 or 3161 stainless steels. The use of 

the Armco alloy was recommended for stressed parts such as pumps, 

valves, screens, and wire supports. 

5. Acid-resistant concrete can be used to fabricate the pit reactor 

in the coarse coal processing scheme. 

6. Organic inhibitors such as thiourea, dibutyl sulfoxide, etc., used 

in pickling tanks and proteins such as milk albumin may be helpful 

in minimizing corrosion problems. However, these should be con­

sidered only if they do not adversely affect the leaching process. 

7. Teflon and Kynar coatings can also provide additional protection 

from corrosion in the leaching environment since they are stable 

in boiling H
2
so 4 and Fe

2
(so

4
)

3 
solutions. Also, since tough, 

uniform Teflon coatings can be applied on large tubings and inside 

~eaction vessels, these could be considered as strong possibilities 

in the fabrication of the processing equipment. 

8. Further experimental testing still needs to be conducted under 

actual operating conditions to determine the materials of 

construction that can be used for the fabrication of.the 

commercial-scale equipment. 

32 
The reader is referred to the EPA report for further details 

regarding the results of the testing of possible materials of construction. 
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4.1.8 Environmental considerations 

The TRW-Meyers process poses no serious threat to the environment. 

In general, the waste products from the process consist of solid waste 

materials in the form of iron sulfates and gypsum. These waste materials 

can be readily disposed of without unduly harming the environment; for 

example, if the plant is located near the coal mine, the solid waste can 

be disposed of as landfill in the mine. 

Because some of the cleaned coal produced by the process is burned in 

the plant to provide the plant energy requirements and because the process 

does not remove the organic sulfur present in the coal, some potential 

gaseous pollutants such as sulfur oxides and flyash may result.. This is 

especially likely to occur if the process is used to beneficiate coals 

containing high percentages of both pyritic and organic sulfur. However, 

the potential air pollutants can be removetl by using available flue~gas 

cleaning technology to meet the applicable EPA emission levels. 

4.1.9 Regional consideration 

The TRW-Meyers process does not suffer from any regional limitations. 

However, since the process is especially suitetl to beneficiating coals 

having a high percentage of pyritic sulfur, it would be most applicable 

to coals meeting the above criteria found in the Eastern and Interior 

Basin coal belts of this country. Also, the process can be located near 

the coal mine or near the end-use facility. 

4.1.10 Conclusions and reconnnendations 

The following conclusions and recommendations can be made regarding 

the TRW-Meyers coal desulfurization process as a consequence of the 

prcacnt ctudy: 

1. The process has been developed based on extensive bench-scale 

tests conducted on several different kinds of coal. 

is still at the bench-scale stage of development. 

The process 

An 8-ton/day 

process development unit was expected to be ready by mltl-1977 Lu 

move the process further toward eventual connnercialization. 
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2. The process is capable of removing up to 95% of the pyritic sulfur 

from the crushed coal and up to 30% of the ash; in so doing, the 

heating value of the coal is improved by about 5%. 

3. The process is applicable to a wide range of coals, and it poses 

no serious environmental problem. In fact, it removes a potential 

environmental pollutant from the coal- namely, sulfur 

forms it into environmentally innocuous products. 

and trans-

4. The development of the process to a commercial-scale entity may be 

hastened by supporting the efforts by TRW to complete the tests on 

their soon-to-be-completed process design unit. 

The technical and economic status of the present report can be improved 

1. more time is available to perform an in-depth study of the process 

as applied to a particular coal, and 

2. an actual commercial-scale plant can be designed and cost-estimated 

with quotes from equipment vendors instead of using factored costs. 

4.2 34 35 Battelle Hydrothermal Coal Process ' 

4.2.1 Introduction 

A chemical beneficiation proce~s developed by Battelle and referred 

to as the Battelle hydrothermal coal process (BHCP) involves the reaction 

of an aqueous slurry of -200 mesh coal with sodium hydroxide at an elevated 

temperature and pressure. Process temperature and pressure conditions 

reported by Battelle were of a very broad nature - 430 to 650°F for temp­

erature and 350 to 2500 psi for pressure. In this process, the strong 

caustic reacts with nearly all of the pyritic sulfur, varying amounts of 

the organic sulfur, some of the coal, and significant quantities of the 

ash-bearing minerals contained in the coal. The caustic reacts with the 

sulfur to form a soluble sodium sulfide and is separated from the desulfur­

ized coal by filtration or centrifugation. The desulfurized coal cake 

retains the major portion of the original mineral matter and about 5% 

sodium as sodium hydroxide equivalents which impregnated the coal and 
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reacted with the mineral matter during the process. Due to the fineness 

of the coal, the desulfurized coal cake contains 20 to 30% surface moisture 

and must be dried. However, in the case of a low-sulfur, low-ash coal 

requirement, the wet cake is given an acid treatment to dissolve mineral 

matter, and the clean coal solids are separated by filtration and dried. 

Results obtained for a number of coals in laboratory-scale experiments 

indicate excellent removal of the pyritic sulfur phase and differing degrees 

of removal of organic sulfur. For the various Eastern and Midwestern 

bituminous coals examined, data for pyritic sulfur reduction indicate 

consistently good results in excess of 90% of the total pyritic sulfur· 

present. For the organic sulfur, data reveal somewhat lower and incon­

sistent extraction results ranging from 24 to 70% for the different coals. 

In addition to the sulfur reaction during caustic leaching of the coal, 

Battelle noted that about 5% of the maf coal is dissolved along with varying 

amounts of aluminum, silica, and minor metal constituents. After filtra­

tion, the spent leachant is sparged with carbon dioxide, converting the 

sodium sulfide to hydrogen sulfide, precipitating the dissolved coal and 

ash components, and forming sodium carbonate. Elemental sulfur is recovered 

from the hydrogen sulfide by treatment in a Claus or similar process. The 

precipitated coal and ash components are filtered from the sodium carbonate 

solution and must be processed further to separate the coal value from the 

ash components. There is no indication that development work has been 

carried out in this area. 

Sodium hydrOJ{ide and c~lcium carbonate ore produced by treating the 

sodium carbonate solution with lime. Again, filtration is used to separate 

the sodium carbonate from the aqueous caustic solution. After concentration 

to a 10 to 15% solution of caustic, the recovered sodium hydroxide is 

recycled to the coal-blending or mixing operation. The calcium carbonate 

is dried and heated to about 1650°F to make carbon dioxide and lime. The 

carbon dioxide returns to the sparging system, and the lime recycles to 

the calcium carbonate precipitation unit. 

In addition to markedly lowering the sulfur contents of the coals, 

Battelle has pointed out several other potentially attractive advantages 

of coals treated by this process. Of considerable interest is the fact 
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that the Battelle clean-coal process lowered the sulfur levels of coals 

tested to environmentally acceptable solid fuels for burning in electric­

generating facilities or industrial boilers. With respect to sulfur 

extraction by the BHCP, coals with a high portion of pyritic sulfur will 

almost always be in the environmentally acceptable category. The chances 

of coal with high organic sulfur meeting SO emission standards when burned 
X 

are somewhat diminished because the extraction efficiency is generally 

lower for this sulfur phase, and extraction results have been shown to 

vary widely from coal to coal. Development efforts should be undertaken 

to enhance the technology in this area by subjecting a broader spectrum 

of raw coals to the BHCP. 

The process does not produce a low-ash coal; in fact, the ash content 

may be higher than the original coal, even though a part of the ash is 

extracted, because of the caustic impregnation. Battelle pointed out that 

the nondeashed coals, having about 5% sodium hydroxide equivalents, would 

provide some degree of sox emission control by combining with the so2 

formed during c.ombustion of the coal. If low-ash desulfurized coal is 

required, the wet desulfurized coal cake can be treated with a dilute 

acid solution to dissolve the ash components. The type of acid used in 

the deashing experiments was not revealed, but ash contents of about 1 to 

5% were given for the coals examined. Acid consumption is expected to be 

high in deashing these coals because,in addition to removal of the ash­

forming mineral matter, the sodium hydroxide impregnant must be neutralized. 

Another advantage of the BHCP extraction step is the tendency to lower. 

agglomeration and swelling characteristics of the coal. The free-swelling 

index (FSI) is a measure of the agglomeration characteristics of coal. 

Of the coals treated, the FSI was reduced from 6.0 to 1.0. Coals with 

agglomerating qualities are usually difficult to use as feedstock in 

gasification operations without some prior treatment. The BHCP can con­

vert coals that may not be initially useful in gasification operations to 

suitable feedstocks. 

Coals treated by the BHCP have exhibited much higher rates of gasifi­

cation with hydrogen than the same untreated coals. This is an important 

benefit because capital and operating costs of coal gasification facilities 

would be lowered. 
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Further advantages of the hydrothermal coal cleaning process are: 

(1) a number of potentially toxic metals are extracted from the coal which 

might otherwise escape to the atmosphere during combustion; (2) significant 

amounts of aluminum and silica are extracted and are potentially recover­

able; (3) the process can be made essentially a closed-loop system, 

minimizing the waste-treatment problem; and (4) coal dissolved during 

hydrothermal treatment is recoverable and might be a good feedstock for 

organic chemical production. 

4.2.2 Detailed process description 

A conceptual proces~ block flmAT nir~gram has been prepared ±or the 

BHCP. Material and energy balances were developed for the three coals irt 

the subset of representative coals. To obtain the capital and operating 

costs at the recommended plant capacities of 1500 and 15,000 tons/day (maf) 

of product coal, process designs were prepared for each capacity level for 

both the grassroots and the battery-limits cases. Only one block flow 

diagram, Fig. 4.4, is presented since the process information outlined 

by Battelle was of a very broad nature, many process design assumptions 

were necessary, and the flow diagrams would differ only in throughput 

capacity. ~uantities shown un the flowsheet are for the Pennsylvania 

coal. Table 4.8 presents the process assumptions adopted for each coal 

in developing the process details, block flow diagram, equipment sizing, 

and capital and operating costs. 

In the proposed process, the ROM coal (24 in. x 0) is reduced to 

1 in, x 0 in two stages in the primary reduction unit. The sized coal is 

transferred to a live storage coal yard wi~h a 20-uay capacity. From the 

coal yard, the sized coal is conveyed to the wet pulverization unit where 

it is reduced to a 70% -200 mesh feedstock. The final size reduction is 

accomplished in wet ball mills to minimize air pollution problems and to 

assist in wetting the fine coal. The pulverized coal feedstock is con­

tinuously fed to the mixing tanks to which the makeup and recycle caustic 

leaching agent is introduced. Makeup caustic will be added as a solid 

and recycle caustic as a 15 to 20% solution. Caustic concentration in 

the mixers and hydrothermal reactors is 10%. During the mixing period, 

the coal-caustic slurry is preheated to 150 to 160°F. 
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Table 4.8. Process assumptions for the Battelle 
llyth u Lltt=uual ~.;ucil proc~-33 cvalua t ion 

Process operating conditions: 

Continuous process- 24 hr/day, 7 days/week 
C:nR'I ~; 7.P. - 70% -200 mesh 
Process temperature - 475°F 
Process pressure - 500 psig 
Dlending and reaction timo ~ ~S min ~~ch 
Alkali used for study - sodium hydroxide 
Coal irreversibly reacted in the process - 5% 
Na (as NaOH equivalents present in 

the product coal) - 5% 

Pt=r~.;e!'ttage removal 

Impurities Pennsylvania Western Kentucky 
removed coal coal 

PyL.i.Li.c ::;ulfur a 
90 94 

Organic sulfur a 
24 40 

Al 2o3 30 25 

Si02 30 30 

Illinois 
coal 

95 

30 

20 

30 

aBased upon similar coals used by Battelle in bench-scale tests. 
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The blended coal-caustic slurry is pumped to the hydrothermal reactors, 

which are designed to operate at 475°F and 500 psi. A retention time of 

45 min is provided for the sulfur and ash dissolution operation. The 

reaction products are continuously removed from the autoclaves, cooled, 

and routed to solid-liquid separato~s. 

Rotary-vacuum disc filters are to be used for the solids-liquid 

separation because they are probably more reliable than centrifugal-type 

equipment. The desulfurized coal solids, containing an estimated 15 to 20% 

moisture, are then dried to a moisture content of 5%. High-pressure, super­

heated steam from the captive steam plant is used to heat the hydrothermal 

reactors and to dry the product coal. Steam heating is not the usual method 

of drying coal but,because the size of this coal is essentially all -200 

mesh, steam drying appears to have certain advantages. Most conventional 

fluid~bed-type dryers are heated with flue gas and normally operate 

with a large portion of coarse coal and a relatively small amount of fines. 

They require dust cyclones and wet scrubbers to properly·control particulate 

emission. With all -200 mesh coal, a significant percentage of the dried 

coal could be expected in the wet scrubber system. Recovery would require 

the addition of slurry thickeners, filters, and redrying. 

The sulfur-bearing effluent from the solids-liquid separation is pumped 

to a regeneration tower and sparged with carbon dioxide. The reaction 

generates hydrogen sulfide and sodium carbonate while precipitating alumi­

num and silicon compounds along with the dissolved coal. The hydrogen 

sulfide reports to a Claus unit for sulfur recovery. Tail gases from the 

Claus process are treated in a Beavan and then a Stretford system to reduce 

.H2S concentration to a level acceptable for discharge to the atmosphere. 

The precipitated compounds and precipitated coal are separated by 

filtration from the sodium carbonate solution. Also included with these 

solids are a number of the minor metallic ions originally contained in the 

coal. Because this solid fraction contains about 5% of the original maf 

coal and a valuable aluminum content, it is necessary that processes be 

developed for separation and recovery of the valuable constituents. 

A dilute sodium hydroxide solution is produced by treating the 

carbonate solution .with lime. The dilute solution is concentrated and 
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recycled to the raw coal mixing unit. Calcium carbonate is also formed in 

the caustic-forming reaction and is separated by rotary filters. The 

carbon dioxide and lime used in the process are recovered (and recycled) 

by indirect heating of the calcium carbonate in rotary kilns. 

4.2.3 Equipment and materials of construction 

The BHCP is feasible as far as commercially available equipment sizes 

and materials of construction are concerned. Equipment areas most vulner­

able to mechanical failure would be the high-pressure raw coal slurry pumps, 

the coal dryers, and coal conveying equipment. Failure of this equipment 

would generally be caused by the abrasive nature of the coal. 

Because the process is a caustic system, ordinary steel can be used 

throughout the low-pressure units with the possible exception of pumps and 

certain other equipment items that might require abrasion-resistant steels. 

Low-alloy steel is recommended for the hydrothermal reaction vessels where 

wall temperatures may reach 500°F at pressures of 500 psia and the steel 

is potentially subject to caustic embrittlement. 

4.2.4 Process evaluation 

As mentioned earlier, many assumptions were necessary in preparing 

the BHCP design. Initially, a complete understanding of the hydrothermal 

process reaction was necessary before the detailed process design could 

be attempted. For example: What are the actual coal values dissolved in 

this operation? How much aluminum and silicon are dissolved, or is an 

insoluble sodium-aluminum silicate compound formed? What effect does the 

temperature and pressure parameters have on reaction rates and the amount 

of coal value dissolved? Also, with respect to sulfur dissolution, pyritic 

sulfur goes into soluble form very readily, but the organic sulfur disso­

lution is more difficult and erratic• Therefore, the effects of temperature, 

pressure, and reaction time exerted on the organic-phase sulfur must be 

more thoroughly explored. 

The hydrothermal sulfur dissolution process is not only the heart of 

the operation but is,by far, the most costly step in the entir~ facility. 

The cost stems from the energy demands required to heat the reactants to 

the specified operating conditions. It is estimated that about 80% of 
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the steam produced in the steam plant is needed for the hydrothermal 

process,and this is reflected in the operating and capital costs. 

Another costly item is the large quantity of sodium hydroxide needed. 

Even though the greatest portion is recycle material, the fresh makeup 

amounts to 30 to 40% of the total feed, and all of this loss reports to 

the product coal as a coal impregnant and/or as a reaction product with 

the mineral matter. A development effort should be made to determine the 

best method for recovering the economic value of the caustic contained in 

the product coal and the associated mineral matter. 

One potential method for deashing the coal and recovering the sodium 

equivalent consists of a sulfuric acid leach to dissolve the ash and form 

the soluble sodium sulfate. After separating the deashed coal solids, the 

effluent might be treated with lime to precipitate the mineral matter and 

sulfate as insoluble calcium salts while leaving the sodium in solution as 

the hydroxide. Following separation of the caustic solution from the 

solids, the solution would be concentrated and recycled. Taking into 

account the different values for the chemicals to be used in the proposed 

scheme, preliminary estimates indicate that possibly 40 to 50% of the 

caustic value could be recovered. Even at the 40 to 50% recovery level, 

a very significant savings would be effected. Two questions come to mind 

regarding the proposed caustic recovery method: first, can an atmospheric 

acid treatment react with the sodium if it is impregnated into the coal? 

and, second, if so, how much of the desulfurized coal would also be 

dissolved? All of the proposed ideas and questions must be resolved 

before a reasonable economic. i'IRRRRRmt;>nt can be made. 

Once the chemistry of the hydrothermal process is resolved and if 

no unusual processing difficulties are uncovered, the remainder of the 

aqueous processing and recovery units should not present technical design 

problems with the possible exception of the solids precipitated in the 

regeneration unit. These solids contain about 5 wt % of the maf raw coal, 

aluminum, silicon, and other metal impurities. Processes need to be 

developed to separate these components in order to increase the overall 

process thermal efficiency and to recover the economic values of the 

materials. 
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4.2.5 Process water handling 

Closed-water loops are used to prevent stream pollution from the BHCP. 

Evaporation loss and water associated with the product coal are the main 

process water flows leaving the facility. The principal sources of water 

evaporation are the coal dryers, drying of calcium carbonate before 

calcining, and the recycle sodium hydroxide concentration unit. 

In a case where deashing of the product coal would be needed, equip­

ment is required for neutralizing the spent acid leachant. Lime (with 

flocculating and coagulating agents) would be a logical choice if sulfuric 

acid is the lcachant because of the insolubility of the resultant calcium 

sulfate and hydroxides. This residue would not present an environmental 

problem. Water would be recycled after separation from the precipitated 

solids. 

4.2.6 ~ir g~ality control 

The major sources of potential air pollution from th~: BHCP are the 

coal drying and combustion of the product coal in the steam plant and 

lime kilns. The coal-drying operation will be designed with wet scrubbers 

for controlling the coal dust entrained with the water vapor. The coal 

fines will be recovered and recycled. 

All rnRlR processed by the BHCP will not have sufficiently low sulfur 

contents to meet the EPA sulfur oxide emission standards when burned. 

Therefore, for those cases the steam plant must be equipped with a flue-gas 

clP.Rnlfurization system. Flue gases from the lime kilns would also report 

to the scrubber for treatment. The fixed caicium sulfate would be combined 

with the other solid refuse generated in the plant. 

4.2.7 Solid wastes -·----...10. ~.o.--"'o.-:.1~~~·-
Solid wastes generated in a BJ:l.CP would be reject rock fr.um p!:linary 

crushing, ash from the steam plant, lime recovery, and fixed calcium 

sulfate from flue-gas desulfurization (if needed). When deashed coal is 

called for, additional waste material will be produced in the effluent 

treatment system. Estimates show that the deashed coal residue would be 

about equal to the combined rock and ash waste while the refuse from 
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desulfurization would amount to about 1 wt %. The combined waste stream 

would be trucked or conveyed to the mine for disposal. 

The rock and ash wastes are highly resistant to leaching and should 

pose no problems in mine sites. The deashed coal residue and flue-gas 

desulfurizatio·n waste are basically hydroxides and calcium sulfate and, 

when combined with the rock and ash refuse, should not pose any threat to 

the environment. 

4.2.8 Economic ~na!zsis 

The results obtained by the BHCP for the beneficiation of the 

Pennsylvania, western Kentucky, and Illinois coals are summarized in 

Tables 4.9 and 4.10 for the grassroots and the battery-limits types of 

facilities. For this evaluation, the coals were assumed to be desulfur­

ized but not deashed as indicated by the high ash content of the clean 

product coal. Referring to Tables 4.9 and 4.10, it should be noted that 

the material and thermal recoveries for the grassroots plants are quite 

low when compared to similar recoveries for the battery-limits plants. 

The reason for the low recoveries is that,in the case of the grassroots 

plants, additional raw coal is required to generate the steam and power 

requirements of the process, whereas these requirements are assumed to be 

purchased in the case of the battery-limits plants. Also, 5% of the coal 

heating value is associated with the aluminum and silica stream that may 

be recoverable but is not included in the above figures. 

Detailed economic analyses were performed for the 1500- and 15,000-

Luu/tlay conceptual plants based on the tlHCP. 'l'he analyses were performed 

for both the grassroots and the battery-limits cases. Details of the 

operating cost, working capital, and projected capital investment are 

presented in Tables 4.11, 4.12, and 4.13 respectively. In addition, a 

summary of the above costs for the conceptual BHCP plants is given in 

Table 4.14,together with selected, representative values of the cleaned 

product coal price. The results of the economic analyses on the BHCP 

are presented graphically for the 12 and 15% AARR cases in Appendix B. 

The calculated cleaned product coal prices were determined by 

using ORNL-developed computer program PRP for ROM coal costs·ranging 



:'able 4 0 9 0 ~unti11Cry cf tbe results for the beneficiation 
of tl'.e ccals by the BHCP process 

Facility type: grassroots 

lS•bO-ton;da.x faclit~ 15 ,000-tcnida~ facility 

"Pennsyl v.ania coal w. Kentucl-;y: (1)31 Illinois coal Penn;ylvania coal 

mf maf nf r..af mf maf mf maf 

Dail? flow, tors/da7 

A. Raw C•Ja] fee~ 4404 3201 3156 :677 3539 2893 44,035 }2 ,013 

Ash, ~ 27.3 15.2 18.25 27.3 

rota! st::.fur. % 2.90 2. 55 4.21 2.90 

Total mc:.stu::e, ~ Ccssum.e:j) 10.0· 10.0 10.0 10.0 

HHV, Btc.'1b 15,194 :4,357 13,877 15,194 

B. Clean ccal p-:odu.::t 2177 1500 1905 :SOO• 1984 1500 21,796 15 ,oco 
Ash, % Jl.S: 21.3 2~ 0 38 31.8 

Total sL:.fur. % 0.6 0.62 1. 28 0.6 

Total mc.::.stu-:-e, % (premi;ed: 5.0 5.0 5.0 s.o 
HHV, BtL.'lb 14. 3•8 :3,5.75 13,196 14.348 

Pote:1tial therfilal e~ergy, 
109 Btu/day 

R3w coal feed 97.28 ''6.91 80.30 S72.E 

Clean coal voodu:t 43.0 .. .a. TJ 39 0 59 430.( 

S.Jlfur 0.81 •J.49 0.83 c .14 

Percent recove1 :1 

Material a, e 49.5 60 ... 56 0 1 49.5 

Th.ermal b 45.1 ;).E so. 3 !5.0 

Beneficiation c::Jstc,d 

per ton f 59.51 50.6J 50.43 47.19 

c per millio1 BtJg 3.12 2. 4E 2.75 2. 47 

3
Material = \.eiaht ·Jf cl ~a ned ercduct cJaJ 

" 101). reco·~ry 
"'~ig·:n of raw feeC coal 

bThermal tea:in,g valu~ of cleaned eroduct coal 
LOO. recovery 

;,~atir'lg value of caw feed ccal " 
cBeneficiation ::ost. is th-e cost in:.rolved ir cleaning (beneficia:in~) the raw coal. I;: does not include 

the cc·st of th:! RC~ ccal :-eq'..lil::ed to prodLce the :Je.aned rn-o:iu:t c-oal. 

dCosts repotte<i. arc caJcul.:~te:l t:as~d on $2( per ton FOM coal cost, 70:30 debt/eq·Jity rc.tio for plant 
capital, 1~% ~,nual after-tax ~at~ of retLrn on e~uity ca?ital, ard 9% annual i~terest rate on debt. 

elncluCes addi:ional a~h .j·Je to irl'l4?regnaticn of leact.ant in coal. 

ffor moist pro.3!1ct coaJ. 
8sased on tt.e :1:eating '\·al·J~ of n.oist. clear.ed product coal. 

w. Ke:1tucky coal 

mf maf 

31,555 25,767 

15.2: 

2 0 ss. 
10.0 

1~,367 

19,050 15,000 

21.3 

0.62 

s.o 
13,575 

769.1 

407 .o 
4.85 

60.( 

53.6 

40.(9 

1. 95 

: llfnois coal 

llf maf 

3.i ,389 28,931 

1~.25 

4 21 

1•l. 0 

13,877 

1'1 ,836 15,000 

2o.38 

1. 28 

s.o 
13,196 

f-' 

803.0 
f-' 
00 

396.0 

8. 29 

Sj. I 

so. 4 

42.18 

2.18 



Table 4.10. Summary of the results for f'e beneficiation 
of the coals b¥ the BHCP process 

Facility type: battery li~its 

1500-ton/day facilcty 15,000-ton/day facility 

Pennsylvania coal W. Kentucky coal Illinois coal Pennsylvania coal W. Kentucky coal Illinois coal 

Daily flow, tons/day 

A. Raw coal feed 

Ash, % 

Total sulfur, % 

Total moisture, % (assumed) 

HHV, Btu/lb 

B. Clean coal product 

Ash, % 

Total sulfur, % 

Total moisture, % (premised) 

HHV, Btu/lb 

Potential thermal energy, 
109 E tu/day 

Ra\o· coal feed 

Clean coal product 

Sulfur 

Percent recovery 

Mate~ial8 ,e 

Thermalb 

Beneficiation costc,d 
f 

teer ton 

per million Btu 

mf 

2242 

27.3 

2.90 

10.0 

2177 

31.8 

0.6 

5.0 

97.2 

62.09 

maf 

1630 

15! 194 

1500 

14 ,348 

49.54 

43.04 

2.93 

S2.8 

::. 25 

~aterial recovery = 
weight of cleaned product coal 

weight of raw feed coal 

mf 

1905 

15.2 

2.55 

10.0 

1905 

21. 3 

0.62 

5.0 

100.0 

55.74 

X lQQ. 

maf 

1616 

14! 36? 

1500 

13,575 

46.43 

40.73 

2.68 

93.5 

2. 71 

bTherrnal recovery heating value of cleaned pioduct coal 
heating va:ue of raw feed coal 

X lQQ. 

mf maf 

2002 1637 

18.25 

4.21 

10.0 

1984 

24.38 

l. 28 

5.0 

99.1 

56.55 

13,877 

1500 

13! 196 

45.42 

39.59 

0. 79 

88.9 

2. 92 

mf 

22,424 

27.3 

2.90 

10.0 

21,796 

31.8 

0.6 

5.0 

97.2 

63.37 

cBeneficiation cost is the cost inv(llved in c.leaning (benefiCiating) the raw coal. It does ne-t include 
the cost of the ROM coal required ~o produce the cleaned product coal. 

dCosts reported are calculated based on $20 per ton ROM coal cost, 70:30 debt/equity ratio for plant 
capital, 12% annual after-tax rate of return on equity capital, and 9% annual interest rate c·n debt. 

elncludes additional ash due to imp=egnation of leachant in coal. 

fFor moist product coal. 

gBased on the heating value of mois:, cleaned product coal. 

maf 

16,302 

15,194 

15,000 

14! 348 

495.4 

430.0 

29.74 

92.8 

3. 32 

mf maf mf maf 

19,054 

15.2 

16,158 20,020 16,366 

18.25 

2.55 4.21 

10.0 10.0 

14,367 13,877 

19,050 15,000 19,836 15,000 

21.3 24.38 

0.62 1.28 

5.0 5.0 

13,575 13,196 

lCO.O 

52.33 

464.3 

407.0 

27.12 

93.5 

2.55 

99.1 

56.46 

454.2 

396.0 

7. 78 

88.9 

2. 92 



'Ca'ble. 4.ll. BHCP -operating cost summary 
' 

Pl3nt si=e, in tons/day of maf P"Oduct coal 
All values are d.n millions of dollars. 

Grassr:>ots fa·:ility Battery-limits facility 

Cost 
component 

Penns·JlV3nia coal W. :<er.tucky coal Illinois coal Pennsylvan~a coal W. Kentucky coal 

Utilitiesa 

Electric power at 2.5;/kW~r 

Steam at $1.90/1000 1~ 

Chemicalsa (including wa:.er) 

Operating ]abor cost 

Process operating lab·:rr 

Supervisory personnel cos: 

Labor bLrden 

LSOO 

0.0 

0.0 

29.340 

al. 77~ 

0.15'1 

0. 32'1 

15,000 

0.0 

0.0 

293.36L 

1. 7 2E­

O. 34e· 

o. 726 

Plant maintenance cost 2.41~ 12.12L 
(including maintenance materials, 
labor, su~ervision,and rain-
tenance labor burden) 

Operating auppliesa 

General administrative 
overhead ccst 

Waste dispcsal cost8 

Property ir.s~rance cost 

Total g~oss operating cos~b 
By-product credit 

Total net operating costb,c 

0.23! O.SH 

5.886 

CD.840 .3.392 

CD. 49:: 

::.6.005 125.507' 
::..998 19.975 

::.4. 007 105.532 

lS.JO 

O.J 

O.J 

21.307 

o. 581 

0. il36 

o. 286 

1. 389 

0.204 

l.L64 

o. <52: 

26.504 
.J:..,ill: 
25. 3ll 

~s.ooo 

0.0 

0.0 

~13.071 

1. 526 

0.305 

0.641 

9.469 

0.458 

4. 704 

4.522 

1.894 

~36.590 

11.925 

~24.665 

1500 

0.0 

0.0 

23.922 

o. 711 

0.142 

o. 299 

2.100 

o. 213 

1. 267 

0.561 

29.643 
2.032 

27.611 

15,000 

0.0 

0.0 

239.221 

1. 593 

0.319 

0.669 

10.525 

0.418 

5.166 

5.606 

265.6€2 
20.320 

245.362 

1500 

1.673 

5.617 

26.429 

0.604 

0.121 

0.254 

2.163 

0.181 

1.179 

0.328 

0.441 

38.990 
1.017 

37.973 

1:,ooo 1500 

1~.440 1.673 

:7].566 3.933 

~El.J21 19.177 

].258 

(.252 

c. 528 

E.669 

c. 377 

3.171 

3. 587 

1.360 

0.554 

0.111 

0.238 

1.666 

0.166 

0.954 

1. 771 

£65.>29 30.583 
1C.l.73 0.720 

l55.JS6 29.863 

aThe costs snown are repocted for a 100~ plant service fact~r. For o:her plant service factors, multiply the cost for 
the items marked with an "a" b; the desi,ed sen. ice fac :or to obtain the appropriate ·annual opera tin~; ex>st. 

bThe costs s;,own do not ::.nclode tte feeds~ock cost, depreciatic·n, and taxes. These ·:osts are accounted' f01: separately 
as a part of the analyses in tlie compu·:e:- program FRJP. 

cFurther details regarding the costs at·e presented in Ap;>en:lix A. 

15,000 

12.440 

120.270 

191.957 

1.191 

0.238 

0.500 

4.173 

0.357 

2.289 

2.582 

0.851 

336.848 

~ 
329.649 

Illinois coal 

1500 15,000 

1.673 11.990 

4.827 147.419 

21.450 214.522 

0.570 

0.114 

0.239 

1.873 

0.171 

1. 046 

0.220 

1.191 

0.238 

0.500 

5.082 

0.357 

2.652 

2.907 

32.565 387.895 
1. 513 15.130 

31.052 372.765 

I-' 
N 
0 



Cost Penns;tlvania coal 

component 1500 15,000 

Raw coal inventory at 1.761 17.614 
$20 per ton (20 days) 

Product coal inventory at l. 962 19.616 
$3D per ton (30 days) 

Gross :>perating costs 3.009 25. 7 54 

Total working capital 6. 732 63.984 

Table 4.12. BHCP- working capital summary 

?lant size, in tons/day of maf product coal 
All values are in millions of dollars. 

Grassroots facili t;t Batter;t-limits facilit;t 

w. Kentuck;t coal Illinois coal Pennsylvania coal w. Kentucky coal 

1500 15,000 1500 15,000 1500 15,000 1500 15,000 

l. 263 12.626 l. 416 14.156 0.897 8.970 0.762 7.622 

l. 715 17.145 l. 785 17.852 1. 962 19.616 l. 715 17.145 

2.178 19.446 2.269 21.837 3.205 38.263 J. 514 27.686 

5.156 49.217 5.470 53.845 6.064 66.849 4.991 52.453 

Illinois coal 

1500 15,000 

0.801 8.008 

1. 785 17.852 

2. 677 31.882 

5.263 57.742 

t-' 
N 
t-' 



Cos;: 
component 

Direct plant cost, D 

Engineering and contr~ctor's 
fee, 8% D or 15% D 

Project contingency, 15% D 

Start-up p:ant modificat~ons, 
2% D 

Working .:apital 

Land cost at $2000 per a~re. 

Total caFita1 investment 

Table ~.:c. BHCP - capital investment summary 

Plart size, in :ons/day of rna£ prod~ct coal 
.\1: v3lue~ a·:e ::n millions of dollars. 

Graaarcots f~cilit'l Battery-limits facility 

P·enns;yh.ania coal "1. Kentucll:v ~oa l Illinois co a~ Pennsylvania co~l W. Kentuck> coal 

1_500 15,000 150(• :5,)00 1500 15,000 1500 l5,000 1500 1.:,ooo 

48.31! 242.48 37.:9 :89.38 42.00 210.50 43.25 i3 3. 38 33.32 8c.47 

7.26 19.40 5.67 15.15 6.30 16.84 6.49 1•). 67 5.00 

7.2E 36.::7 5.67 28.41 6. 30 31.58 6.49 n.o1 5.00 1~.52 

0.97 4.ES J..79 O.E-4 4.21 0.87 0.67 ] .67 

6.7c 63.S8 ~9·. 22. 5.47 53.84 6.06 :>:. -35 4.99 5: .. 45 

_1. ~0 0.80 1. 20 0 . 80 --.!..:.12. 0.80 0.80 : .. 20 

71. 4( 368.~8 55.85 .~:37. l.S. 61.11 31E..l7 63.96 23!,. 78 49.78 16: .. 83 

Illinois coal 

1500 15,000 

37.4E 101. ES 

5.62 8.13 

5.6:< 15.:<5 

0. 7 5 2. 03 

5.26 57.54 

0. 80 l. 20 

55.51 186.00 

I-' 
N 
N 



Table 4.14. Economic analyses summary for the conceptual 
BHCP beneficiation plantsa 

Plant size, in tons/day of maf product -:oal 

Grassroots facilit~ _Batter~-limits facilit~ 

Cost 
Pennsylvania coal w. Kentuck~ coal Illinois coal Pe:ms~lvania coal w. Kentuck~ coal 

component 1500 15,000 1500 15,000 1500 15,000 1500 15,000 1500 15,000 

Cost, $105 

Direct capital 48.38 ::42.48 3/.79 189.38 42.00 210.50 43.25 133.38 33.32 

Annual opera tins (gross)b 32.76 ~95.28 24.31 214.79 27.17 241. 15 35.57 420.30 27.91 

Working capital 6. 73 63.98 5.16 49.22 5.47 53.84 6.06 66.85 4.99 

Total capital investaent 71.40 368.28 55.85 287.15 61.71 318.17 63.96 234.78 49.78 

Product coal price, $ per· tone 

At 12% AARRd 99.91 87.59 83.74 73.23 89.ll 77.86 82.67 83.95 75.74 

At 15Z AARR 101.42 88.49 85.09 74.02 90.54 78.70 84.04 84.56 76.95 

aThe beneficiation plants were designed to operate 3 shifts/day, 7 days/week with 90% annual plant service factor. 

bFor 90% plant service factor. 

cCalculated produ:t coal price based on $20 per ton RCoH coal, 70:30 debt/equity ratio, and 9% annual interest rate 
on 3ebt fraction of capital. This value ~ncludes the ROH coal cost. 

dAARR = annual after-tax rate of return on equity capital. 

. 83.47 

304.09 

52.45 

163.83-

72.33 

72.82 

Illinois coal 

1500 15,000 

37.46 101.65 

29.73 350.18 

5.26 15.25 
t-' 

55.51 186.00 N 
w 

76.74 76.65 

78.03 77.19 
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between $10 per ton and $50 per ton and for de~t/equity ratios of 0:100, 

30:70, 70:30, and 95:5. 

Referring to Table 4.9, the beneficiation costs for the Pennsylvania 

coal, for example, by the BHCP are calculated to be $59.51 and $47.19 per 

ton of mf raw coal for the 1500- and 15,000-ton/day capacity grassroots 

beneficiation facilities. Similar costs were calculated for the other 

coals examined. The process appears to be a relatively costly process 

for beneficiating coal. It should be noted that the beneficiation cost 

developed reflects only the desulfurization, separation, and drying costs. 

If a desulfurized-deashed coal is to be produced, the beneficiation costs 

will be signifir~ntly hichrr. 

The by-product credit indicated in Table 4.11 is the credit for the 

sulfur produced. It is recognized that some aluminum, silica, and about 

5 wt % of the maf coal could be considered by-products. However, it was 

felt that these latter product values should be excluded from the by­

product credit until a feasible separation scheme is developed and the 

relative separation costs are determined. 

4.2.9 Application to the other coals tabulated in Table 1.2 

The two coals listed in Table 1.2 that will not meet the EPA SOx 

emi!:;sion standards ( 1. 2 lb of SO..., per m;i,llion R tn) ~oJhen burned auu nlll: 
L 

previously discussed under the BHCP chemical heneficiati_on section are 

from Rock Springs No. 11 bed (Sweetwater County, Wyoming), a subbilumlnuus 

coal, and from Dakota Star Mine (Mercer County, North Dakota), a lignite 

coal. Each of thesA rnal~ hae o low toLal sulfur and with only a small 

reduction iu sulfur content will comply with SO emission regulations. 
X 

Assuming that the subbituminous and lignite coals res;pond in a manne1.· 

similar to eastern bituminous coals subjected to the BHCP, it is postu­

lated that, at a minimum operating tentperature (430°F), the BHCP caustic 

leaching will remove 80 to 90% of the pyrite present in these coals, 

which is actually more than necessary for the coals to meet stack gas 

SOx emission standards of L2 lb of so2 per milliou Btu. At the minimum 

processing conditions, the organic sulfur should not react. Even with 

the sulfur reduction potential offered by the BHCP on western subbituminous 

and lignite coals, an economic analysis would indicate even higher 
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beneficiation costs than determined for the eastern bituminous coals. 

Drying costs will be higher for these coals because of the greater 

quantities of bed moisture to be removed. Also, because of the moisture 

content of the coal, larger tonnages of ROM subbituminous and lignite 

coals are needed than for low-moisture bituminous coals to produce an 

equivalent product tonnage. Primary size reduction and pulverizing costs 

will be affected by this increase. 

A factor that may prove to be very serious when subbituminous and 

lignite coals are processed by the BHCP is drying the fine-size coal 

(70% -200 mesh) coupled with the pyrophoric nature of such coals. 

In summary, the BHCP method for chemical beneficiation of the western 

subbituminous and lignite coals will produce sufficiently low-sulfur product 

coals that comply with EPA SO emission standards but at high costs. The 
X 

production costs would probably be more than the cost of flue-gas desulfuriza-

tion if these low-rank--low-sulfur coals were consumed without beneficiation. 

Moreover, the desulfurized product coal would contain large amounts of 

caustic, be of a lower heating value, and have a higher ash content. In 

addition, unless a deashing step augmented the beneficiation process, 

subsequent transportation costs would be higher than for dried untreated 

coal. The application of the BHCP chemical beneficiation method to low­

sulfur western coals does not appear to offer economic justification or 

sufficient product coal improvements to warrant any more than an explora-

tory research effort to resolve the predictions made in this section. 

4.3 Sodium Hydroxide Beneficiation Method Developed by 
U.S. Bureau of Mines at the Pittsburgh Energy Research Center 

~.3.1 General process description 

36 37 
The bench-scale chemic.::tl beneficiAtion process ' worked out by the 

Pittsburgh Energy. Research Center (PERC) removes nearly all of the pyritic 

sulfur content of the coal. In this process, a coal-water slurry of coal 

is heated to 440°F for 2 hr in an autoclave containing sodium hydroxide 

(10% NaOH). The caustic treatment converts nearly all of the pyritic 

sulfur to the soluble sodium sulfide, no organic sulfur is extracted, nor 

are the caking qualities of the coal altered. A subsequent, dilute acid 
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leaching operation is required to dissolve the ash components to produce 

a low-ash, low-pyrite coal. At this processing temperature, a fuel value 

loss of about 10% was reported. 

By increasing the processing temperature to 572°F, about 30 to 40% of 

the organic sulfur is extracted. The caking qualities of the coals are 

destroyed at the higher treatment temperature, and it was reported that 

the coal fuel value losses were much higher for the more rigorous treat-

ment. 

4.3.2 Comparison with BattelJe hydrothermal cual beneficiation process 

The PERC coal beneficiation proc-.P.ss i~ very much like the DaLLt.!ll!:! 

hydrothermal coal pr.ocess. Comparison of the benef1~iation data of both 

vrucesses revealed that almost identical results were obtained. Each 

process removed 90 to 98% of the pyritic sulfur and varying amounts up 

to 70% of organic sulfur. A dilute acid leaching step was needed to 

deash the coal,and if the caking characteristics of the coal were to be 

destroyed, higher operating temperatures were required. 

The coals tested by PERC contained a high organic sulf~r content,Ann 

the resultant beneficiated coals, if combusted, would not me~L present:-day 

EPA standards for SO emission in the flue gas. In the Battelle coal 
X 

desulfurization investigations, primari 1 y 1 nTM-nrg;;mic- E:ulfur ·COntertt ~.:ualH 

were used, and, as could be expected, essentially all of their cleaned 

coals would meet EPA SO standardl? if hurnPn. 
X 

A somewhat signific-.;:mt variation was observeJ in the coal fuel val11PS 

reported for the two processes. RAttelle reported lo~~es uf about: 5%, 

whereas PERC indicated lo$ses of 1m: At /1/10°F ond muc.h gl.:'edLI::!L 1 osses at 

the higher operating temperatures. In considering the difference in loss, 

it is possible that Battelle may have been assuming 1 in their matcrin.l 

accountability, a coal fuel value credit for the potentially recoverable 

coal in the spent leach solution. Decause uf the similarity of the PERC 

process with the Battelle hydrothermal coal process, the technical and 

economic evaluations presented for. the latter process woulJ also apply 

to the PERC beneficiation process. 
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Results of applying the caustic process investigated by the U.S. 

Bureau of Mines (PERC) to beneficiation of the western-type subbituminous 

and lignite coals would be the same as those for the BHCP because the two 

beneficiation processes are essentially identical. 

4.4 SURC Chemical Comminution Process 

4.4.1 Introduction 

Syracuse University Research Center (SURC) has developed a coal 

beneficiation process in which the raw coal is reduced in size by chem­

ical agents rather than by mechanical crushing methods. The process is 

known as the chemical comminution process. In reducing the size of the 

raw coal, the mineral matter (which contains the ash and the pyritic 

sulfur constituents) in the coal is liberated. Only the ash and the 

pyritic sulfur are liberated from the coal in this process because the 

chemicals used do not react to a significant extent with the coal matrix. 

Hence, the process does not reduce the organic sulfur level o~ the coal. 

The mineral matter liberated from the coal by the chemical agent is then 

separated from the coal by using conventional coal washing methods such 

as the float-sink technique. 

The SURC chemical comminution process essentially consists of treating 

the raw coal with a suitable chemical agent (for example, anhydrous liquid 

ammonia) at ambient temperatures and pressures for a period of about 1 hr. 

The chemical agent induces selective breakage of the coal along already 

existing boundaries that contain the mineral matter. The chemically 

comminuted coal is then subjected to a conventional float-sink type 

operation wherein the coal is separated from the liberated pyritic sulfur 

and the ash. Some of the chemicals that have been tested as comminuting 
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agents are methanol, anhydrous liquid and gaseous ammonia, ~-propylamine, 

and pyridine. Of these chemicals, ammonia and methanol were determined to 

be the most effective comminuting agents. Also, the tests revealed that 

the degree of chemical comminution achieved appears to decrease as the 

1 k 
. 38 coa ran 1ncreases. 

The developers of the process claim38 •39 that the combined chemical 

comminution (using anhydrous liquid ammonia) and float-sink process has 

the following advantages: 

1. The process can reduce the pyritic sulfur of th~i;: h:f t11m:tnous co.:tl 

hy Hbout 73~G and the aslJ cuntent by about 55!~. 

2. The process produces less fine coal. Approximately 90% of the 

product coal from the process is +32 mesh (+495 ~m) . This 

indicates a significant reduction in the amount of fine coal 

produced and,hence, an attendant reduction in the cost of 

handling the. coal product. 

3. The process produces a better beneficiated coal product than 

mechanical grinding to the same partiC'.l P. !"li ze combined with a 

float-sink type cleaning operation. 

4. The processing costs are furtl~r reduced sinC'P the procecc uses 

cou!IDonly AVAilable .chemical ageull;. Also, 99+% of the chemical 

agent used can be readily recovered and reused. 

5. The cost of producing clean coal by the process has been 

el;timated by the pr.ocPRR d'ivelopero to b~ dJ.uuutl $2 . .50 to $J.UO 

per ton of ]Jroduct coaL This compares very favorably with the 

cosl u[ alternate processes for producing clean coal. 

The procesc is still lu the early stages of development. Most of 

Ut~ tlevclopment work on the process has been conducted in bench-scale 

equipment capable of processing around 20 lb/hr (-9.1 kg/hr) of coal. 

The development effort on the process is continuing with eventual 

commercialization of the process in mind. 
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Much more detailed evaluation of the process must still be completed 

before the process reaches the commercialization stage. However, the 

process appears to present an economical means of reducing the sulfur 

and ash contents of several Eastern Basin coals. 

4.4.2 Process description 

Figure 4.5 is a block flow diagram of the conceptual commercial-scale 

embodiment of the SURC chemical comminution process. The block flow 

diagram was developed bas·ed on information obtained from ref. 39. 

Referring to Fig. 4.5, 3 in. x 0 (76 mm x 0) size consist ROM coal is 

visualized as feed to the beneficiation.plant. The feed coal is screened 

and mechanically crushed so that the size consist of the feed to the 

comminuting reactor is reduced to 1-1/2 in. x 0 (38 mm x 0). The mineral 

matter that is liberated from the ROM coal in the course of the mechanical 

grinding and screening operations is separated and disposed of appropriately. 

The 1-1/2 in. x 0 (38 mm x 0) size coal then enters the comminuting reactor 

(shown as the ammonia reactor in Fig. 4.5) where it is intimately mixed 

with a comminuting agent such as anhydrous liquid ammonia. The chemical 

comminution process is allowed to occur for up to 2 hr. Following the 

comminution step, the coal is washed free of the comminuting agent and is 

then sent to a conventiDnal coal separation step such as heavy-medium 

separation where the liberated pyritic sulfur and ash are removed from 

the coal mass. The cleaned coal is then dewatered and prepared for 

shipment to the end-use facility. 

The ammonia that is separated from the coal in the ammonia washing 

step is distilled, compressed, and liquefied for reuse. A small fraction 

of the cleaned product coal is used in the plant to meet the process 

energy requirements. 

4.5 Ledgemont Oxygen Leaching Process 

4.5.1 Introduction 

The Ledgemont oxygen leaching (LOL) process is a chemical coal 

beneficiation process developed by the Ledgemont Laboratory of Kennecott 

Copper Corporation. In the LOL process the pulverized coal (-100 mesh) 
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is slurried with water and reacted with high-purity oxygen at temperatures 

ranging between 212 and 266°F (100 and 130°C) and at pressures up to 

300 psi (-2.2 MPa) for approximately 2 hr. The chemistry of the reaction 

b d b h f 11 . . 40 may e represente y t e o ow1ng equat1on: 

(4) 

The process conditions are regulated ~o that no free sulfur is formed in 

the pr.oc.ess. This obviates the necessity for the relatively difficult and 

expensive sulfur recovery step required in the TRW-Meyers process, for 

example. Following the reaction, the coal mass is separated from the sol­

uble impurities and is washed and dried to yield the cleaned product coal. 

The developers of the process claim that it is capable of removing 

more than 90% of the pyritic sulfur present in the coal. However, the 

process does not generally remove the organic sulfur present in the coal. 
41 

In addition, the following claims are made for the process·: 

1. Unlike the TRW-Meyers process, the LOL process requires no 

regeneration of the leach solution. However, the spent leach 

solution does have to be neutralized and filtered before it can 

be reused. 

2. The reaction time for the depyritization of the coal (about 2 hr) 

is much less than that required for the TRW-Me.yers process. 

3. Fewer wash steps are required to clean the coal following the 

rlPpyr.itization reaction than required for the TRW-Meyers process. 

4. No elemental sulfur recovery steps are required. 

5. The pr.oc.ess is cost competitive with stack gas scrubbing for 

reducing the sulfur emissions from coals having low organic 

sulfur content. 

A newP.r version of the LOL process known as the ammonia-oxygen-water 
42 (AOW) process was reported on recently py Sareen. The foliowing 

information regarding the AOW process was developed from the above paper: 

1. In this process, the pulverized coal (-100 mesh) is treated with 

oxygen in an ammoniacal solution instead of .iust water, at 
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approximately the same reaction conditions as indicated above 

for the LOL process. The chemistry of the depyritization 

reaction may be given by the following equation: 

2. The AOW p:roces:=; is rl:=limiiid to _be able to t:eutuvl:::! uut: only more 

than 90% of the pyritic sulfur present in the coal but also to 

remove up to 25% of the organic sulfur present in the coal. 

3. An 8 to 13% Btu loss from the coal occu.rs when. the coal is 

treated by the AOW process. "This coal loss is attributed to 

the formation of ~.:ual acids. 

Process development has been conducted to date in batch-type bench­

scale equipment with funding provided hy KPnnP~ott Copper Corpordtiuu. A 

detailed engineering evaluation of a con!Illen:ial-::>Ntl,.. pl:i.!nt bo.oed on the 

LOL process has been conducted in-house by Ledgemont Laboratory. However, 

the engineering evaluation report is proprietary to Kennecott Copper 

Corporation. 43 Further development of the ptocess, beyond the bench-scale 

level, appears to he nPpPndent upon the resoluL.iuu uf t:he Peabody Coal 

Company divestiture case pending against Kennecott Copper Cor.porAt:i.on.
43 

4. 5. 2 .!'..!"9.~.~-~-~ des<;:r:i,ption 

Figure 4.6 is a block flow diagram of the. r::oncQptual eonunercial-i:ic:alt! 

embodiment of the LOL process. Referrine to Fig. tf,6, ROM coal i::~ normally 

crushed to -1/8-in. (-3.2-nun) size and is physically cleaned (generally by 

water washing) to remove the rock and clay materials that may accompany 

it before being fed to the process. The crushed, physically cleaned 

coal is then pulverized to -100-mesh size and is slurried with water. 

The coal-water sJurry is fed to the leaching reactors where it is reacted 

with high-1Jurity oxygen at temperatures of 212 to 266°F (100 to 130°C) 

and at pressures up to 300 psi (-2.2 MPa) for approximately 2 hr. The 

pyritic sulfur in the coal reacts with the pure oxygen and is converted 

into soluble sulfates and sulfuric acid according to the reaction given 

by Eq. (4). As indicated earlier, the reaction conditions are maintained 

such that no free sulfur is formed in the process. 
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The depyritized coal mass from the reactors is then separated from 

the soluble sulfates and is washed with hot water to remove the residn;:~l 

sulfates present in the coal. Following the filtration and washing steps, 

the cleaned coal is dried and prepared for shipment to an end-use facility 

such as a power plant. Preparation of the clean product coal may consist 

of agglomerating the coal with a s11itr~hl~;> binder to mak~ lL mure amenable 

to being shipped. 

The sulfate solutions from the filtration and washing steps are 

combined and neutralized by the addition of lime and are then filtered. 

The filter cake, consisting mainly of iron and aluminum sulfates and 

gypsum, is sent to.the waste disposal pit while the filtrate, which is 

mainly water, i~ reused at the head end of the process. 

4.6 KVB Coal Desulfurization Process 

4.6.1 Introduction 

KVB Engineering, Inc., obtained a pntent
44 

in September 1975 for a 

coal desulfurization process. This process will hereafter be referr~d ro 

as the KVB coal desulfurization process or> more simply, as tl1~ ~~B process. 

In the KVB process the coal is claimed to be desulfurized by Lhe action of 

gaseous N0
2 

(in the presence of oxygen a,nd nitroePn), ,,rhioh oclcetively 

oxidizes the organic and inorganic sulfur in the coal. The sulfur oxides 

formed are then separated from the coal by conv~nti nnal me;:mo to yielu a 

desulfurized coal product. 

The following description of the proceco has bPen ueveloptd from the 

above-mentioned patent. The process consistR of treating the pulvP.rlzl::!d 

raw coal [generally, +28 mesh (589 ~m) in size] with a mixture of four 

gases for· 1 to 30 min at pressures between 1 and 20 atm (0 .1 and 2 MP<:~) 

and temperatures between 100 and 500°F (38 and 260°C). The composition 

of the reacting gas is reported to be as follows: 0
2 

(0.5 to 20 val%), 

NO (0.25 to 10 val%), N0 2 (0.25 to 10 val%), and N2 (the remainder). 

The sulfur present in the coal is removed as gaseou~ sulfur oxides or 

soluble sulfates. The reaction conditions are maintained such that no 

free sulfur is formed during the reaction. The gaseous sulfur oxides 
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are removed in the reactor while the soluble sulfates are removed by 

subsequent water and caustic washing of the coal. Washing the coal also 

reduces its ash content. The washed coal is then dried to yield the cleaned 

product coal. Other effluents from the process are either recycled in the 

process or are disposed of as wastes or by-products of the process. 

KVB claims that the process can remove all three forms of sulfur 

present in coal- namely, pyritic, organic, and sulfate sulfur. They 

also claim that, under certain test conditions, sulfur removal of up to 

90% was obtained. 45 

KVB Engineering, Inc., has funded the total development of the process 

up to this point, and the process technology is proprietary to KVB. They 

are seeking funding for further development of the process. Most of the 

development work up to now has been on a small bench-scale level. Further 

development of the process is envisaged to consist of testing the process 

in a larger laboratory-scale unit followed by testing in a 10-ton/day coal 

pilot plant to establish the commercial feasibility of the process. 

The process is very similar to the other chemical desulfurization 

processes discussed in this report, notably the Battelle hydrothermal 

and the PERC processes,with the exception that N0 2 is used as an added 

step to aid in the desulfurization of the coal. 

4.6.2 Process description 

A block diagram of the KVB process using a continuous reactor is 

given in Fig. 4.7. The figure was developed from ref. 45. A batch 

reactor can be used instead of the continuous reactor. If a batch 

reactor is used, the reaction and the extraction steps can be performed 

in the same vessel. Data are not available at this time to determine 

which of the two modes would be more economical. 

Referring to Fig. 4.7, the raw coal is fed into the pulverizer where 

it is generally crushed to a -14 +28 mesh size consist. However, the 

process is claimed to be capable of desulfurizing coals ranging from 

1/4-in. (-6-mm) to 200-mesh size. The pulverized coal is fed into the 

reactor where it is reacted with the mixture of four gases (namely, 0
2

, 

NO, N0 2 , and N2) for 1 to 30 miv At A pressure between 1 and 20 atm 
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(0.1 and 2 MPa) and a temperature between 100 and 500°F (38 and 260°C). 

The composition range of the gas mixture has been given earlier in 

Sect. 4.6.1. The continuous reactor is proposed to be a fluidized-bed 

reactor with the four-gas mixture serving as the fluidizing gas. 

The gaseous effluents from the reactor are taken to a cyclone separator 

where the entrained coal particles are separated from the gas stream and 

returned to the reactor. The gas stream from the cyclone separator is 

processed further to remove the so 2 , so 3 , and co
2 

gases formed during the 

reaction with the coal particles. The cleaned gas from the purifier (shown 

in Fig. 4.7) is mixed with makeup quantities of 0
2

, N2 , and NO gases and 

returned to the reactor.for reuse. N0 2 is not added with the makeup gases 

because it is formed by the following equilibrium reaction: 

The product coal from the reactor is takeri through a series of 

extractors where it is first washed with hot water to dissolve the iron 

sulfates and sulfites and then washed with an aqueous solution of calcium 

and sodium hydroxide to extract the organic sulfur compounds present in 

the coal. Following the second extraction step, the coal is dried to the 

desired moisture content to yield the low-sulfur product coal. 

Liquid solutions from the two extraction steps are processed separ­

ately to precipitate the dissolved sulfates and sulfites, as shown in 

Fig. 4.7. The precipitated chemicals are disposed of appropriately, and 

the recovered water is reused in the process. 

4.7 PERC Oxidative Desulfurization Process 

4.7.1 Introduction 

Pittsburgh Energy Research Center (PERC) is currently develu~ing a 

chemical coal desulturization ~rocess that is clAtmed to remove not only 

the pyritic sulfur but also a substantial portion of the organic sulfur 

present in coal. The process is claimed to achieve the above sulfur 

reductions without sacrificing much of the heat content of the coal. 

The process has be~n developed in bPn~h-scale autoclave reactors; 
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however, further process developments are expected to be conducted in a 

new, fully continuous unit. 

The process consists of reacting finely pulverized (-200 mesh) coal 

with water and air at high pressures (220 to 1500 psig) and high tempera­

tures (-300 to 430°F) for coal residence times of 1 hr or less. ThP. 

proccoo is ~lalwed4 fi to yield a cleaned product coal that generally 

contains less than 5% of the original pyritic sulfur and, more importantly, 

up to 60% less of the original organic sulfur present in the feed coal. 

The above sulfur reductions are obtained with better than 90% recover.y of 

the originol coal'~ fu~l value. 

The PERC process is similar to the Ledgemont oxygen le~ching process 

(see Sect. ~. 5). The develu!Jllleflt ot the process is still at the bench­

scale level. Sufficient information is not yet available to fully assess 

the merits of the process. However, a<"'.cording to Friedman et al. , 
46 

preliminary cost estimates made on the process place the ~ost at $3.50 

to $5.00 per ton of coal. These cost estimates appear to be attractively 

low,considering the claims for the process. However, due to severe time 

limitations for the pr~~ent bcnefi~lacion study, no independent economir 

eval~ations of the process could be made to verify the validity of the 

above-stated cost estimates. 

4.7.2 Proces5 description 

Figure 4.8 is a sketch of thl?. conceptual commercial version of the 

process. The raw feed coal is first crushed and screened to the proper 

size (-200 mesh). The sized coal is mixP.d with water and Lhe recycle 

dilute H
2
so

4 
acid stream in the mixing tank. The coal undergoes mild 

beneficiation in the mixing tRnk. Mineral ruatter associated with the 

coal is removed in the tl:tnk, and the coal-water slurry is pumped tn the 

reactor. In the reactor the slurry is reacted with high-.[Jr~ssure (220-

to 1500-psig) air at the desired reaction temperature (-300 to 430°F) for 

about 1 hr. During the reaction, the sulfur present in the coal reacts 

with the water Rnd the oir to furm dilute H2so4 . Following the reaction, 

the coal-dilute acid slurry is filtered to separate the cleaned coal from 

the dilute acid. The cleaned coal is then dried and taken as the plant 

product. The dilute acid stream is recycled in the process. 
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46 
According to Friedman et al., the acid stream may be recycled up 

to five times in the process before the acid becomes too concentrated. 

If a market exists for the concentrated acid, it may be sold as a 

by-product of the process; if no market exists, the acid can be neutral­

ized with the addition of lime, and the resulting Caso 4 can be filtered 

and disposed of as a waste product of the process. 

4.8 ARGO Process 

The Atlantic-Richfield Company (ARGO) process is a bench-scale 

developmental chemical coal desul±urization process that uses a proprie­

tary oxygen promoter to desul±urize the coa1.~ 7 
Very little op~n 

information regarding the process is available because ARCO considers 

the process proprietary. EPRI is providing some of the funds for the 

process development effort and expects to publish·a report on the results 
40 

to date within the next 2 to 3 months. 

Based on the sparse open information available about the process, 

it appears that the process can remove essentially all the pyritic sulfur 

and about 20 to 30% of the organic sulfur present in the test coals without 

incurring a significant loss in the heating value of the coal. No further 

information regarding the process is available. However, further process 

development efforts are indicated to be continuing. 

4.9 JPL Low-Temperature Chlorinolysis "Process 

Another process for the d~sulfuri2ation of cual, a luw-LempeL·aLure 

chlorinolysis process, is being developed at the Jet Propulsion Laboratory 

(JPL), California Institute of Technology. Funding for the first phase 

of the project, which lasted 4 months, was provided by the Coal Prepara­

tion Group of the U.S. Bureau of Mines. During this _phase, th~ process 

chemistry was investigated in a batch-type bench-scale unit. The second 

phase of the project (expected to be funded by the Solid Fuels Mining and 

Preparation Division of the Department of Energy) is expected to last 

8 months, and during this phase the process chemistry will be investigated 

in a continuous-flow bench-scale unit. 
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A block-flow diagram of the process is presented in Fig. 4.9. The 

process essentially consists of reaeting the powdered, moist coal (as a 

slurry in methylchloroform) with chlorine at 165°F (74°C) and 1 atm 

pressure for 1 to 4 hr. The coal is then filtered and hydrolyzed with 

water at 77°F (25°C). The coal from the hydrolysis step is filtered and 

dechlorinated by heating it at 572 to 662°F (300 to 350°C) and 1 atm 

pressure for· about 2 hr. The methylchloroform (used as the slurry 

solvent) is recovered and recycled in the process. 

Experimental results indicate that the process is capable of 

removing up to 90% of the pyritic sulfur and up to 70% of _therorganic 

sulfur present in the high-sulfur bituminous coals tested. The above 

sulfur reductions are obtained with a loss of coal heating value of less 

than 2%. 

Although the development effort is still at the bench-scale level, 

the ~rocess appears to have the potential of becoming a viable coal 

beneficiation process. However, aside from the economics of the process, 

several questions need to be addressed regarding the process chemistry -

questions such as the concentration of residual chlorine in the product 

coal and its effect on the downstream processing of the beneficiated 

coal. These questions are proposed to be resolved in the subsequent 

phases of the project. 

5. MICROBIAL BENEFICIATION METHODS 

5.1 Introduction 

Microbial coal beneficiation methods, as ·the name implies, involve 

the use of bacterial strains to oxidize and remove the pyritic sulfur 

present in coal. The bacteria involved in the process belong to the 

acidophilic group of bacteria known as the Thiobacillus ferrobacillus 

group. This bacterial group includes the following bacteria: 

1. Thiobacillus ferrooxidans, also known as Ferrobacillus 

ferrooxidans, and 

'") 
Lo ThiobaciL1i1:=; thi.ooxidans. 
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L b d . 49 •50 h . d' d h h' b '11 h' 'd d a oratory stu 1es ave 1n 1cate t at T ~o ac~ us t ~oox~ ans oes 

not attack pyrites. However, Ferrobaci11us ferrooxidans strains readily 

oxidize the-pyrites present in coal, given the appropriate environment. 

The microbial oxidation process normally occurs ·as follows: In the 

presence of water and oxygen and, given the correct acidity level of the 

solution, the bacteria oxidize the FeS
2 

present in coal to form ferric 

sulfates and sulfuric acid. The bacteria do not attack the coal or the 

organic sulfur present in the coal. Hence the process is not very effec­

tive as a beneficiation process ~or coals having a high organic sulfur 

content. Also, the process only removes that mineral matter from the 

coal which is dissolved by the acidic environment. The process is known 

to occur in nature during the weathering of coal and mine wastes. In 

fact, this process occurs to the extent that several studies have been 

reported in the literature on methods of inhibiting the bacterial growth 

with a view u£ minimizing the acidic drainage from mine wastes. However, 

only recently has the process been evaluated with the viewpoint of 

developing a coal beneficiation process. The studies to date have been 

at the bench-scale level of development. No studies are reported in the 

literature where a conceptual commercial-scale plant has been developed 

that uses bacteria for the beneficiation of coal. 

5.2 Result~ of Laboratory Studies 

. ff 51 Silverman, Rogo , and Wender conducted extensive bench-scale 

studies at the U.S. Bureau of Mine~ Lo determine if the mirr.obial oxida­

tion of pyrites could be used on a commercial scale for the beneficiation 

of coal. They evaluated several different types of coals ranging in rank 

from lignite to bituminous. Based on their studies, they concluded that: 

1. Appreciable quantities of pyrites could be removed from all the 

coals they evaluated by the action of the acidophilic bacteria 

Ferrobaci11us ferrooxidans. They reported up to 80% pyritl~ 

sulfur removal from some of the coals. 
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2. The oxidation of the pyrites increased as the coal particle size 

was decreased. For example, in one of their experimental t·uns, 

the percentage of pyrites removed by the bacterial action 

increased from 2.1% for coal particles in the -100 +200 mesh 

size range to 68.2% for particles in the -325 mesh size range. 

J. The microbial action appeared to be most rApid when the pH 

range of the microbial environment was kept between 2.5 and 

4.2 that is, a highly acidic environment. 

4. The oxidation or removal rate of the pyrites hy the bacteria is 

apparently affecteJ by the neutralizing ca~a~1ry nr the baoicity 

of the coal. The basicity of the coal tended to increase as 

the coal rank decreased; that is, lignites tended to be more 

ba~ic in nature than the bituminous coals tested. Hen~e, the 

pyrite removal rate decreased AS the coal rank decrea~ed. 

5. The depyritization rate of the bacteria was very slow. The 

bacterial reaction took 3 to 4 days to achieve the pyritic 

sulfur removals reported. 

6. Acid pretrP~tment of the coals lwproved the depyritization rate, 

Apparently, the presence of large quantities of Caco3 or other 

basic materials tended to inhibit the bacterial oxidation of 

the coal. 

5.3 Conclusions and Recommendations 

The following conclusions can be made regarding thP microbial 

beneficiation of coal: 

1. The pyrite contents of most coals· c:an hP reduced n:i eni.fi.;;.auLly 

by the action of the acidophilic bacteria Ferrobacillus 

ferrooxidans. 

2. These bacteria occur naturally in rnals and wlne waste~. 

3. The depyritization ability of the bacteria is very dependent 

on the pH of the environment, being most effective for solutions 

with a pH value of 2.6 to 4.2. 
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4. The pyrite removal efficiency of the bacteria increases as the 

coal rank increases and the particle size decreases. High pyrite 

removal can be obtained for fine-sized (-325 mesh) bituminous 

levels. 

5. The microbial process results in the production of ferric 

sulfates and H
2

so
4

. The disposal of these waste products may 

pose an environmental problem for a large-scale commercial 

facility. 

It is recommended that: 

1. Laboratory-scale studies should be continued to develop a better 

understanding of the microbial oxidation process, especially 

from the viewpoint of reducing acidic wastes from coal mine 

reject piles. Efforts should also be undertaken to identify 

or develop new bacterial strains that may be able to depyritize 

the coal at a faster rate and/or be able to reduce the organic 

sulfur content of the coal. 

2. Economic evaluations should be conducted of a conceptual 

commercial-scale plant based on the microbial desulfurization 

process to determine its commercial viability. 
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Appendix A: Basis for the Economic Analysis 
of Coal Beneficiation Processes 

A.l Introduction 

The economic analysis for the various coal beneficiation processes 

evaluated was performed by using ORNL-developed economic analysis computer 

program PRP. 52 The price of the cleaned product coal from the various 

beneficiation processes was determined using the discounted cash flow 

(DCF) rate of return method under the following conditions: 

1. ROM coal costs ranged between $10/ton and $50/ton. 

2. No costs were included for a captive coal mine. 

3. All costs were developed in terms of January 1977 dollars. No 

forward escalation beyond January 1977 was included in the costs 

4. Debt/equity ratios of 0:100, 30:70, 70:30, and 95:5 were used. 

5. Annual after-tax rate of return (AARR) on equity capital was 10, 

12, 15, 17, and 20%. However, for reasons of conciseness, only 

the results for 12 and 15% AARR on equity ·capital are 

reported. 

6. Annual interest. rate on the debt fraction of the capital was 

assumed to be 9%. 

Results of the economic analyses were developed as plots of the 

cleaned product coal price for various ROM coal costs and debt/equity 

ratios. A selected, representative set of these plots is p~esented 

cumulatively in Appendix B of this report. 

The'basic premises used for the economic analyses are summarized in 

the following sections. 
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A.2 Premises for the Economic Evaluation 
of Coal Beneficiation Processes 

The premises for the economic evaluation are presented as 

(1) capital investment--related items, (2) operating costs--related 

items, and (3) economic evaluation procedure--related items. 

A.2.1 Capital investment--related items 

1. Direct plant costs. Direct plant costs were developed for each 

beneficiation process evaluated for proposed plants capable of producing 

1500- and 15,000-ton/day maf product coal. In general, the costs develu!J~cl 

were order-of-magnitude type costs. ·The probable accuracy of the cost 

esLimates is -±30%. The costs were developed for grassroots-type facil­

ities,with raw water being the only available utility. Capital costs for. 

generating the other utilities required in the plant were included in the 

direct plant cost. Direct plant costs were also developed for the battery-

limits type facilities where all the utility requirements were purchased. 

2. Engineering and contractor's fee. A sliding scale was used to 

estimate the engineering and contractor's. fee. The scale used is given 

below: 

Project cost 
($lo6) 

0-100 

101-1000 

~:ngineering and 
contractor's fee 

(% of direct plant cost) 

15 

8 

3. Contingency. Contingency costs were estimated as 15% of the 

total direct plant cost. Process and/or project contingencies (where 

applicable) are included in this cost. However, since the estimates 

were made in terms of constant dollars, the contingency does not include 

any allowance for the time escalation of costs. 

4. Start-up plant modifications. Plant modifications that may be 

necessitated during the start-up phase were estimated to be 2% of the 

direct plant cost. 
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5. Working capital. Working capital requirements were estimated to 

be the sum of the following items: 

• 20 days of feedstock coal at $20/ton of ROM coal, 

• 30 days of product coal value at $30/ton of product coal, and 

• 30 days of gross plant operating costs. 

More information regarding the working capital is presented in Sect. A.2.3. 

6. Land. Land costs were estimated at $2000 per acre. 

A.2.2 Operating costs- related items 

1. Utilities. For the grassroots-type facilities, the only utility 

premised to be available to the beneficiation plant was raw water. All 

other plant utility requirements were assumed to be generated onsite. 

Capital cost for utility-related equipment is included in the cost of 

the offsite facilities in the capital investment cost estimate. Fuel 

requirements for generating some of the utilities were provided by burn­

ing a small fraction of the beneficiated coal product. In addition, 

process and cooling water costs were estimated at $0.50/kgal and $0.05/kgal 

respectively. These costs were intended to reflect the cost of pumping, 

storing, and treating the water used in the process. For the battery­

limits type facilities, on the other hand, all the utility requirements 

were premised to be purchased. In addition to the above costs for the 

process and cooling water, the following costs were premised for the other 

plAnt utilities; 

Electric power 

Steam 

2.5¢ per kWhr 

$1.90 per 1000 lb 

2. Chemicals and catalysts. The costsof the chemicals and catalysts 

used were determined for each process (and plant) based on the require­

ments developed in the process design. The cosmper unit of the chemicals 

and catalysts used are individually reported for each process evaluated. 
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3. Operating labor costs. These costs were subdivided into the 

following two groups: 

• process operating labor cost, and 

• supervisori personnel cost. 

Process operating labor cost. Because the complexity of each 

beneficiation process was unique, the process operating labor 

costs were estimated individually for each beneficiation process 

using the labor rates presented below as guidelines; 

Location 

Eastern United States 

South and south 
central United States 

Operating labor rates 
($/man-hour) 

7.50 

7.00 

Midwestern United States 7.50 

Western United States 7.00 

West coast United States 8.00 

Supervisory personnel cost. These co~ts were estimated to be 20% 

of the process operating labor cost for each plant, 

4. Labor burden. The labor burden was estimated to be 35% of the 

operating labor costs. Labor burden includes the associated costs of 

social security contributions, unemployment insurance contributions, 

sick pay, vacation pay, other fringe benefits, and shift differentials . 

.J. PlauL mainrenartce costs. .Plant maintenance costs were estimAtPrl 

to be 5% of the depreciable capital investment. This includes the cost 

of maintenance labor, materials, labor supervision, and the labor burden 

for the mainteL"tam:e crew. 

6. Operating supplies. The cost of operating supplies was estimated 

to be 30% of the process operating labor cost. 

7. General administrative overhead costs. These were estimAted to 

be 40% of the sum of the process operating labor, plant maintenance, and 

operating supplies cost indicated above. This includes the cost of 

services (other than those directly related to the plant production) 
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that are generally necessary for the efficient operation of the plant, 

such as hospital and medical services, general engineering services, 

secretarial services, janitorial services, etc. 

8. Waste disposal cost. Waste disposal costs were estimated to be 

$1 per ton of waste product to be disposed. 

9. Property insurance cost. Property insurance cost was estimated 

to be 1% of the total depreciable capita~ including the cost of start-up 

modifications--related capital equipment. 

10. By-product credits. Credits for salable by-products from each 

beneficiation process were developed individually based on the process 

design. In general, however, for those processes where sulfur was 

generated as a salable by-product, its credit was allocated at $60 per 

long ton. 

11. Other costs. Other operating costs nominally include taxes, 

depreciation, and interest on invested capital during the construction 

phase of the plant. These costs are accounted for as part of the cash 

flow analysis performed by the computer program and will b.e discussed in 

the next section. 

A.2.3 Economic evaluation procedure -·related items 

1. General. The economic evaluation of the coal beneficiation 

processes was performed for two plant sizes (namely, plants designed to 

produce 1500 and 15,000 tons/day rna£ product coal) for each beneficiation 

process using ORNL' s· computer program PRP. The objective of the economic 

evaluation was to determine the price of the cleaned coal produced as a 

function of the ROM coal cost, the type of financing used, and the annual 

after-tax rate of return on the equity capital. The computations were 

made using the DCF rate of return method. 

2. ROM coal costs. ROM coal costs were varied from $10 per ton to 

$50 per ton in $10-per-ton increments. 

3. Financing. The following debt/equity ratios were used in the 

economic evaluation: 0:100, 30:70, 70:30, and 95:5. Annual interest 

rate on the debt fraction of the capital was assumed to be 9%, and 10, 

12, 15, 17, and 20% annual after-tax rates of return were used for the 



154 

equity fraction of the capital required for the proposed beneficiation 

facilities. 

4. Project life. The project life was assumed to consist of a 

construction period followed by a plant operating period of 20 years. 

A 2-year construction period was assumed for the 1500-ton/day facility, 

while a 4-year construction period was assumed for the 15,000-ton/day 

plant. The following capital spending schedule was assumed to occur for 

the two plant sizes: 

1 

2 

3 

4 

Total 

Spending schedule (% of depreciable 
capital investment _ _p_e_r_.x..=e-=a-=r~)---~-

1500-ton/day plant 1J,000-~on/day_plant 

50.0 

50.0 

100.0 

5.0 

20.0 

45.0 

30.0 

100.0 

5. Interest on capital during construction. The capital invested 

during the construction period was assumed to P.Arn i.nterest at the same 

rate as during the years following the start-up of the proposed plant. 

Hecause there is no income generated by the plant prior. to start~up, the 

interest that accrued on the capital was accumulc;1ted and aciciPd to the 

outstanding capital that was to be recovered during the plant operating 

years. For tax purposes, interest on debt was treated as a deductible 

expense in the year in which it was paid. The above procedure is 

aceuunted for internally in the computer program PRP. 

6. Depreciation. Depreciation was not included as an operating 

cost because the recovery of the capital is accounted for within the 

ul~counted cash flow analysis procedure. For. tax purposes, depreciation 

was calculated by the sum-of-the-years' digits method using a depreciable 

life of 16 years for the process facilities. Depreciation life was 

aooumcd to·start aL Ute end of the construction period. 
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7. Taxes. Taxes were accounted for in the computer program as part 

of the cash flow analysis. The following tax rates were assumed: 

• federal income tax- 48%, 

• state income tax- 3%, 

• state revenue tax- 0%, 

• local properiy tax- 2%. 

An investment tax credit of 10% of the depreciable capital was also 

assumed in the economic analysis. 

8. Working capital. The working capital was. assumed to be invested 

at the beginning of the project and was assumed to be recovered intact at 

the end of the project life. 

9. Salvage value. The salvage value of the plant was assumed to 

be zero at the end of the project life. 
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Appendix B: Calculated Cleaned Product 
Coal Price Plots 
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B.l Plots for Wet Mechanical Beneficiation­
Mild-Cleaning Plants 
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Fig. B-1. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: mild cleaning; 1500-ton/day plant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-2. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 1500-ton/day plant; 
Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-3. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning;. 1500-ton/day plant; 
western Kentucky coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-4. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 1500-ton/day plant; 
western-Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-5. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: mild cleanine; 1500-ton/day planL; 
Illinois coal; grassroots facility; 12% AARR on equity eapital. 
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Fig. B-7. Clean.ed product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild. ~lR~ning; 1500-ton/day plant; 
Pennsyivania coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-8. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters~ mild cleaningi 1500-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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fig. B-9. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: mild cleaning; 1500-ton/day plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-10. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 1500-ton/day plant; 
western Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-11. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: mild cleaning; 1500-ton/day planL; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-13. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild rl.eaning; 15,000-tou/tlay plant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-14. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-16. Cleaned product coal price for various ROM coal co~ts and 
debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
western Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-17. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: milJ eleaning; 15,000-ton/day plant; 
Illinois coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-18. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
Illinois coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-19. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning~ 15,000-ton/clAy plant; · 
Pennsylvania coai; battery-limits fa~ility; 12% AARR on equity capital. 
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Fig. B-20. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-21. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. ParAmPtPrs: mild cleaning; 15,000-ton/day plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-22. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
western Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-23. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: mild cleaning; 15,000-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-24. Cleaned product coal price for various ROM coal cos~s and 

debt/equity ratios. Parameters: mild cleaning; 15,000 tons/day plant; 
Illinois coal; battery-limits facility; 15% AARR on equity capital. 
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B.2 Plots for Wet Mechanical Beneficiation­
Deep-Cleaning Plants 
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Fig. B-25. Cleaned product coal price for various ROM coal costs. and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day pJant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-26. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-27. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
western Kentucky coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-28. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
western Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-29. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
Illinois coal; grassroots facility; 12% AARR on eq!}ity capital. 
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Fig. B-30. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
Illinois coal; grassroots facility; 15% AARR on equity capital. 



~ 

c 
0 

+-

' * ""'"-/ 

w 
u 
a::: 
a.. 
..J 
<( 
0 
(.) 

I-
(.) 
::::> 
0 
0 
~ 
a.. 
Q 
w z 
~ 
w 
..J 
(.) 

192 

100~----------------------------------------------~ 

90 

80 

70 

60 

50 

40 

30 

20 

BASIS= 12°k ANNUAL AFTER-TAX RATE OF RETURN ON EQUITY 
9% ANNUAL INTEREST RATE ON DEBT 

DEBT/EQUITY RATIO~ 

0/100 

/;E~~ 

~'/ 

0~------~------~------~----~------~------~ 
0 . 10 20 so 40 50 &0 

ROM COAL COST ($/ton) 
Fig. B-31. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
Pennsylvania coal; battery-limits Eacility; 12% AARR on equity capital. 
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Fig. B-32. Cleaned product .coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-33. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep cleaning; 1500-ton/day plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-34. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: ~eep cleaning; 1500-ton/day plant; . 
western Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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Fig·. B-35. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep c.leRnine; 1500-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity.capital. 
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Fig. B-36. Cleaned product coal price for various ROM coal costs and 
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Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-38. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-39. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
western Kentucky coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-40. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
western Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-41. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
Illinois coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-42. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
Illinois coal; grassroots facility; 15% AARR on equity capital. 



204 

100,------------------------------------------------

90 

,.......... 80 
c 
0 

-+-
.......... e 10 

w 
u 
0:: 
a.. 
_J 
<( 
0 
0 
._ 
0 
:::> 
Q 
0 
0:: 
a.. 
c w z 
-< 
l...iJ 

d 

60 

50 

40 

30 

20 

10 

BASIS= 12°k ANNUAL AFTER-TAX RATE OF RETURN ON EQUITY 
9% , ANNUAL INTEREST RATE ON DEBT 

DEBT/EQUITY RATIOj 
0/100 

0~------~------~------~--------~------~----~ 
0 10 20 30 40 50 60 

ROM COAL COST ($/ton) 
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debt/equity ratios. Parameters:· cleep cleaning; 15,000-ton/day plant; 
Pennsylvania coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-44. Cleaned product coal price ·for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-45. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-46. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
western Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-47. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: deep cleaning; 15,000-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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B.3 Plots for Chemical Beneficiation­
TRW-Meyers Process 
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Fig. B-49. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-50. Cleaned product _coal price for various ROM coal costs and 

debt/ equity ratios. Paramet.ers: TRW-Meyers process; 1500-ton/ day plant; 
Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-51. Cleaned product coal price for various KOM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
western Kentucky coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-52. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
western Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-53. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Illinois coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-54. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Illinois coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-55. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Pennsylvania coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-56. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-57. Cleaned product coal price for various ROM coal costs and 
debt/ equity ratios. Parameters: ·TRW-Meyers process; 1500-ton/da:y plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-58. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
western Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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.Fig. tl-59. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-60. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 1500-ton/day plant; 
Illinois coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-61. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 15,000-ton/day plant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-62. Cleaned product coal price .for various ROM coal costs and 
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Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-63. Cleaned product coal price for variouo ROM ~oal costs and 

debt/eq11ity ratios, Parameters: TRW-Meyers process; 15,000-ton/day plant; 
western Kentucky coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-64. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 15,000-ton/day plant; 
western Kentucky coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-65. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: TRW-Meyers process; 15,000-ton/day plant; 
Illinois coal; grassroots facil~ty; 12% AARR on equity capital. 
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Fig. B-67. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 15,000-ton/day plant; 
Pennsylvania coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-68. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers process; 15,000-ton/day plant; 
Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-69. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyer.s process; 15,000-ton/day plant; 
western Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-71. Cleaned product coal price for various ROM coal costs and 
debt/equity ratios. Parameters: TRW-Meyers procP.ss; 15,000-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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B.4 Plots for Chemical Beneficiation­
Battelle Hydrothermal Coal Process (BHCP) 
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Fig. B-73. Cleaned product coal price for various ROM coal costs and 
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. coal; grassroots facility; 12% AARR on equity capital. 
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Pennsylvania coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-76. Cleaned product coal price for various ROM coal costs 
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Fig. B-78. Cleaned product coal price for various ROM coal costs 
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Illinois coal; grassroots facility; 15% AARR on equity capital. 
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Fig. B-79. Cleaned product coal price for various ROM coal costs 

and debt/equity ratios. Parameters: BHCP; 1500-ton/d-Ry plant; 
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Fig. B-82. Cleaned product coal price for various ROM coal costs 
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Fig. B~85. Cleaned product coal price for various ROM coal costs 
and debt/equity ratios. Parameters: BHCP; 15,000-ton/day plant; 
Pennsylvania coal; grassroots facility; 12% AARR on equity capital. 
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Fig. B-90. Cleaned product coal price for various ROM coal costs and 

debt/equity ratios. Parameters: BHCP; 15,000-ton/day plant; Illinois coal; 
grassroots facility; 15% AARR on equity capital. 
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Pennsylvania coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-93. Cleaned product coal price for various ROM coal costs 
and debt/equity ratios. Parame~ers: BHCP; 15,000-ton/day plant; western 
Kentucky coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-94. Cleaned product coal price for various ROM coal costs 

and debt/equity ratios. Parameters: BHCP; 15,000-ton/day plant; western 
Kentucky coal; battery-limits facility; 15% AARR on equity capital. 
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Fig. B-95. Cleaned product coal price for various ROM coal costs 
and debt/equity ratios. Parameters: BHCP; 15,000-ton/day plant; 
Illinois coal; battery-limits facility; 12% AARR on equity capital. 
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Fig. B-96. Cleaned product coal price for various ROM coal costs 

and debt/equity ratios. Parameters: BHCP; 15,000-ton/day plant; 
Illinois coal; battery-limits facility; 15% AARR on equity capital. 
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Appendix C: Equipment Lists for Some 
Beneficiation Processes Evaluated 
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Table C.l. Equipment list for a wet beneficiation mild-cleaning 
process at a 1500-ton/d~y facility (corresponds to Fig. 3.1) 

Equipment No. 

10-1701 

10-2301 

10-2302 

10-2501 

10-2401 

10-2901 

10-2304 

10~2305 

10-2801 

10-4002 

11-2301 

11-2501 

11..:.4001 

11-2502 

11-2503 

11-2201 

11-3601 

11-1501 

11-2302 

11-2303 

11-1701 

11-1702 

11-3701 

.U:-2504 

11-2202 

11-2304 

Quantity 

1 

2 

1 

1 

1 

1 

8 

1 

1 

1 

2 

4 

1 

1 

2 

1 

1 

2 

1 

1 

1 

3 

1 

1 

1 

Description 

ROM coal hopper 

Reciprocating feeder (150 tons/hr each) 

ROM coal transfer conveyor (300 tons/hr, 
36-in. belt at 300 ft/min) 

5-ft-wide shaker screens 

9 x 17 ft rotary breaker 

R,1\'l rnnl trnnnfrr rnmrrynl" (:i!7S tona/ln:, 
30-in. belt at 300 ft/min) 

Self-cleaning magnet 

Vibrating feeder (40 tons/hr each) 

Wash plant feed conveyor 

Belt scales (275 tons/hr) 

Automatic sampling system (275 tons/hr) 

RC distribution conveyor (150 tons/hr each) 

Duuble~deck screen 

Jig washer (225 tons/hr) 

3-ft-wide drain and wash screen 

8 x 16 ft drain aud wash screen 

Centrifuge (100 tons/hr) 

Fine coal sump 

Fine coal sump pump (1200 gal/min at 
100 ft) 

Refuse collection conveyor (60 tons/hr, 
24-in. belt at 100 ft/min) 

Refuse trnnsfAr rnnvPynr (60 ton~/hr, 
24-in. belt at 100 ft/min) 

100-ton refuse bin with gate 

Water head tank 

Classifying cyclone (20-in.-diam) 

4-ft-wide cross-flow screen 

Centrifuge (5-10 tons/hr) 

Collection conveyor (160 tons/hr, 
24-in. belt at 250 ft/min) 



Equipment No. 

11-2305 

11-2306 

11-2307 

11-4003 

11-2308 

11-2701 

11-1502 

11-1503 

11-1504 

11-1505 

11-1901 

11-2309 

12-1701 

12-2301 

12~2801 
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Table C.l (continued) 

Quantity 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
1 

1 

6 

1 
1 
1 

Description 

Collection conveyor (10 tons/hr) 

Collection conveyor (60 tons/hr, 
24-in. belt at 100 ft/min) 

Clean coal transfer conveyor (275 tons/hr, 
30-in. belt at 300 ft/min) 

Automatic clean coal sampling kit 

Clean coal transfer conveyor (275 tons/hr, 
30-in. belt at 300 ft/min) 

Refuse thickener (30-ft-diam) 

Clarified water pump (2500 gal/min at 
90 ft) 

Thickener underflow pump (50 gal/min 
at 30 ft) 

Filter effluent pump (50 gal/min at 
30 ft) 

Water seal booster pump (200 gal/min 
at 200 ft) 

Rotary vacuum disc filter with auxiliaries 

Refuse collection conveyor 
Air compressor and miscellaneous equipment 

(not shown) 

1700-ton clean coal silo with piling 

Feeder 

Undertrack scales 
Water supply and treatment unit 
Steam-electric power generation unit 
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Table C.Z. Equipment list for a wet beneficiation mild-cleaning 
process at a 15,000-ton/day facility (corresponds to Fig. 3.2) 

Equipment No. Quantity 

10-1701 2 

10-2301 4 

10-2302 2 

1 n-7501 2 

10-l.JOl 2 

10-2401 4 

10-1702 2 

10-2303 2 

10-2901 2 

10-2.'303 2 

10-2304 2 

10-4001 2 

10-2305 1 

10 1703 2 

10-2306 2 

10-2307 2 

10-2801 2 

10-4002 2 

11-2301 4 

11-2501 8 

11-4001 2 

ll-2502 L. 

11-2503 4 

Description 

Receiving hopper with steel grates 

Reciprocating feeder (750 tons/hr each) 

ROM coal conveyor (1650 tons/hr each, 
72-in. belt at 300 ft/min) 

10-ft-wide ~haker screen 

SULlljJ jJUlllp 

12 x 27 fL ruLary breaker 

100-ton rock bin with grates 

Raw coal conveyor (1550 tons/hr, 
60-·in. belt d.L J.JO fL/miu) 

Self-cleaning magnet 

Raw coal transfer conveyor (1550 tons/hr, 
60-in. belt at 350 ft/min) 

Yard conveyor (3000 tons/hr, 60-in. belt 
at 650 ft/min) 

Stacker-reclaimer wi~h trRil~r and 
foundation 

Reversing transfP.r. ronvPynr (7000 tons/hr, 
60~111. la~1 r :-~r 4'0 ft' /min) 

Raw cudl ::;llu wlLlt JJlllng (3.500 t:ons) 

Raw coal fe~der (750 tons/hr) 

Washery feed conveyor (7.10 tons/hr, 
JG-i11. uelL dl .JOO fL/mlu) 

Belt scales 

Automatic raw coal sampler unit with 
all auxiliaries 

Distrib1.1tinp, conveyor 

Raw coal screen (8 x 16 ft) 

Baum jig (625 tons/hr) with middlings 
crusher and rewasher 

7 ft x 16 ft screen 

8 ft x 16 in. double-deck drain and 
rinse screen 



Equipment No. 

11-2201 

11-2302 

11-1701 

11-3601 

11-1501 

11-1703 

11-3761 

ll-2504 

ll-2202 

11-1502 

ll-1504 

11-1503 

ll-1505 

12-4001 

12-2301 

12-1701 

12-2302 

12-2303 

12-4002 

12-2802 

12-2801 

12-2304 

12-2802 
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Table C.2 (continued) 

Quantity 

4 

2 

1 

2 

4 

2 

16 

4 

2 

6 

2 

1 

1 

2 

1 

1 

8 

1 

1 

1 

1 

1 

1 

Description 

Centrifuge 

Refuse collection conveyor 
30-in. belt at 200 ft/min, 170 tons/hr 

Refuse bin (300 tons) with gate 

Fine coal sump 

Fine coal slurry pump (2850 gal/min 
at 750 ft) 

Water storage head tank 

20-in.-diam classifying cyclone 

4-ft-wide cross-flow screen 

Centrifuge (30 tons/hr) 

Clarified water pump (2000 gal/min 
at 100 ft) 

Pump seal booster pump (500 gal/min 
at 230 ft) 

Thickener underflow pump (200 gal/min 
at -60 ft) 

Filter effluent pump (100 gal/min 
at -60 ft) 

Automatic coal sampler (550 tons/hr) 

Sampled coal transfer conveyor 
(1100 tons/hr, 54-in. belt at 
350 ft/min) 

15,000-ton concrete silo with piling 
(70 ft diam x 225 ft high) 

Vibrating feeder (450 tons/hr each) 
(not shown) 

Prepared coal loadout conveyor 
(3500 tons/hr, 72-in. belt at 500 ft/min) 

Loadout bin, tower, controls, auxiliaries 

Automatic under track scales 

Belt scales (3500 tons/hr) 

Boiler plant feed conveyor (20 tons/hr) 

Belt scales(20 tons/hr) 



Equipment No. 

12-1702 

11-2701 

11-1901 

11-2307 

11-2306 

11-2309 

11-2304 

11-210.'5 

11-2308 
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Table C.2 (continued) 

Quantity 

1 

1 

1 

2 

2 

2 

2 

2 

2 

1 
1 
1 

Description 

Boiler plant feed coal storage bunker 
(100 tons) 

Slurry thickener 

Rotary vacuum disc filter and auxiliaries 

Clean transfer conveyor (550 tons/hr, 
16-in. hAlt at 150 ft/min) 

Air compressor (not shown) 
MiRcellaneous equipment 

Clean coal collection conveyor 
(350 tonc/hr, 36-in. belt at 250 ft/min) 

RC transfer conveyor (750 tons/hr, 
48-in. belt at 300 ft/min) 

(10-4002 to 11-2301 not shown) 

Collection conveyor (375 tons/hr, 
36-irt. belt at 250 ft/min) 

Collection conveyor (20 tons/hr) 

Filter cake scraper conveyor (20 tons/hr) 
Water ~upply and treatment unit 
SLeam-electric power generat:iort unit 
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Table C.3. Equipment list for a wet beneficiation deep-cleaning 
process at a 1500-ton/day facility (corresponds to Fig. 3.3) 

Equipment No. 

10-1701 

10-2301 

10-2302 

10-2501 

10-2401 

10-1702 

10-2303 

10-2901 

11-2301 

11-2302 

11-2801 

11-4001 

11-2309 

11-2501 

11-2502 

11-1701 

11-2901 

11-1702 

11-1501 

11-2503 

11-2504 

11-2505 

11-2506 

11-2201 

11-1703 

11-1502 

Quantity 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

4 

4 

2 

4 

1 

1 

2 

2 

1 

1 

2 

1 

1 

Description 

ROM coal receiving hopper with steel grates 

Reciprocating feeder (425 tons/hr) 

ROM coal conveyor (425 tons/hr, 42-in. 
belt at 275 ft/min) 

5-ft-wide shaker screen 

9 x 17 ft rotary breaker 

100-ton rock bin with gate 

Raw coal conveyor (360 tons/hr, 
36-in. belt at 350 ft/min) 

Self-cleaning magnet 

Raw coal feeder (360 tons/hr) 

Raw coal feed conveyor (360 tons/hr, 
36-in. belt at 350 ft/min) 

Belt scales (360 tons/hr) 

Raw coal sampler system 

Distributing conveyor (180 tons/hr), 
(not shown) 

7-ft-wide cross-flow screen 

8 ft x 16 ft double-deck screen 

Head tank - 2-way cycloid 

Primary heavy-medium cycloid (28-in. diam) 

Fine coal sump 

Fine coal sump pump (3200 gal/min at 70 ft) 

7-ft-wide cross-flow screen 

8 ft x 16 ft drain and rinse screen 

5-ft-wide cross flow screen 

6 ft x 16 ft drain and rinse screen, 
double-deck 

Centrifuge 

Fine coal smltp 

Fine coal slurry pump (130 gal/min at 
40 ft) 



Equipment No. 

11-1704 

11-1506 

11-2501 

11-2507 

11.,1705 

11-1503 

11-2902 

11-2508 

11-2509 

11-2510 

11-2511 

11-2701 

11-1504 

11-1505 

11 2903 

11-1707 

11 2304 

11-1706 

11-2305 

11-2306 

11-1708 

11-2303 

11-3701 

11-4003 

11-1709 
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Table C.3 (cuntinu~d) 

Quantity 

1 

2 

1 

1 

1 

1 

2 

1 

1 

1 

1 

1 

1 

3 

1 

1 

1 

1 

1 

1 

1 

4 

2 

1 

Description 

Primary heavy-medium recirculating sump 

Heavy-medium recirculating pump 
(300 gal/min at 60 ft) 

Crusher (30 tons/hr) 

4 ft x 12 ft drain and 
rinco coroon 

f.P.r.:onr.lf.n;y hl"'nvy-ml"'ilillm fl"'l"'·il n11mp 

Slurry feed pump (2100 gal/min at 90 ft, 
sp gr 1.9) 

20-in.-diam heavy-medium cycloid 

3-ft-wide cross-flow screen 

4 ft x 12 ft drain and rinse screen 

6-ft-wide cross-flow screen 

7 ft x 16 ft drain and rinse screen 

35-ft-diam dilute-medium clarifier 

Clarified water pump (1260 gal/min 
at 70 ft) 

Clarifier underflow pump (1680 gal/min 
al 80 fL, ~p gr 1.2) 

D.ouble-drum magnetic cepGrator (30 in. diam 
x 108 in. long with distributors) 

Magnetite storage bin 

Magnetite ocrc\;r feeder 

Heavy-medium storage sump with recircu-
l~l:ius pump 

Refuse collection conveyor 

Refuse transfer conveyor 

Refuse collection bin (100 tons with gate) 

Clean coal collection conveyor (225 tons/hr, 
36-in. belt at 150 ft/min) 

20-in.-d~am classifying cyclone 

3-cell froth flotation (66 x 66 in.) 

Water tank 



Equipment No. 

11-1901 

11-1902 

11-1507 

11-1508 

11-2307 

11-2308 

11-2702 

11-1509 

11-1511 

11-1510 

11-1512 

.12-2302 

12-2601 

12-2303 

12-4001 

12-2303 

12-2801 

12-1701 

12-2304 

12-4002 
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Table C.3 (continued) 

Quantity 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
j_ 

1 

Description 

Rotary vacuum disc filter with 
auxiliaries (11 ft diam with 10 discs) 

Rotary vacuum disc filter with 
auxiliaries (8 ft diam with 7 discs) 

Effluent pump (530 gal/min at 20 ft) 

Effluent pump (5375 gal/min at·2Q ft) 

Filter cake distributing conveyor 

Filter cake transfer conveyor (30 tons/hr, 
24-in. belt at 100 ft/min) 

Thickener (15 ft diam) 

Scrubber feed pump (350 gal/min at 80 ft) 

Thickener underflow pump (15 gal/min 
at 50 ft) 

Pump (3500 gal/min at 80 ft) 

Pump (375 gal/min at 70 ft) 

Clean coal conveyor (225 tons/hr, 
30-in. belt at 300 ft/min) 

Dryer with all auxiliaries and 
scrubber (12-2101) 

Dried coal transfer conveyor (30 tons/hr, 
24-in~ belt at 100 ft/min) 

Glean coal sampling system (250 tons/hr) 

Clean coal transfer conveyor (250 tons/hr, 
30-in. belt at 350 ft/mlu) 

Belt scales (1000 tons/hr) 

1500~ton dry coal silo with piling 

Feeder (1000 tons/hr) 

Car haul 
~team-electric power generation unit 
Water treatment unit 
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Table C.4. Equipment list for a wet beneficiation deep-cleaning 
process at a 15,000-ton/day facility (corresponds to Fig. 3.4) 

Equipment No. Quantity 

10-1701 2 

10-2301 4 

10-2302 2 

10-/'101 I 

10-1501 2 

10!..2401 4 

10-1702 2 

10-2303 'l 
L. 

10-2901 2 

10-2303 2 

10-2304 2 

10-4001 2 

10-2305 1 

10-1703 2 

10-2:306 2 

10-2307 2 

10-2801 2 

10-4002 2 

11-2501 12 

11-2502 12 

11-1701 7 

11-2901 13 

11-2503 7 

11-2504 7 

11-2201 5 

Description 

Receiving hoppers with steel grates 

Reciprocating feeder (750 tons/hr each) 

ROM coal conv~yor (1650 tons/hr each, 
72-in. belt at 300 ft/min) 

Sump pump 

lL x Ll tt rotary breaker 

100-ton rock bin with gates 

Il.aw coal conveyor (1550 Lous/ltr ,, 
60-in. belt at 350 ft/min) 

Self-cleaning magnet 

Raw coal transfer.conveyor (1550 tons/hr, 
60-in. belt at 350 ft/min) 

Yard conveyor (3000 tons/hr, 60-in. belt 
at 650 ft/min) 

Stacker - reclaimer with trailer and 
fuu.ndacion 

Reversing t'ransfer conve,Y'Ol' (2000 tuns/hr, 
60-in. belt at 450 ft/min) 

Raw coal silo with piling (3500 tons) 

Raw coal feeder (750 tons/hr) 

Washery feed conveyor (750 tons/hr, 
36-in. beit at 500 ft/min) 

Belt scales 

Automatic raw coal sampler unit 
with all auxiliaries 

7~ft~wiue cro8G-flow screen 

8 ft x 16 ft desliming screens 

Two-way head tanks 

28-in.-diam heavy-medium <eyc.loid 

7-ft-wide cross-flow screen 

8 ft x 16 ft drain and rinse screen 

Centrifuge 



Equipment No. 

11-2505 

11-2506 

11-2401 

11-2507 

11-2702 

11-1501 

11-1703 

11-1506 

11-1704 

11-1502 

11-1705 

11-1503 

11-1706 

11-1707 

11-2304 

11-2902 

11-2508 

11-2509 

11-2202 

11-2510 

11-2511 

11-2305 

11-2306 

11-2903 

11-2701 

11-1504 

11-1505 
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Table C.4 (continued) 

Quantity 

4 

4 

2 

2 

2 

4 

4 

6 

2 

2 

2 

2 

2 

2 

2 

4. 

2 

'2 

2 

4 

4 

2 . 

2 

6 

2." 

2 

2. 

Description 

7-ft cross-flow screen 

8 ft x 12 ft drain and 
rinse screen 

Crusher 

4 ft x 8 ft drain and 
rinse screen 

Cyclone feed sump 

Cyclone feed pumps 

Heavy-medium recirculating sump 

Heavy-medium recirculating pump 

Centrifuge drain sump 

Pump (500 gal/min, 45.psi) 

Secondary feed sump 

Secondary feed pump (4500 gal/min, 
60 psi) 

Magnetic slurry head tank with pump 

Magnetite storage bin 

Screw feeder 

28-in.-diam cycloid 

4-ft-wide cross-flow screen 

5 ft x 12 ft drain and rinse 
screen 

Centrifuge 

5-ft-wide cross-flow screen 

6 ft x 16 ft drain and rinse 
screen 

Refuse collection conveyor 

Refuse conveyor 

Magnetite separator 

Dilute medium clarifier 

Clarifier overflow pump 

Clarifier underflow pump 



Equipment No. 

11-1708 

11-3701 

11-4003 

11-1902 . 

11-1507 

11-1508 

11-2307 

11-2309 

11-2310 

11-2303 

11-2308 

12-11001 

l:L-LJU:L 

12-2301 

12-2304 

12-2305 

12-1701 

12=2JOG 

12-2307 

12-2801 

12-2802 

12-4002 

12-2803 

12-2601 

12-2101 

Table C.4 (continued) 

Quantity 

1 

10 

2 

12 

4 

2 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

1 

1 

0 

1 

1 

l 

1 

1 

2 

2 
1 
1 

Description 

Refuse hopper with gate 

Gy~lon~ (70 in. niRm) 

Water storage tank 

Fkoth flotation cell, four banks of 
three cells each 

Disc filter with auxiliaries 

Dioc filter with auxiliaries 

Filtrate pump 

Filtrate pump 

Filter cake collection conveyor 

Refuse cake collection conveyor. 

Refuse transfer conveyor 

Clean coal collection conveyor (450 tons) 

Fine coal transfer conveyor 

Automatic ~oal sample~ 

Clean coal transfer conveyor (500 tons/hr) 

Clean coal transfer conveyor (500 tons/hr) 

\.11-!;.~T! ('.11;.!1 ltl!J.l!-!1' ill Hill. {'.UIIV~yui 

(100 tons/hr) 

Dry clean coal transfer conveyor 
(100 tons/hr) (not shown) 

15,000-ton silo with piling 

Vibrating feeder 

Loudout cuul cunvl;;!yut· (3500 tum;/hl") 

Belt scales(3500 tons/hr) 

8Plt R~R1es(100 tnnR/hr) 

Product coal loadout bin, tower, 
controls with auxil.iaries 

Undertrack scale (automatic) 

Coal dryer 

Coal dryer flue-gas scrubber 
Steam and electric power generation unit 
Water supply and treatment unit 
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Table C.5. Equipment list for Battelle hydrothermal coal 
process (15,000-ton/day facility) 

Quantity Description 

2 Receiving hopper with steel grates 

4 Reciprocating feeder 

2 ROM coal conveyor 

2 Shaker scr~~ner 

2 Sump pump 

4 Rotary breaker 

2 Rock bin with gates 

2 Raw coal conveyor 

2 Self-cleaning magnet 

3 Raw coal transfer conveyor 

3 Yard conveyor 

3 

2 

3 

3 

3 

3 

3 

3 

12 

5 

1 

1 

1 

5 

2 

4 

9 

9 

Stacker/reclaimer with trailers 

Reversing conveyor 

Raw coal silo 

Raw coal feeder 

Ball mill feed conveyor 

Belt scales 

Automatic raw coal sampling unit 

Raw coal distributing conveyor 

WP.t hall mill with all a'llxiliaries 

Mixing and preheat vessel with agitators, 
drives, and heating system 

Caustic receiving hopper with feeder 

Transfer conveyor 

Caustic storage bin 

Caustic feeder 

Recycle caustic effluent storage tank 

Recycle caustic solution pump 

Reactor slurry feed pump 

Reactor vessel with agitators and drives 



Quantity 

4 

16 

4 

2 

8 

16 

32 

32 

4 

2 

1 

2 

4 

2 2 

/. 

6 

3 

2 

4 

4 

J 

2 

5 

6 

23 

1 

1 

4 

1 
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Tahle C:.S (continued) 

Description 

Slurry cooler 

Clean coal filter with all auxiliaries 

Clean coal collection conveyor 

Clean coal transfer conveyor 

Distributing conveyor 

Clean wet coal surge bin 

Vibrating f~~d~r 

Coal u1· Jt!'L 

Clean dry coal collec-_tion conveyor 

Clean dry coal transfer conveyor 

Clean dry coal distributing conveyor 

Filtrate storage tank 

Regenerator feed pump 

Regeneration tower 

RP.r;PnPrr~tnr 1mrlPrfl nw stnrr~r;P t:=~nk. 

Slurry feed pump 

¥ilter with auxiliaries 

Effluent-sodium carbonate reactor vessel 
with agitators and drive 

Lime feeder 

CaC03 slurry pump 

Fillt!i:'S - CaC0
3 

- w.i.Llt au.x..i.l.i.ar .i.t!~ 

Wet Caco3 collection conveyor 

Bucket elevator 

Distributing conveyor 

Lime kiln with feeder, cooler, collecting 
conveyor 

Lime transfer conveyor 

Lime storage bin 

Lime feeder 

Precipitated solids filter cake collection 
conveyor 



Quantity 

1 

2 

2 

1 

2 

24 

1 

1 

1 

1 
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Table C.5 (continued) 

Description 

Precipitated solids filter cake transfer 
conveyor 

H
2

S surge tank 

H
2

S compressor 

Sulfur recovery unit; tail-gas cleanup; 
sulfur storage and loadout 

15,000-ton dry coal silo with piling 

Automatic coal sampling units 

Vibrating feeder 

Prepared coal loadout conveyor 

Belt scales 

Loadout bin, tower, controls, and auxiliaries 

Automatic undertrack scales 

Process steam and power generation plant 

Water supply and complete treatment system 
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