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ABSTRACT

Sulfur content and heating value data for 53 different coal source -
cleaning plant combinations were statistically analyzed, to document the
effectiveness of commercial operating coal cleaning plants in reducing
sulfur and enhancing heating value, and to investigate the effect of physical
coal cleaning upon sulfur variability.

Cleaning plants for which matched pairs of feed and product coal data

were available exhibited reductions (fram feed to product) in the mean
lbs SO./MM Btu of 24 to 50 percent. These empirical data fall within the range

(8 to 81 percent reduction) of the calculated design performance of coal
cleaning plants. The wide ranges reflect the sensitivity of performance to coal
washability and to plant design. '

These matched pairs of empirical feed and product coal data exhibited a
reduction in sulfur variability averaging 55 percent and ranging fram 9 to
90 percent. An indirect analysis of a larger data base, where matched pairs
of data were not available, resulted in similar reductions in sulfur variability
attributable to physical coal cleaning.

Mich of the coal data exhibited autocorrelation, verifying
expectations based upon geology and engineering rationale., Analysis of
the data resulted in estimates of the long-term (geostatistical) component
of variability, in the short-term camponent of variability, and in the
canponent of variability attributable to coal sampling and analysis. By
removing the long-term camponent (which includes autocorrelation), an
inverse relationship between relative standard deviation and lot size was

empirically demonstrated.
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SECTION 1

INTRODUCTION

~.1 OBJECTIVES OF THE STUDY

The Office of Research and Development (ORD), Industrial Environmental
Research laboratory of the U.S. Environmental Protection Agency (EPA) at
Research Triangle Park is studying coal cleaning technology to determine its
potential for controlling the emissions of sulfur dioxide fram coal-fired
boilers. Two mechanisms are straightforward: Iowering of the mean sulfur
content in ocoal by removal of pyritic sulfur, and lowering of the mean
pounds of sulfur (or equivalent SO;) per million Btu by enhancing the heating
value. The original purpose of this study was to document the performance of
U.S. coal preparation plants by gathering and analyzing existing data. This
docaurentation of sulfur reduction and of heating value enhancement varifies
the effectiveness of existing and operating coal cleaning technology as a
sulfur dioxide control for boilers.

The ability of boiler operators to comply with existing or proposed emission
regulations, and the costs associated with such compliance, also depend upon the
variabilities of ocoal sulfur content and heating value. An emission limitation,
expressed as a maximum heat-specific SO, value (lbs SO,/MM Btu), has the effect
of requiring combustion of a coal with a mean lbs SO,/MM Btu value lower than
the emission limit, to prevent exceeding the limit when the coal sulfur excur-
sions about the mean are positive. Two factors determine how much lower the
mean heat-specific SO, value must be than the emission limit: the fractional
time that the regulations permit a boiler to 2xceed the nominal limit
(confidence level), and the characteristic variability in the ocoal feed
(standard deviation or relative standard deviation).



Quantification of this second factor, i.e., the characteristic variability

of heat-specific sulfur content in ocoal, is a second prime objective of this

study. A previous EPA-sponsored study(l) served as a beginning in quantifying
this factor. This present study extends the data base to include higher sulfur
coals. The primary objective of this study (which the previous study did not

address) is to quantify the reduction of sulfur variability achieved by
physical coal cleaning. Secondary objectives are to better understand
the fundamental variability of sulfur and heating value in coal, and to
add to the understanding of how lot size affects variability.

1.2 BACKGROUND ON COAL CLEANING EFFECTIVENESS AS A SULFUR DIOXIDE CONTROL
TECHNOLOGY
The available information on the effectiveness of physical coal cleaning in
reducing the lbs SO,/MM Btu values of coal is generally limited to calculated
performance, for specific coals and for specific plant designs, using
washability data as the basis. An cbjective of this study is to provide
actual performance data from operating plants to supplement the published
calculated perfomance values.

The calculated data may be classified into two types. In the first type,
the theoretical potential for reduction of lbs SO2/!M Btu was calculated using
coal washability data and some arbitrary degree of crushing and operating speci-
fic gravity. The U.S. Bureau of Mines, in RI 8118, published washability data
for 455 coal samples, representing mines which currently provide more than 70
percent of the utility coal. Table 1 lists the raw coal characteristics composited
by region, the calculated theoretical product characteristics (upon crushing to
3/8-inch top size and separating, with no misplaced material, at 1.60 specific
gravity), and the resulting percent reduction in lbs SO,/MM Btu. (7 Under the
conditions stated, the average potential reduction in lbs S0,/MM Btu ranged (by
region) from 16 to 43 percent.

For the second type of published effectiveness data, a coal cleaning plant
of a desired level of complexity was tailored for each coal considered, and the
performance of that plant was calculated, taking into consideration the ineffi-
ciencies cf separation on a camercial scale. Each cleaning lewvel includes
one or more of the major unit operations. Although the levels may oversinmplify
a camplex technology, they illustrate and identify the basic coal preparation

principles.



TABLE 1.

{Crushing to 3/8-1ach 'lop Size, Scparation at 1.60 S.G.)

AVERAGE: CALLULAIED POMENTIA)L FOR DESULFURTZATION
BY PIYSTCAL QUAL CLEANIMG*

Asource:

Northein Southern Lasterm Western otal
(oal region Apatachia Appalachia Al abaat Micwast Midwest westem .5,
Muder of sanples 217 35 10 95 44 44 455
' Pyritic S, @ 2.0} 0.37 0.6Y 2.29 1.58 0.23 1.89
A ot b, 0% 3.0] 1.03 1.33 3.92 5.25 0.68 3.00
W [ash, 15.1 11.0 9.5 14.2 16.2 8.9 14.0
a fJ, 1w/ 1b 12,693 13,314 13,696 12,189 12,072 12,437 12,573
o n Ibs S0./10"1L0 4.74 1.55 1.94 6.43 8.69 1.09 4.77
S Q) )
261
'8' 4 Pyritic 5, % 0.85 0.19 0.49 1.03 1.80 0.10 0.85
U'ﬁ ‘rotal &5, % 1.86 0.91 1.16 2.74 3.59 0.56 2.00
gn Ash, % 8.0 5.1 5.8 7.5 8.3 6.3 1.5
20 Intw/ib 13,766 14,197 14,264 13,138 13,209 12,779 13,530
43 BliLs 50,7101t 2.70 1.28 1.63 4.17 5.43 0.88 2.95
gad
IBLu Kkecovery, % 92,5 96. 1 96.4 94.9 91.7 97.6. 93.8
Weight lascovery, % 85.3 90.1 92.6 88.0 83.8 95.0 87.2
Increase in BLo/ib, $ 8.5 6.6 4.1 7.8 9.4 2.7 7.6
herease in Pyritic s, % 58 19 29 55 50 57 55
macrease in fotal S, % 38 12 13 30 32 18 33
Docrease in 208 3“—‘-‘-1, 43 17 16 35 38 19 a8
10" Btu

U.5. burcau of Mines

(7)




Level 1 - Breaker for top size control and for the removal of coarse

refuse.

Ievel 2 - Coarse beneficiation - where larger fractions of coal (plus
3/8 inch) are treated. The separated and untreated minus
3/8 inch portion of the coal is cambined with the cleaned
coarse coal for shipment.

Level 3 - Fine and coarse size beneficiation - where all the feed is
wetted. Plus 28M is beneficiated; 28M x 0 material is
dewatered and either shipped with clean coal or discarded
as refuse.

Ievel 4 - Very fine beneficiation - where all the feed is wetted and
washed. Thermal drying of 1/4" x 0 fraction generally is
often desired to limit moisture content.

Ievel 5 - Full beneficiation resulting in multiproducts - where the
raw coal is crushed to much finer sizes, resulting in
multistage cleaning and multiproduct operation. A plant
optimized to remove both pyritic sulfur and ash from
amenable coals would most likely be of this type.

Tables 2A, 2B, and 2C summarize the performance calculations conducted
by Bechtel Corporation for the Department of Energy(a) and by Versar,. Inc.,
for the Envirormental Protection Agency. (2,10) The calculated reductions in
1bs S0,/MM Btu ranged from 8 to 81 percent. The data in Tables 2A and 2C
clearly show that the effectiveness of coal cleaning as an SO, control tech-
nology depends to a large extent upon the cleanability potential of the raw
coal, which varies widely from coal to coal. The data in Table 2B, all for
the same raw coal, clearly show that the effectiveness is highly sensitive
to the complexity of the cleaning plant design. These data demonstrate that no
valid "typical" effectiveness can be gqwted for physical oal cleaning technology.

Because the existing published measures of ocoal cleaning effectiveness are
based upon design calculations for hypothetical plants, a verification was
needed. Acquiring actual data from operating plants to fulfill this need was
one of the original objectives of this study.



*
TABLE 2A.

CALCULATED DESIGN PERFORMANCE OF CLEANING PLANTS

Cleaning level 1T III v V - Multiproduct plant
Coal West Va. Colorado Pennsylvania Pennsylvania
source Cedar Grove Montrose Lower Kittaning Upper Freeport

b Pyritic S, % 0.11 0.25 2.19 2.79
98, |Total s, 8 0.81 0.80 2.77 3.40
O e O lash, & 22.7 19.4 13.0 23.4
zgg Btu/1b 11,810 11,790 12,830 11,486
&9 | 1bs S02/106 Btu 1.37 1.36 4.32 5.92
i Clean Pdt Middlings Composite
8 H Pyritic S, % 0.06 0.19 0.22 0.22 1.56 0.71
E-g 9 Total S, % 0.75 0.73 0.80 0.83 2.17 1.32

© Ash, % 17.0 10.5 4.7 3.3 17.5 8.5
g ﬁ g Btu/1b 12,655 13,120 14,250 14,608 12,342 13,774
EY&'” 1bs/S02/106 Btu 1.19 1.11 1.12 1.14 3.52 1.92
Btu Recovery, % 97.4 94.3 76.2 61.2 30.1 91.3
Weight Recovery, $% 90.9 84.7 68.6 48.1 28.0 76.1
Increase in Btu/lb, % 7.2 11.3 11.1 27.2 7.5 19.9
Decrease in Pyritic S, % 45 24 90 92 44 75
Decrease in Total S, % 7 9 71 76 36 61
Decrease in lbs S02/105 Btu, % 13 18 74 81 41 68

*Source: Bechtel Corporation

(s)




*
TABLE 2B,
CALCULATED DESIGN PERFORMANCE OF CLEANING PLANTS

*k
RAW QOAL: UPPER FREEPOR: "E" SEAM, BUTLER, PENNSYLVANIA

Cleaning II III v V - Multiproduct plant
level Clean Pdt | Middlings | Composite
B Total S, % 3.00 1.89 1.30 1.08 1.69 1.53
3| Ash, % 20.0 11.5 7.6 5.80 11.31 8.66
8 Btu/1b 12,260 | 13,551 | 14,000| 14,426 13,612 14,004
& | 1bs S02/106 Btu 4.89 2.79 1.85 1.50 2.48 2.01
Btu recovery, % 97.0 84.0 87.5 43.4 44.0 87.4
Weight recovery, % 92.8 73.2 70.0 35.3 38.0 73.3
Increase in Btu/lb, % 6.5 17.7 21.6 25.3 18.3 21.7
Decrease in total s, 3| 13 45 62 69 51 56
. 1lbs SO2

Decrease in 106 Btu’ 2 18 53 69 75 59 66

*Source: Versar Inc.
**Upper Freeport Coal:

Pyritic S, 2.51%
Total S, 3.45%
Ash, 23.90%
Bu/1b 11,510

lbs S0,/10° Btu, 5.99

(s)




*
TABLE 2C.

CALQULATED DESIGN PERFORMANCE OF CIEANING PLANTS

[Cleaning level v v IT1 v v III v v I1 ITI v v v
Coal Upper Lower Upper Bakerstown, [Clintwood, jUpper Cliff,|Splash Eagle, | Hagy, | No. 6 No. 5 |No. 5 |Bevier
source Freeport, pA. |Kitt., PA |Freeport, PA W VA AL Dam, VA VA VA IL IL IL MO
Pyritic S, % 2.51 1.34 2.51 - - 0.41 - - - 3.13 2.01 2.01 -

’g Total S, % 3.45 1.86 3.45 0.92 0.87 0.85 1.56 1.18 2,95 4.35 2.88 2.88 | 5.22
Ash, % 23.9 12.8 23.9 28.7 11.2 10.9 25.9 10.4 23.1 29.9 16.4 16.4 |27.2
E Btu/1b 11,510 13,508 11,510 10,750 13,891 13,845 11,275 |13,622 | 11,688| 9,782 12,120 12,120] 8,011
1bs $0,/10°Btu 5.99 2.75 5.99 1.71 1.25 1.23 2.77 1.73 5.04 8.89 4.75 4.75 [13.04
d Pyritic S, % 0.95 0.67 1.34 - -- 0.34 -- - - 1.80 1.06 0.91 -
8 | Total S, & 1.57 1.22 2.21 0.82 0.83 0.75 1.24 v.94 2.31 3.30 1.99 1.85 1 4.05
p | Ash, % 9.7 8.7 14.4 19.9 8.1 9.5 9.7 4.7 15.5 11.4 7.5 7.1 8.0
41 stu/1b 13,704 14,139 12,971 12,072 14,382 14,094 13,960 114,487 |13,002 |12,370 13,407 13,464(10,123
E 1bs S0./10°Btu 2.30 1.72 3.41 1.35 1.15 1.06 1.77 1.30 3.55 5.34 2.97 2.75 | 7.99

Btu recovery, % 88.7 96.9 94.2 90.3 93.0 98.0 92.1 89.3 93.8 91.6 92.9 88.6 |83.1

Weight recovery, % 74.5 92.6 83.6 80.5 89.9 96.3 71.4 84.0 84.3 72.4 84.0 79.8 |65.8

Increase in Btu/lb, % 19.1 4.7 12.7 12.3 3.5 1.8 23.8 6.4 11.2 26.5 10.6 11.1 |26.4

Dec. in Pyritic S, % 62 50 47 - - 17 - - - 42 47 55 -

Dec. in Total S, % 54 34 36 11 5 12 21 20 22 24 31 36 22

Dec. in ibsgg’u, 3 62 37 43 22 8 14 36 25 30 40 37 42 39

(10)
*Source: Versar, Inc.




1.3 IMPORTANCE OF CQAL SULFUR VARIABILITY

The variability of ooal has a pronounced effect upon the ability and ocosts for
boiler operators to comply with existing or proposed emission regulations. Aan
emission limitation, expressed as a maximum value in 1lbs SO,/MM Btu,
to be exceeded only for a specified percentage of the time, has the effect of
requiring a coal with a mean lbs SO,/MM Btu value lower than the emission limit.

The relationship between u, the mean coal value for lbs SO,/MM Btu and E,
the emission limitation value or maximum permissible emission in lbs SO,/MM Btu,
may be described by the equation:(s)

E=8(+ taS) = Bu(l + taRSD) (1)

where B = the fraction of sulfur in the coal which is emitted (less losses to

bottam ash and fly ash). Although 8 has a distribution of its own,

its variability is comparatively small, and B is generally assumed

constant at 0.95.

RSD = the relative standard deviation for lbs SO,/MM Btu, defined as the
standard deviation divided by the mean.

S = the absolute standard deviation for lbs SO,/MM Btu.

t_ = the one-tailed students' "t" value assuring a fractional compliance
time of a. For the purpose of illustrating the importance of
coal sulfur variability in this section, it is assumed that the
data follow a quasinormal or "t" distribution. The validity of
this assumption is discussed in Section 5.5.

Values of ta for large numbers (>100) of observations are(z):

o, Fractional compliance time 0.80 0.90 0.95 0.99 0.9995

t 6.85 | 1.20 | 1.66 | 2.36 | 3.37

A prior EPA study(l) of sulfur variability in coal resulted in RSD values
ranging from 5 to 34 percent (excluding core samples which resulted in higher
RSD values).



Table 3, calculated fram Equation 1, lists the ratio of u (the required
mean coal value for lbs SO,/MM Btu) to E (the emission limitation value). It
is apparent that this ratio is much less than unity for typical RSD values,
and is also quite sensitive to RSD. Hence, the variability of sulfur in ocoal
assumes importance in formulating new emission standards and in camplying with
existing or new standards. This study addresses the variability of sulfur and
of heating value in coal with the objectives of better understanding the sources
of variability, of better quantification of variability for a given coal, and
ultimately of suggesting means for attenuating this variability.

1.4 EXPECTED ATTENUATION OF VARIABILITY BY QOAL CLEANING PROCESSES

Three reasons exist for expecting washed coals to exhibit a lower sulfur
variability than raw ocoals. First, is the reduction of the variance in coal
sampling and sample preparation, as a result of omal cleaning. Most cleaning
plants include a size reduction step, ameliorating the influence of large integral
impurity particles upon each sample. The cleaning process removes much of these
integral impurity particles, thereby making the product more uniform. The in-
creased precision of sampling washed coals (as opposed to raw coals) has been
experimentally documented. (s/6) Keller has proposed a revision to the ASTM coal
sample preparation method in which half as much of the reduced sample quantity was

required for cleaned ooals as for raw coals. (s)

The second reason is that the coal preparation process contains many oppor-
tunities for blending. Coal unloading, loading, and storage operations,
size reduction operations, and same separation operations feature mixing of
the ooal, which should reduce short-term variability. A third reason is that
specific gravity separation processes should dampen the feed variations. If the
instantaneous pyritic sulfur and/or ash content is greater than rominal, the in-
stantaneous refuse stream should be larger, thereby resulting in a product stream
of greater uniformity.

These reasons for expecting attenuation of variability, coupled with the im-
portance of sulfur variability, led to the primary objeéctive for this study -
to quantitatively determine, by analyzing data from operating coal cleaning
plants, the attenuation of sulfur variability achieved by physical coal cleaning.

9
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TABIE 3. CALCULATED VALUES OF MEAN OOAL~TO-EMISSION LIMIT RATIO (u/E)
Fractional campliance time

RSD of ooal 0.90 0.95 0.99 0.9995
0.05 0.99 0.97 0.94 0.90
0.10 0.93 0.90 0.85 0.79
0.15 0.88 0. 84 0.78 0.70
0.20 0.84 0.79 0.72 0.63
0.30 0.76 0.70 0.62 0.52
0. 40 0.69 0.63 0.54 0.45




SECTION 2

SOURCES OF SULFUR VARIABILITY

2.1 CHARACTERIZATION OF VARIABILITY IN COAL AND IN COAL DATA

One approach to characterizing variability in oal is to relate measured
coal properties to the geologic history and current geologic characteristics of
the deposit. Included in this approach is the documentation of the precise mining
location for each lot of coal sampled and analyzed. Also included in this approach
is the correlation of sulfur and heating value data to petrographic data and to
the mineralogical and chemical composition of the impurities in oal. These sub-
jects are currently under study by the U.S. Geological Survey.

An altemative approach, taken in this study, is to characterize sulfur vari-
ability from existing coal analysis data itself. This approach is empirical,
compared to the more fundamental .approach described above. The ultimate cbjective,
however, is the same: to be able to predict with some precision the variability
of each coal resource,and further, to find ways of attenuating or accomodating
this variability. B

To implement this empirical approach, the observed variance for each coal source
was divided into three basic categories:

1. Long-Term Component. For each coal source, the coal characteristics
change as mining progresses, and mining and processing methods may
change as well. From a utilization standpoint (althouch the rationale

is based uon geology and technoloqy), -the long-term camponent of
variance is defined in this study as the month-to-month variation.

?. Short-Term Camponent. This is defined, for practicality, as lot-to~
lot variability. The lot is the smallest unit for which coal character-
istics data are reported and maintained for each source. The lot size
may be a daily quantity, a unit-train quantity, or some other discrete
value. Rationale for day-to-day variance may include local coal varia-
tions within the mine and short-term variations in processing efficien-
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cies.. This component of variance may depend upan the quantity of coal

in a lot for each source.

3. Sampling/Sample Preparation/Analysis Camponent. This component of the
variance depends upon whether ASTM methods are employed. It also depends
5I
upon whether or not the coal has been washed.( )

In summary, the model adopted for examining sulfur variability has the
following generalized components of variability:

VTotal B vi.ong * VShort * vSampling
Term Term & Analysis

This model is applicable to data from a specific coal source. There are addi-
tional components of variance, when considering multiple coal sources, that are
geographical and source-specific in nature. The sulfur level and its variability
are unique according to the region and the seam of the deposit, and to the particu-
lar mine and mining method. Components of variance may be defined as region-to-
region, seam-to-seam, and (mining or processing) source-to-source. Rationale for
the first two and for part of the third is geology; part of the source-to-source
variance may be attributable to mining methods and coal preparation methods employed.

2.2 PERMISSIBLE VAIUES FOR THE SAMPLING COMPONENT OF VARTIANCE

As defined above, the "sampling" ocomponent of variance includes sample prepa-
ration (both field and laboratory steps) and laboratory analysis, as well as
sampling itself. The American Society for Testing and Materials (ASTM) Standards
D-492 and D-2234 widely adopted in the commercial sanpling of coal, are intended
to provide an accuracy of + 10 percent (of the ash content) in 95 out of 100 test
results. (*) It may be implied that the sampling accuracy intended for ash content .
applies as well to sulfur ocontent and to heating value. At a confidence level of
95 percent, approximately equivalent (for the two-tailed "t" distribution) to two
standard deviations, the ASTM-~intended relative standard deviatiaon is 0.05.

Other ASTM standards address laboratory analysis precision. The pemissible
variance for ash analysis is 20 percent of the total sampling and analysis variance.
The implied permissible relative standard deviation of ash analysis is therefore
0.05/0.2 = 0.0224. The permissible sampling relative standard deviation (which is
also valid for sulfur content and for heating value) is 0.05/0.8 = 0.0447.

12



For sulfur detemminations, the following precision limits are specified by
ASTM:

Coal oontaining less than 2 percent sulfui', 0.1 percent |
Coal containing 2 percent sulfur or more, 0.2 percent.

Translating into relative standard deviation (assuming a 95 percent confidence
level for a two-tailed "t" distribution is implied),

Permissible Permissible Permissible
Mean sulfur analysis analytical total
cantent g std. dev. ¢ RSD RSD for sulfur*
0.5 0.05 0.100 0.110
1.0 0.05 0.050 0.067
1.5 0.05 0.033 0.056
2.0 0.10 0.050 0.067
2.5 0.10 0.040 0.060
3.0 0.10 0.033 0.056
4.0 0.10 0.025 0.051
5.0 0.10 0.020 0.049
6.0 0.10 0.017 0.048

*The last column is derived (since sampling and analytical RSDs are independent)
fran: Pemissible Total RSD = [0.0447® + (Pemmissible Analytical RSD)?2]1/2
The ASTM precision limits for the laboratory detemination of heating value
is 100 Btu/lb. At an assumed 95 percent confidence level, the corresponding
relative standard deviations are:

Mean heating Permissible Permissible total
value , Btu/lb for RSD RSD for heating value*

9,000 0.0056 0.045

10,000 0.0050 0.045

11,000 0.0045 0.045

12,000 0.0042 0.045

13,000 0.0038 0.045

14,000 0.0036 0.045

*Including permissible sampling variance.

Assuming the total RSD for sulfur value is independent from the total value
for heating value (see Section 5.3), the permissible RSD for lbs SO,/MM Btu is:
(RSD for S)? + (RSD for Heating Value) 2] 2

13



The derived values are listed below:

Mean sulfur Permmissible total RSD
content, % for lbs. SO,/MM Btu

0.5 0.119

1.0 0.081

1.5 0.072

2.0 0.081

2.5 0.075

3.0 0.072

4.0 0.068

5.0 0.067

6.0 0.066

These values, for the permissible RSDs in lbs S0;/MM Btu, based upon ASTM
sampling and analysis protoools, are 7 or 8 percent of the mean (for mean sulfur
contents greater than one percent).

2.3 EXPERIMENTAL VALUES FOR THE SAMPLING COMPONENT OF VARIANCE

Keller(s) )

components of the coal sampling, sample preparation, and analysis variance. In

and Aresco and Oming experimentally determined for ash the
their tests, field sampling, field sample preparation, laboratory sample prepara-
tion, and laboratory analyses were conducted according to ASTM standards. Their
results, in terms of the components of variance in ash content, are listed in
Table 4. Also listed in Table 4 are the calculated relative standard deviations
for each corponent of variance. These were pooled according to:

Pooled RSD = I:ZN(RSD)Z 2

IN

where N = nunber of tests in each data set. Since RSDs have been arithmetically
averaged in prior work, (1) average RSDs were also calculated. The results are:

Raw coals Washed coals

d.f. (RSD)p RSD d.f. (RSD)p RSD

RSD_ for Sampling 146 | 0.0291 [ 0.0275 | 54 0.0160 ;0.0150 |

IGDp for Sample Preparation 206 | 0.0149 | 0.0148 | 156 |0.0126 [ 0.0122
|

RSDA for Lab Analysis 206 | 0.0080 | 0.0071 | 156 l0.0114 0.0073
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TABLE. 4.

COMPONFNTS OF ASII VARTANG: TN SAMPLING AND ANALYSLES

Coal Ash oontent:, peroent

Data | Source|condi- No.
source*| 1D tion tests [Mean vs Vp vl\ Ve 1Bhy pS'DP RSO I)SD'I‘
K A Raw 10 12 - 0.0407 0.0961 - - 0.0L68 0.0258 -
K B Raw 20 12.5 - 0.0350 0.0054 - - 0.0152 0.0059 -
K C Raw 10 29 - 0.2935 0.0052 - — 0.0187 0.0025 -
K K Raw 10 22 - 0.0329 0.1471 - - 0.0082 0.0174 -
K L Raw 10 16 -— 0.2948 0.0036 - - 0.0339 0.0038 -
N 1 Raw 22 9.05 | 0.0644 | 0.0090 0.0012 | 0.0746| 0.0280 | 0.0105 0.0038 0.07302
no 2 Raw 34 9.22 | 0.0627 | 0.0153 0.0015 | 0.0795] 0.0272 | 0.0134 0.0042 0.0306
ji'e) 3 Raw 17 10.95 | 0.1472 | 0.0162 0.0017 | 0.1651] 0.0350 | 0.0116 0.0038 0.0371
O 4 Raw 12 5.11 | 0.0234 | 0.0063 0.0012 | 0.0309} 0.0299 | 0.0155 0.0068 0.0344
nNo 5 Raw 28 8.21 | 0.0442 | 0.0112 0.0011 | 0.0565§ 0.0256 | 0.0129 0.0040 0.0290
no 6 Raw 29 11.96 { 0.1498 | 0.0175 0.0018 | 0.1691) 0.0324 { 0.0)11 0.0035 0.0344
O 7 Raw 4 15.14 | 0.0471 | 0.0245 0.0028 | 0.0744| 0.0143 | 0.0103 0.0035 0.0180
K D Washed 10 7.0 - 0.0036 0.0037 - - 0.0086 0.0087 -
K F Washed 42 5.5 - 0.0045 0.0098 - — 0.0122 0.01.80 --
K I Washed 10 4.5 -— 0.0090 0.0050 - - 0.0211 0.0157 -
K M Washed 20 4.2 - 0.0030 0.0015 - — 0.0130 0.0092 -
K N Washed 10 6.5 - 0.0064 0.0009 - -= 0.0123 0.0046 —
K P Washed 10 7.0 - 0.0027 0.0037 - — 0.0074 0.0087 —-
no 8 Washed 18 8.25 | 0.0195 | 0.0100 0.0012 | 0.0307| 0.0169 | 0.0121 .0.0042 0.0212
N 9 Washed 6 7.02 | 0.0062 | 0.0064 0.0004 | 0.0130] 0.0112 | 0.0114 0.0028 0.0162
'e) 10 Washed 3 8.54 | 0.0315 | 0.0070 0.0006 | 0.0391| 0.0208 | 0.0098 0.0029 0.0232
nNO 11 Washed 6 5.11 0.0026 0.0083 0.0008 | 0.0117| 0.0100 | 0.0178 0. 0055 0.0212
PO 12 Washed 16 8.34 | 0.0223 | 0.0086 0.0010 | 0.0329{ 0.0179 | 0.0111 0.0038 0.0217
') 13 Washed 5 10.44 | 0.0187 | 0.0103 0.0009 | 0.0299] 0.0131 | 0.0097 0.0029 0.0166
*K = keller®), N0 = Aresco and Orning(®)
= , = E rning
V = Variance
RSD = Relative Standard Deviation

Subscripts = S = Sanpling

P = Sample Preparation

A = Laboratory Analysis

T = Total




(RSD)p refers to the pooled RSD, and RSD to the average RSD. Although RSD
is always less than (RSD) o’ the differences are slight.

The total RSD, calculated from

— 2 2 2 1/2
(RSDT)p = [(Rsms)p + (RSDp)p + (RSDA)p ]

is: (RSDT)p 0.0337 for raw coals,

(RSDT)p 0.0233 for washed coals.

These values are smaller than the permissible maximum relstive standard deviation
for ash analysis, derived from the ASTM standard, of 9.05.

The combined RSDs for sample preparation and laboratory analysis are:

[0.01492 + 0.0080%] /2 = 0.0169 for raw coals,

1/2

1]

(RSDP,A)p

(RSD, ),

[0.0126% + 0.0114%} 0.0170 for washed coals.

Cambined RSD values are virtually equal for raw and washed coals, leading

to the conclusion that the larger total RSD for raw coals (compared to washed
coals) results from coal sampling differences and not from laboratory
differences. This conclusion is rational, since washed mal is expected to
have a smaller particle size and to be more unifom in composition, leading .to'
lower sampling-induced variability. The empirical sampling RSDS, which

should apply to sulfur content and heating value as well as to ash content, are:

(RSDS)p 0.029 for raw coals,

(RSDS)p 0.016 for washed coals.

Keller(s) also reported the variances for total sulfur in coal, and for sample
preparation and analysis. His data, listed in Table S5, did not include the vari-

ance for sampling.
The pooled values for RSD (laboratory) for sulfur are:
0.019 for raw coals,

0.006 for washed coals.
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TABLE 5. LABORATORY (SAMPIE PREPARATION AND ANALYSIS) VARIANCE FOR TOTAL SUILFUR
SQURCE: KELIER(®)
Coal Ooal Number of lMean sulfur, Variance RSD
ID candition tests percent (laboratory) | (laboratory)

A Raw 10 3.30 0.0040 0.019

B Raw 50 2.38 0.0014 0.016

C Raw 10 1.20 0.0003 0.014

K Raw 10 0.72 0.0004 0.028

L Raw 10 1.30 0.0013 0.028

F Washed 30 0.60 0.0000 0.000

M Washed 10 0.65 0.0000 0.000

N Washed 10 1.09 0.0001 0.009

o Washed 10 1.70 0.0004 0.012

P Washed 10 1.52 0.0001 0.007




It appears that the sample preparation and analysis component of variance for
raw coals is considerably greater than for washed coals. This cbservation is
different from that reached for ash analysis, where the RSDs were equivalent at
0.017.

Since the sampling procedures for coal are the same (and in practice
the identical samples are utilized) for the ash determination and for the
sulfur and the heating value determinations, it is reasonable to adopt the
experimental sampling RSDs for ash both to the sulfur and heating value.
The total RSDs for sulfur are:

[(0.029)2 + (0.019)2) 1/2

[(0.016)% + (0.006)2) 2 0.017 for washed coals.

0.035 for raw coals,

No experimental data were found for the laboratory heating value determina-
tion. Adopting the permissible laboratory RSD of 0.004 and the experimental
(for ash) sampling RSD, the total sampling and analysis RSDs for heating value
are:

] 1/2

1(0.029)2% + (0.004)2 = 0.029 for raw ooals,

((0.016)% + (0.004)2] 2 0.016 for washed coals.

Finally, the sampling and analysis RSDs for lbs S0,/MM Btu, based primarily upon
experimental data, would be: .

[(0.035)2 + (0.029)2 | /2 = 0.045 for raw coals,

[(0.017)2 + (0.016)% 1 Y2 = 0.023 for washed coals.

These values represent the best current estimates for the actual sampling
and analysis components of variance, consistent with ASTM standards for sampling
and analysis. They are considerably less than the maximum permissible values.
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SECTION 3

DESCRIPTION OF THE DATA BASE

3.1 DATA SETS

The data base for this study consists of 53 individual data sets, with a
total of 3,204 data points. Each data set represents an identifiable and unique
ocoal stream, either raw coal or cleaned oal, from a particular cleaning plant
or loading facility, with the source of the coal (seam and county) and cleaning
level specified. Tables 6 and 7 list the data sets for unwashed coals and for
washed ocoals (respectively) together with the characteristics of the data sets.
Urwashed coals were defined as either run-of-mine (ROM) coals, where no prepara-
tion at all was oconducted, or coals cleaned at Lewvel I (crushing and sizing),
with removal of large pieces of rock and overburden). Washed coals were defined
as ooals cleaned at Levels II and above, where specific gravity separation is
conducted on one or more size fractions.

The data sets were obtained in three different ways. Forty-one data _ .
sets resulted from a request by Versar to coal preparation plant owners
through the National Coal Association (NCA). Nine data sets published in
a previous EPA study (!) were abstracted for use in this study. Three data
sets from the Homer City, Pennsylvania, preparation plant were obtained from EPA.

The NCA data request was aimed at cbtaining matching pairs of plant feed
(urwashed coal) and product (washed coal) data sets so that direct comparisons
oould be used to determine the effectiveness of ooal cleaning plants. The NCA
contacted a nuvber of campanies which, taken together, operate 111 preparation
plants (over 25 percent of the national total) in different coal regions. Since
most such plants are in the East and the Midwest, these are the primary areas
covered by the study — although data was also requested from one (non-NCA)
campany which operates four coal preparation plants in the Alabama region.

Eight separate coal campanies responded to the data request; eight coal prepara-
tion plants provided data sets for both feed and product coal; and approximately
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TABLE 6.
DATA SET IDENTIFICATION - UNWASHED COALS

Cleaning Number of
Data set State County Seams level data points
101 Ky. Ohio 9,14 I (F)
102 Ky. Chio 9 I (F) 6
103 Ky. Ohio 9,11 ROM 25
104 Ky. Ohio 9 I 25
105 Ky. Ohio 9,11,13 I 25
106 Ky. Muhlenberg 11,12 I (F) 4
107 Ky. Mahlenberg 9 I 25
108 Ky. Muhlenberg 9 I 25
109 Ky. Mihlenberg 11 I 25
110 Ky. Muhlenberg 12 I 25
111 Ky. Muhlenberg 9,12 I 25
112 Il. Randolph 6 I 26
113 I1. Christian 6 ROM (F) 6
114 Il. Randolph 6 ROM (F) 12
115 Ch. Perry 6 I (F) 6 -
116 Pa. Indiana Upper Free. ROM 44
117 Pa. Indiana Upper E‘reia ROM 44
118 Va. - Sw ROM (F)
119 Wv. Hancock Low Kitt.| ROM (F)
120 Mt. Rosebud Rosebud I 25
121 ok. Craig, Ft. Scott] I 24
Nowata
C-1 Wv. - - ROM 704
Cc-8 Oh. - - ROM i 275
U-4 Ky . - - ROM 162
U-5 Ky . - - ROM 250 ';
U-11 Pa. - - ROM | 250 |
U-12 Pa. - - I 250 ’
U-13 Pa. - - I 250 |
j
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TABLE 7.

DATA SET IDENTIFICATION - WASHED COALS
' Cleaning Number of
Data set State County Seams level data points
! 201 Ky. Ohio 9,14 Y/ E 6
" 202 Ry. Ohio 9,14 v 24
| 203 Ky. Ohio 9 v | 6
| 204 Ky. Chio 9 v 25
| 205 Ky. Muhlenberg 11,12 v ! 6
. 206 Il. Randolph 6 v | 24
| 207 Il. Christian 6 VI 6
i 208 Il. St. Clair 6 VI ; 26
209 I1. Gallatin 6 Y 25
210 Il. Gallatin 5 VI ! 25
211 Il. Randolph 6 ' III 12
;212 Oh. Perry 6 v 6
| 213 Oh. Perry 6 v 24
- 214 In. Greene, 5, 6 v ! 25
Knox
; 215 In. Warrick 5, 6 [ | 25
. 216 In. Warrick 5, 6 Y 25
217 In. Greene, 3, 4, 5, v | 25
: Sullivan 6, 7 '
| 218 In. Vermillion 6 v ‘ 25
! 219 Pa. Indiana Upper Free.:j VI j 46
. 220 Mo. Henry Beviar | VI | 6
l Lit. Tabo . '
l 221 Mo. Henry Beviar i V1 18
L 222 Va. - W v 5
! 223 Wy. Hancock Low.Kitt. i III | 5
i c-2 Ky. - - |1 i 115
| C-3 Ky. - - v i 115
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40 others submitted only single values for feed and product measurements. The
remaining plants provided product data without t;he corresponding feed values.

The matched pairs of feed and product data sets for individual coal prepara-
tion plants are as follows:

Plant ID Feed data set ID Product data set ID
1l 101 201
2 114 211
3 113 207
4 102 203
S 106 205
6 115 212
7 119 223
8 118 222

3.2 DATA POINTS

Each of the data points within each data set represents a "lot" of coal
from the coal stream. A "lot" may be a day's or a month's contiguous quantity
from the ooal stream, or it may be a car load, a unit train load, or a barge load.
The lots (data points) are ordered chronologically, from earliest to latest,
within each data set. Associated with each lot (data point) is the lot size (in
tons), and single reported values for measured total sulfur content (percent, dry
basis) and for calculated equivalent pounds SO; per million Btu (lbs SO./MM Btu).

Table 8 illustrates the contents of a representative data set. Appendix A
is a listing of all of the data acquired in this study.

3.3 SAMPLING PROCEDURES UTILIZED

Little specific information was provided with each data set regarding
the procedures used (sampling, analyzing, compositing, or mathematical averaging)
to generate the single reported values of percent sulfur and heating value
for each data point. The coal companies were asked to describe their sampling
procedure, and the replies were that specific procedures differ from plant to
plant relative to how the samplz2 is taken, sampling frequency, the method of
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TABLE 8.
CONTENTS OF DATA SET 208

6" x 100M Cleaned Coal (Level VI), Illinois, St. Clair County

Data point E Lot size Total S, Heating value, 1bs SO,
(lot) no. tons % Btyv/1b MM Btu
1 2,806 4.29 | 12,215 7.02
2 2,626 4.20 12,171 6.90
3 1,023 4.15 12,115 6.84
4 4,201 4.13 12,300 6.71
5 . 6,870 3.96 12,162 6.51
6 ' 8,361 4.04 12,085 6.68
7 % 5,463 4.03 12,099 6.66
8 i 2,790 4.31 11,934 7.22
9 é 7,983 4.08 12,134 6.72
10 i 5,652 4.04 11,805 6.84
11 . 6,837 4.12 12,284 6.70
12 [ 4,060 4.10 12,001 6.83
13 L 2,621 4.00 12,105 6.60
14 , 5,598 4.08 12,192 6.69
15 7,015 3.87 12,109 6.39
16 1,388 3.99 12,232 6.52
17 7,961 4.15 12,279 6.75
18 i 2,847 4.09 12,271 6.66
19 5,231 4.24 12,421 6.82
20 ¢ 1,353 4.20 11,991 7.00
21 © 9,864 3.83 12,016 6.37
22 2,844 3.98 11,896 6.69
23 2,798 4.25 11,671 7.28
24 {5,675 4.28 12,074 7.08
25 . 1,426 3.55 11,831 6.00
26 . 1,395 3.44 12,622 5.45
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producing a composite sample, and sampling locations for feed and product
ooals . :

For feed coal, infrequent, manual sampling is the norm. The terms
"occasionally," "weekly," "anly when we have problems," and “periodically"
were used to describe feed ooal sample frequency. In a majority of the
cases the feed ooal belt is stopped and an American Society for Testing
and Materials (ASTM) belt sample is taken. The sample provides a depend-
able representation of the input coal at that time; however, it should
not be considered to reliably represent actual ocoal properties in the long- and
medium-term. This was an overriding factor that led same of the coal
campanies to send monthly and yearly average values, rather than the
daily, weekly, or lot shipment information requested. The values provided
to Versar were generally weighted averages of feed coal belt sample analyses.

In ocontrast the product ooal is extensively sampled and analyzed. The
coal companies typically take a one or two hour composite sample of the
product, if the plant has an autamatic sampler, or manually sample
wit train carloads or barges according to ASTM sampling procedures. The
automatically sampled composites consist of individual samples taken at
5-15 minute intervals. The manual samples are usually taken off a conwveyor
discharge as the railroad car or barge is loaded.

The frequency of product sampling is determined in part by the origin
of the coal feed to the preparation plant. For a mine mouth coal cleaning
plant, only one composite sample per day may be analyzed; at the other extreme,
where specifications are tight and contract coal is blended and cleaned,
the composite samples may be taken and analyzed every 30 minutes. Where
possible, Versar has specified data which were received from plants with
autamatic product samplers.

In Table 6, most of the data sets represent product coal (despite the
lack or low level of cleaning). Those data sets in Table 6,which
represent feed ocoal to a preparation plant and are not subjected to the
more extensive product coal sampling requirements, are signified by an

(F) in the cleaning level ocolumn.
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SECTION 4
AMALYSTS OF PAIRED COAL FEED AND PRODUCT DATA SETS FROM INDIVIDUAL PLANTS

Table 9 lists the statistics calculated for the eight data sets from
the individual coal preparation plants which provided multiple data
samples for both feed and product coal. For each plant (and separately
for both feed and product samples) the mean (Y), the standard deviation
(Sy), and the relative standard deviation (RSD = Sy/Y) were calculated for:

Y, = Total sulfur content (percent)
Y, = Heating value (Btu/lb)
Y; = Heat-specific SO, content (lbs SO,/MM Btu)

4,1 EFFECT OF QOAL CLEANING UPON SULFUR CONTENT, HEATING VALUE, AND HEAT-
SPECIFIC SO2 QONTENT
Table 10 lists, for each plant, the changes (between the feed coal
and the product coal) in the mean values of Y;, ¥,, and Y;. The percentace
changes are also listed. It is observed that (except for Plant No. 8),
the ooal cleaning process resulted in reductions in sulfur content (Y1)
of 14 to 45 percent, in increases in heating value (Y;) of 6 to 23 percent,
and in reductions in heat-specific SO, content (Y3;) of 24 to 50 percent.
Coal cleaning plant No. 8 operated upon a very high ash feed, and the heating
value was increased by 45 percent, but in the process, the sulfur content

vas also increased.

To test whether the observed changes in the mean values are statisti-
cally significant, the "t" statistics were calculated for each plant:

Yeoeal/s

t= IYpmduct -

where s is the pooled standard deviation for both feed and product coal for

that plant.
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TAME 9,

STATISITCS FOR PREPARATTON PIANT FEED AND PRODUCY

Cleaning plant ID 1 2 3 4 5 6 7 8
Cleani.ng level \Y III VI \Y v v 111 v
State KY 1L 1L KY KY oil W VA
Cownty Chio Randolph Christian Ghio Muhlenberg Perry Hanoock -
Seams 9 & 14 6 6 9 1 sl2 | 6 _Jlowor Ritt] . SW._

pata set no. 101 114 13 102 106 115 119 118
No. points 6 12 6 6 q 6 5 5
Y= '] 4.16 4.75 5.12 4.29 4.26 3.94 1.94 0.93

borcoit]  SY 0.249 0.461 0.199 0.477 0.550 0.339 0.588 0.233

g Tot.S.| sY/AY 0.060 0.097 0.039 | 0.111 0.129 0.086 fo0.303 | 0.250

1,'1’ Y= ¥ 11,320 10,762 10,650 12,230 10.270 11,070 12,950 9,980

g Btu/ | SY 581 248 242 371 500 3] 624 636

o | sy 0.051 0.023 0.023 0.030 0.049 0.030 0.048 _ 0.064

8 |v.= ¥ 7.35 8.82 9.60 7.01 8.33 7.13 3.00 1.85

E" lbs 90,| SY 0.427 0.938 0.301 0.786 1. 405 0.730 0.864 0.389

“ M Byl sYA 0.058 0.106 0.031 0.112 0.169 0.102 0.248 0.210
Mata set no. 201 211 207 200 205 2277 T 223 U 222
No. points 6 12 6 6 6 6 5 5
vw| ¥ 3.19 a.10 4.39 3.37 3.22 3.01 1.07 1.17

8 Perceng sy 0.046 0.316 0.065 0.038 0.148 0.077 0.166 0.23u

_g Tot..S.| sY/¥ | 0.015 0.077 0.015 0.011 | 0.046 0.026  ]0.155 0.197

‘?g Yp= ¥ 13,000 12,177 12,300 12,970 12,650 12,460 14,370 14,470

2 By} sy 55 136 37 48 119 22 182 145

3 | b | sy | 0.0043_ | o.0112 | 0.0030 0.0037 0.0094 | 0.0018 ] 0.0127 ..0.0i0L
Y3= Y 4.90 6.73 7.13 5.18 5.09 4.83 1.49 1.61

% IbsS0,| SY 0.123 0.447 0.097 0.066 0.280 0.124 0.240 0.307

o MBtuj SYA 0.025 0.067 L 0.014 0.013 0.055 0.026 0.161 0.191




TABLE 10. CHANGES IN MEAN VALUES FROM COAL CLEANING:
DIRECT COMPARISCN OF FEED AND PRODUCT FOR
INDIVIDUAL PLANTS

Plant Change in Y $ change in Y " statistics
nuber |y, Y, Y, W Y. Y; Y, | Y. Yy | d.f.| t.95
1 -0.97 | +1680 | -2.45] -23 +15 {-33 10.7 7.5 | 14.1} 5 2.02
2 ~0.65 |+1415 |-2.09 |-14 +12 | -24 9.1 9.3 11.7 1 11 1.80
3 -0.73 | +1650 | -2.47] -14 +15 | -26 8.6 | 18.5 | 19.9{ 5 2.02
4 -0.92 [+ 740 | -1.83] =21 +6 |=-26 4.8 4.8 5.7 5 2.02
5 -1.04 |+2380 [ -3.24| =24 +23 | -39 3.5 9.4 4.4 3 2.35
6 -0.93 [+1390 |-2.30| -24 +13 | -32 7.4 | 10.5 5.0 5 2.02
7 -0.87 |+1420 |-1.51| -45 +11 | -50 3.8 6.5 4.5) 4 2.13
8 +0.24 |+4490 | -0.24] +26 +45 | -13 2.7 | 16.7 1.5 4 [72.13
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These values of t are listed in Table 10. It is apparent from Table 9
that for each plant, the standard deviations for feed coal are not equal
to the standard deviations for product coal. The values for s in the
above equation were therefore determined by the method of Crow, Davis,
and Maxfield, (2)

‘L__EL____.
n12 (nij-1)

S =
Where ny np
Q=n1:1Ui%2 - (rui
i=1l i=1

Ui = ¥y3 - ¥4 m (i=1,2,..., n1)
n2 :

Yy; and Yp; are paired individual cbservations such that nj< nj.

It may be observed that for plant Nos. 1 through 7, the reductions
in sulfur content, the increases in heating value, and the reductions
in heat-specified SO; content are all significant at the 95 percent
confidence level. For plant No. 8, only the decrease in lbs SO,/MM Btu
was not significant at this oconfidence level.

The table on the following page summarizes the ranges of effectiveness
in physical ooal cleaning, comparing the calculated average potential by
ooal producing region, the calculated design performance of hypothetical plants,
and the measured performance of operating plants. Effectiveness is measured hy
the decrease in total sulfur content, the increase in heating value, and the
decrease in lbs SOZ/‘MM Btu.
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Decrease in Increase in Decrease in lbs
total sulfur heating value | SO,/MM Btu,
percent percent percant
Calculated Average |
Potential (Table 1) 12-38 4~9 16-43
Calculated Performance
of Hypothetical Plants
(Tables 2A, 2B, 2Q) 5-76 5-27 8-81
Measured Performance of
Operating Plants (Table
10, plants 1-7) 14-45 6-23 24-50

—

These ranges of effectiveness are wide, reflecting the sensitivity of
coal cleaning efficiency to the washability characteristics of specific
coals and to the complexity and sophistication of the plant design. The
ranges of measured performmance, however, fall within the ranges of calculated
performance. The effectiveness as measured in operating coal cleaning
plants does in fact confimm the effectiveness calculated for many hypo-
thetical plants, although the very highest removal efficiencies (greater
than 50 percent decrease in lbs SO;/MM Btu) were not empirically validated
by the available data.

4.2 EFFECT OF COAL CLEANING UPON SULFUR VARIABILITY

In each of the eight plants, both the absolute standard deviation and
the relative standard deviation were reduced (for all three coal character-
istics) by the coal preparation process. The percent reductions are
summarized in Table 11. The average reductions in relative standard
deviation attributable to cleaning are 57 percent (for Y;, percent sulfur),
81 percent (for Y,, Btu/lb), and 54 percent (for Y3, lbs SO,/MM Btu).

Although data from only eight plants were available for this direct
analysis of individual cleaning plant variability reduction, the results
appear to be relatively consistent fram plant to plant. Both percent
sulfur ard lbs SO,/MM Btu variabilities (as measured by relative standard
deviation) were reduced by an average of 55 percent, while heating value
variability was reduced by an average of 80 percent.
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TABLE 11.

REDUCTICNS IN VARIABILITY FROM COAL CLEANING:

DIRECT

COMPARISON OF FEED AND PRODUCT FOR INDIVIDUAL PLANTS

Plant Percent reductions in SY| Percent reductions in sy/¥

nurber Y, Y, Y Y, Y, Y,
1 72 91 71 75 92 57

2 31 45 5z 21 51 37

3 45 85. 68 62 87 55

4 92 87 92 30 88 88

5 73 76 80 64 81 67

6 77 93 83 70 94 75

7 72 71 72 49 74 44

8 3 77 21 21 84 9
lAverages 57 81 54
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SECTION 5

ANALYSIS OF UNPATRED DATA SETS

5.1 APPROACH AND LIMITATIONS

The analysis of matched pairs of feed and product data for eight
coal cleaning plants, presented in Section 4, was a straightforward
comparison of the means and variabilities before and after the coal
cleaning process. This analysis followed the approach that was intended
at the time of the data request.

As explained in Section 3, however, the preponderance of the
responses did not provide matched pairs of feed and product data. Twenty
ocoal data sets in Table 6, out of a total of 28, were for raw coals or
for ooals cleaned at lLewel I, with no matching data sets for corresponding
washed product ooals. Similarly, 17 coal data sets in Table 7, out of a
total of 25, were for washed product ocoals, with no matching data sets
for the ocorresponding feed coals. A seocond statistical analysis, distinct
from the direct comparison of Section 4, was conducted to exploit the
entire available data base. This second analysis was an indirect compari-
son between feed and product variabilities for the data sets of all
washed ocoals relative to the data sets of all uwwashed coals.

This approach is not nearly as satisfying as the direct approach
of analyzing matched pairs of data sets, but it does allow consideration of
more of the available data. A major difficulty in the indirect approach
is that neither the group of unwashed coal data sets nor the group of
washed coal data sets forms a logically consistent or homogenecus popula-
tion susceptible to rigorous statistical analysis. Indeed, much of the
reported data is mixed with respect to mining method, cleaning method,
sampling frequency and procedure, methods of compositing or averaging,
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definition of a "lot" of coal and the nominal lot size, and the analytical
laboratory precision. Each of the two groups of data sets (unwashed and
washed coals) is comprised of coals from different regions, seams, and
mines, with inherent geological and engineering differences. Furthermore,
the data sets are not necessarily representative of their respectiwve

regions or seams.

Because of these inherent camparability problems, the results of
this second statistical analysis are not as definitive as those of the
first analysis. The comparison of mixed data sets can lead to
anly a rough picture of the effects of coal cleaning on sulfur
variability.

5.2 STATISTICS FOR THE DATA SETS

When the data sets were assembled, those with large lot sizes
(>l_0§ tons) were deleted because they were unlikely to represent single
analyses of single coal sample composites.

For each data set, the mean, the standard deviation, and the coefficient
of variation (relative standard deviation) were calculated for:

Y, = total sulfur content (%)
Y, = heating value (Btu/lb)
Y: = heat-specific SO, ocontent (lbs SO,/MM Btu)

These statistics are listed in Table 12 (for unwashed ocoals) and in Table
13 (for washed ooals).
5.3 VARIABILITY OF HEAT-SPECIFIC SULFUR QONTENT CALCULATED FROM VARIABILITIES
OF SULFUR AND OF HEATING VALUE
In the previous EPA Study '), a contingency table analysis showed that
the percent total sulfur data was independent from the heating value data.
There are potential mechanisms for explaining either the existence or
non-existence of a correlation between the two measurements. Since total
sulfur is measured in the laboratory by different tests from heating value,
measurement errors should be independent. Fundamentally, the sample-to-
sample variation of heating value should be similar to that of ash content,
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TABIE 12.

STATISTICS FOR VARIABILITY OF SULFUR, HEATING VALUE, AND

LBS SO, PER MILLION BTU'S UNWASHED QOAL

o or |l Em |y, = sulfur,e ¥, =Btu/lb Y, = ,%B—Bé?z
Batch ID. lots tons Y, sy, | sy,A, ¥, sy, | sy,/Y, Y, sy, | sv,/%,
103 25 2,800 4.44 | 0.45 | 0.10 11,840 | 333 | 0.0281 | 7.51 | o0.81 | o0.11
104 25 10,900 4.11 | 0.16 | 0.039 | 12,030 | 172 | o0.0143 | 6.82 | 0.30 | 0.044
105 25 11,200 4.85 | 0.58 | 0.12 12,000 | 340 | 0.0283 { s8.11 | 1.22 | 0.15
107 25 5,300 5.04 | 0.47 { 0.093 | 12,310 | 255 | 0.0207 | 8.20 | 0.88 | 0.11
108 25 6,800 4.16 | 0.23 | 0.055 | 11,900 | 169 | 0.0142 | 6.99 | 0.44 | 0.063
109 25 7,100 5.21 | 0.47 | 0.090 | 11,520 | 461 | 0.0400 | 9.04 | 0.89 | 0.098
110 25 1,100 4.80 | 0.49 | 0.100 | 10,350 | 371 | 0.0358 | 9.28 | 1.01 | 0.11
1 25 6,700 4.66 | 0.35 | 0.075 | 11,610 | 216 | 0.0186 | 8.03 | 0.67 | 0.083
112 26 3,800 4.22 | 0.2¢ | 0.057 | 11,510 | 418 | 0.0363 | 7.35 | 0.62 | 0.084
116 44 7,600 2.00 | 0.28 | 0.14 11,440 | 322 | 0.0281 | 3.50 | 0.55 | 0.16
117 44 3,400 3.09 | 0.24 | 0.078 | 11,090 | 263 | 0.0237 | 5.59 | 0.48 | 0.086
120 25 10,300 1.49 | 0.44 | 0.30 11,400 | 250 | 0.0219 | 2.63 | 0.79 | 0.30
121 24 17,300 3.78 | 0.19 | 0.050 | 12,550 | 226 | 0.0180 | 6.00 | 0.29 | 0.048
c-1 704 12,000 2.79 | 0.23 | 0.082 | 13,052 | 231 | 0.0177 | 4.27 | 0.36 | 0.084
c-8 275 10,000 2.60 | 0.13 | 0.050 | 12,481 | 703 | 0.0563 | 4.17 | 0.27 | 0.065
U-4 164 12,000 1.04 } 0.16 | 0.15 12,000 | 310 | 0.026 1.73 | o0.28 | o.16
u-5 250 13,000 0.92 | 0.15 | 0.16 11,856 | 299 | 0.025 1.55 | 9.25 | o.16
U-11 250 3.13 | 0.44 | 0.4 11,522 | 378 | 0.0328 | 5.44 | 0.85 | 0.16
U-12 250 — 2,34 [0.26 | 0.11 12,046 | 257 | 0.0213 | 3.88 | 0.46 | 0.12
U-13 250 —_— 2.31 | 0.22 | 0.095 | 12,135 | 273 | 0.0225 | 3.81 | 0.35 | 0.092




TABLE 13. STATISTICS FOR VARIABILITY OF SULFUR, HEATING VALUE, AND LBS SO, PER MILLION BTU'S WASHED QDAL

Ve

Yo, of | olEm  [3)= sulur ¥»= Btu/lb T weEe
Batch ID. lots tons ) Sy, sYi/Y) Y> s, SY2/Y2 Y3 SY, SY /¥, '
202 24 6,500 3.18 0.15 0.047 13,000 76 0.0058 | 4.88 | 0.25 0.051
203 6 100,000 3.37 0.04 | 0.012 12,970 48 0.0037 | 5.18 | 0.07 0.014
204 25 18,300 3.36 0.12 | 0.036 12,990 80 0.0062 | 5.18 | 0.20 0.039
206 24 3,900 3.85 0.20 0.052 12,060 210 0.0174 6.38 | 0.38 0.060
208 ° 26 4,500 4.05 0.21 | 0.052 12,120 200 0.0165 6.69 0.37 0.055
209 25 6,300 2.77 0.20 0.072 12,760 172 0.0135 4.33 | 0.32 0.074
210 25 4,200 3.34 0.13 | 0.039 12,990 107 0.0082 | 5.14 | 0.22 0.043
213 24 10,300 2.97 0.15 | 0.050 12,440 68 0.0055 4.78 | 0.25 0.052
214 25 16,900 2.58 0.24 0.093 12,670 93 0.0073 | 4.07 | 0.38 0.093
215 25 2,100 3.47 0.16 0.046 12,740 144 0.0113 | 5.44 0.26 0.048
216 25 5,400 3.75 0.21 | 0.056 12,620§ 121 0.0096 | 5.94 | 0.34 0.057
217 25 4,700 2.92 0.28 ] 0.10 12,510 205 0.0164 4.66 0. 46 0.099
218 25 51,500 2.59 0.13 | 0.050 12,250 119 0.0097 4.21 0.22 0.052
219 46 7,600 1.66 0.18 | 0.11 12,350 428 0.0346 2.69 0.33 0.12
220 6 4,200 4.14 0.55 0.13 12,290 265 0.0216 6.72 0.95 0.14
221 18 5,400 4.46 0.44 |1 0.10 12,780 194 0.0152 | 6.97 ] 0.70 0.10
222 5 2,700 1.17 0.23 | 0.20 14,470 145 0.0100 1.61 0.31 0.19
223 5 600 1.07 0.17 | 0.16 14,370 182 0.0127 | 1.49 0.24 0.16
c-2 115 5,600 0.66 0.03 |} 0.045 13,240 162 0.0122 0.99 | 0.05 0.051
-3 115 2,500 0.78 0.08 | 0.103 12,179 373 0.0306 | 1.28 | 0.12 0.094




since Btu per pound for a given coal is almost a monotonic decreasing
function of ash content. Conversely, the percent total sulfur is, to a
cansiderable extent, sensitive to the organic sulfur content, which is not
at all linked to ash-forming inorganic impurity concentratiaons. However,
two factors may cause total sulfur variability measurements to be corre-
lated to heating value variability measurements: first, whatever contribu-
tion the inadequacies of coal sampling make to the observed variabilities
should be the same for total sulfur as for heating value; second, the
reduction of variability by coal preparatior: processes (either by blending
operations or by attenuation in specific-greavity separation processes)
should be effective for both percent sulfur and for heating value.

Accepting the conclusion of independence established in the previous EPA
stlldy(l) means that Y, varies about its mean in a random fashion relative
to the variations of Y, about its mean. In this case, the relative
standard deviation of Y; may be predicted by:

(=) [y - (2)]"

The statistics in Tables 12 and 13 may be used to verify the abowve
equation. Figure 1 is a plot of the actual values of the relative standard
deviation of Y3 vs. the valwe as calculated from equation (2). It can be
seen that the points scatter above, but generally parallel to, the 45-degree
line. This would confirm that, in fact, the variation in total sulfur
content (in both cleaned and uncleaned coals) is essentially independent
of the variation in heating value; and the utility of such a conclusion
is that the relative standard deviation of heat-specific SO, content can
be estimated via equation (2) using the relative standard deviations of
percent sulfur and heating valwe.

5.4 AUTOCORRELATION OF DATA POINTS

Elementary statistical tests and confidence intervals are based on
the assumptions that the individual data points are samples of a single

35



0.3

0.2
™
2
o)
2
-
g 0.1
s .

P e Unwashed
a Washed
A
0.0
0.0 0.1 0.2 0.3

Predicted RSD (Y3) by equation (1)

Figure 1. Relative standard deviation
of 1bs SO/MM Btu:
actual vs. predicted.

36



population and that they are independent of each other - that they are
randamly distributed about a mean.

As 'momas(“) pointed out, however, there is good reason why coal

data points are neither samples of a single population nor independent.
Even within a given mine, geological factors are responsible for the
inhomogeneity of the deposit. The deposit likely consists of multiple
populations, separated by distance along the seam (or by time of extrac-
tion). The ooals mined on successive days are potentially highly
correlated because they are geologically related.

The science of geostatistics is being applied to coal data to
measure and acoount for autocorrelation. The total variance in a set of
data points is separated into two components: the "nugget" component
(o associated with samples taken close together and the long-range compon-
ents Ci' o is conceptually associated with samples taken close together
in the mine, and thus represents the imprecision of replicate samples
‘due to local discontinuities or inhomogeneities in the coal and to
sampling and analytical uncoertainties. C is conceptually associated with
samples taken far apart, so that it represents geologic differences in
the deposit(“) .

within a deposit with different values of C,- The values of Co and C.l are

There may be several distinctly different mineralized zones

determined empirically from a data set (in which the data points are spatially
or chronologically ordered*) by generating a variogram: a plot of y(k) vs k, where:

Y (k) = TK) iél [Xi+k-Xi] , k=1,2,...,n/3

For small values of k, as k approaches zero, y(k) approaches Co, the
"nugget" variance. At large values of k, y(k) typically becomes constant
with k and is equivalent to the combined long-range variance (o + C = S?,
where S? is the classical variance computed by:

sz=—l—§ [x-§]2=L [TX.2- (IX,)?]
n-1 i=1 n-1 i i

n

*One-dimensional spatial and time-correlated variances are analogous.
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For the special case of k = 1, where v (k) should approach Co,

1 n-1
v(1l) = Iy i_—z_:]_ [Xi+1'xi]

2

An alternative method for detecting a trend in data (an autocorrelation)
is given by Crow(z) .
by:

The mean square successive difference 6° is calculated

, 1 n-1
s a1 I X
1=1

2

An estimate of the component of variance that reduces the trend effect
is 672, which is the same as y(l) -an estimate of the "nugget" variance-
in the geostatistical approach. Crow's test for autocorrelation consists
of computing §2/5? (= 2 v(1)/S?). If the data are not serially correlated,
a value of §2/S? near 2 is expected. Values of 62/5% less than 2 occur
with autocorrelation, and values greater than 2 occur with serial oscilla-
tion greater than random variation. (?)

The computed value of 6%/5% is compared with the appropriate critical
value from a table given by Crcw(z) and abstracted below for illustrative
purposes :

| Autocorrelation Rapid oscillation
n | P=0.95 P=0.99 P=0.999 P=0.95 P=0.99 P=0.999
4 0. 7805 0.6256 0.5898 3.2195 3.3744 3.4102
10 1.0623 0.7518 0.4816 2.9378 3.2482 3.5184
20 1.2996 1.0406 0.7852 2.7004 2.9593 3.2148
40 1.4921 1.2934 1.0850 2.5079 2.7066 2.9151
60 1.5814 1.4144 1.2349 2.4186 2.5856 2.7651
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The lbs SO,/MM Btyv values for the data sets listed in Tables 6 and
7 were tested. Tables 14 and 15 list (respectively), for unwashed coal
data sets and for washed coal data sets, values of y(1) = §%/2, of §? ,
and of the ratio 62/S? . The appropriate critical values (at the 95
percent confidence level) are also listed, and those data sets meeting
the test for autocorrelation or for rapid oscillation are noted by
an asterisk. A double asterisk signifies that the test was positive at
the 99 percent confidence level, and a triple asterisk refers to a positive

test result at 99.9 percent confidence.

Only one data set (No. 103) out of 48 in Tables 14 and 15 had a
positive rapid-oscillation test at the 95 percent confidence lewel, and
the test was not positive at the 99 percent level. This result is
discounted; one of 20 data sets with true random variation mav be
expected to errcneocusly give positive test results.

The autocorrelation test, however, gave positive results in 6 of
23 unwashed coal data sets and in 10 of 25 washed coal data sets, at
the 95 percent confidence level. Of these 16 data sets giving positive
results, 9 were positive at the 99 percent lewvel, and 4 were positive at
the 99.9 percent confidence level. There is little doubt that much
of these coal data are serially correlated, verifying the expectations
based upon geology and engineering rationale.

Several reasons may be proposed to explain why autocorrelation was

not evident in all the data sets:

e The measurement (sampling and analysis) imprecision in some data
sets may be so large as to overshadow serial correlations.

e The local ooal inhomogeneities and discontinuities in some data
sets may be of such magnitude as to overshadow serial

rrelations .

e There may be significant blending of coal in some data sets which
overshadows serial correlation. This blending might be the

result of simultaneous mining from multiple mine faces (or
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TABLE 14 .

AUTOCORRELATION TEST, UNWASHED CQAL DATA SETS
PARAMETER TESTED: LBS SO:/MM BTU

Data (63/5%) 0.95 Auto- Rapid
set n Y(1) = §2/2 s? 52/ | Autocorr. Oscill. | correl. | oscill.
101 0.265 0.182 | 2.91 0.89 3.1

102 0.789 0.618 | 2.55 0.89 3.1
' 103 25 0.907 0.656 | 2.77 1.37 2.63 *
104 25 0.059 0.090 | 1.31 1.37 2.63 *

105 25 1.324 1.488 | 1.78 1.37 2.63

106 4 2.235 1.974 | 2.26 0.78 3.22

w07 | 25 0.893 0.774 | 2.31 1.37 2.63
108 25 0.248 0.194 | 2.56 1.37 2.63

109 25 0.991 0.792 | 2.50 1.37 2.63

110 25 1.037 1.020 | 2.03 1.37 2.63

111 25 0.544 0.449 | 2.42 1.37 2.63

112 26 0.253 0.384 | 1.32 1.38 2.62 *

113 6 0.138 0.091 | 3.03 0.89 3.1

114 12 0.255 0.880 | 0.58 1.13 2.87 *

115 6 0.486 0.533 | 1.82 0.89 3.11

116 44 0.261 0.303 | 1.72 1.52 2.48

17 44 0.223 0.230 | 1.94 1.52 2.48

118 5 0.146 0.151 | 1.93 0.82 3.18

119 5 0.159 0.740 | 0.43 0.82 3.18 >

120 25 0.492 0.624 | 1.58 1.37 2.63

121 24 0.065 0.084 | 1.55 1.36 2.64

c-1 704 0.093 0.130 | 1.43 1.87 2.13 b

c-8 275 0.034 0.073 | 0.92 1.80 2.20 bl
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TABLE 15.

AUTOCCORREIATION TEST, WASHED COAL DATA SETS
PARMMETER TESTED: LBS SO,/MM BIU

Data (62/5%) 0.95 Auto- Rapid
set n y() = §2/2 s? 52782 Antocorr. Oscill. carrel. oscill.
201 6 0.0024 0.0151 | 0.32 0.89 3.11 wxw
202 24 0.0708 0.0625 | 2.27 1.36 2.64

203 6 0.0033 0.0044 | 1.50 0.89 3.10

204 25 0.0395 0.0400 | 1.98 1.37 2.63

205 6 0.0219 0.0784 | 0.56 0.89 3.1 o
206 24 0.1648 0.1444 | 2.28 1.36 2.64

207 6 0.0078 0.0094 | 1.66 0.89 3.1

208 26 0.0672 0.1369 | 0.98 1.38 2.62 %
209 25 0.0633 0.1024 | 1.24 1.37 2.63 *
210 25 0.0292 0.0485 | 1.20 1.37 2.63 *
21 12 0.0637 0.1998 | 0.64 1.13 2.87 *x
212 6 0.0192 0.0154 | 2.49 0.89 3.1

213 24 0.0574 0.0625 | 1.84 1.36 2.64

214 25 0.0934 0.1444 | 1.29 1.37 2.63 *
215 25 0.0773 0.0676 | 2.29 1.37 2.63

216 25 0.1101 0.1156 | 1.90 1.37 2.63

217 25 0.1922 0.2116 | 1.82 1.37 2.63

218 25 0.0379 0.0484 | 1.57 1.37 2.63

219 46 0.0773 0.1089 | 1.42 1.53 2.47 *
220 6 0.7194 0.9025 | 1.59 0.89 3.11

221 18 0.4571 0.4900 | 1.87 1.27 2.73

222 0.0514 0.0942 | 1.09 0.82 3.22

223 0.0521 0.0576 | 1.81 0.82 3.22

c-2 115 0.0017 0.0078 | 0.44 1.69 2.31 w
c-3 15 0.0109 0.0136 | 1.60 1.69 2.31 *
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longwall mining with the same effect), feed coal to a preparation
plant being composed of shipments from multiple mines, or
blending in the feed coal or product coal storage, handling, or
shipping operations .

e The ooal seam may not exhibit large inhomogeneities at distances
equivalent to a "lot" quantity for some data sets.

e 2An equivalent effect to the previous hypothesis would be achieved
if, for some data sets, the "lot" quantity is very large compared
to the zones of influence in the ocoal seam.

5.5 DISTRIBUTION OF THE DATA POINTS

Many statistical tests and confidence intervals are based upon the
assumption that the data populations have nommal distributions. The data
sets in Tables 12 and 13 were examined for normality. In addition, two
variance-stabilizing transformations were applied in an attempt to obtain
some approximation of normality. For each data set, the individual data
points of total sulfur content (Y,), heating value (Y,;), and lbs SC2/MM Btu
(Y3;) were transformed into natural logarithms:

Z, = 1n (Y,)
Z, = In (Y,)
Z; = In (Y3)

The resulting statistics for the transformed data sets are listed in
Table 16 (for uncleaned coals) and in Table 17 (for cleaned ooals).

Similarly, the original data points were transformed into radical

form:
W, = A
W2=VY—2
Wy = /5

Table 18 (for uncleaned coals) and Table 19 (for cleaned coals) list the
resulting statistics.
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TABLE 16. STATISTICS FOR VARIABILITY OF SULFUR, HEATING VALUE, AND LBS SO, PER MILLION BTU'S UNCLEANED QOAL
(Logarithmic Transformation)

£y

. %= Moan _ _ o N e
No. of lot size, [|EZIn(Sulfur(®)) Z,=In (Btw/1b _ M Btu!
Batch 1D. lots tons 7\ sz, | $72./%, Z, S22 S2,/2; 23 52, SZ3/%,
103 25 2,800 1.49 |0.10 | 0.067 9.38 | 0.028 |o0.0030 | 2.01 |0.12 |o0.055
104 25 10,900 1.41 |o0.038| 0.027 9.39 | 0.014 |o0.0015 1.92 |0.043 ] 0.022
105 25 11,200 1.57 |o.11 | o.070 9.39 | 0.029 |0.0031 2.08 |0.14 | 0.067
107 25 5,300 1.61 |0.090 | 0.056 9.42 | o0.021 |0.0022 | 2.10 [0.10 | 0.048
108 25 6,800 1.42 |o.056 | 0.039 9.38 | 0.014 |0.0015 | 1.94 |0.063 ] 0.032
109 25 7,100 1.65 |o0.089 | 0.054 9.35 | 0.041 |0.0044 2.20 {0.15 | 0.068
110 25 1,100 1.56 |o.101 | 0.065 9.24 | 0.036 |0.0039 | 2.22 |0.11 |o.050
111 25 6,700 1.54 [0.075 { 0.049 9.36 {0.019 |0.0020 | 2.08 [0.083] 0.040
112 26 3,800 1.44 |o0.056 | 0.039 9.35 {0.03 |0.0038 | 1.99 |0.082] 0.041
116 a4 7,600 0.68 |0.17 | 0.25 9.3¢ | 0.028 |o0.0030 | 1.24 |0.18 |0.14
117 44 3,400 1.13 |0.078 | 0.069 9.31 | o0.024 |o0.0026 1.72 |0.085 | 0.049
120 25 10,300 0.36 |0.29 | 0.80 9.34 }o0.022 |o0.0024 0.92 |0.31 ]o0.34
121 24 17,300 1.33 |o0.050 | 0.038 9.44 |o0.018 [0.0019 | 1.79 |0.049 | 0.027
c-1 704 12,000 1.02 |0.08 | 0.078 9.477 | 0.018 }0.0019 | 1.45 [0.09 | 0.062
c-8 275 10,000 0.96 {0.05 | 0.052 9.430 | 0.058 |0.0062 1.43 |0.06 | 0.042
U-4 164 12,000 0.02 |0.15 7.50 9.392 | 0.026 {0.0028 | 0.53 [0.15 |o0.28
U-5 250 13,000 10.09 0.13 |-1.44 9.380 | 0.025 |0.0027 | 0.43 [0.13 ]o0.30
U-11 250 - 1.13 |o0.15 | 0.13 9.352 | 0.032 {0.0034 1.68 [0.17 |[o0.10
U-12 250 - 0.85 |0.10 | 0.12 9.396 |0.021 {0.0022 1.35 |0.11 | 0.081
u-13 250 - 0.83 |0.09 |o.11 9.404 | 0.023 |0.0024 1.33 J0.09 [ o0.068 |




TABLE 17. STATISTICS FOR VARIABILITY OF SULFUR, HEATING VALUE, AND LBS SO, PER MILLION BTU'S-CLEANED COAL
(Logarithmic Transformation)

'A%

< Z,= In(lbs
':,:0_ of ﬁt":f'z‘e Zi=In(Sulfur (3)) 2,=1n (Btu/1b) _3 (m_EStO‘f)
Batch ID. lots tons Z) Sz, 8§21/, 2, $Z, S2,/%, 2y SZ, S%3/%,
202 24 6,500 | 1.15 | 0.049 | 0.043 9.473 | 0.0059 | 0.00062 | 1.58} 0.051 | 0.032
203 6 100,000 | 1.2} | 0.011 | 0.0091 | 9.471 | 0.0037 { 0.00039 | 1.64) 0.013 | 0.0079
204 25 18,300 | 1.21 | 0.035 | 0.029 9.471 | 0.0062 | 0.00065 | 1.64| 0.038 | 0.023
206 24 3,900 | 1.35 | 0.052 | 0.038 9.40 | 0.018 | 0.0019 1.86] 0.058 | 0.031
208 26 4,500 | 1.40 | 0.053 | 0.038 9.40 | 0.016 | 0.0017 1.90 | 0.058 | 0.030
209 25 6,300 | 1.015| 0.070 | 0.069 9.45 0.013 | 0.0014 1.463 0.074 | 0.050
210 25 4,200 | 1.206| 0.040 | 0.033 9.47 | 0.0080 | 0.00084 | 1.637 0.044 | 0.027
213 24 10,300 | 1.09 | 0.050 | 0.046 9.43 | 0.0054 | 0.00057 | 1.56 | 0.053 | 0.034
214 25 16,900 | 0.945! 0.096 | 0.10 9.45 | 0.0073 | 0.00077 | 1.40}0.095 | 0.068
215 25 2,100 | 1.24 | 0.046 | 0.037 9.45 | 0.011 | 0.0012 | 1.69 |0.048 | 0.028
216 25 5,400 | 1.32 | 0.056 { 0.042 9.44 0.0096 | 0.0010 | 1.78}0.057 | 0.032
217 25 4,700 | 1.065f 0.098 | 0.092 9.43 | 0.016 | 0.0017 | 1.53|0.103 | 0.067
218 25 51,500 | 0.95 | 0.047 | 0.049 9.41 | 0.010 | 0.0011 1.44 | 0.050 { 0.035
219 46 7,600 | 0.50 | 0.107 | 0.21 9.42 | 0.035 | 0.0037 | 0.98 [0.12 | 0.12
220 6 4,200 | 1.41 | 0.14 ] 0,099 9.42 | 0.021 0.0022 | 1.90 [0.14 0.074
221 18 5,400 | 1.49 | 0.097 | 0.065 9.46 | 0.015 | 0.0016 | 1.94 |[0.10 | 0.052
222 5 2,700 | 0.14 | 0.20 ] 1.43 9.58 | 0.010 | 0.0010 | 0.463{0.19 | 0.41
223 5 600 | 0.055f 0.164 | 2.98 9.57 | 0.013 | 0.0014 0.38 [0.17 | 0.45
c-2 115 5,600 {-0.42 | 0.05 [-0.12 9,491 | 0.012 | 0.0013 |-0.01 |0.05 [-5.00
c-3 115 2,500 [-0.24 | 0.10 [-0.40 8.407 | 0.032 | 0.0034 0.25 |0.09 | 0.36
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TABLE 18. STATISTICS FOR VARIABILITY OF SULFUR, NFATING VALUE, AND L8S SO, PER MILIION BIU'S UNCLEANED COAL
(Radical Transformation)

N= ¥= Mean [Solfor @ Wi= J1bs SO,

No. of lot size, W= Sul fur (%) W= tu/1b — MM  Btu —
Batch ID. lots tons W, SW, SW, /W, [ SW, SWy M2 Wi SW3  |SW /Wy
103 25 2,800 2.11 | 0.11 | 0.052 108.8 | 1.53 0.014 2.74}1 0.15 | 0.055
104 25 10,900 2.03 | 0.039 | 0.019 109.7 | o0.78 0.0071 | 2.61| 0.056 | 0.021
105 25 11,200 2.20 | 0.13 | 0.059 109.5 | 1.57 0.014 2.841 0.20 | 0.070
107 25 5,300 2.24 | 0.10 | o0.045 110.9 | 1.15 0.010 { 2.86| 0.15 | 0.052
108 25 6,800 2.04 | 0.057 | 0.028 109.1 | 0.77 0.0071 | 2.64] 0.083 | 0.031
109 25 7,100 2.28 | 0.10 | 0.044 107.3 | 2.17 0.020 3.00| 0.097 | 0.032
110 25 1,100 2.19 | 0.11 | 0.050 101.7 | 1.83 0.018 3.04| 0.16 | 0.053
111 25 6,700 2.16 | 0.081 | 0.038 107.7 | 1.01 0.0094 | 2.83} 0.12 | 0.042
112 26 3,800 2.05 ] 0.058 | 0.028 107.3 | 1.95 0.018 J 2.71) 0.11 | 0.041
116 44 7,600 1.41 J 0.11 | o0.078 106.9 | 1.49 0.014 1.86] 0.15 | 0.081
117 44 3,400 1.76 | 0.069 | 0.039 105.3 | 1.26 0.012 2.36| 0.101 | 0.043

120 25 10,300 1.21 | 0.17 } 0.14 106.8 | 1.17 0.011 1.60] 0.24 0.15
121 24 17,300 1.94 | 0.048 | 0.025 112.2 | 1.01 0.0090 | 2.45| 0.059 | 0.024
c-1 704 12,000 1.67 | 0.07 | o0.60 114.2 1.0 0.0088 | 2.07] 0.09 | 0.043
c-8 275 10,000 1.61 | 0.04 0.025 111.7 3.2 0.029 | 2.04| 0.07 | 0.034
U-4 164 12,000 1.02 | 0.08 | 0.078 109.5 | 1.4 0.013 1.31| 0.10 | 0.076
u-5 250 13,000 0.96 | 0.07 | 0.073 108.9 | 1.4 0.013 1.24| 0.09 | 0.073
U-11 250 - 1.76 | 0.13 | 0.074 107.3 | 1.7 0.016 | 2.32]0.19 | o0.082
U-12 250 - 1.53 | 0.08 | 0.052 109.7 | 1.2 0.011 1.97] 0.11 | 0.056
U-13 250 - 1.52 | 0.07 | 0.046 110.2 | 1.2 0.011 1.95) 0.09 | 0.046
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TABLE 19.

STATISTICS FOR VARIABILITY OF SULFUR, HFATING VALUE, AND LBS SO, PER MILILION B1U'S-CLEANED QDAL
(Radical Transformation)

— W,= SO
No. of | lot ipe, |tz Y Sulfur(a) We= VBt R
Batch ID. | Jots tons P sey |sw W, W, W, SW, M, | Wi | SWs W /W,
202 24 6,500 1.78 | 0.043 | 0.024 | 114.0 | 0.33 | 0.0029 | 2.21 | 0.056 | 0.025
203 6 100,000 |1.83 | 0.010 | 0.0055 [ 1213.9 | 0.21 [ o0.0018 | 2.28 | 0.015 | 0.0066
204 25 18,300 |1.83 | 0.03 |o0.016 |[114.0 | 0.35 | 0.0031 | 2.27 | 0.043 | 0.019
206 24 3,900 [1.96 | 0.051 { 0.026 | 109.8 | o0.096] 0.00088 | 2.53 | 0.074 | 0.029
208 26 4,500 |2.00 | o0.052 | 0.026 |[110.1 | o0.91 |0.0083 |2.58 | 0.073 | 0.028
209 25 6,300 [1.68 | 0.059 | 0.035 |112.9 | 0.76 | 0.0067 | 2.08 | 0.077 | 0.037
210 25 4,200 [1.83 | 0.037 | 0.020 | 114.0 | o0.468] 0.0041 | 2.27 | 0.049 | 0.022
213 24 10,300 [1.72 | 0.043 | 0.025 | 111.5 | 0.30 | 0.0027 | 2.18 | 0.058 | 0.027
214 25 16,900 |1.61 | 0.077 | 0.048 |112.6 | 0.412] 0.0037 | 2.02 | 0.095 | 0.047
215 25 2,100 [1.86 | 0.043 | 0.023 | 112.9 | o0.64 |0.0057 | 2.33 | 0.056 | 0.024
216 25 5,400 |1.94 | 0.054 | 0.028 | 112.3 | 0.54 | 0.0048 | 2.24 | 0.069 | 0.028
217 25 4,700 [1.705| 0.083 | 0.049 | 111.8 | o0.92 | o0.0082 |2.16 | 0.11 | 0.051
218 25 51,500 {1.61 | 0.038 | 0.024 | 110.7 | 0.54 | 0.0049 | 2.05 | 0.052 | 0.025
219 a6 7,600 [1.28 | 0.069 | 0.054 | 111.1 | 1.94 | 0.017 1.64 | 0.10 | 0.061
220 6 4,200 [2.03 | 0.15 [o0.074 |110.8| 1.19 fo0.011 |2.59|0.18 | 0.069
21 18 5,400 |2.11 | 0.103 | 0.049 | 113.0 | 0.8 | 0.0076 | 2.6a | 0.13 | 0.049
222 5 2,700 |1.08 | 0.206 | 0.098 | 120.3 | o0.605] 0.0050 |1.26 | 0.12 | 0.095
223 5 600 [1.031| 0.082 | 0.080 | 119.9 | o0.761] 0.0063 | 1.22 | 0.100 | 0.082
c-2 115 5,600 fo.81 | 0.02 |o0.025 [115.1| 0.7 |o0.0061 |1.00{ 0.03 [o0.03
c-3 115 2,500 [o.88 | 0.04 | o0.045 |110.3| 1.7 |o0.005 |1.13] 0.05 | 0.044




Now, to test the hypothesis that a (random) sample comes from a pop-
ulation having a normal distribution, a nommal curve can be fitted to
the data and a chi-square test (for goodness of fit) applied to determine
whether the hypothesis is justified. 1In such a case, the mean and standard
deviation for the fitted nommal curve is usually estimated from grouped
sample data because the chi-square test requires the presence of several
(> 5) observations in each class if the Stirling-approximation (used
in the classical derivation of the test) is to be valid. Inspection of
Tables 12 and 13 shows that sufficient lot numbers exist (for known mean
lot-sizes) for seven batches of uncleaned coals (Cl, C8, U4, U5, Ull, Ul2,
and Ul3) and two batches of cleaned coals (C2 and C3). Taking the correspond-
ing sample means and standard deviations as estimates for the population means
and standard deviations*, chi-square tests at the 5 percent level of signifi-
cance were made to determine whether the (transformed and untransformed)
data could be assumed to have come fraom a normal distribution. Detailed
chi-quare analyses for three data sets (C-8, U-11l, and C-3) in their three
forms (original, logarithmic transformation, and radical transformation)
are included in Appendix B. Table 20 presents the summarized results of
these calculations for all data sets, with italicized entries designating
acceptance of the hypothesis at the 5 percent level of significance.

As can be seen, the general tendency is that, if the actual data
satisfies the test**, the transformed data does also. The exceptions in
U-12 and U-13 can be seen to have failed the test** by a relatively small
margin. Observe, however, that all of the data for both cleaned coal
batches satisfy the acceptance criteria.** Recalling that uncleaned coals
are generally subject to far less stringent sampling procedures than are

* Using the sample standard deviation as an estimate of the population
standard deviation is admittedly tenuous, for those samples exhibiting
autocorrelation (Section 5.4).

** The chi-square test is designed to refute an hypothesis of normality, not to
validate it. Therefore, "satisfying the test" means an absence of evidence (at
the stated level of significance) to reject the hypothesis, and "failing the
test" means rejection of the hypothesis of normality.
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TA3IE 20. COMPUTED QHI-SOUARE VALUES

8¥

No. of Degrees

Data data of chi-square
set points freedom s n(s) /S | Btu In Btu) M S0, In(so,) | /50, (0.05)
Unwashed

cl 704 17 31.8 | 31.8 29.0 | 31.7 37.3 35.9 10.4 24.9 20, 5 27.59
c8 275 13 23.5 | 35.7 33.7 |292.0 {328.0 314.2 a2 14.0 6.8 22.1%
U4 164 5 80.6 | 91.3 | 91.3 | s.2 5.2 5.2 55.2 31.7 47.6 11.07
us 250 7 186.7 [197.5 |190.6 6.9 4.6 4.6 78.1 | 28.0 34.5 14.07
U1l 250 13 94.2 | 54.1 | s0.0 | 74.8 74.4 73.6 53.1 74.4. 72.6 22.36
Ul2 250 13 32.0 | 36.0 32.3 8.7 8.2 8.6 21.6 23.1 17.5 22.36
ul3 250 13 37.3 | 29.1 32.0 | 26.4 2.0 26.9 13.8 13.9 1h.1 22.36
Washed

(o) 115 9 0.2 7.7 7.8 | 13.3 1.5 125 4.7 La.1 13.3 16.92
C3 115 9 6.5 | 15.7 7.1 | 13.7 16.6 12.9 7.1 7.0 6.8 16.92

Ttalicizad nunbervs indicate acceptance of the hypothenis that the samplea were obitained from poprdations That e
vwormal at the 5% level of aignificance.




the cleaned (product) coals, no satisfactory conclusions can be drawn
from assumptive distribution testing before the sampling and analysis
protocols which produce the data are sufficiently defined and standard-
ized. Indeed, the results of the chi-square evaluation tend to indicate
the absence of sensible evidence for preferring any one distribution

over the others, and Figures 2, 3, and 4 (where graphé of the fitted normal
curve are plotted on the same scale as the histogram of the grouped data)
illustrate this characteristic for three of the data sets of Table 20.

It should also be noted that there exists an inherent difficulty in
judging "by eye" how much departure from the normal pattem should be
expected in such figures. In fact, the plots for a sample of 1,000

data points drawn from a population known to be nommal often exhibit
substantial irregularity -- which is why the chi-square test is generally
taken to be far superior to graphical methods for testing the fit of a
distribution. *

5.6 QOMPARISON COF VARIABILITIES: UNCLEANED VS. CLEANED QOALS

The conclusion reached in Section 5.5 was that no sensible evidence
exists for preferring any one distribution (original data points,
logarithmic transformation, or radical transformation) over the others.

In general, if the original data satisfied the chi-square test for
nomality, then the transfommed data does also. The converse is also
generally true. For reasons of simplicity, then, the following comparison
of variabilities was conducted using the original (untransformed) data.

The following comparison of variabilities was conducted with due
respect to the limitations and caveats expressed about this analysis in
Section 5.1, and especially with respect to the evidence of autocorrela-
tion in Section 5.4. It would be a mistake to construe the results of
this ocomparison beyond the point of being, perhaps, roughly indicative
of the effects of the coal cleaning process.

The statistics for individual (untransformed) data sets are listed

in Tables 12 and 13. The variances (SZYl’ SzYz, and SzYa) for all of
the wncleaned coal data sets in Table 12 were pooled according to:

* More rigorous tests of nomality should also include tests for skewness
and kurtosis.
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J

1 .
(s2. ) =— I N (s2.) ; i=1,2,3
pooled IN. . ) . res
yi PR yi 5
where Nj = number of data points (lots) in data set j
J = the number of data sets in Table 12.

The same calculation was performed for the cleaned coal data sets in
Table 13.
Similarly, the squares of the relative standard deviations were

pooled according to: \
2
Sy. J Sy.
3 - XNL I N = ,i=1,2,3
Y., j j=1 3 Y.
i /pooled i 3
2 1/2
sy, /
Yi pooled

Finally, because we wish to evaluate average RSDs,
J
L Y3 ,i=1,2,3 .
3=1 —

Y. .
1 J

(RSD., )

1
i’ average J

The results of these calculations are listed in Table 21. The
reductions in variability, depending upon how variability is measured,
range from 25 to 64 percent. Despite the limitations of the statistical
treatment, these results surely suggest that the variability is reduced
by the ooal cleaning process. Moreover, these results are oconsistent
with the percent reductions derived (in Section 4.2) from the eight
paired coal feed and product data sets.
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TABLE 21.

COMPARISON OF VARIABILITIES

yl y2 y3
% Total sulfur | Btu/lb 1b sO,/MM Btu
Pooled variances Uncleaned ooals 0.0710 126,100 0.236
sy, 2 Cleaned coals 0.0303 56,800 0.084
(812) pooled Percent reduction 57 55 64
Pooled RSDs Uncleaned ooals 0.111 0.0291 0.118

Sy.\” 1/2 Cleaned coals 0.078 0.0192 0.078
pooled .

Y1, Percent reductions 30 34 34
Average Uncleaned ooals 0.104 0.0265 0.114
RSDs Cleaned coals 0.078 0.0134 0.080

Percent reductions 25 49 30




SECTION 6

COMPONENTS OF VARIANCE

As outlined in Section 2.1, the model adopted for examining sulfur varia-
bility has the following generalized camponents of variance:

Vrotal = Viong +  VShort +  Vsampling &
Term Term Analysis
VTotal represents the variability of the data points within each data set about
the mean for that data set. No attempt has been made in this study to evaluate
the additional geographical and source components of variance which apply among
data sets. Hence, Vp ., for each coal source (e.g., each data set) will be
influenced by characteristics of the coal region, the coal seam, the particular
mine, the mining methods employed, and the coal preparation methods employed.

For example, the coal shipped from an eastern underground mine may originate
from several quite-different coal faces, i.e., the sulfur content at one face
may have a mean of one percent, and may be three percent at another.face.- A
large value for VTotal and for VIongf-‘I\ would result. In contrast, another
mine might have a single face in operation at any one time, and the deposit

may be felatively hamogeneous, resulting in a smaller value for VTotal'

The model for examining sulfur variability is a temporal model. Purther,
the definition of long-term as the month-to-month variation is rather arbitrary,
and is influenced by the definition of short-term as considerably less than
one-month (e.g., daily wvariation). There is no fundamental reason, such as
matching "long-term" in a temporal model with "long-range" in a corresponding
geostatistical spatial model, for choosing a month as the long-temm/short-term
boundary.

6.1 ANALYSIS OF AUTOCORREIATED DATA SETS

In Section 5.4, tests for autocorrelation of the heat-specific sulfur
content yielded positive results (at the 95 percent confidence level) for 16
data sets. These "select" data sets differ fram the broader group of data sets
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specifically because the long-term component of variance was discernible above
the noise level of lot-to-lot (short-term) variance. An opportunity therefore

exists to use the select group of data sets to estimate a generalized long-term
component of variance.

Table 22 presents these selected data sets. The values for the total
(source-specific) variance, S?, and the estimates of the "nugget” variance,
y(1), are taken from Tables 14 and 15. For the purposes of this analysis, y(1)
is used as a conveniently calculated surrogate for the true myget variance,
¥ (), with due appreciation of possible added uncertainty. This "nugget" variance
includes both the short-term variance and the sampling-and-analysis
variance. The difference, S% - y(1), is listed in Table 22 as represent-
ing the long-term component of variance. The transformation of variances
to relative standard deviations (also shown in Table 22) serves to
normalize the variability data for the "geographical" component which
influences the mean for each data set:

Total RSD = )25,
(Short-Term + S/A) BSD =  (yv(1)) Y%A,

Long-Term RSD = (s2—y (1)) Y2 A,

The RSDs of Table 22 were then pooled according to:

1 12
_ [Z—n— In (RSD; 2

EDPOOM
resulting in:
“Pooled RSD
Total Short + S/A Long
Uncleaned ooals 0.0815 0.0649 0.0493
Cleaned coals 0.0882 0.0665 0.0580
All coals 0.0834 0.0653 0.0519
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TABLE 22,

ANALYSIS OF AUTOCORREIATED DATA SETS

PARAMETER: LBS SO,/MM BTU

Data Average lot| Mean, Variances RSD

set n size, tons ¥, s? Y1) sZ-y(1) | otal | Short + S/A | Iong

104 25 10,900 6.82 0.090 0.059 0.031 0.0440 0.0356 0.0258
112 26 3,800 7.35 0.384 0.253 0.131 0.0843 0.0684 0.0492
114 12 319,700 8.82 0.880 0.255 0,625 0.1064 0.0573 0.0896
119 5 640 3.00 0.740 0,159 0.581 0,2867 0.1329 0.2541
C-1 704 12,000 4,27 0.130 0.093 0.037 0.0844 0.0714 0.0450
Cc-8 275 10,000 4,17 0.073 0.034 0.039 0.0648 0.0442 0.0474
201 6 214,500 4,90 0.0151] 0.0024 0.0127 0.0251 0.0100 0.0230
205 6 228,300 5.09 0.0784 0.0219} 0.0565 | 0.0550 0.0291 0.0467
208 26 4,500 6.69 0.1369 0.0672 0.0697 0.0553 0.0387 0.0395
209 25 6,300 4.33 0.1024 0.0633_ 0.0391 0.0739 0.0581 0.0457
210 25 4,200 5.14 0.0485 0.0292 | 0.0193 0.0428 0.0332 0.0270
211 12 251,900 6.73 0.1998 0.0637 0.1361 0.0664 0.0375 0.0548
214 25 16,900 4.07 0.144 0.0934 0.0510 | 0.0934 0.0751 0.0555
219 46 7,600 2.69 0.108 0.0773 ] 0,0316 0.1227 0.1034 0.0661
Cc-2 115 5,600 0.99 0.007 0.0017] 0.0061 | 0,0892 0.0416 0.0789
Cc-3 115 2,500 1.28 0.013 0.0109 | 0.0027 0.0911 0.0816 0.0406




The total RSDs above for the select group of autocorrelated data sets
may be compared with the total RSDs for all data sets (from Table 21):

Uncleaned Coals, 0.118
Cleaned Coals, 0.078

The results of the analysis of the select group of data sets are
then useful in estimating a generalized value for the long-term RSD.
This long-texm RSD, defined as a month-to-month component of variance,
is 0.052, which is the best estimate applicable to all of the coals
in the data base. No difference should exist for this long-term
camponent between uncleaned coals and cleaned ooals.

6.2 GENERALIZED ESTIMATES FOR COMPONENTS OF VARIANCE

In Section 2.3, experimentally based estimates were derived for
the actual sampling and analysis components of variability of lbs SO?/MM Btu:

(RSD) S&A for Uncleaned Coals = 0.045
(RSD) S&A for Cleaned Coals = 0.023

In Section 5.6 (Table 21), estimates were derived for the total
RSD (of each coal source about the mean for that source) for lbs SO,/MM Btu:

(RSD) Total, Each Source, for Uncleaned Coals = 0.118
(RSD) Total, Each Source, for Cleaned Coals = 0.078

In Section 6.1, an estimate was derived for the long-term campanent
of variability, applicable to all ooal data sets:

(RSD) Long-Term = 0.052

The determination, by difference, of the short-term component of varia-
bility is therefore possible:

(RSD) Short-Term for Uncleaned (oals
= (0.118)2 - (0.052)2 -~ (0.045) ] 1/2 = 0.096

(RSD) Short-Termm for Cleaned Coals
= (0.078)% - (0.052)2 - (0.023)2 l = 0.053
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The table below summarizes these estimates for the components of
variability: '

Uncleaned Cleaned
coals coals
RSD for long-term 0.052 0.052
RSD for short-temrm 0.096 0.053
fGD for s&A 0.045 0.023
(RSD) total for each source 0.118 0.078

It must be emphasized that these are generalized estimates, represent-
ing aggregated data sets. In no way may these values be utilized to
characterize any cne particular coal. Actual variabilities of individual
data sets, as evidenced by Tables 12 and 13, may be quite different
from the generalized values shown above.
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SECTION 7

EFFECT OF LOT SIZE UPON VARIABILITY

7.1 FRESULTS OF PREVIOUS STUDY

In a previous study of sulfur variability sponsored by EPA(I)

pointed out on both theoretical and empirical grounds that the sulfur
variability of small lots of coal should be greater than that of large lots.
A qualitative explanation was the application of the Central Limit Theorem
to the component of variance which corresponds to the averaging process.
However, the evidence in the present study (Section 5.4) for serial
correlation of coal sulfur variability data places doubt upon the validity
of applying the Central Limit Theorem to such data.

, it was

The empirical rationale in this previous study was based upon 12 data
sets for coals with less than one percent sulfur, where each data point
represented a unit train (approximately 10,000 tons). Despite averaging
across heterogeneous populations (different regions, both urwashed and
washed coals, etc.), the average RSD among data points (unit trains) within
each month was 0.143, while the average RSD from month-to-month (perhaps
16 unit “rains per month) was 0.059. This inverse relationship between
RSD and lot size was not, however, demonstrated with consistency in the
previous study.

7.2 BANALYSIS OF TOTAL VARIABILITY, ALL DATA SETS

The data of Tables 12 and 13 are plotted on Figure 5. Shown are the
relative standard deviation of percent sulfur as the ordinate, and the lot
size (on a logarithmic scale) as the abcissa. As observed, the data in
Figure 5 are highly scattered, but it may be argued that the general inverse
relationship (higher RSD's at lower lot sizes) does exist.
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Also shown (for reference) in Figure 5 is a curve developed in the

. 1
previous EPA study )

for a "hypothetical" oal. The origin of this curve
has both theoretical and empirical rationale, but the prior study pointed
out that a different curve would result for any specific coal deposit (data
set) or for different groups of data sets. The RSD data points (from the

database in this study) are generally lower than the hypothetical curve.
7.3 ANALYSIS OF SELECT DATA SETS

It is possible that an observed difference between a relative standard
deviation for data points within months, and a relative standard deviation
for month-to-month aggregated data, may be explained either by a lot size
difference (the month-to-month aggregated data would, of course, be
associated with large lots) or by the difference between the short-term
and the long-term components of variability.

The 16 select data sets of Table 22, where autocorrelation was
demonstrated, provide an opportunity for discerning lot-size effects from
long-term/short-term effects, because the long-term and short-term camponents
of variability were indeperdently estimated. Table 22 also lists the average
lot sizes for these select data sets. Figure 6 is a plot of the long-term
comporent of the relative standard deviation (for lbs SO,/MM' Btu) vs. lot
size. Except for the one data set (No. 119) with an average lot size of
640 tons, the long-term variability data of Figure 6 does not exhibit a
deperdence of RSD upon lot size.

Figure 7 is a plot of the short-tem (including sampling and analysis)
component of the RSD vs. lot size. Although these data are scattered to a
large extent, the inverse relationship is clearly observable. This result
is expected, since the short-term comporent of variability has been separated
from the compconent which is associated with autocorrelation effects. A
least-squares straight line (shown in Figure 7) through the data points of
Figqure 7 is:
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(RSD) Short-Tam = 0.150 - 0.0223 log;, (lot size, tons)

The correlation coefficient of this least-square line is 0.59. Hence,
34 percent of the total variance of short-term RSD values was accounted for
by the regression an (the log of) lot size. (onsidering that the 16 data
sets are from non-homogeneous populations - different coal regions,
seams, and mines, both unwashed and washed coals, and non-uniform sampling
and analytical procedures - the remaining variance is explainable.
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SECTION 8

QONCLUSICNS

The analysis of the collected data in this report supports the

following conclusions:

e In seven of eight ooal cleaning plants, for which matched pairs
of feed and product coal data were available, the ocoal cleaning
process resulted in significant changes in coal properties. The
mean total sulfur content was reduced by 14 to 45 percent, the
mean heating value was increased by 6 to 23 percent, and the mean
1bs SO,/MM Btu was reduced by 24 to 50 percent. The range of
effectiveness of physical ooal cleaning as a sulfur dioxide control
technology is demonstrated by these data from operating cammercial
preparation plants. These empirical data fall within the range of
calculated physical coal cleaning performance of hypothetical
plants. The ranges of both demonstrated and calculated effective-
ness are wide, reflecting the sensitivity of coal cleaning N
efficiency to the washability characteristics of specific cdals
and to the complexity of the plant design. These actual and
calculated data demonstrate that no valid "typical" effectiveness
can be quoted for physical coal cleaning technology.

e In each of the eight plants for which matched pairs of feed and
product data were available, both the absolute standard deviation
and the relative standard deviation for all three coal character-
istics were reduced by the coal preparation process. The reduc-
tions in both percent sulfur variability and lbs SO./MM Btu
variability averaged approximately 55 percent and ranged from 9
to 90 percent, while the heating value variability reduction
averaged appraximately 80 percent and ranged fram 51 to 94 percent.
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e Data from 20 sets of unwashed coal data and from 17 sets of washed

ooal data did not permit direct comparison of feed and product
pairs. A second statistical analysis, conducted to exploit the

entire available data base, compared the data sets of all
unwashed coals to the data sets of all washed coals. This indirect
approach is hampered because the two groups of data sets do not
form logically consistent or homogeneous populations sufficient
for rigorous statistical analysis. Because of these inherent
compatibility problems, the results of this second statistical
analysis should not be regarded as definitive as those of the
first analysis. Despite the limitations of the statistical
treatment, the comparison of variabilities of the two groups of
data sets surely suggest that the variability is reduced by the
ooal cleaning process. The reductions, from unwashed coals to
washed coals, range from 25 to 64 percent depending upcon how
variability is measured. These results are consistent with the
percent reductions in variability derived from the paired feed/
product data sets.

e Nine data sets (which accounted for 2,373 data points) were
examined in three ways: without transformation, with a logarithmic
transformation, and with a radical transformation. The distributions
of the untransformed and transformed data were tested for normality.
Six of the nine batches satisfied the chi-square test (for lbs
SO,/MM BTU) for nommality, with either the untransformed data or
the transformed data. The three batches failing the test failed
regardless of whether the data were transformed or not. These
results indicate the absence of sensible evidence for preferring any
one distribution over the others,

e Tests for autocarrelation of the data points within data sets gave
positive results in 16 of 48 data sets (at the 95 percent confidence
level) . There is little doubt, therefore, that much of these ooal
data are serially carrelated, verifying the expectations based upon
geology and engineering raticnale.
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® For each of 16 data sets which exhibited autocorrelation, the total
variance (of lbs SO,/MM Btu) was resolved into the lorng-term camponent,
associated with the serial correlation according to geostatistical
oconcepts, and the residual short-term (including sampling and
analysis) component. An estimate of a generalized long-term com-
ponent of relative standard deviation was 0.052, applicable to both

urwashed coals and washed coals.

® From previously published data representing actual commercial
practice, the camponent of relative standard deviation attributable
to ASTM coal sampling, sample preparation, and laboratory analysis
(in temms of 1lbs SO,/MM Btu) was 0.045 for urwashed coals and
0.023 for washed coals. These values are smaller than the 0.07 to
0.08 maximum pemitted by the ASTM protocols.

e Estimates of the components of variability are:

Uncleaned Cleaned
ooals ooals
RSD for long-term 0.052 0.052
RSD for short-term 0.096 0.053
RSD for S&A 0.045 0.023
(RSD) total for each source 0.118 0.078

It must be emphasized that these are generalized estimates,
representing aggregated data sets. In no way may these values be
utilized to characterize any one particular coal. Actual variabilities
of individual data sets may be quite different fram the generalized

values shown above.

e A prior study concluded that the relative standard deviation should
be inversely related to lot size. By removing the long-term com-
ponent of variability (which includes autocarrelation) from data
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in this study, an inverse relationship between the short-term
camponent of RSD and lot size was discerned. A least-squares
line had a correlation coefficient of 0.6, indicating a much

clearer inverse relationship than was previously demonstrated.
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APPENDIX A

LISTING OF THE DATA BASE



TABLE A-1. DATA SETS

Data Lot Total Data lot Total iata ot TJotal
Set. Size, sulfur, Btu lbs SO;| Set Size, Sulfur, Btu lbs SOz | Set Size, Sulfur, Btu s 50,
No. Tons % b i0°Btu | No.  Tons % ) To®°Bm | No.  Tons q b BIMTTEY
101 271,402 4.17 11,035 7.55 104 13,129 3.99 12,360 6.45 106 399,192 3.99 10,803 7.738
238,303 4.64 11,827 7.84 8,083 3.86 12,151 6.35 344,441 4,25 9,821 8.65
275,873 4,08 12,009 6.79 11,787 1.30 12,218 7.03 371,490 3.77 10,590 7.11
270,487 3.96 10,529 7.51 15,092 41.114 12,007 6.89 272,336 5.03 9,268 10.18
394,101 3.98 11,611 6.85 11,662 3.914 11,942 6.59 107 8,613 1.7 12,360 7.60 ﬂ
271, 355 4.13 10,914 7.56 16,837 4.07 11,912 6.83 8,495 4.9 12,240 8.00
102 143,854 4,72 12,447 7.58 13,618 4.13 12,021 6.86 3,629 5.1 12,600 5.09
134,799 4.07 12,385 5.57 7,604 4.43 11,890 7.14 7,786 5.3 12,280 8.02
118,004 3.99 12,019 6.63 5,825 4.16 12,128 6.85 3,384 5.1 12,440 8.19
106,709 3.96 11,664 6.78 12,055 4,46 12,126 7.35 4,613 4.6 12,340 7.45
104,390 5.05 12,154 8.30 12,828 4.10 12,124 6.76 4,693 4,7 12,380 7.59
88, 544 3.93 12,7238 6.17 11,982 3.95 12,210 6.46 5,382 5.5 11,900 9.23
103 4,120 N3 Ly .80 11,175 3.93 12,042 6.52 5,125 4.9 11,840 8.27
2,871 4,22 11,498 7.33 5,992 4.05 12,314 6.57 5,047 6.5 11,980 10.84
1,358 5.39 11,834 9.10 7,579 4.01 12,146 6.60 3,821 4.7 12,320 7.62
1,404 3.94 12,027 6.55 16,131 3.89 12,040 6.46 5,618 5.4 12,340 8.74
4,276 4.54 12,189 7.44 4,412 4.08 12,000 6.79 5,670 4.5 12,100 7.43
1,530 3.99 12,342 6.46 10,376 4.05 11,640 6.95 9,079 4.9 12,200 8.03
2,825 4,83 12,010 8.04 14,163 4.23 11,896 7.10 4,233 4.6 12,600 7.29
4,339 3.91 12,061 6.48 13,533 4.11 11,965 6.86 4,407 5.3 12,060 8.78
2,908 4.25 12,185 6.97 10,389 4.25 11,673 7.27 3,597 4.8 12,580 7.62
4,181 5.41 11,939 9.05 11,501 4.26 11,902 7.15 4,817 4.3 12,780 G.72
5,642 4.00 12,110 6.60 8,360 3.99 11,907 6.70 4,311 5.4 12,400 8.70
4,201 4.44 11,905 7.45 8,612 3.98 12,028 6.61 3,486 4.7 12,620 7.44
5,392 4.57 11,974 7.63 9,903 A,27 12,177 7.01 4,727 5.6 12,240 9. 14
1,245 3.40 12,088 5.62 105 10,974 5.14 11,766 8.73 3,734 5.5 12,100 9.08
1,465 4.99 11,707 8.52 11,111 5.88 11,119 10.57 3,350 4.7 12,640 7.43
1,421 4.49 11,338 7.91 11,237 4.53 12,055 7.51 5,272 5.0 12,460 8.02
1,409 4.13 11,558 7.14 11,009 4.36 12,169 7.16 3,614 5.4 11,900 9.07__w—-J
1,343 4,46 12,435 7.17 11,170 4.48 12,264 7.30
1,438 4,57 11,472 7.96 10,957 4.83 12,175 7.93
1,427 4,28 11,812 7.24 11,912 4.56 11,940 7.63
10,100 4.63 11,902 7.77 11,499 5.15 12,063 8.53
1,383 4.74 11,515 8.22 9,668 4.41 12,178 7.24
1,432 4.48 11,636 7.69 10,910 4.30 12,087 7.11
1,383 4,15 11,032 7.52 9,632 4.59 12,215 7.51
1,436 4,64 11,479 8.08 11,073 5.20 12,244 8.49
11,185 4.35 12,051 7.21
11,912 5.20 11,666 8.91
10,862 5.04 11,908 8.46
12,417 6.61 11,100 11.90
11,834 4.49 12,227 7.34
11, 313 4,20 12,253 6.85
11, 338 4,48 12,123 7.38
11,549 5.33 12,081 8. 82
11,911 5.71 11,472 9.95
11,488 4.70 11,866 7.91
11,304 .01 12,404 3.12
11,737 4.42 12,350 7.15




TABLE A-2. DATA SETS

pata Lot Total e SO Data Lot Total lata Lot Total s 50,

Set Sizc, Sulfur, Btu 2| set sSize, Sulfur, Btu Ibs $0, Set Size Sul fur 1 10" Bin

No. 'Tons % 1 10°Btu | No. Tons % I 10°BLu No. Tons 3 107t
108 6,852 4.29 11,744 7.30 |1l10 2,320 4.7 10,100 9.30 | 12 1,443 4,27 12,106  7.05
6,927 4.03 1,760 6.85 1,465 1.4 9,240  9.51 2,842 4.35 11,172 7.78
6,727 3.92 11,742 6.67 1,434 5.2 9,980 10.41 2,851 4.79 11,103 B.62
7,010 4.14 11,664 7.09 755 4.1 11,140 7.35 1,424 4.42 11,779 7.50
7,142 4.39 11,7714 7.45 978 4.8 10,440 9.19 2,890 4.24 11,397 71.43
7,083 4,23 11,898 7.10 1,155 4.6 10,360 8.87 2,829 4,34 11,953  7.25
7,058 3.86 11,852 6.5l 1,200 4.8 10,660 9.00 2,851 4.26 11,175 7.62
6,872 4.03 12,009 6.67 1,037 4.6 10,600 8.67 2,842 4,10 10,683 7.67
6,746 4.58 11,853 7.72 1,066 4.7 10,680 8.79 2,826 4.18 11,409 7.32
7,081 4.15 12,126 6.84 761 5.3 10,280 10.30 8,489 4.06 11,197 7.25
7,055 3.95 11,975 6.59 666 4.5 10,940 8,22 5,585 4.35 11,226 7.74
6,809 4.32 11,948 7.22 887 4.7 10,680 8.79 2,833 4.7% 10,717 8.86
7,017 4.01 12,032 6.66 2,043 5.0 10,540  9.48 2,803 4,33 11,145 7,76
6,780 4.29 11,643 71.36 858 3.9 10,240 7,61 5,750 4.10 11,482 7.13
6,900 3.91 11,981 6.57 866 4.9 10,280 9.52 2,869 4.34 11,350 7.6°
6,793 4.23 11,641 7.26 1,126 1.9 10,600 9.24 7,089 4.06 11,832 6.8
7,030 3.85 12,202 6.39 890 5.2 10,560 9.84 2,804 4,02 12,035 6.67
6,826 4.47 11,771 7.59 1,014 4.6 10,240 8.98 2,873 3.91 11,595 6.74
7,008 3.80 12,035 6.31 800 5.4 10,100 10.68 8,333 4.04 12,007 6.72
5,456 3.96 11,917  6.64 955 4.1 10,260 7.98 1,407 4.11 11,880 6.91
7,165 4.39 11,818 7.42 8al 4.2 10,060 8.34 2,800 3.85 11,760 6.54
6,743 4.33 12,029 7.19 1,170 5.0 10,140 9.85 5,744 4.63 11,033 8.39
6,672 4.04 11,978 6.74 970 5.6 10,120 11.06 4,250 4.18 11,792 1.08
6,608 4.15 12,262 6.76 726 4.8 10,100 9.50 5,647 4.20 11,443 7.33
6,351 4.66 11,803  7.89 751 6.0 10,500 11.42 4,260 4,05 11,935 6.78
109 8,807 4.9 11,800 8.30 | I11 6,227 5.0 11,620 B.60 1,426 3.87 12,109 6.39
9,135 5.7 11,780 9.67 10,570 4.5 11,300 7.96 | 113 299,805 4.87 10,304 9.44
8,233 4.8 12,080 7.94 7,484 a.7 12,000 7.83 3ny,584 5.16 10,707  9.63
4,709 5.2 11,320 9.18 9,403 4.2 11,580 7.25 318,967 5.05 10,956  9.21
8,171 4.5 10,240 8.78 5,247 4.5 11,440 7.86 280,974 5.44 10,741 10.12
7,976 5.4 11,700 9.22 9,885 4.4 11,820 7.44 303,269 4.98 10,417  9.55
4,004 6.2 11,800 10.50 5,692 5.1 11,060 9.21 244,479 5.20 10,765 9.65
7,256 5.2 11,920 8.72 3,068 4.8 11,423 8.40 [114 - 3.98 1,013 7.16
4,499 5.0 11,220 8.90 9,477 5.0 11,600 8,61 - 4.27 10,780  7.91
10, 350 5.3 11,820 8.96 3,133 4.4 11,640 7.55 - 4.74 10,929  8.G7
2,932 4.8 11,620 8.25 8,877 4.6 11,680 7.87 ~ 4.72 10,991 8.58
10,317 6.0 11,560 10.37 9,600 5.4 11,340 9.51 - 4.10 10,940 7.49
6,575 4.8 12,060 7.95 7,969 4.2 11,640 7.21 - 4.45 10,499 /.47
9,193 4.7 11,740 8.00 7,782 4.6 11,620 7.91 - 4.87 L0, 304 9.44
16,731 5.0 11,640 8.58 7,452 4.1 11,760  6.97 - 5.16 10,707  9.063
1,095 5.9 11,720 10.06 6,101 4.9 11,740 8.34 - 5.05 10,956  9.21
9,041 4.9 11,420 8.57 3,426 4.4 11,320 7.77 - 5.44 10,741 10.12
5,253 5.9 11,100 10.62 5,454 4.6 11,780  7.80 - 4.98 10,117 9.55
3,555 5.5 10,600 10.37 5,919 4.3 11,920 7.21 - 5.20 10,765  9.65
4,912 4.5 11,260 7.99 14,585 4.8 11,800 8.13 |15 212,173 4,07 11,054 7.36
6,166 5.2 11,200 9.28 4,824 5.1 11,760  8.67 196,633 3.73 11,665  6.39
5,365 5.3 11,960 8.85 5,843 4.7 11,680 8.04 222,090 3.94 11,17 7.1
5,615 4.8 11,967 8.02 3,537 5.2 11,580  8.97 203,919 4.46 10,742 8,30
10,129 5.6 10,840 10.32 3,674 4,2 11,740 7.15 262,582 3.96 10,83 7.30
5,406 5.1 11,740 8.68 3,122 4.9 11, 380 8.60 226,344 3.45 10,929 6.31




TABLE A-3. DATA SETS

Data Lot ‘Total Data Lot Total mata lot Total
Set  Size, Sulfur, Btu 1lbs 50, | Set Size, Sulfur, Btu  1bs SOl . ¢  gize Sulfur, Btu Ibs S0,
No. Tons 2 ib 10%3tu No. Tons % b 10°Bta NO. 'I‘ons' % ! TR, T
116 2,108 2.15 11,562 3.72 117 1,500 3.09 11,445 5.40 ’ 118 - 1.20 10,834 2.21

2,280 2.21 11,192 3.95 1,526 3.01 11,191 5.38 } - 0.92 10,377 1.7
1,088 2,15 1,181 3.8 1,576 3.14 10,889 5.77° - 0.82 9,771 1.68
5,554 1.97 11,161 3.53 1,895 3.42 10,976 6.23 - 0.61 9,182 1.33
6,213 2.11 11,356 3.72 2,009 2.83 13,200 . 5.05 - 1.10 9,752 .25
6,357 2.05 11,171 3.67 2,235 3.38 11,345 5.96 119 - 2.80 13,485 4. 15
6,394 2.09 11,030 3.79 2,273 3.06 11,034 5.55 - 2.24 12,879 3.48
6,494 2.26 10,951 4.13 2,401 2,97 11,162 5.32 - 1.84 12,102 3.04
6,762 2.15 10,859 3.96 2,478 2.92 11,574 5.05 - 1.46 12,657 2.30
6,952 2.00 11,329 3.53 2,501 3.07 11,132 5.52 - 1.38 13,629 2.02
7,143 1.79 11,538 3.10 2,506 3.53 10,398 6.7 120 11,269 0.90 11,287 1.59
7,344 1.94 11,607 3.34, 2,754 2.82 10,849 5.20 10,160 1.20 11,489 2.09
7,350 1.64 11,253 2.91 2,770 3.09 11,137 5.55 10,137 1.51 11,006 2.74
7,354 2.36 11,247 4,20 2,808 3.11 11,206 6.09 10,380 1.74 11,126 3.12
7,465 2.07 11,432 3.62 2,813 3.04 11,106 5.47 10,285 1.98 11,053 3.58
7,634 2.03 11,565 3.51 2,828 3.10 11,420 5.43 10,437 1.76 10,987 3.20
7,645 1.96 11,467 3.42 2,936 3.16 11,149 5.67 10,769 2.34 11,300 4.1
7,649 2.07 11,523 3.59 3,072 2.95 10,972 5.38 10,284 1.29 11,592 2.22
7.672 1.88 11,466 3.28 3,171 2,64 11,105 4.75 10,254 1.08 11,594 1.86
7,674 1.93 11,732 3.29 3,310 2.91 11,308 5.15 10,112 1.89 11,370 3.32
7,702 2.18 12,833 3.40 3,384 3.02 11,312 5.34 10,202 1.22 11,386 2.14
7,704 1.82 11,328 3.21 3,406 3.00 11,375 5.27 10,177 1.41 11,407 2.47
7,741 2.01 11,540 3.48 3,422 3.01 11,4190 5.24 10,704 0.9¢ 11,629 1.68
7,851 2.25 11,326 3.97 3,450 3,00 10,118 5.9} 10,480 1.62 11,585 2.79
7,914 2,11 11,589 3.64 3,518 2.87 10,898 5.27 9,627 1.95  11,4:2  3.19
7,974 1.82 11,769 3.09 3,542 3.52 11,259 6.25 9,065 1.18 11,657 2.02
7,981 2.01 11,317 3.55 3,635 2.89 11,274 5.13 9,145 1.38 11,345 2.43
8,053 2.93 10,833 5.41 3,732 2.67 11,257 4.74 10,016 0.98 11,663 1.68
8,119 1.89 11,616 3.25 3,800 3.36 11,000 6.11 10,526 1.39 11,709 2.7
8,169 1.76 11,708 3.01 3,800 3.24 10,656 6.08 10,292 1.78 11,120 3.20
8,176 2.1t 11,272 3.74 3,891 3.51 11,182 6.28 10,463 1.16 11,581 2.00
4,310 2.27 11,279 4,03 3,953 2.86 10,938 5.23 10,297 1.52 11,548 2.63
8,413 2.10 11,609 3.62 4,007 2,72 11,199 4.86 10,143 0.83 11,848  1.40
8,488 1.93 11,321 3.41 4,016 2.94 10,903 5.39 10,740 1.92 1,019 3.48
8,584 1,91 11,692 3.27 4,084 3.60 10,976 6.56 10,471 2.33 11, 150 4.18
8,627 1.99 11,386 3.50 4,374 3.25 11,106 5.85 -
8,766 1.97 11,481 3.43 4,432 3.01 11,011, 5,47

8,896 1.98 11,329 3.50 4,742 2.75 11,055 4.98

8,942 2.05 11,117 3.69 4,770 3.12 11,098 5.62

9,134 0.81 11,782 1.37 4,801 3.31 11,268 5.88

9,310 1.89 11,757 3.22 4,998 3.39 11,081 6.12

9,824 1.55 11,643 2.66 5,126 2.99 11,078 5.40

9,923 1.82 11,615 3.13 5,414 3.27 10,908 6.00

10,782 1.82 11,493 3.17 5,590 - 3.29 11,013 5.97




TABLE A-4. DATA SETS

Data Iot Total
Set Size, Sulfur, Btu 1lbs SO,
No. Tons $ Ib 10°Btu

121 18,889 3.79 12,364
30,903 3.74 12,507
17,362 3.94 12,629
13,442 3.99 12,740
23,145 3.88 12,831
10,574 3.66 12,974
18,169 3.71 12,978
10,921 3.78 12,545

6,004 3.69 12,727
16,925 3.74 12,610
29,162 3,90 12,630
24,219 3.40 12,400
14,619 3.69 12,477

5,777 3.34 12,330
14,691 3.69 12,477
20,468 3,59 12,435

6,007 3.80 12,247
22,728 3.72 12,273
31,152 3.76 12,616
17,662 4,01 12,597

8,100 4.15 12,692

7,998 3.85 13,092
22,065 3.72 12,510
18,100 4.07 12,314
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TABLE A-5. DATA SETS

mita 1ot Total Data Tot ‘Total Data lot ‘otal ..
Set Size, Sulfur, DBtu 1bs SO» Set Size, Sulfur, By lbs & Set Size, Sulfur, Bty ll_’_f,_"_(l;k
No. Tons % 1. I6°Btu No.  Tons 3 TIh Tovq to. ‘ions 2 107 np
201 203,873 3.21 13,052  4.9] 204 18,498 .32 13,075 5.07 o6 2,912 3.99 11,937 G.GH
179,374 3.23 13,063 4,94 19,656 3.38 13,159 5.13 5,721 3.79 12,044 6. 29
209, 280 3.24 13,030 4,97 22,867 3.32 12,996  5.10 5,694 4.05 12,074 6.70
201,994 3.14 12,927 4.85 17,399 3.54 12,944 5.46 5,696 3.91 12,107 6.45
293,460 3.13 12,977 4,82 26,023 3.30 12,930 5.10 5,554 3.57 12,239 5.813
198,878 3.18 12,956 4.90 24,458 3.45 12,898 5.34 1,378 4.27 11,552 7.1
202 6,810 3.20 13,026 4.91 21,620 3.39 12,924 5.24 4,285 3.67 12,218 6.00
6,518 3.22 13,062 4.93 4,177 3.26 13,133 4.96 2,800 3.42 12,037  5.68
5,582 3.39 13,071  5.18 12,558 3.35 13,665 5.12 2,868 3.84 12,022 6.38
6,683 2.89 13,145 4.39 18,030 3.51 12,894 5.44 2,838 3.80 12,197  6.12
6,404 3.30 13,051  5.05 23,770 3.29 12,891 5.10 1,434 3.77 11,963 6.0
6,013 3.16 13,118 4.8} 8,209 3.25 13,001 4.99 1,374 3.87 11,527 6.71
6,120 3.15 13,052 4.82 24,577 3.24 13,026 4.97 2,851 3.99 11,937 6.68
6,841 3.19 13,095 4.87 15,878 3.42 12,901 5.30 2,925 4.32 12,403 6,96
6,761 3.34 13,015 5.13 9,006 3.18 13,107 4.85 8,734 3.70 12,309 G.0L
6,556 3.11 13,084 4.75 30,906 3.29 12,989 5.06 2,787 3.69 12,103 6.09
6,517 2,95 13,044 4.52 26,560 3.2 12,969 4.95 2,860 3.72 12,078 6.15
6,129 3.02 12,883 4.68 12,407 3.32 12,935 5.13 2,834 3.9 12,171 6.50
6,774 3.30 12,927 5.10 17,816 3.67 12,919 5.68 1,460 3.78 11,979 6.3
6,418 3,12 12,959  4.81 21,954 3.41 12,930 5.27 1,428 3.7 12,042 616
5,993 3.38 12,978 .20 : 10,340 3.55 13,057 5.43 4,263 3.89 11,949 6.5)
6,459 3.30 12,899 5,11 26,005 3.24 12,980 4.99 9,959 3.89 12,226 6.3
6,687 3.27 12,947 5.0% 13,840 3.34 12,954 5.15 5,703 3. 76 12,05). n.23
6,575 2,89 13,039 4.43 13,059 3.49 12,924 5.40 4,720 4.05 12,017 6.73 |
6,607  3.10 12,944 4,79 10,960 3.30 13,001 5.17 1207 237,056 .40 12,297 7015
6,762 3.28 12,936 5,07 205 124,662 3.31. 732,552 5.77 244,514 4.34 12,278 7.06
6,714 3.04 12,956 4.69 116,017 3.39 12,495 5.42 251,592 4.44 12,370 7.17
6,271 3.24 12,887 5.02 101,978 3.29 12,633 5.20 226,517 4.46 12,320 7.23
6,259 3,38 12,924 5,23 91,848 3.20 12,689 5.04 242,190 4.42 12,267 7.20
6,407 2.97 13,047 4,55 90, 102 3.15 12,692 4.96 197,683 4.29 12,292 6.97
203 124,662 3.40 13,021 5,22 75,501 2.97 12,832 4.62 |
116,037 3.40 12,887 5,27
101,978 3.36 12,995 5,17
91,848 3.30 12,993 5.07
90, 102 3.35 12,954 5,17
75,501 3.38 12,988 5,20




TABLE A-6. DATA SETS

Data ot ‘lotal ata Lot Total Data Lot Tvtal
Set Size, Sulfur, ptu 1lbs SO, | Set Size, Sulfur, ptu 1lbs 50, | Set Size, Sulfur, gyeu s 50,
Mo, ‘Tons % Tib I6*bm | do. Tons 3 ML 10" Bty | Mo.  fons % b 109
208 2,806 4.29 12,215 7.02 |209 7,150 2.45 12,938 3,78 | 211 150,234 3.64 12,073 6,02
2,626 4.20 12,171  6.90 6,230 2.79 12,844  4.34 315,719 3.93 12,073  6.50
1,023 4,15 12,115 6.84 6,023 2.56 12,902 3.9 295,914 3.83 12,01l 6.37
4,201 4.13 12,300 6.71 5,444 2,76 12,873  4.28 320,532 3.94 12,047 6.5)
6,870 3.96 12,162  6.51 5,972 2.69 12,880 4.17 294,042 3.83 12,059  6.3%
8,361 4.04 12,085 6.68 6,255 2.46 12,712 3.87 246,346 3.71 12,032 6.46
5,463 1.03 12,099 6.66 5,906 2.68 12,715 4,21 237,056 4.40 12,297  7.15
2,790 4.31 11,934 7.22 6,556 2.84 13,119  4.33 244,514 4.34 12,278 7.06
7,983 4.08 12,134 6.72 5,720 2.54 12,471 4,07 251,592 4.44 12,370 7.18
5,652 4.04 11,805 6.84 5,817 2.96 12,652  4.67 226,517 4.46 12,320  7.23
6,837 4.12 12,284 6.70 5,964 2.76 12,802 4,31 242,190 4.42 12,267  7.20
4,060 4.10 12,001 6.83 6,597 2.84 12,895 4.0 197,683 4.29 12,292  6.97
2,621 4.00 12,105 6.60 6,260 2.73 12,851 4,24 {212 170,413 3.037 12,394 4.8%
5,598 4.08 12,192 6.69 6,099 3.0 12,754 4.76 152,329 2.86 12,464 4.58
7,015 3.87 12,109 6.39 5,974 3.27 12,742 5,13 178,680 3.06 12,162  4.9]
1,398 3.99 12,232  6.52 8,067 2,95 12,439 4.74 159,949 3.05 12,443  4.90
7,961 4.15 12,279 6.75 7,498 2.81 12,674 4.43 208,650 3.06 12,465 4.9
2,847 4.09 12,271 6.66 6,570 2.96 12,752 4,64 179,994 2.09 12,428 4.8l
5,231 4,24 12,421  6.82 6,196 2,97 12,631 4.70 213 9,829 2.87 12,459 4,60
1,353 4.20 11,991  7.00 6,224 2.67 12,707 4.20 10,558 3.27 12,439  5.2%
9,864 3.83 12,016 6.37 5,972 2,75 12,376 4.44 10,402 3.02 12,425  4.86
2,844 3.98 11,896 6.69 6,258 2.68 12,596 4,25 10,072 2.89 12,536 4.61
2,798 4.25 11,671 7.28 6,143 2.69 12,808 4,20 9,731 2.84 12,478 4.55
5,675 4.28 12,074 7.08 5,881 2.45 12,981 3,77 10,521 3.01 12,503 4.8}
1,426 3.55 11,831 6.00 6,252 2,84 12,849 4,42 10,292 2.96 12,390 4.77
1,395 3.44 12,622 5,45 210 4,174 3.12° 12,997  4.80 10,565 2.66 12,539 4.24
4,269 3.35 13,011 5.14 10,467 3.0L 0 12,467 4.82
4,356 3.20 13,131  4.87 9,990 2.99 12,453  4.80
4,219 3.20 13,094 4.88 10,002 2.79 12,588  4.43
4,464 3.45 12,835 5,37 10,610 3.12 12,392 5.03
4,402 3.12 12,980 4,82 10,508 3.05  12,M2 A
4,444 3.36 13,020 5,16 10,336 3.15 12,354 5,00
4,387 3.29 13,035 5,04 10,000 2.88 12,430 4,63
4,383 3.5 13,011 5,39 10,532 3.20 12,365 5.17
4,367 3.51 13,063 5.37 10,534 3.09 12,281 5.01
4,593 3.65 12,968 5.62 9,842 3,10 12,430 4,98
1,129 3.05 13,157  4.63 10,069 3.02 12,365 4.08
4,018 3.44 13,034  5.27 | 10,447 3.02 12,310 488
2,755 3.35 13,070 5,12 | 9,799 2.85 12,443 4.57
4,147 3.34 12,970 s5.15 | 10,205 2,96 12,495 4.7}
4,139 3.43 13,061 5.25 10,078 2.76 12,474 A.42
4,291 3.28 13,187 4,97 | 10,686 2,83 12,438 4.55
4,395 3.35 13,059 5.16 )
4,290 3.29 12,982 5,06
4,345 3.34 12,821 5,20
4,109 3.42 12,934 5.28
4,205 3.32 12,934 5.13
4,351 3.35 12,800 5,23
1,280 3.43 12,895 5.3
4,37% 3.41 17,779 5.33




TABLE A-7. DATA SETS

Dat(z 5['Dt L.'lrlaénl s 1]’ o Data Lot btal hata Lot 'I\)lrn]. Ihs 50
Set  size, Sulfur, Btu s S0, - Si- 5 - Bty 1bs SO et Size, Sulfur, npy Ibs t02
N>.  Tons 2 1, To°Btu fgl. i;:sz, bul§u1 ! _]Lb' _f_]_(i YO ﬁo Tns % i 0B
214 13,115 2.87 12,932 4.43 | 216 900 4,28 12,652 6.76 218 29,086 2,90 12,2%0 4.73
14,897 2.20 12,716 3.46 5,700 3.38 12,549 5.38 31,875 2.43 12,200  3.98
15,428 2.40 12,757  3.76 9,667 3.80 12,509 6.07 45,584 2.54 12,060 4,21
24,217 2.56 12,660 4.04 2,866 4.08 12,380 6.59 54,055 2.62 12,171 4.3%0
9,580 2.22 12,723 3.49 3,825 3.49 12,611 5.53 65,572 2.55 12,086 4.22
18,826 2.77 12,801 4.32 1,875 3.76 12,738 5.90 51,656 2.58 12,078 4,27
28,960 2.77 12,702 4.36 5,925 3.69 12,688 5.81 65,654 2.65 12,120 4.37
17,473 2.82 12,638  4.46 5,400 3.7% 12,599 5.95 54,053 2.56 12,146 4.2l
11,551 2.80 12,683 4.41 5,775 3.68 12,766 5.76 63,352 2.58 12,169  4.24
32,901 2.82 12,714 4.43 6,450 3.90 12,782 6.10 54,144 2.60 12,138  4.38
15,247 2.25 12,781 3.52 7,650 3.84 12,735 6.02 11,839 2.56 12,192 4.20
15,815 2.24 12,568 3.56 5,625 4.00 12,803 6.24 8,861 2,72 12,409  4.38
19,800 2.47 12,638 3,91 5,925 3.72 12,415 5.99 55,367 2,54 12,376 4.10
24,806 2.83 12,733 4.44 3,450 3.95 12,395 6.37 48,727 2.70 12,301 4.19
10,042 2.78 12,598 4.4 6,450 3.5 12,652 6.08 61,182 2.53 12,397 4.08
7,169 2.78 12,554 4.42 4,575 3.67 12,707 5.77 44,064 2.69 12,308 4,17
13,873 2.78 12,751 4.36 4,575 3.86 12,693 6.08 49,681 2.57 12,453 4,12
8,512 2.34 12,636 3.70 6,450 4.01 12,665 6.33 55,536 2.63 12,403  4.24
4,312 2.24 12,569 3.56 5,850 3.62 12,543 5.77 47,273 2.69 12,359 4.15
17,981 2.28 12,625 3.6l 6,600 3.51 12,662 5.54 73,512 2.55 12,324 4.13
28,434 2.58 12,565 4.1n 5,100 3.49 12,513 5.57 78,538 2.39 12,374 3.86
25,009 2.77 12,541 4.41 5,100 3.63 12,636 5.7 53,775 2.44 12,362 3.7
15,132 2.51 12,653 3.96 4,800 3.71 12,569 5.90 41,351 2.41 12,267  3.93
15,248 2.74 12,722 4.30 8,475 3.53 12,778 5.52 43,733 2.42 12,228 3,95
10,906 2.79 12,580 4.43 5,925 3.57 12,538 5.09 79,239 2.85 12,16 4.69
215 2,570 3.13 12,917 4.84 | 217 2,221 3.34 12,650 5.28 )
589 3.84 12,731  6.03 5,759 2.31 12,461 3.75
2,373 3.54 12,906 5.48 5,712 2.99% 12,373 4.83
4,079 3.23 12,862 5.02 2,025 2.91 12,336 4.7
1,587 3.44 12,724  5.40 1,664 3.18 12,142 5.23
2,277 3.60 12,776 5.63 4,003 2.97 12,473 4.76
868 3.57 12,792 5.58 3,873 2.36 12,603 3.74
2,405 3.65 12,853  5.67 4,342 2.55% 12,667 4.02
2,729 3.42 12,536 5.4% 5,800 2.75 12,484 4,40
1,522 3.53 12,576 5.61 4,466 2.86 12,606 4.53
2,576 3.40 12,573  S.40 5,455 2.5 12,729 4,00
481 3.49 12,825 5.44 2,820 2,66 12,700 a.19
2,576 3.42 12,897 5.30 2,207 3.16 12,923 4.488
4,962 3.36 12,839  5.723 1,294 2.97 12,741 4.66
1,547 3.33 12,925  5.17 5,213 3.27 12,567 5.20
1,303 3.50 12,413 5.63 5,835 2.67 12,706 4.20
2,055 3.18 12,762 4.98 7,504 3.30 12,627 5.22
1,566 3.65 12,694 5.75 4,859 2.7 12,183 4.87
1,984 3.65 12,738 5.73 7,132 1.14 12,584 4,99
615 3.41 12,620 5.40 4,344 3.00 12,593 4.76
4,996 3.39 12,474 5.43 4,483 - 3.26 12,314 5.29
2,350 3.39 12,635  5.36 6,033 2.8 12,441 4.5
1,374 3.55 12,719  5.58 5,674 2.9 12,058 4.89
1,472 3.54 12,906 5.48 6,614 2.90 12,440 4.60
2,733 3.52 12,757  5.51 6,420 3.01 12,353 1.87




TABLE A-8. DATA SETS

Data Lot Total Data Lot Total
Set Size, Sulfur, Bty ibs SO, Set Size, Sulfur,
No. Tons 3 15 10°Btu Yo. Tons 3
219 45 1.57 12,818 2.45 220 5,760 3.79
1,737 1.44 12,641 2.28 3,120 3,31
1,916 1.75 13,040 2.68 3,920 1,16
3,102 1.92 11,518 3,33 3,920 1.95
3,161 1.39 11,745 2.71 6,400 .94
3,373 1.88 12,419 3.03 2,320 4.h6
4,471 1.48 12,5824 2.34 221 1,050 4.35
4,473 1.36 12,196 2.23 4,720 4.80 7.63
. 4,673 1.31 12,860 2.81 4,560 4,57 7.06
5,240 1.44 12,726 2.26 6,380 4,45 7.11
5,508 1.57 12,3918 2.43 4,240 4,97 7.85
3,6l6 1.38 12,065 2.62 4,320 4.14 6.32
5,331 1.63 12,528 2.50 4,640 3.97 6.15
6,292 1.60 12,233 2.62 5,360 4.48 6,87
6,807 1.64 12,178 2.469 7,200 4,72 7.40
6,982 1.63 12,439 2.62 4,560 4.37 6.92
7,016 1.45 12,909 2,25 3,791 4.46 7.00
7,165 .73 12,446 2.78 4,260 s.14 8.01
7,467 1.5, 12,3239 2.40 9,108 4.14 6.40
7,317 1.55 12,211 2.70 2,874 3.78 5.85
7,638 1.44 12,972 2.22 3,340 1,73 7.51
7,749 1.49 12,441 2.40 8,240 3.85 6.13
3,109 1.38 12,686 2.49 6,300 4.01 6.21
3,173 1.85 12,316  3.00 8,889 5.31 8.35
8,473 1.77 12,661 2.80 222 2,700 1.43 2,03
3,386 1.45 12,5355 2.31 2,700 1.31 1.81
2,602 1.93 12,340 3.13 2,700 1.39 1.25
3,611 1.72 12,109 2.84 2,700 1.n4 1.47
3,733 1.38 12,235 2.26 2,700 1.10 1.50
3,862 1.43 11,783 2.46 223 €40 1.11 1.52
9,030 1.50 12,003 2.50 640 1.20 1.68
9,045 1.74 10,977 3.17 640 1,22 1.72
9,131 1.64 12,262 2.67 640 0.82 1.14
9,177 1.54 12,643 2.44 540 0.99 1.37
9,914 1.70 12,686 2.68
9,961 1.57 12,675 2.48
9,084 .47 12,577 2,34
9,989 1.90 12,315 3.09
10,040 1.70 12,706 2.68
10,198 1.80 12,132 2.96
10,206 2.01 12,400 3.24
12,444 2,05 12,010 3.41
11,179 2,01 12,204 3.29
11,283 1.31 11,327 3.06
12,100 . 11,012 2.02
13,91 1.62 11,432 2.32




APPENDIX B

DETATIED CHI-SQUARE ANALYSIS

2
(Ni - Ei)

i

Cbserved frequency in group i

Theoretical (nomal distribution) frequency in group i
Number of Groups

Degrees of freedam = r-3, when both ¥ and S
are estimated fram the data. Y



-t

Table B.1.

DATA SET C-8, 275 DATA POINTS .

Observad Frequency, N,

Y-Y Group Theoretical

Sy i Frequency, e; | Y1 log Yi LY, log Y, X, Yy log ¥y A,
- 1 11.0275 12 15 12 5 15 15 5 6 6
L, 7.3425 7 s 8 15 15 15 3 5 a
“1.50 5 10.6700 0 9 19 18 18 1 u 10
RRT N Y 14.6025 n TR 19 19 9 17 19
-1.00 | 4 18.6725 1 115 14 15 2% 25 2
0751 ¢ 22,5225 23 23 23 10 1 10 30 28 28
—0.50 1 5 25.5200 33 21 21 1 1 1 34 B 34
—0.25 | ¢ 27.1425 27 3 39 2 27 23 23
0.00 9 27.1425 28 24 24 5 6 6 18 22 2
0.25 | 10 25.5200 37 3 37 38 35 38 24 26 24
=50 gy 22.5200 27 27 27 54 61 56 20 18 0
0.75 1 12 18.6725 14 14 14 67 0 70 13 14 12
1.00 1 45 14.6025 1 1l 115 8 10 12 14 14
L.25 1y 10.6700 15 20 20 0 0 10 10 10
1.50 1 4q 7.3425 10 5 5 0 0 9 9 9
L7 |6 11.0275 33 3 0 0 414 14




Table B.2.

DATA SET U-11 , 250 IDATA DOINIS,

_ Observed Frequency, Ni
Y-¥ | Group Theoretical —_
8y i Frequency, e, | 1 log Y, NTOY: log Y, A, Y; log Ys Y,
- 1 10.025 20 2 20 2 3 3 21 21 21
-l 6.675 5 3 2 3
-1.50) 4 9.700 9 7 1 1 6 6
-2y 13.275 10 7 17 1717 9 8
-L.00f 15.975 n o9 13 1 a4 13 12 14
.75 ¢ 20.475 17 17 16 25 25 25 U 12 12
—0.501 4 23.200 24 20 21 32 31 31 2 18 24
“0.251 g 24.675 18 24 21 75 26 26 2 20
0.00 | 4 24.675 17 19 19 24 24 24 25 33 27
0.25 | 19 23.200 29 30 29 15 1415 28 28 27
0.50 | 4 20.475 23 2 23 16 16 16 18 2 20
0.75 | 1o 16.975 % 32 28 14 15 14 2 39 30
1.00 1 44 13.275 27 22 277 6 27 20 28
L2510 g 9.700 8 8 6 7 4 7 a
1.50 1 15 6.675 6 2 2 6 3
L5 | e 10.025 0 119 1 19 0 0
4+




Table B.3. DNIA SET C-3, 115 DNTA POINTS.
Ohserved Frequency, Ni

Y-¥ Group Theoretical

Sy i Frequency, e, | Y1 log Wi Ny Y, log Y, Y, Yy loy Yy Y3
- 1 12.1440 1n 8 9 9
-1.27 2 6.1065 3 6
-1.00 3 7.8085 10 10 10 4 n 12 n
0751y 9.4185 12 12 12 12 10 1 n o9 10
~0.50 5 10.6720 10 10 10 16 17 16 9 10 9
0.251 ¢ 11.3505 14 14 17 9 8 10 10 11
0.00 7 11.3505 12 7 12 11 1 11 14 13 14
0.25 8 10.6720 9 12 15 6 15 11 13 11
0.50 9 9.4185 17 5 12 13 14 11 u 1
0.75 10 7.8085 15 10 11 11 9 1 u 11
1.00 | 4, 6.1065 8 5 a 4 a 4
1.25 1y, 12.1440 u 7 n 7 8 8 8

+
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