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SUMMARY

Coal analysis data and limited continuous monitoring
data were obtained from various electric utilities, coal
companies, Government agencies, and other organizations.
These data were documented, edited, and placed into data-
bases for the analysis of coal sulfur variability. Statis-
tical programs were used to analyze coal analyses as well as
continuous monitoring data to assist EPA in its assessment
of the impacts of coal characteristics on compliance strate-

gies and emissions regulations.

Although the data gathered and analyzed in this study
appear to be the best currently available, it should be
noted that the data have certain limitations for use in
statistical analysis. 1In particular, the coal data were not
the result of controlled experiments, but rather historical
data, generally used for establishing coal prices and moni-
toring overall coal quality. In most instances the sources
of data reported whether ASTM sampling and analysis pro-
cedures were used. However, it could not be ascertained how
rigorously ASTM procedures were followed. Finally, it was
not possible to isolate the effects of factors such as mining
techniques and coal handling operations.

Coal analysis data, on a raw and washed basis, were
analyzed by individual mine, composite coal seams, and USBM
Producing Districts. Variables analyzed included volume
(tons), heat content (Btu/lb), sulfur content (weight per-
cent) and pounds of sulfur per million Btu (lbs S/MMBtu).

The sample statistics from these analyses failed to identify
any consistent, predictable relationships which would explain
coal sulfur variabilities. This study concluded that com-
posite coal seam or Producing District data cannot be used
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to accurately predict sulfur variabilities for individual
mines.

The statistical analyses conducted in this study were
based on a simple model assuming independ ariance. More
sophisticated autocorrelative models were not investigated.
However, given the limitations of available data, it is
questionable whether such models would yield better results.
Visual examination of the time plots used in this study sug-
gests that the data sets contain little, if any, autocorrela-
tion. Nevertheless, these preliminary findings should not

preclude the investigation of autocorrelative models in
future studies.

Results of a simulation study, which assumed independ-
ence, indicated that theoretically coal sulfur variability
should decrease with increasing lot-sizes. However, in con-
trast to the theoretical results and some previous studies,
the coal data analyzed by sorting the data sets by lot-size
groupings and comparing the variabilities between lot-sizes
failed to provide strong support for an inverse relationship
at any level of aggregation. These results may be due, in
part, to the lack of statistical control.

Various regression analyses performed by mine, seam,
and Producing District failed to provide any good explana-
tory variables for coal sulfur variability. The results of
these analyses tend to support the hypothesis that the pri-
mary factors affecting coal sulfur distributions are geologic
factors, mining techniques, and coal handling procedures,

while chemical and physical properties of coal are secondary
factors.
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Comparisons of the observed frequency distributions to
the normal, lognormal, and inverted gamma distributions
indicated that coal heat contents are best approximated by
the normal distribution, while sulfur contents and lbs
S/MMBtu are best represented by the inverted gamma which
appears to be slightly superior to the lognormal distribu-

tion.

Analysis of the limited continuous monitoring data
indicated that significant reductions in the relative varia-
bility of emissions can be achieved by increasing the averag-
ing time interval from one-hour, to three-hours, to 24-
hours, to 30-days. These findings support the theoretical,
inverse relationship between coal sulfur variability and
lot-size, since increasing the averaging interval is equiva-
lent to increasing the lot-size of coal burned. However, it
should be noted that the reductions in relative variability
were less than would be expected based on statistical

independence.

The analysis of continuous monitoring data also indi-
cated that, while flue gas desulfurization (FGD) units reduce
the mean level of emissions, the relative variabilities of
FGD outlet SO5 concentrations are substantially greater than
the FGD inlet SO, concentrations.

The various analyses of coal sulfur variability identi-
fied no reliable method for coal suppliers or consumers to
predict variability, which is often critical for compliance
with the existing sulfur emission-limiting regqulations.

Coal sulfur variability is especially critical in the case
of small coal-fired boilers and regulations which stipulate
short averaging periods. This suggests that the language of
many current regulations is not consistent with the state of
knowledge concerning coal sulfur variability.
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Included in this report are the results of related
studies which examine the theoretical impacts of measurement
error, choice of frequency distfibution, and emission regula-
tions which require a very low probability of excess emis-
sions. 1Included in the Appendices of this report are sum-
maries of the sample statistics at various levels of aggre-
gation, sample output of the analytical programs, and

expanded discussions of several topics examined in the
report.

Within the overall objective of understanding the prob-
lem of coal sulfur variability and how coal producers, coal
consumers, and pollution control agencies can cope with this
problem, this study failed to provide simple explanations or
solutions. 1Instead, the results illustrated the complexi-

ties of the problems and indicated the need for additional
studies.

The data base and analyses in this report are not viewed
as exhaustive, but rather serve to establish a base from
which further studies can build in order to provide the
inputs necessary to understand the consequences of sulfur
variability vis—a-vis current sulfur dioxide emission regula-
tions. Ideally, future studies will develop explanatory
relationships which can be used in a comprehensive model to
assess the impact on air quality, given the parameters for
coal characteristics, mining and handling methods, combus-
tion and control equipment, meteorological data, and other
variables. Alternatively., these studies may provide data to
develop new regulations which would mitigate the impact of
coal sulfur variability yet achieve the objectives of existing
sulfur dioxide regulations.



1.0 Introduction

The purpose of this report is to assist EPA in its
analysis of the impact of coal sulfur content variability on
the ability of both utility and industrial boilers to comply
with the sulfur emission regulations of the current State
Implementation Plans (SIP) and the existing Federal New
Source Performance Standards (NSPS).

Special objectives of this study were to:

(1) Collect and consolidate all existing data pertain-
ing to the variability of coal sulfur contents and
enter these data into a computer data base.

(2) Classify and document each data set collected with
respect to those factors which may influence vari-
ability in sulfur content.

(3) Physically locate the sources of the coal data
sets on a map of the United States.

(4) Use the data base to prepare a report providing
information on coal sulfur variability for low,
medium, and high sulfur coals throughout the
United States.

(5) Analyze the impact of coal sulfur variability on
the ability of coal-fired boilers to comply with
sulfur emission regulations.

Data were obtained from coal companies, electric utili-
ties, EPA files, Bureau of Mines, and previous studies of
coal sulfur variability.



This study is basically an extension of an earlier EPA
studyl/ concerning coal sulfur variability which focused
primarily on low-sulfur coals. This study examines the
findings of the earlier study through the use of additional
statistical techniques and a more extensive data base for

low-sulfur coals as well as medium- and high-sulfur coals.

In recent years air pollution control agencies and
facilities affected by SIP's and NSPS have been increasingly
aware of the problems associated with the impact of coal
sulfur variability on meeting sulfur emission regulations
which specify an emission ceiling never to be exceeded during
short-term averaging periods such as one hour, three hours,
24 hours or one month. Germane to the understanding of this
problem is an examination of how the short-term sulfur emis-

sions from a coal relate to the nominal or long-term average
sulfur and heat contents.

Coal is not a homogeneous commodity and is subject to
variations in physical characteristics. The degree of vari-
ation in the sulfur and heat contents has a substantial
impact on the ability of a coal to comply with sulfur emis-
sion regulations. This report attempts to quantify these
variations for various coal mines, seams, and producing

areas and to identify those factors which may contribute to
these variations.

Some insight into the impact of coal sulfur variability
can be gained from a review of the results from an EPA-
sponsored study on Louisville Gas and Electric Company's

1/ PEDCo Environmental, "Preliminary Evaluation of Sulfur
Variability in Low-Sulfur Coals From Selected Mines", EPA
Publication No. EPA-450/3-77-044, July 1977.



Cane Run Unit No. 4.1/ The results of this study exhibited

an average emission rate of 0.95 lbs SO;/MMBtu for the entire
test period, during August-December, 1977. However, because

of the inherent coal sulfur variability and variability associ-
ated with the desulfurization processes there was a substan-

tial variation of emissions about the mean.

An analysis of the data indicated that the 24-hour aver-
ages were lognormally distributed. The geometric means,
geometric standard deviations, and implied exceedance rates
are set out in Table 1. From Table 1 the reduction in varia-
bility is readily apparent from the declining geometric
standard deviations and exceedance rates as the averaging
interval, and consequently the volume or lot-size of coal

burned, is increased.

TABLE 1

COMPARISON OF GEOMETRIC MEANS, GEOMETRIC
STANDARD DEVIATIONS, AND IMPLIED EXCEEDANCE
RATES FOR SELECTED AVERAGING INTERVALS

Averaging Interval
3-Hour 24-Hour 7-Day l14-Day 30-Day

No. of Observations 678 89 12 6 3
Geometric Mean 0.885 0.908 0.95 0.95 0.945
Geometric Standard Deviation 1.462 1.352 1.26 1.17 1.111
Exceedance Rate (Percent) 21 18 16 7 1l

l/ Based on the results reported in the publication "Air
Pollution Emission Test", Vol. I, as well as additional
analyses by the Energy Strategies Branch of the Environ-
mental Protection Agency. USEPA, Office of Air Quality
Planning and Standards, Emission Measurement Branch, "Air
Pollution Emmission Test, Volume I, First Interim Report:
Continuous Sulfur Dioxide Monitoring at Steam Generators",
EMB Report No. 77SPP23A, August, 1978.
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2.0 Coal Sulfur Variability

2.1 Background

The initial New Source Performance Standards (NSPS)
applicable to SO) emissions from fossil fuel-fired steam
generating units of more than 250 MMBtu/hr heat input pro-
hibit SO emissions in excess of 1.2 lbs/MMBtu when solid
fossil fuel is burned.l/ fThis standard was promulgated on
December 23, 1971. Since 1971 several studies have indi-
cated that the definition of NSPS "complying coal" required
to meet this standard is more complex than was originally
envisioned in the background information for the standard
due to the variability of sulfur and heat contents of coal
burned during short time periods, e.g., one hour or 24 hours.
Based on available data, it appears that much of the previ-
ously identified "complying coal"” would result in excess SO

emissions when burned.

In addition to the NSPS, many State Implementation
Plans (SIPs) also specify a sulfur or sulfur dioxide emis-
sions ceiling for coal-fired generating units. Although in
many cases these regulations are less stringent than the
NSPS, the definition of a complying coal, based on the coal
sulfur content, is equally complex.

The basic problem in defining a compliance coal is that
coal, even in a narrowly defined producing area, is not a
homogeneous commodity, but is subject to variations in physi-
cal characteristics. The variations in coal sulfur and heat

1/ Applicable to plants for which construction commenced
between, August 17, 1971 and- September 18, 1978. Plants for
which construction commenced after September 18, 1978 are
subject to a revised NSPS.



contents Jjointly contribute to variations in the emissions

(pounds of SO/MMBtu or pounds of S/MMBtu) resulting from
coal combustion.

Sulfur in coal occurs in three forms: organic, sulfate,
and pyritic. Organic sulfur is an integral part of the coal
and generally cannot be removed by existing coal cleaning
techniques. Organic sulfur generally comprises about 30 to
70 percent of the total sulfur content of most coals. Sulfur
in the sulfate form is a water soluble oxidation product
formed from the weathering of the iron sulfide in coal and
can be readily removed through coal cleaning. Sulfate sulfur
contents are usually less then 0.05 percent. Pyritic sulfur
occurs in coal as pyrite and/or marcasite, which are iron
sulfides. Pyrite is a relatively heavy mineral with a speci-
fic gravity of 5.0 compared to coal which has a specific
gravity of 1.7 or less. The pyrite content of most coals

can be significantly reduced through current coal prepara-
tion processes.

The total sulfur content (organic, sulfate, and pyritic)
of coals in the United States generally ranges from about
0.2 percent to 7.0 percent. The total sulfur content, as
well as the ratio of organic to inorganic sulfur, varies
widely among coal seams, geographical locations, and fre-
guently among mines operating in the same coal seam in the
same geographical location. These natural variations in
sulfur content, as well as variations in other physical
characteristics, are attributed to many factors which include:

1. Mode of accumulation and burial of coal-forming
vegetal matter.

2. Structure and chemical composition of the coal
forming vegetal matter.
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3. Extent of inert material washed into the coal
swamp at the time of accumulation.

4. Age of the coal deposit and its geographical loca-
tion.
5. Subsequent geologic history of the deposit, such

as permeation of ground water.

The variability of sulfur contents, as observed in coal
analyses, are a result of the above natural events plus num-
erous other factors resulting from various mining, process-
ing, transportation, sampling, and utilization techniques.

A summary of the pertinent factors which have been
identified as potential sources of coal sulfur variability
is set out in Table 2. Since many of these factors are
interrelated, a study of coal sulfur variability requires
well documented data in order to isolate and individually
examine those factors which may contribute to variability.

A detailed analysis of each of these factors is not possible
due to the large number of factors and their interdependence
and the lack of adequate data.

Although many electric utilities, coal companies, and
research organizations have suitable data, the cost of
assembling and analyzing these data in many cases is pro-
hibitive. 1In addition, several companies reported that they
have assembled and/or analyzed coal sulfur variability data
but the information is considered proprietary due to pending
legal actions or company policies.
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TABLE 2

PERTINENT FACTORS IN STUDYING SULFUR VARIABILITY

Type of coal

Organic and inorganic sulfur content.
Distribution of sulfur in coal (coarse pyrite or finely
disseminated throughout the coal). The form in which

the sulfur occurs is significant when the coal is
washed.

Stage of sampling

Core drilling (or channel samples after operation).
Run-of-mine production.
After preparation, cleaning.

As received at utility plant/consumer.
As burned.

Coal blending and processing

Mining plan (selective)

Mining technique

Number and location of machines, type of mining

Location of coal

Seam.
Mine.
Region or district.

Averaging times/tonnages

Daily.
Weekly.
Monthly.
Other.

Sampling procedure

Amount of coal sampled.
Method of collecting increments for gross sample.
Sample variation.

Analytical method

Cleaning technique

Source: PEDCo Environmental, "Preliminary Evaluation of

Sulfur Variability in Low-Sulfur Coals for Selected
Mines", EPA Publication No. EPA-450/3-77-044, July
1977.



The impact of the variations in the physical character-
istics of coal is largely dependent upon the specific require-
ments of a given regulation. One of the most pertinent
factors concerns the specified or implied averaging period
associated with the regulation. Previous studies based on
statistical theory indicate that coal variability increases
when coal samples and analyses are based on successively
smaller volumes of coal or shorter averaging periods. How-
ever, studies of individual data sets have produced incon-
sistent results.

2.2 Types of Sulfur Dioxide Emission-Limiting Regulations

A review of the existing sulfur dioxide emission-limiting
regulations for the electric utility industry clearly shows
the complexity and diversity of the regulations applicable
to coal-fired generating units. These regulations vary with
respect to the units of measure in which the limitation is
expressed as well as the scope of equipment (boiler, stack,
or entire plant) to which the regulations apply. In addi-
tion, the regulations may or may not specify an averaging
time. When averaging periods are specified in the regula-
tions, they vary among the individual regulations, while
unspecified averaging times have generally resulted in some
assumed avéraging time by the plant operators or the pollu-
tion control agencies. The following discussion examines
the diversity of sulfur dioxide emission-limiting regula-
tions and provides some perspective as to the number of
plants and annual coal requirements controlled by specific
types of regulations.

2.2.1 New Source Performance Standards (NSPS)

The NSPS limits the emissions of sulfur dioxide (502)
to 1.2 1bs SO3/MMBtu of heat input. This standard applies
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to all coal-fired steam-generating units rated at more than
250 MMBtu/hr heat input. Although the NSPS specifies test
methods for determining excess emissions, the NSPS is
ambiguous with respect to the averaging time required for
compliance with the 1.2 1lbs SO3/MMBtu limit and has been
subject to a variety of interpretations.

A survey conducted in early 1978 identified 23 coal-
fired electric utility generating units operating under the
NSPS.l/ Based on a total installed capacity of 9,078 Mw,
these 23 units would require approximately 32 million tons
of coal per year.Z/

The survey revealed that a variety of averaging inter-
vals were being used for reporting SOp emissions. A summary
of the reported averaging intervals is set out in Table 3.

TABLE 3

SUMMARY OF AVERAGING TIMES FOR SO5 EMISSIONS
AS REPORTED BY NSPS UNITS

Averaging Interval Number of Units

24~hour 1
3-hour
3-hour moving
2-hour
l-hour
<l-hour
Not determined

Total

[\
W O N &

Source: Foster Associates, Inc.

1/ "Analysis of Currently Operating Coal-Fired Power Units
Subject to the Environmental Protection Agency's New Source
Performance Standards", prepared for EPA by Foster Associates,
Inc., February 24, 1978 (unpublished report).

2/ Estimated based on 0.4 tons of coal/MWH.



2.2.2 State Implementation Plans (SIPs)

A similar survey of the distribution and applicability
of the various SIP sulfur dioxide emission-limiting regula-
tions was conducted by EPA.1/ This study identified 373
power plants operating under SIP sulfur regulations. The
annual coal consumption of these plants was estimated at 446

million tons.

As shown in Table 4, the regulations vary with respect
to the units of measure in which the limitations are expressed.
The regulations are most frequently expressed in terms of
lbs S03/MMBtu which account for 61.2 percent of annual coal
consumption. Regulations limiting the percent sulfur of the
coal and the 1lbs SO3/hr control the second largest amount of
coal at 10.1 percent each. Limitations expressed in ppm of
S0s, and lbs S/MMBtu occur less frequently and control a
total of about 13.4 percent of annual coal consumption. In
addition, the SIPs applicable to 28 plants, which account
for approximately 5.2 percent of annual coal consumption,
specify no limit for sulfur dioxide emissions.

1/ "The Types of SIP SO Emission-Limiting Regulations:
Their Distribution and Applicability", Memorandum from R. D.
Bauman, Chief, Energy Strategies Branch to W. C. Barber,
Director, Office of Air Quality Planning and Standards,
November 3, 1978.



TABLE 4
SUMMARY OF SIP SULFUR DIOXIDE CONTROL REGULATIONS

Amount Controlled

Number of Annual Coal Consumption

Type of Regqulation Plants (Million Tons) (Percent)
Lbs SO5/MMBtu 215 273 61.2
Lbs S/MMBtu 19 15 3.4
Percent Sulfur 54 45 10.1
Lbs SO /hr 23 45 10.1

ppm SO3

- at stack (exhaust gas) 3 6 1.3
- at ground (AAQ) 31 39 8.7
No emission limit _28 _23 5.2
Total 373 446 100.0

Source: EPA.

The previous discussion has focused on electric utility
plants due to the lack of publicly available data for the
industrial sector. Preliminary data indicate that coal con-
sumption in the industrial sector during 1978 was approxi-
mately 59 million tons.l/ Although coal consumption in the
industrial sector is substantially less than in the utility
sector, most large industrial plants are subject to sulfur
dioxide emissions-limiting regulations of the NSPS and SIPs.
However, available data do not permit a tabulation of the
number of plants and annual voliumes of coal controlled by
specific regulations.

2.2.3 1Impact of the Length of the Averaging Time Interval
on Compliance with Emission Reculations

Some insight into the impact of the length of the aver-
aging time interval can be gained from an examination of the
results of the EPA-sponsored study on the Cane Run Unit

1/ DOE, Weekly Coal Report, No. 77, March 23, 1979.



No. 4, noted in the introduction of this report. Cane Run
Unit No. 4, operated by Louisville Gas and Electric Company,
has a rated capacity of 178 MW of electricity and is equipped
with a flue gas treatment system designed to achieve an 85
percent reduction of sulfur dioxide emissions, in order to
comply with a SIP regulation of 1.2 lbs SO3/MMBtu. The
plant is an intermediate-load facility which tracks the
system load. Estimated coal consumption for Unit No. 4
assuming operation at full capacity as well as at a 57 per-
cent capacity factor, at which the unit operated in 1976, is
set out in Table 5.

TABLE 5
ESTIMATED COAL CONSUMPTION, CANE RUN UNIT NO. 4

Volume (Tons)
Interval Full Capacity 57 Percent of Capacity

l1-hour 75 43
3-hour 225 128
24-hour 1,800 1,026
30-day 54,000 30,780
l—year(aoﬁL1QG57,000 374,490

The nominal properties of the raw, Western Kentucky
coal burned by Cane Run Unit No. 4 are: 3.7 percent sul-
fur; 11,200 Btu/l1lb; and 12.6 percent ash.

The results of this study exhibited an average emission
rate of 0.95 lbs SO3/MMBtu for the entire test period, during
August-December, 1977. However, because of the inherent coal
sulfur variability and variability associated with the desul-
furization processes there was a substantial variation of
emissions about the mean. Set out in Table 6 are the mini-
mum and maximum values of emissions as well as the rates at
which emissions exceeded a limit of 1.2 1lbs SO;/MMBtu for
3-hour and 24-hour averaging intervals.
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TABLE 6

MAXIMUM AND MINIMUM EMISSIONS AND EXCEEDANCES
CANE RUN UNIT NO. 4

Percentage of

Emissions, Observations
Averaging 1b SO»/MMBtu No. of Exceeding,
Interval Minimum— Maximum Exceedances 1.2 1b SO9/MMBtu
3-hour 0.19 2.45 184 24
24-hour 0.37 1.74 18 20

An analysis of the data indicated that the 24-hour aver-
ages were lognormally distributed. The geometric means and
geometric standard deviations for various averaging intervals
are set out in Table 7. The implied exceedance rates, calcu-
lated through the use of normal distribution theory for
logarithms, are also set out in Table 7.

TABLE 7

COMPARISON OF GEOMETRIC MEANS, GEOMETRIC
STANDARD DEVIATIONS, AND IMPLIED EXCEEDANCE
RATES FOR SELECTED AVERAGING INTERVALS

Averaging Interval
3-Hour 24-Hour 7-Day 14-Day 30-Day

No. of Observations 678 89 12 6 3
Geometric Mean 0.885 0.908 06.95 0.95 0.945
Geometric Standard Deviation 1.462 1.352 1.26 1.17 1.111
Exceedance Rate (Percent) 21 18 16 7 1l

From Table 7 the reduction in the exceedance rate is

readily apparent as the averaging interval, and consequently
the volume of coal burned, is increased.

Figure 1 provides a graphical display of the variability
of emission rates over successive 3-hour and 24-hour intervals
for the period October 21 to November 4, 1977. Emissions for
this 15-day period averaged 0.92 lbs SO3/MMBtu. The 3-hour
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FIGURE 1

EMISSIONS FROM FLUE GAS DESULFURIZATION UNIT
Louisville Gas and Electric's Cane Run Unit No..4
High-sulfur coal; maximum sustainable output = 178 MW
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averages ranged from a low of 0.38 to a high of 1.71, while
the 24-hour averages ranged from 0.50 to 1.34. Based on a
standard of 1.2, the 3-hour averages exceeded the standard

20 times, while the 24-hour averages exceeded the standard
two times.

The Cane Run Unit No. 4 data are certainly not repre-
sentative of all coals or all flue gas desulfurization
systems. However, the data demonstrate that due to emis-
sions variability, the averaging basis associated with an
emission limit is critical to the determination of what con-
stitutes compliance with that limit. It follows from this
analysis that the smaller the amount of coal burned per unit
time, the more difficult it is to comply with the standard
if the averaging basis is time.

2.2.4 Impact of Averaging Time Frame and Allowable
Exceedances on Compliance with Emissions Regulations

In order to avoid ambiguity. sulfur emission-limiting
regulations must specify the averaging time frame for the
emissions measurement and the number of exceedances permitted.
These exceedance restrictions are generally stated in terms
of the number of days per year or days per month for which
excess emissions are permitted. For example, a sulfur
dioxide emission regulation may require that the sulfur
dioxide emission level is 1.2 lbs SO3/MMBtu based on a 24-
hour average never to be exceeded or not to be exceeded more
than 2 days per year. Such a sulfur dioxide emission regu-
lation forces the coal user to consider not only the proba-
bility of exceeding the 24-hour average sulfur dioxide limit

but also the probability of exceeding the yearly allowable
exceedances.



Suppose the probability of a source being in violation
of the sulfur dioxide emission level on any particular day
is known. The question then arises as to what is the expected
number of days, for any specified time frame, in which the
source would be in violation of the sulfur dioxide emission
regulation. The binomial distribution, for example, can be
used to illustrate the impact of the averaging time frame on

compliance.l/

The binomial distribution is a probability distribution
which describes independent, identically distributed random
samples. The number of days in violation of a sulfur stan-
dard over a 365-day period can be considered to be binomially
distributed if the probability of violation on the first day
equals the probability of violation on the second or any
other day. The equation which describes this distribution
is as follows:
pk (1 - p)n = K

P(X = k) = n!
ki (n - k) !

u

where P(X = k)
p = probability of violation on any particu-

probability of k violations in n days

lar day
n = number of days being considered
k = number of violations being considered
! = factorial

1l/ Determining the probablllty of a source being in viola-
tion on a partlcular day is a complex statistical problem.
The probability is not likely to be constant and is a func-
tion of the emission level on previous days (autocorrelative
process). To illustrate the implications of alternative
averaging intervals a binomial distribution was assumed.
However, this example is not to suggest that the process

should be modeled via the binomial distributijion,
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A simple way to calculate these probabilities for the series

k=0, k=1, etc., 1s to use the following pair of equations:

P (X

0) (1 - p)n

P(X = k)

(n -k +1) p
kK (1 - p)

P(X = k - 1)

In this analysis these calculations were performed for n = 30

and n = 365, for k = 0 through k = 6, and for various values
of p.

Figure 2 shows the frequency distribution for n = 365
and p = 0.001, p = 0.005, and p = 0.020. 1In the first case,
the most likely number of violations is zero; in the second

case, it is one; and in the third case, it is seven. he
_ > T e S T i e
ost likely number of exceedances is, by definition, the
mode of the frequency distribution./ The "expected exceed-

ances" are equal to n multiplied by p. It can be shown that

smp————

this quantity equals the weighted average of all the possi-
ble outcomes -- 0 exceedances, 1 exceedance, 2 exceedances,

etc. -- whereby the weight assigned to a given outcome equals
the probability of that outcome.l/ For example, take the
situation where p = 0.001 and n = 365. As Figure 2 shows,
there is a 69.41 percent chance of no exceedances, a 25.36
percent chance of one exceedance, a 4.62 percent chance of
two exceedances, a 0.56 percent chance of three exceedances,
and a 0.05 percent chance of four exceedances. The expected
exceedances are:
4 °
0 (.6941) # 1 (4.2536) + 2 (.0462) + 3 (.0056)
+ 4 (.0005) = 0.365 = 365 (.001)

1/ Paul L. Meyer, Introductory Probability and Statistical
Applications, 2d ed. (Reading, Mass.: Addison-Wesley, 1972),
p. 120.




FIGURE 2

FREQUENCY DISTRIBUTION OF EXCEEDANCES

n = 365
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The probability of five or more exceedances is so low that
it can be igriored in this calculation.

Tables 8 and 9 compare the expected exceedances with
the most likely number of exceedances, for a 365-day and 30-
day period, respectively. Note that the most likely number
of exceedances is usually lower. Phrases such as "one-day-
per-year standard" or "two-day-per-year standard" must be
used with caution because these phrases do not distinguish

between the expected exceedances and the most likely number
of exceedances.

Figure 3 shows the probability P (X > k) on the vertical
axis, as a function of p on the horizontal axis, assuming
n = 365 and k = 3 or k
tion for k = 0 through k = 6. Figure 5 is similar to
30.

6. Figure 4 shows the same informa-

Figure 4 except that n

Note that the binomial distribution assumes that the
probability of violation is the same on each day. This con-
dition may not be satisfied by a coal burning plant. Many
factors such as changes in coal quality, changes in the load
or burn ratio, and technical problems can affect the proba-
bility of violation on any particular day. The use of moving
averages also introduces autocorrelation which changes the
probability on a day-to-day basis.
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TABLE 8

Comparison of expected exceedances with the most likely

number of exceedances, over 365 days.

Probability of Most Likely
Exceedance Expected Number of
on a Given Day Exceedances Exceedances
.001 .4 0
.002 .7 )
.003 1.1 1
.004 1.5 1
.005 1.8 1
.006 2.2 2
.007 2.6 2
.008 2.9 2
.009 3.3 3
.010 3.7 3
.011 4.0 4
.012 4.4 4
.013 4.7 4
.014 5.1 5
.015 5.5 5
.016 5.8 5
.020 7.3 7
TABLE 9

Comparison of expected exceedances with the most likely

number of exceedances, over 30 days.

Probability of Most Likely
Exceedance Expected Number of
on a Given Day Exceedances Exceedances
.01 .3 0
.02 .6 0
.03 .9 4]

.04 1.2 1
.05 1.5 1
.06 1.8 1
.07 2.1 2
.08 2.4 2
.09 2.7 2
.10 3.0 3
.11 3.3 3
.12 3.6 3
.13 3.9 4
.14 4.2 4
.15 4.5 4
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FIGURE 3

PROBABILITY OF MORE THAN X DAYS IN VIOLATION PER YEAR AS FUNCTION OF THE
PROBABILITY OF VIOLATION OF AN INDIVIDUAL DAY

{n = 365, k = 3 and 6)
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FIGURE 4

PROBABILITY OF MORE THAN X DAYS IN VIOLATION PER YEAR AS A FUNCTION OF THE
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(n = 365, k =0 to 6)
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The results of this analysis indicate two important

statistical characteristics.

The first is that the probability of violation in any
individual day must be much lower to limit the probability
of exceeding a given number of violations than if one was
content to simply average the same number of violations.

For example, the prcbability of violation in any individual
day in order to have an expected number of 2 violations per
year is 2/365 or .0055. From Figure 4 it can be shown that
a .0055 probability of violation on an individual day pro-
duces a probability of exceeding more than two days per year
of approximately .33. 1In order to reduce the probability of
more than 2 violations in a year to approximately 1 percent,
it would require a probability of violation on any individual
day of .0016, again from Figure 4. At a probability of
.0016, the expected number of violations in a year, over a
long-term average, is .0016 x 365 or 0.58. Obviously, in
order to generate a very low probability of exceeding a

given number of days within a particular year, the average

number of violations must be reduced far below that number,

The second statistical characteristic is that a binomial
distribution is very sensitive to the number of possible
violations within the time frame of the regulatory standard.
Consider for example the effect of using an hourly standard
as opposed to a daily one. For an hourly measurement, the
standard is 365 x 24 or 8760 possible chances for violation
within a year. Suppose the standard were written in a way
that the probability of exceeding 2 or more days within a
year had to be less than 10 percent. Under these conditions
Figure 4 shows the expected probability of violation on any
day would have to be .003. If hourly measurements were
taken, then the probability of violation within any given
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hour would be .000043. Thus, the probability of violation
within any given time frame is extremely sensitive to the
number of possible violations.

2.3 Conversion of Coal Sulfur to Sulfur Dioxide

As previously stated, the principal objective of this
report is to provide data and information to assist EPA in
its analysis of the impact of coal sulfur variability on
compliance with sulfur dioxide emissions-limiting regula-
tions. However, translating coal quality analyses to poten-
tial emissions presents several problems.

First, as discussed in this section of the report,
sulfur dioxide emission-limiting regulations vary with
respect to the units of measure.(lbs SO,/MMBtu, ppm SOy,
percent sulfur, etc.) in which the limitations are
expressed. As such, comparisons with a specific regulation
require conversion to the appropriate measurement units.

Second, translating coal analysis data to potential or
theoretical emissions requires some assumptions concerning
the combustion characteristics of the coal. One of the most
important assumptions concerns the conversion of coal sulfur
to flue gas sulfur dioxide (SO3), which may subsequently
react with more oxygen, forming sulfur trioxide (S0O3) or
sulfate radicals in a complex equilibrium. These reactions,
combined with the fact that coal sulfur exists in various
forms (pyritic, sulfate, and organic), result in only a por-
tion of the total sulfur in coal being emitted as S0j3.

Various studies reviewed by EPA have indicated that for

bituminous and subbituminous coals approximately two percent
of the coals' sulfur is retained in the fly ash, about two
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percent is converted to SO3, and about one percent is
retained in the slag or bottom ash. Thus, as an approxima-
tion, about 95 percent of the total sulfur in coal is emitted
as SOy from an uncontrolled boiler. It should be noted,
however, that in specific cases, conversion factors of less

than 90 percent were observed.l/

In the case of lignite coals, the various studies reviewed
by EPA have indicated conversion factors ranging from 98
percent to as low as 50 percent. The wide range of conver-
sion rates is related to the presence of reactive alkali
substances (sodium, calcium, magnesium, and potassium) and/or
clay and silica contents. 1In general, the alkali substances
decrease the conversion rate while increased clay and silica
contents increase the conversion rates.

The above discussion indicates that any assumption
which attempts to generalize the conversion of coal sulfur
to SO emissions may be tenuous. This problem of estimating
exhaust stack sulfur dioxide emissions from coal character-
istics is further compounded by the incidental effects of
coal processing equipment and control equipment not specifi-
cally designed for sulfur removal.

The first situation occurs when a plant utilizes a type
of coal pulverizer which rejects a portion of the pyritic
sulfur contained in the coal. Although the sulfur removal
efficiency of such pulverizers is low compared to conven-

tional coal cleaning facilities, in some cases, involving

l/ USEPA, Office of Air Quality Planning and Standards,
Emission Standards and Engineering Division, "Background
Information: Fuel Analysis Provisions for Performance
Testing and Emission Monitoring of Sulfur Dioxide Emissions
fro? Fossil Fuel Fired-Steam Generators", January 1977,
Draft.



coals with high pyritic sulfur contents, the results may be
significant.

The second situation relates to control equipment
designed for removal of particulates. Although not specifi-
cally designed to control sulfur dioxide emissions, particu-
late control equipment frequently removes significant por-
tions of the sulfur retained in the fly ash.

In view of these various problems relating to the esti-
mation of potential sulfur dioxide emissions, the calcula-
tion of emissions in this report is based on the ratio of
sulfur to heat content (lbs S/MMBtu) indicated by the
laboratory analyses of coal samples.

2.4 Effect of the Choice of Statistical Distribution on
Compliance with Sulfur Dioxide Emissions Regulations

In this report frequency distributions were analyzed to.
determine which type of distribution -- normal, lognormal,
or inverted gamma -- most closely fit the observed distribu-
tions. Some of the previous studies on coal sulfur varia-
bility assumed a normal distribution, primarily due to the
lack of adequate data and the statistical simplicity of the
normal distribution. This section addresses the consequences
of the choice of a particular distribution, as they relate
to compliance with emissions regulations.

The methodology of this analysis included the calcula-
tion of the mean or average lbs SO;/MMBtu required to meet
sulfur dioxide emissions standards ranging from 1.0 to 6.0
l1bs SO2/MMBtu, based on relative standard deviations (RSD's)



of the 1lbs SO3/MMBtu ranging from 5 to 30 percent.l/ In
addition, it was assumed that the stringency of the regula-
tions required only a 0.5 percent probability of exceeding
the standard on a given day. These calculations are set out
in Tables 10, 11, and 12 for the respective normal,
lognormal, and inverted gamma distributions.2/

Table 10, for example, shows that under the assumption
of a normal distribution an emissions regulation of 1.2 1lbs
SO/MMBtu would require a mean emissions of 1.063 lbs
SO0o/MMBtu or less, if the emissions had an RSD of 5 percent.
As the RSD of the emissions increases to 30 percent, and
beyond, successively lower mean lbs SO;/MMBtu are required
for compliance.

1/ The relative standard deviation (RSD) is the ratio of
the standard deviation to the mean, expressed as a percent-
age. The RSD provides a measure of the relative dispersion
about the mean and is also called the coefficient of varia-
tion or coefficient of dispersion.

2/ The derivation of the equations used for the development
of Tables 10, 11, and 12 is set out in Appendix A.
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TABLE 10
NORMAL DISTRIBUTION

Calculation of the mean lbs SO3/MMBtu required to meet
a given standard, assuming a normal distribution, a
0.5% probability of exceeding the standard on an
individual day, and a given relative standard deviation
for the averaging period.

Emissions
Standard Relative Standard Deviation of Lbs S0,/MMBtu (%)
{Lbs S0, /MMBtu) 5 10 15 20 Z5 30

(Mean Lbs S0,/MMBtu Required to Meet Emissions Standards)

1.0 .886 .795 .721 .660 .608 .564
1.2 1.063 .954 .866 .792 .730 .677
1.4 1.240 1.113 1.010 .924 .852 .790
1.6 1.417 1.272 1.154 1.056 .973 .903
1.8 1.595 1.431 1.298 1.188 1.095 1.015
2.0 1.772 1.590 1.443 1.320 1.217 1.128
2.5 2.215 1.988 1.803 1.650 1.521 1.410
3.0 2.658 2.386 2.164 1.980 1.825 1.692
3.5 3.101 2.783 2.525 2.310 2.129 1.974
4.0 3.544 3.181 2.885 2.640 2.433 2.256
4.5 3.987 3.578 3.246 2.970 2.737 2.538
5.0 4.430 3.976 3.607 3.300 3.041 2.820
5.5 4.872 4.373 3.967 3.630 3.346 3.103
6.0 5.315 4.771 4.328 3.960 3.650 3.385

Source: Foster Associates, Inc.



TABLE 11
LOGNORMAL DISTRIBUTION

Calculation of the mean lbs SO3/MMBtu required to meet
a given standard, assuming a lognormal distribution, a
0.5% probability of exceeding the standard on an indi-
vidual day, and a given relative standard deviation for
the averaging period.

Emissions
standard Relative Standard Deviation of Lbs S0,/MMBtu (%)
(Lbs SO,/MMBtu) 5 10 15 20 —25 30
(Mean Lbs S02/MMBtu Required to Meet Emissions Standard)
1.0 .880 777 .689 .612 .547 .490
1.2 1.056 .933 .826 .735 .656 .588
1.4 1.232 1.088 .964 .857 .765 .686
1.6 1.409 1.244 1.102 .980 .875 .784
1.8 1.585 1.399 1.239 1.102 .984 .882
2.0 1.761 1.555 1.377 1.225 1.093 .980
2.5 2,201 1.943 1.721 1.531 1.367 1.225
3.0 2.641 2,332 2.066 1.837 1.640 1.470
3.5 3.081 2.720 2.410 2,143 1.913 1.715
4.0 3.521 3.109 2,754 2.449 2,187 1.961
4.5 3.961 3.498 3.099 2,755 2,460 2,206
5.0 4.402 3.886 3.443 3.062 2.733 2.451
5.5 4.842 4,275 3.787 3.368 3.007 2.696
6.0 5.282 4.664 4.132 3.674 3.280 2.941

Source: Foster Associates, Inc.




TABLE 12
INVERTED GAMMA DISTRIBUTION

Calculation of the mean lbs SO3/MMBtu required to meet a
given standard, assuming an inverted gamma distribution,
a 0.5% probability of exceeding the standard on an indi-
vidual day, and a given relative standard deviation for

the averaging period.

Emissions
Standard Relative Standard Deviation of Lbs SO,/MMBtu (%)
{Lbs SO-/MMBtu) 5 10 15 20 —-25 30
(Mean Lbs SO3/MMBtu Required to Meet Emissions Standard)
1.0 .877 .767 .678 .596 .528 .461
1.2 1.053 .920 .813 .716 .633 .553
1.4 1.228 1.073 .949 .835 .739 .645
1.6 1.404 1.227 1.084 .954 .844 137
1.8 1.579 1.380 1.220 1.073 .950 .829
2.0 1.755 1.533 1.356 1.193 1.055 .921
2.5 2.193 1.916 1.694 1.491 1.319 1.152
3.0 2.632 2.300 2.033 1.789 1.583 1.382
3.5 3.070 2.683 2.372 2.087 1.847 1.613
4.0 3.509 3.066 2.711 2.385 2.111 1.843
4.5 3.948 3.450 3.050 2.683 2.375 2.073
5.0 4.386 3.833 3.389 2,981 2.639 2.304
5.5 4.825 4.216 3.728 3.279 2.902 2.534
6.0 5.264 4.600 4.067 3.578 3.166 2.764

Source: Foster Associates, Inc.

2-28



The impact of the choice of distributions can be assessed
by a comparison of Tables 10, 11 and 12. For example, assume
a coal determined to have an RSD of 5 percent and an emis-
sions standard of 1.0 1lbs SO3/MMBtu. If the emissions were
normally distributed, a mean of 0.886 1lbs SO3/MMBtu would be
required for compliance. Alternatively, lognormal and
inverted gamma distributions would require means of 0.880
and 0.877, respectively.

Additional comparisons of Tables 10, 11, and 12 show
that the impact of the choice of distribution is almost
insignificant when stringent emissions standards and coals
with low variability are considered. However, as the
stringency of the emissions standard declines and more
importantly, as the variability increases, the difference
becomes more significant. For example, based on a 5.0 1lbs
S07/MMBtu emission standard and a coal with an RSD of 30 per-
cent the normal distribution would require a mean of 2.82
lbs SO;/MMBtu for compliance, while the inverted gamma dis-
tribution indicates 2.30 lbs SO,/MMBtu.

In summary, when highly variable coals and less restric-
tive emissions standards are considered, the choice of the
frequency distribution of 1lbs SO,/MMBtu becomes increasingly
important. This analysis indicates that when dealing with
the NSPS the choice among these three distributions is
almost insignificant, since the differences among the means
required for compliance in most cases are within the accepta-
ble limits for error in the ASTM coal sampling and analysis
procedures. However, in the case of SIPs which frequently
permit a higher level of emissions, the choice of distribu-
tion cannot be ignored when a highly variable source of coal
is utilized.
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2.5 Theoretical Effects of Measurement Error on the Relative
Standard Deviation of Pounds of Sulfur per Million Btu

As discussed in Section 2.3, sulfur emissions in this
study were calculated as the ratio of sulfur content to heat
content (lbs S/MMBtu), due to problems in translating coal
sulfur contents to sulfur dioxide emissions. The calculation
of 1lbs S/MMBtu requires separate measurements for the sulfur
and heat contents of coal. Each of these measurements is
subject to two sources of error. The first source of error
is sampling error which may result in coal samples that are
not representative of the true coal population. The second
source of error arises from the analytical or laboratory
techniques used to chemically analyze the coal samples.

This analysis is not based on observed data but instead
examines the theoretical effects of measurement error in
coal sampling and analysis resulting from ASTM standards and
procedures. The analysis of the impact of measurement error
was performed in a three-step process. First, estimates of
the measurement and sampling error were developed for both
sulfur and heat contents. Second, the mathematics required
to determine how these errors affect the lbs S/MMBtu were
derived. Finally, the results of the first two steps were
used to calculate the impact of measurement error on coal
sulfur variability, defined as the RSD of lbs S/MMBtu.

In the next two sections, measurement and sampling
errors are derived and their effects upon the RSD of 1lbs
S/MMBtu are examined. The derivation of the mathematical
formula which describes the impact of measurement and

sampling errors upon sulfur variability is set out in
Appendix B.
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2.5.1 Estimates of Sampling and Analytical Error

With respect to the analytical error for percent sulfur,
the ASTM standards state:

"16.2 Reproducibility -- The means of results of dupli-
cate determinations carried out by different laboratories on
representative samples taken from the same bulk sample after
the last stage of reduction should not differ by more than
the following:

Coal containing less than 2% sulfur 0.10%
Coal containing 2% sulfur or more 0.208Ll/"

RSD, as previously defined, is the standard deviation
divided by the mean. Under the assumption that the error in
percent sulfur is normally distributed and the standard
deviation estimates represent approximately the 99th per-
centile (3 standard deviations), the RSD of the error intro-
duced by analytical techniques for a coal with a sulfur con-
tent of 1.5 percent is calculated as:

0.1

TS5 %3 = .022 or 2.2 percent

Applying these assumptions to various coal sulfur contents
yields the following estimates of the RSD of the error intro-
duced by analytical techniques:

;/ ASTM.D 3177-75, "Standard Test Methods for Total Sulfur
in the Analysis Sample of Coal and Coke", 1978 Annual Book
of ASTM Standards, Part 26, p. 399.
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RSD of the Error

Coal Sulfur Introduced by
Content (%) Analytical Techniques (%)
0.5 6.7
1.5 2.2
2.5 2.7
3.5 1.9
4.5 1.5

With respect to the measurement error in coal heat con-
tents, the relevant ASTM standard says:

"13.1.2 " Reproducibility =-- The results submitted by two
or more laboratories (different equipment, operators, date
of test and different portions of the same pulp) should not
be considered suspect unless the two results differ by more
than 100 Btu/lb, dry basis."l/

Based on a coal with an average heat content of 13,000
Btu per 1lb, a difference of 0.77 percent would not be sus-
pect. Assuming a normal distribution and three standard
deviations, the acceptable analytical error for heat content
translates to an RSD of approximately 0.26 percent.

With respect to sampling error, the general purpose
sampling procedure is intended to provide a precision of
plus or minus one-tenth of the ash content of the coal sampled
in 95 out of 100 cases.2/ Based on the general purpose

sampling procedures, the precision intended for ash is also
applicable to sulfur and heat contents. Thus, the RSD of

1/ ANSI/ASTM D 2015-77, "Standard Test Method for Gross
Calorific Value of Solid Fuel by the Adiabatic Bomb Calori-
meter", 1978 Annual Book of ASTM Standards, Part 26, p. 307.

2/ ASTM D 2234-76, "standard Methods for Collection of a
Gross Sample of Coal", 1978 Annual Book of ASTM Standards,
Part 26, p. 310.
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the sampling error for both sulfur and heat contents would
result in a value of 5 percent.l/

As this discussion shows, the major source of variance
is in the collection of gross samples. Note that these
estimates assume the ASTM measurements are followed exactly.
If they are not, the RSD estimates are likely to be larger.

2.5.2 Analysis of the Impact of Measurement Error on the
RSD of Lbs S/MMbtu

The previous discussion shows that an evaluation of the
impact of measurement error on the RSD of lbs S/MMBtu requires
an assessment of the impact of four separate error terms:

. RSD of error in sulfur measurement due to sampling

. RSD of error in sulfur measurement due to analysis

. RSD of error in heat content measurement due to
sampling

. RSD of error in heat content measurement due to
analysis

The mathematical formula which describes the relation-
ship of these error terms to measured and true RSD values
was derived and was used to construct Table 13.

Table 13 sets out the estimates of the RSD of lbs S/MMBtu
which would be calculated from coal sample analyses along
with the true RSD after allowing for measurement error.

Table 13 shows, for example, that if a coal with an average
sulfur content of 2.5 percent exhibited an RSD of 10 percent
based on ASTM samples and analyses, the true RSD is only

6.6 percent. The difference between the measured and true

i/. Based.on the most precise ASTM sampling classification
which requires unbiased, stopped belt cross-section incre-
ments, spaced evenly in time.
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RSD's (10.0-6.6 = 3.4) is attributed to measurement error.
The relationship between the measured RSD and the individual
error terms is such that the measured RSD is biased, result-
ing in overestimates of the true RSD. Note that there is
little difference between high- and low-sulfur coals. Also,
the difference between the measured and true RSD gets pro-
gressively larger as the measured RSD gets smaller. Calcu-
lations indicate that at a measured RSD of 7 to 8 percent,
the true RSD approaches zero.

TABLE 13

COMPARISON OF MEASURED RSD WITH TRUE RSD
(Lbs S/MMBtu)

True RSD (%) by Level of

Measured Coal Sulfur Content (%)

RSD (%) 0.5 1.5 2.5 3.5 4.5
.8 -- 3.0 2.7 3.2 3.4
10 2.5 6.7 6.6 6.8 6.9
12 7.1 9.4 9.3 9.5 9.6
14 10.1 11.8 11.7 11.9 12.0
16 12.7 14.2 14.1 14,2 14.3
18 15.1 16.4 16.3 16.4 16.5
20 17.5 18.5 18.5 18.6 18.7
22 19.7 20.7 20.6 20.7 . 20.8
24 21.9 22.8 22.7 22.8 22.9
26 24.1 24.9 24.8 24.9 25.0
28 26.3 27.0 26.9 27.0 27.0
30 28.4 29.0 29.0 29.1 29.1
32 30.5 31.1 31.1 31.1 31.2
34 32.6 33.1 33.1 33.2 33.2
36 34.7 35.2 , 35.2 35.2 35.3
38 36.7 37.2 37.2 37.2 37.3
40 38.8 39.3 39.2 39.3 39.3
42 40.9 41.3 41.3 41.3 41.4
44 42.9 43.4 43.3 43.3 43.4
46 45.0 45.4 45.4 45.4 45.4

Source: Foster Associates, Inc.
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3.0 Methodology
3.1 Data Collection

The approach used in this study consisted of two phases,
data collection and data analysis. 1In the first phase, all
relevant data pertaining to coal sulfur variability were
collected and consolidated in a computer data base. The
majority of the data sets in the data base reflect data
acquired with the assistance of the Edison Electric Institute
and have not been previously analyzed for coal sulfur varia-
bility.

Electric utilities, coal companies, and the Bureau of
Mines were the primary sources of the data included in this
study. Separate meetings were held with representatives of
the electric utility and coal industries to solicit data and
to provide comments and recommendations for the proposed
study. Based on these discussions, potential sources of
data were identified and contacted.

In the data collection phase of the study, electric
utilities, coal companies, and other organizationsi/ were
contacted. As set out below, 26 electric utilities, five
coal companies, and five other organizations responded with
data.

Number of Companies

Type of Companies Contacted Responded
(1) (2) (3)
Electric Utilities 69 26
Coal Companies 17 5
Other 1/ _8 5
Total 94 36

1l/ Other organizations include research organizations,
Federal agencies, and industrial companies.
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Data collected in this study include stack monitoring
data and coal analysis data. Stack monitoring data relate
to the sulfur dioxide emissions (ppm or lbs SO5/MMBtu)
present in the exhaust gases resulting from combustion.

Coal analysis data reflect the measured physical and
chemical coal characteristics, determined from coal samples
sent to analytical laboratories.

A problem frequently encountered in the collection of
data, especially for coal analyses, was that companies did
not maintain data of the quality desired for this study. 1In
order to isolate those factors which may contribute to coal
variability, the following information was requested for
each data set:

a. Per coal source of supply represented by analyses
1. Coal source
a. Bureau of Mines Producing District

b. State
c. County
d. Seam(s)
e. Mine

2. Method of sampling (automatic or hand, ASTM
or non-ASTM)

3. Type of sample (core, as mined, as delivered,
as burned)

4. Analysis method (ASTM or other)

5. Degree of processing (run-of-mine, washed,
stoker, etc.)

6. Mining method (surface or underground)



B. Per coal cample analysis
1. Date of sample or date of coal delivery
2. Lot-size (tons)
3. Sulfur content (percent)
4, Heat content (Btu/lb)
5. Ash content (percent)
6. Moisture content (percent)

Additionally, it was requested that each coal analysis
data set be restricted to coal analyses from one mine or one
coal seam and that ASTM sampling and analysis procedures
were preferred.

Particularly in the Appalachian producing areas, it was
found that the availability of data which satisfied these
criteria was extremely limited. 1In general, coal production
in this area is based on relatively small, multiple seam
mines and the coal is frequently shipped by truck directly
to the consumer, or is shipped to a central loading point
for volume or unit train shipments. 1In the case of truck
shipments, the coal is generally only spot checked by hand
sampling, and in the case of volume or unit train shipments,
the analyses represent a mixture of various unidentified
seams and mines.

One area of special interest in this study was an exam-
ination of coal sulfur variability with respect to lot-size.
Considerable effort was directed toward the acquisition of
smaller lot-size samples, such as for individual railroad
cars (about 80 to 100 tons) or for the composite of several
railroad cars. 1In practice, however, it was found that few
companies perform routine sampling and analysis according to
ASTM procedures for such small lot-sizes. The smallest lot-
sizes for which routine ASTM sampling and analysis were
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found available from electric utilities and coal companies
were approximately 750 or 1,500 tons, which correspond to
the capacities of regqular- and jumbo-size barges.

The majority of the data sets based on ASTM sampling
and analysis procedures reflect unit-train size shipments
(approximately 10,000 tons) from the Mid-Continent and
Western producing areas. These data sets preclude an analysis
of small lot-size or short-term coal sulfur variabilities
since a typical plant of 500 MW capacity will burn about 200

tons per hour or approximately one unit-train over a period
of two days.

Coal analysis data obtained from the Bureau of Mines
provided data necessary to address the problem of short-term
coal sulfur variability. These data were obtained from the
detail records of the Bureau of Mines "Current Coal History"
data tape, which contained analyses for the period 1966 to
1978. Coal analyses on this data tape reflect coals purchased
by Federal installations and the gross samples of these coals
represent volumes of 1,000 tons or less, as specified by the
Bureau of Mines sampling procedures. It should be noted
that these coals are not necessarily comparable to the coals
consumed by electric utilities. A significant portion of
the Bureau of Mines data are based on washed, double-screened
coals which are more representative of coals consumed by
industrial plants.

No attempt was made to obtain random samples of coals
from different producing regions, seams, or mines. However,
in the data collection phase of the project, special emphasis
was directed toward obtaining representative data sets from
each of the Bureau of Mines Producing Districts.



3.2 Data Base

The data base developed in this study consists of
approximately 116,000 records, each of which represents an
individual coal analysis or stack monitoring observation.
The data base is divided into two sub-categories -- the coal
analysis file and the stack monitoring file.

3.2.1 Coal Analysis Data File

The coal analysis portion of the data base consists of
approximately 94,700 records and represents coal samples
from more than 1,200 mines or combinations of mines. The
ranks of coals included in the data base are lignite, sub-
bituminous, and bituminous. The analyses represent produc-
tion samples and core analyses collected in recent years,
primarily between 1966 and 1978. The coals from which these
samples were obtained were primarily steam coals delivered
to electric utility steam generating plants and Federal
installations. A relatively minor portion of this data base
contains coal analyses from shipments to industrial plants.

Appendix C sets out the data base format for the coal
sulfur analysis data. Included in Appendix C are the field
descriptions of the data base and a brief description of the
relevant parameters used in classifying the data.

3.2.2 Stack Monitoring Data File

The second portion of the data base consists of the
stack monitoring data file. This portion consists of approxi-
mately 21,500 records for continuous monitoring data from
six eléctric generating units and one industrial unit. The
general format for the stack monitoring data is set out in
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Appendix D. It should be noted that the available data sets
did not permit the documentation of all the factors set out
in the stack monitoring format. For example, some of the
data sets had no record of the gross load (MWH) or the coal
flow (tons/hr) to relate to the emissions data.

3.2.3 1Index to Mine Locations and Seams Produced

Set out in Appendix E is an index to mines and seams
included in the data base developed in this study.l/ Each
mine or source of coal has been assigned a five-digit mine
code number as set out in Column (1) of Appendix E. When
the analyses were reported as a composite of multiple mines,
the composite source was assigned a mine code and the
individual mines included in the composite were set out in
Column (2), "Blend of Mines." Column (2) generally identi-
fies the multiple sources of coal in a stockpile which
relate to stack monitoring data or coal analyses based on
"as burned" or "as fired" samples.

Columns (3) and (4) identify the respective state and
county locations of the various mines for which analyses
were obtained.

Columns (5) through (7) in Appendix E identify the
seams associated with each of the individual mines or
sources. The "Reference Code" in Column (5) is the seam
code number identified in the computer data base. These
six~-digit codes are interpreted as follows:

1/ Appendix E is applicable only to data collected by Foster
Associates. Bureau of Mines data were not tabulated due to
the large number of mines (approximately 1,000), many of
which contain only a few coal analyses.
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First digit: A zero indicates that there exists an
equivalent Bureau of Mines' code for the
seam or combination of seams identified.
Codes beginning with the numeral "1"
indicate that a Bureau of Mines' code
for the seam(s) does not exist.

Digits 2-4: In the case of codes beginning with a
zero, the second through fourth digits
reflect the three-digit Bureau of Mines'
codes assigned to specific seams or com-
binations of seams.

Digits 5-6: In the case of codes beginning with a
zero, the fifth and sixth digits are
identifiers for various local names
assigned to the same coal seam such as
No. 8, Pittsburgh, Big Vein, etc.

Digits 2-6: For codes beginning with the numeral
"1", the second through sixth digits
represent unique codes assigned to the
seams or combination of seams for which
no Bureau of Mines' codes exist.

Column (6) identifies the name of the seam or seams
represented by the code in Column (5). When no Bureau of
Mines' code existed for a combination of seams, the Bureau
of Mines' codes for each of the individual seams were pro-
vided in Column (7) as supplemental information.

3.2.4 Maps of Mine Locations by Producing District, State,
and County

The geographical location of each of the mines or sources
of coal is set out in Appendix F. The maps identify the
Bureau of Mines Producing District by State and County. For
each of the Producing Districts, the individual mines and
sources of coal are identified by county of origin. For
each county, the total number of mines as well as the codes

of individual mines are identified.



The relevant seam information for each of the mines

located on the maps may be obtained by cross-reference to
Appendix E.

3.3 Analysis of Data

The second phase of this study analyzed the data received
from coal companies, electric utilities, Bureau of Mines and
other sources. The objectives of this study and the magni-
tude of the data bases dictated the use of computerized
statistical programs. The output of these programs was not
a final product but rather provided the necessary statisti-
cal data, in a summarized format, for further comparisons
and analyses.

The analytical program, which consists of various sub-
programs, is discussed in the next section. Although the
discussion relates to coal analysis data, minor modifica-

tions to the program permitted a similar analysis of stack
monitoring data.

Set out in Appendix G is an example of the computer
output of the programs developed for the analysis of coal
data. A separate analysis was performed for each of the
following variables in the data sets analyzed: volume,
sulfur content, heat content, and pounds of sulfur per MMBtu
(1bs S/MMBtu).

The volume variable represents the size (lot-size) of
the shipment from which the coal samples and analyses were
obtained and is expressed in tons. Sulfur contents and heat
contents were analyzed on an "as received" basis, with the
exception of several data sets for which only "dry" basis



analyses were available. The variable lbs S/MMBtu was cal-
culated based on the sulfur and heat contents reported in
the coal analysis data. As previously indicated, no attempt
was made to estimate potential exhaust stack emissions
resulting from coal combustion due to the inherent diffi-
culties and variables associated with plant-specific coals

and equipment.

Each of the four variables (volume, sulfur content,
heat content, and lbs S/MMBtu) was analyzed in a computer
routine which: (1) plotted the variable as a function of
time and provided the mean, standard deviation, and relative
standard deviation (RSD); (2) plotted frequency distributions
for the observed data; (3) compared the observed frequency
distributions to the expected frequency distributions based
on normal, inverted gamma, and lognormal distributions, and
(4) compared the goodness of fit between the observed and
the expected distributions. Each of these analyses is
explained below and is illustrated in Appendix G.1l/

3.3.1 Plot of Variable vs. Time

A time plot of each of the variables was constructed to
visually examine possible variations during the chronological
sequence of the data. With respect to volumes, this routine
chronologically plots the volume of coal represented by each
analysis and permits a visual examination for consistency in
lot-sizes. For sulfur content, heat content, and lbs
S/MMBtu, this plot permits a visual examination for possible

1/ The analyses performed in this study were based on a

simple model assuming independent variance. Budget con-

straimts did not permit an investigation of the merits of
more sophisticated autocorrelative models.



autocorrelation in the data or indications of some external
factor, such as a change in mining method or coal prepara-
tion, which has produced shifts in the data population.

3.3.2 Sample Statistics

The mean, standard deviation, and relative standard
deviation were calculated for each of the variables analyzed.
Included in the statistical program was a routine which
flagged an& analysis which had a value which exceeded plus
or minue five standard deviations from the mean. Each of
these flagged records was manually compared to the raw data
to check for possible keypunch or transcription errors.

3.3.3 Frequency Distribution of Observed Data

In the frequency distribution routine of the analytical
program, nine equal intervals or cells were defined, based
on the sample statistics (mean and standard deviation) of
the data set. A histogram of each frequency distribution
was constructed and the number of observations contained
within each of the nine cells was recorded.

3.3.4 Comparison of Observed Distribution to Expected
Distribution

The next step in the analytical program was to compare
the observed frequency distributions to the expected frequency
distributions of the normal, inverted gamma, and lognormal
distributions. The selection of these three distributions
for comparative purposes, was based upon findings of previ-
ous studies on coal sulfur variability and discussions with
personnel from EPA and the electric utility and coal indus-
tries. Although there appeared to be no consensus of opinion
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on the distribution of sulfur in coal or the distribution of
lbs S/MMBtu, these three distributions were the ones most
frequently encountered in discussions of coal sulfur varia-
bility and represent a reasonable range of alternative dis-

tributions.

Set out in Table 14 is a sample comparison for a data
set consisting of 1,537 analyses for a Wyoming subbituminous
coal. ‘Column (1) sets out the cell number for the nine

TABLE 14
COMPARISON OF OBSERVED AND EXPECTED FREQUENCY
DISTRIBUTIONS OF LBS S/MMBTU FOR A
WYOMING SUBBITUMINOUS COAL (CORE ANALYSES)

Number of Observations

(N = 1,537)
Expected Distributions
Cell Cell Limits Inverted Log-
Number (Lbs S/MMBtu) Observed Normal Gamma normal
(1) (2) (3) (4) (5) (6)
1 0.00-0.20 0 0.4 0.0 0.0
2 0.20-0.28 0 9.2 0.3 20.0
3 0.28-0.36 57 93.1 62.8 54.6
4 0.36-0.44 502 371.5 450.5 417.3
5 0.44-0.53 498 588.6 598.1 620.2
6 0.53-0.61 387 371.5 306.1 310.0
7 0.61-0.69 77 93.1 92.7 95.3
8 0.69-0.77 12 9.2 21.2 16.7
9 0.77 4 0.4 4.2 2.9

cells generated in the histogram, while the limits of each
of these cells are identified in Column (2). Column (3)
summarizes the number of observations occurring in each of
the cells and Columns (4), (5), and (6) reflect the expected
number of observations within each cell based upon normal,
inverted gamma, and lognormal distributions, respectively.
Figure 6 graphically displays the relationship between the



observed data and the expected values based on the normal,
inverted gamma, and lognormal distributions.

As shown on Figure 6, visually there appears to be no
significant differences among the three expected distribu-~
tions. However, given the requirement of a very low proba-
bility of exceeding an emissions level combined with highly
variable coal sulfur contents, the type of distribution can
have a significant impact on compliance as discussed in pre-
vious seétions of this report.

3.3.5 Goodness of Fit Between the Observed and Expected
Frequency Distributions

The final routine in the analytical program addressed
the problem of goodness of fit between the observed distri-
bution and the expected values based on the normal, inverted
gamma, and lognormal distributions. The chi-square test of
statistical significance was used to determine which, if
any. of the expected distributions approximated the distri-
bution of the observed data.

The chi-square test was used to analyze the goodness of
fit for cells one through nine of the histogram (six degrees
of freedom), cells two through eight (four degrees of free-
dom) , and cells three through seven (two degrees of freedom).
These last two tests were used to exclude the end cells of
the distributions, which frequently had less than the five
observations per cell necessary for a valid chi-square test.
Under the assumptions of a normal distribution, approxi-
mately 20,000 observations would be required to obtain an
expected value of 5 observations each in cells one and nine.
The area under the normal distribution contained in cells
one and nine is equal to approximately 0.05 percent of the
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FIGURE 6

RELATIONSHIP BETWEEN OBSERVED DATA AND EXPECTED VALUES
BASED ON NORMAL, INVERTED GAMMA, AND LOGNORMAL DISTRIBUTIONS
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total area. The area contained in cells two plus eight is
approximately 1.2 percent of the total area, indicating that
approximately 800 observations would be required for wvalid
chi-square tests for these cells. These figures provide an
indication of the data required for valid goodness of fit
tests in the extreme right-tail of the distributions, which
becomes increasingly important when a high probability of
not exceeding an upper limit is required.

An exémple of the results of the goodness of fit tests
is set out in Table 15. The data used in this example are
those observed values graphically displayed in Figure 6.
From Table 15 it can be seen that, at the 95 percent level
of significance and six degrees of freedom, the rejection
region for the hypothesis that the observed distribution is
statistically fhe same as the expected distribution is when
the calculated chi-square is greater than or equal to 12.6.
The calculated chi-squares for the normal, inverted gamma,
and lognormal comparisons are 113.4, 50.4, and 72.6, respec-
tively. Thus, in each case the hypothesis that the observed
distribution is the same as the expected distribution is
rejected. However, as noted on Table 15, the chi-square
test of these data at six degrees of freedom is of question-
able value due to less than 5 observations in cells one and
nine. In fact, the only conclusive chi-square tests in
these comparisons were those performed for cells three through
seven (two degrees of freedom) and for cells two through
eight (four degrees of freedom) for the lognormal distribu-
tion. An examination of these tests also indicates that, in
all cases, the hypothesis that the observed distribution is
the same as the expected distribution is rejected.
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TABLE 15

COMPARISON OF GOODNESS OF FIT OF OBSERVED DATA
INVERTED GAMMA AND

LOGNORMAL DISTRIBUTIONS

WITH THE EXPECTED NORMAL,

Number of Observations in Cell Number:

Type of Distribution 1 2 3 4 5 6 7 8
Normal ~ Observed 0 0 57 502 498 387 77 12
Normal - Expected 0.4 9.2 93.1 371.5 588.6 371.5 93.1 9.2
Inverted Gamma-Observed O 0 57 502 498 387 77 12
Inverted Gamma—-Expected O 0.3 62.8 450.5 598.1 306.1 92.7 21.2
Lognormal ~ Observed 0 9 70 448 514 419 67 6
Lognormal -~ Expected 0.4 9.2 93.1 371.5 588.6 371.5 93.1 9.2

Chi-Square Test
Calculated Chi-Square*
Hypothetical 6 Degrees 4 Degrees 2 Degrees
Distribution of Freedom of Freedom of Freedom
Normal 113.42/ 84 .92/ 76.1
Inverted Gamma 50.43/ 50.33/ 46 .4
Lognormal 72.628/ 44.1 43.3

* Rejection Regions, 0.95 level of significance:

6 Degrees of Freedom, Chi-Square = 12.6
4 Degrees of Freedom, Chi-Square =2 9.5
2 Degrees of Freedom, Chi-Square = 6.0

a/ Chi-Square test is of questionable value with less
than five observations in certain cells.

Source: Foster Associates, Inc.

Although all the calculated chi-square values in Table 15
indicate that the observed distributions are statistically

different from the three distributions used for comparison,

it is still possible to make a general statement about the
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goodness of fit.1/ Based on the chi-square values calculated
at two degrees of freedom, the distribution of the observed
data can be ranked according to goodness of fit as:

TABLE 16

RANKING OF GOODNESS OF FIT BY CHI-SQUARE TEST

Rank Distribution Chi-Squarel/
1. lognormal (43.3)
2. inverted Gamma (46.4)
3. normal (76.1)

l/ The lower the chi-square, the better
the fit.

At two degrees of freedom, the two end cells for each
tail of the distribution were not considered, thus the dis-
tributions were compared or ranked only for the central por-
tion of the distributions accounting for approximately 99.15
percent of the total area under the curve in the case of a

normal distribution.

1/ This general statement about the goodness of fit is

based on the assumption that for each cell the square of the
absolute difference between the observed and expected fre-
quencies divided by the expected frequency is a valid measure
of goodness of fit. 1In later sections of this report the
goodness of fit analysis is used to examine the fit for
extreme values, or the tails of the frequency distributions.



4.0 Analysis of Coal Data Received from Respondents

This section relates to the analysis of the coal data
provided by respondents and specifically excludes data
obtained from the Bureau of Mines. The analysis of Bureau
of Mines coal data is discussed in Section 5.0 of this

report.

In order to better understand the structure of this
section of the report, a brief discussion of the topics con-
tained herein and an overview of the methodology are helpful.
Three general topics are included in this section: (1)
sample statistics, (2) predictability of mine variability
based on composite coal seam and Producing District data,
and (3) choice of statistical distribution.

The section on sample statistics discusses the varia-
bilities of 1bs S/MMBtu exhibited by the coal data sets at
various levels of aggregation. The methodology consisted of
three general levels of analysis. First, the individual
data sets received from the respondents were analyzed.

These data sets generally reflect coal analyses from
individual mines, and in many cases, mines producing from a
single coal seam. With respect to sample statistics (mean,
standard deviation, and RSD), this analysis summarized the
entire data set with a single RSD of lbs S/MMBtu and encom-
passed a wide range of lot-sizes. Second, the individual
data sets were examined according to lot-sizes. This
involved the generation of sub-data sets, sorted by specific
lot-size intervals. For example, a data set may have con-
tained coal analyses reflecting shipments ranging from 1,000
to 10,000 tons. Sorting by lot-size provided new data sets
representing smaller intervals such as 1,000 to 2,000 tons,
2,000 to 3,000 tons, etc. This permitted an assessment of
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the influence of lot-size on the variability (RSD of 1lbs
S/MMBtu) within individual mines. Finally, a series of
special aggregate analyses was performed. This included
analyses of data by Producing District, by coal seam, by
degree of preparation, and other factors which may con-
tribute to variability.

The second topic, which examines the predictability of
mine variability from coal seam and Producing District data,
utilizes the results from the statistical analyses of indi-
vidual mines, aggregate seams and Producing Districts. These
results are analyzed and compared to determine to what extent
coal sulfur variabilities can be predicted or generalized.

The third topic examines the choice of statistical dis-
tributions based on the results of the chi-square routine of
the analytical program, comparisons of relative distribution
error and comparative plots of the observed and expected
data for the right-tail of the frequency distributions.

This analysis examines various coals and discusses which
frequency distributions best fit the observed data.

4.1 Sample Statistics

In general, each of the data sets gathered by Foster
Associates, PEDCo, and EPA were analyzed through the use of
the analytical program. Appendix H sets out the salient
characteristics of these data sets which, as previously
indicated, reflect coal analyses from individual mines and
in many cases, mines producing a single coal seam. 1In cer-
tain cases, due to an inadequate number of observations in
the data set, the individual data sets were not separately

analyzed but used only for aggregate analyses for specific
seams or producing districts.



A series of analyses was also performed on the data at
various levels of aggregation to examine the impact of the
variables which have been identified as possible factors

contributing to coal sulfur variability.
4.1.1 Individual Data Sets

The first step in the analysis of the data gathered in
this study focused on the data as supplied by the respondents.
The results of this analysis by USBM Producing District are
set out in Appendix I. Cross-reference of the mine codes in
Appendix I to the information in Appendix H provides a detailed
description of the documented parameters (rank, mining method,

preparation, etc.).

In this analysis 205 separate data sets, representing
18 Producing Districts, were analyzed. Since these data
sets reflect sequential deliveries from the same mine or
source of supply, many of the factors which may influence
coal sulfur variability have been isolated and may be assumed
constant. These factors include geographical location, seam,
rank and type of sample. Other factors, such as lot-size,
mining method, degree of preparation, and method of sampling
may vary within the individual data sets but in many cases

may exhibit sufficient consistency to be assumed constant.

The coals in these data sets are almost entirely steam
coals, produced for the electric utility market. 1In general,
these coals are crushed run-of-mine coals but in some cases,
such as in the Mid-Continent area (Illinois, Indiana, and
western Kentucky), the coals are predominantly washed.

Appendix I illustrates the variations in coal character-
istics actually experienced by electric utilities. Most of



these data sets represent coal deliveries under term con-
tracts. Columns (4) and (5), for example, illustrate the
mean and the variation in the size of individual coal ship-
ments delivered. 1In general, the RSD of the shipment size
ranges from 20 to 60 percent. Many of the factors contri-
buting to these variations, such as strikes, transportation
availability, and bad weather, are beyond the control of the
consumer. One exception to the large variations in lot-size
occurs in Producing District 19 where uniform shipments of
approximately 10,000 tons (unit train) are predominant.

Here the RSD's of the lot-sizes are generally less than 10
percent.

A summary of the ranges of lbs S/MMBtu based on the
means and RSD's is set out in Table 17. 1In this summary
only 140 data sets, each containing 30 or more observations,
were considered.l/ The average lbs S/MMBtu ranged from 0.19
for a source in Producing District 16 (Colorado) to 4.99 for
a source in Producing District 4 (Ohio). The RSD's of the
lbs S/MMBtu ranged from 2.1 percent for a source in Produc-
ing District 10 (Illinois) to 67.2 percent for a source in
Producing District 4 (Ohio).

4.1.1.1 RSD Versus Lot-Size

The results of this first analysis of data were examined
for indications of any relationship between the RSD of the
lbs S/MMBtu and the average lot-size of the data sets.2/

1/ RSD and other statistics computed with less than 30
observations are subject to a large sampling error and may
not be representative of the true population.

2/ 1In this analysis, the average lot-size of each data set
was plotted against the RSD of the lbs S/MMBtu. 1In later
analyses, data sets exhibiting large variations in lot-sizes
were aggregated by specific lot-size intervals within the
data set.



was not exhibited in this analys

o

he expected inverse relationship between RSD and lOt:;EEED

Efjf—ﬂn example of the results

of this analysis is set out in Figure 7, which provides a
comparison of the RSD's and average lot-sizes for data sets

from the Mid-Continent producing area (western Kentucky,

Illinois,

and Indiana).

TABLE 17

SUMMARY OF THE AVERAGE LBS S/MMBTU

AND RSD FOR INDIVIDUAL DATA SETS BY PRODUCING DISTRICT

USBM
District
(1)

Total

Number of

(2)

l - N =N w
OCNNWHNWARBHHOONDBBMWHOOUVNON

—
W
o

Data Setsl/

Range of Lbs S/MMBtu

Average
(3)

1.45-2.18
1.90-2.14
2.09-4.99

0.49-2.31
1.60-4.31
1.02-3.52
1.57-3.71
3.18-3.71

2.63

0.19
0.35-0.57
0.38-0.73
0.38-1.08

0.90
0.82-1.31
0.42-0.85

0.19-4.99

1/ Containing 30 or more observations.

Source:

Appendix I.
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RSD (%)
(4)

8.8-32.6

8.3-11.6
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i
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22.7

20.8
6.5-20.7
11.7-45.8
6.9-31.8

27.6
25.2-33.3
17.8-30.1

2.1-67.2
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The 41 data sets included in Figure 7 each have 30 or
more observations and generally represent washed coals of
seams No. 5 and No. 6, which are common to all three states
in this producing area. From Fiqure 7 no relationship
between RSD and lot-size is observed. The majority of the
RSD's fall in the range of 5 to 18 percent, but appear to be
independent of the lot-size.

Additional analyses of these data were performed to
examine the relationship of RSD of 1lbs S/MMBtu versus

average lot-size for:

. individual Producing Districts
5 individual coal seams
. raw and washed coals

The results of these analyses were also inconclusive in

demonstrating any relationship between RSD and lot-size.
4.1.1.2 Multiple Data Sets for Individual Mines

In some cases the data base contained two or more data
sets for the same mine. These data sets were examined and
are summarized in Table 18. The circumstances resulting in
multiple data sets include: (1) deliveries to the same con-~
sumer over different time periods, (2) deliveries to differ-~
ent consumers, and (3) analyses of the same coal reported by
two different laboratories.

The one case, mine 10045, reflecting the results of
a "split-sample" analyzed by two different laboratories,
exhibits average lbs S/MMBtu at 3.13 and 3.15 with
RSD's of 6.2 and 5.9 percent, respectively. The differ-
ence between the average lbs S/MMBtu is less than one
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percent, while the difference in the RSD's is approximately

five percent.

TABLE 18

COMPARISON OF LBS S/MMBTU FOR

MINES REPRESENTED BY MULTIPLE DATA SETS

Number of Number of
Mine Lbs S/MMBtu Observa- Mine Lbs S/MMBtu Observa-
Code Average RSD (%) tions Code Average RSD (%) tions
(L) (2) (3) (4) (1) (2) (3) (4)
100318/  1.78 14.5 268 10098d/ 0.43 11.7 41
1.80 8.8 220 0.73 45.8 55
100196/  3.39 4.9 114 10006/ 0.48 16.9 1,537%
2.71 13.4 31 0.46 14.2 33
0.43 11.6 49
10036P/  3.48 10.1 107 0.44 14.4 213
2.96 11.8 61 0.43 11.9 64
0.42 12.4 1,780
100420/  3.49 2.1 147
3.34 11.9 77 100382/ 0.57 16.0 140
0.79 46.1 29
10045/ 3.13 6.2 214
3.15 5.9 213 100390/  0.65 31.8 30
0.98 42.6 28
100976/ 2.78 11.0 339
3.00 6.7 269 100610/  0.37 14.2 47
0.38 12.0 52
100620/  3.18 18.1 55
3.71 21.5 53
100772/  o0.s88 17.0 169
1.08 17.2 74
1.02 24.6 51

a/ Same consumer, different time periods.
b/ Different consumers.

c/ Different laboratories.

* Core Analyses.

Source: Appendix I.



The data sets for mine 10031 reflect deliveries during
two different time periods to the same consumer. The first
data set, covering the period January to December 1975,
exhibits an average lbs S/MMBtu of 1.78 with an RSD of 14.5
percent. The second data set, for the period November 1977
to September 1978, reveals an average of 1.80 lbs S/MMBtu
and an RSD of 8.8 percent. The more recent data set indi-
cates an increase of 1.1 percent in the average and a

decrease of 39 percent in the RSD.

The multiple data sets for the 11 remaining mines are
based on coal deliveries from the same mine to different
consumers. The time periods of the multiple data sets for
each mine are not exactly comparable, although most data
sets are based on coals analyzed between 1975 and 1978. The
differences between the low and high value of the average
lbs S/MMBtu for each mine ranged from 2.7 to 69.8 percent,
while a similar comparison for the RSD's showed differences
ranging from 15.5 to over 466 percent.

A comparison of the RSD's to average lot-sizes for the
individual mines containing multiple data sets again failed
to demonstrate any consistent relationship.

4.1.1.3 Mine 10006

The data in Table 18 for mine 10006 permit additional
comparisons. The data set containing 1,537 analyses repre-
sents core analyses of the coal reserves. The four data
sets, containing from 33 to 213 observations, are based on
deliveries to four separate utilities, while the data set
containing 1,780 observations is based on all shipments from
the mine during the period .November 1977 to October 1978.
All data sets, except for the core analyses, are based on



unit-train size shipments of approximately 10,000 tons,
sampled by an automatic ASTM belt sampler. For convenience,
a summary of these data sets is set out in Table 19.

TABLE 19

COMPARISON OF DATA SETS FOR MINE 10006

Lbs S/MMBtu Number of
Type of Data Date Range Average RSD (%) Observations
(1) (2) (3) (4) (5)
Core N/A 0.48 16.9 1,537
As shipped 6/76-12/71 0.44 14.4 213
As shipped 12/76-~ 3/717 0.46 14.2 33
As shipped 1/78-10/78 0.43 11.9 64
As shipped 1/78~ 8/78 0.43 11.6 49
As shipped 11/77-10/78 0.42 12.4 1,780
As shippedl/ 6/76-10/78 0.43 13.6 2,199

1/ Includes one data set of 60 observations which was not
analyzed separately.

A comparison of the core analysis data (1,537 observa-
tions) with all the available data for coal shipments (2,199
observations) shows that the average lbs S/MMBtu as well as
the RSD is lower when calculated based on coal shipment
data. The average lbs S/MMBtu for the coal shipments is
10.4 percent less than the average indicated by the core
analyses, while the RSD is 19.5 percent less.l/

A comparison of the data by date ranges indicates a
decline in the average 1lbs S/MMBtu and RSD. Coals analyzed
during the period June 1976 to December 1977 exhibit an
average of 0.44 1lbs S/MMBtu and an RSD of 14.4 percent,

1/ similar results have been reported for other Western
coals. For example, a study conducted at the Navajo Plant
by the Salt River Project indicated the mean sulfur content

of coal shipments was 10 to 20 percent less than the mean
indicated by core analyses.
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while comparable data for the period January 1978 to October
1978 show an average of 0.43 1lbs S/MMBtu with a RSD of 11.9
percent. Thus, during the period from June 1976 to October
1978, it appears that a slight decline in the lbs S/MMBtu
and a reduction in the relative variability of the coal has

occurred.
4.1.2 Lot-Size Interval Analysis of Data

The next step in the analysis of data examined the
relationship between lot-size and the RSD of lbs S/MMBtu
within individual data sets. As noted in the previous dis-
cussion, the expected inverse relationship was not observed.
It was hypothesized that variations in the size of individual
shipments, which in some cases was substantial as indicated
in the RSD of the volumes in Appendix I, were masking the
relationship between the RSD and lot-size. To test this
hypothesis, the individual data sets were analyzed with
respect to lot-size intervals within the individual data
sets. For example, a data set may have contained analyses
based on shipments ranging from 1,000 to 11,000 tons, while
the majority of the shipments were in the ranges of 1,000 to
2,000 tons, and 9,000 to 11,000 tons. The tonnage intervals
examined within each data set were based upon a visual exam-
ination of the frequency distributions and plots. Gener-
ally, intervals were selected to include a minimum of 30
observations. These selected lot-size inéervals were then
analyzed with the computer analytical program to examine the
relationship of RSD to lot-size.

Before the results of this analysis are discussed, it
is useful to examine the relationship between RSD and lot-
size suggested by a theoretical model.



4.1.2.1 Theoretical Relationship Between RSD of Lbs
S/MMBtu and Lot-Size

Among the various researchers who have examined the
problem of coal sulfur variability. there has been consider-
able discussion on the theoretical versus the observed rela-
tionship between the RSD of 1lbs S/MMBtu and the lot-size for
any particular type of coal. The EPA study "Preliminary
Evaluation of Sulfur Variability in Low Sulfur Coals from
Selected Mines", while based on limited data, suggests that
the RSD increases at a relatively constant rate as the lot-
size is successively decreased. Plotted in semilogarithmic
form this relationship would approximate a straight line as
shown in Figure 8. 1In contrast, some of the data sets
analyzed in Appendix C of the above study displayed a

horizontal slope or an upward slope with increasing lot-
sizes.

This discussion summarizes the results of a Monte Carlo
simulation study which examined the theoretical relationship
between lot-size and relative standard deviation. The study
concludes that the relationship is approximately linear in
semilogarithmic form and the curve has the general shape as
shown in Figure 8.

In order to develop this Monte Carlo sipgulation it was
first necessary to postulate a model of the physical process
which would determine the relationship between RSD and lot-
size. This model assumes that for a small amount of coal,
say one ton, there exists a frequency distribution which
describes the lbs S/MMBtu as if each ton were used as
the basic sampling unit. Under this assumption each time
the lot-size is increased, for example to five tons, the
value of lbs S/MMBtu is a simple average of five, one-
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ton lot samples drawn at random from this frequency dis-
tribution. Correspondingly, a lot-size of ten tons would be
the average of ten individual tons drawn at random from the
frequency distribution, a lot-size of twenty tons would be
the average of twenty one-ton samples drawn from this fre-
quency distribution, etc.

Given any distribution, it can be argued on intuitive
grounds that the standard deviation should decrease as the
square root of the number of sample points in one ensemble
increases. This is given by the formula relating the sample
standard deviation to the population standard deviation as
the sample size increases as shown in Figure 9.

o = %p
v N
where Y9p = population SD
0s = sample SD
N = sample size

FIGURE 9

RELATIONSHIP BETWEEN SAMPLE STANDARD
DEVIATION AND SAMPLE SIZE
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By definition, the standard deviation of an ensemble is

T (X;-X)?2 —
G o —————————— =
] N=1 where X N

Increasing N, i.e., the lot-size, results in

N
YN = L Xj
N
M
and YN =;Z_I‘l
. M

The overall variance is given by

M
2T (Iy-Ty)2
N
M
If M is large enough, then
2 2
Pvy = %

The objective is to find the individual value of Os/X, i.e.,
RSD, of one lot-size, as N increases. Because this problem
is very difficult to solve analytically, a simulation

approach was used.

The simulation procedure was based on an assumed log-
normal distribution, using actual coal analysis data. The
data used in the model are based on mine 02020 in Producing
District 16 (Colorado). The data for this mine exhibited an
average lot-size of 237 tons and a mean of 0.2558 1lbs
5/MMBtu with. a standard deviation of 0.048. The simu-
lation model assumed a lognormal distribution, generated
random‘numbers, and calculéted the new means and standard



deviations as the lot-size was increased one-fold, two-fold,
and so on. The RSD's were then plotted against the result-
ing lot-sizes.

The results of the simulation study are shown in Figure
10. The horizontal axis on Figure 10 shows the successive
lot-sizes, while the vertical axis indicates the relative
standard deviation. The figure shows a curve which suggests
that the relationship between RSD of lbs S/MMBtu and lot-
size is approximately linear in semilogarithmic form, and
the relative standard deviation increases greatly as lot-
size decreases.

It should be pointed out that this discussion is based
on a theoretical model. Although the assumptions used in
this model appear to be reasonable, sufficient research has
not been conducted to determine whether coal sulfur varia-
bility follows the simple physical process model developed
in this discussion.

4.1.2.2 Observed Relationship Between RSD of Lbs
S/MMBtu and Lot-Size

The purpose of the analysis presented in this section
is to determine whether or not the expected theoretical
relationship between RSD of 1lbs S/MMBtu and lot-size is
confirmed by coal analysis data.

To begin the analysis, one must first recognize that
RSD is a statistical estimate and is subject to sampling
error. In order to allow for this variation, the first step
in the analysis is to calculate a relative error, the
standard deviation, of the RSD estimates. Given this num-

ber, one can then discuss not only the absolute value of the
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relative standard deviation, but also limits in terms of
plus or minus two, or plus or minus three, standard errors.
In this manner the analysis can explicitly recognize the
uncertainty in the calculations of RSD's.

Figure 11 illustrates this method of analysis for a
particular mine. The horizontal axis of the figure shows
the natural logarithm of the lot-size in tons. The vertical
axis shows the RSD of lbs S/MMBtu. The actual RSD's
are shown by the dots, while the plus and minus two standard
errors are represented by the x's and the plus and minus
three standard errors are represented by the circles. Each
of the four sets of plots on Figure 11 represerits a distinct
lot-size interval, the means of which are designated by the
dots. Note in this example that the RSD is an increasing
function of lot-size for all data.points except one, and

shows a substantial decrease in RSD with a decreasing lot-
size.

A total of 82 mines were analyzed as described in the
previous paragraph. Of these, 53 had three or more RSD
measurements and 29 had two RSD measurements. Again, each
RSD measurement represents a distinct lot-size interval
within the individual mine data.

Of the mines with three or more RSD measurements, eight
showed a log-linear relationship to within plus or minus
three standard errors on all data points, and ten showed a
log-linear relationship within plus or minus two standard
errors. Of these eighteen mines, RSD was a decreasing
function of increasing lot-size (negative slope) in nine
cases and an increasing function of increasing lot-size
(positive slope) in seven cases. In two cases, the RSD
remained constant with increasing lot-sizes.



FIGURE 11

RSD Lbs S/MMBtu Versus Lot-Size
for Mine 10142, Producing District 4
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For 35 out of the 53 mines with three or more data
points, no consistent log-linear relationship could be shown
within plus or minus three errors. However, a nonlinear
relationship between RSD and lot-size could be estimated for
20 of these 35 mines. Of these 20 mines, 14 showed RSD to
decrease as a function of increasing lot-size, while six
cases showed RSD to be an increasing function of lot-size.
The remaining 15 mines exhibited a U-shaped relationship
between RSD and lot-size.

For 2§ of the 83 mines analyzed, only two RSD measure-
ments or lot-size intervals were available. Naturally, a
log-linear line will pass through the two points in every
case. Twelve of the mines showed RSD decreasing with
increasing lot-size, 16 mines showing RSD increasing with
increasing lot-size, and 1 mine indicated a relatively
constant relationship.

In conclusion, there is no apparent consistent rela-
tionship between the RSD of lbs S/MMBtu and lot-size
for any individual mine. The coal analysis data examined in
this exercise fail to confirm the theoretical relationship
which indicated that the RSD of lbs S/MMBtu decreases
with increasing lot-sizes. However, other variables, such
as geological factors and mining methods, may have a rela-
tively greater impact on coal sulfur variability than lot-
size and may have distorted the expected relationship
between RSD and lot-size. Further, it should be noted that
this analysis is based primarily upon samples representing
from 1,000 to 10,000 tons with relatively few points repre-
senting volumes of less than 1,000 tons. However, because
of the wide dispersion of RSD measurements examined in this
analysis, it is unlikely that any simple relationship exists
between RSD and lot-size which could be used to accurately



predict the RSD for a corresponding lot-size within an

individual mine.

These findings are particularly troublesome for coal
producers and/or coal consumers who must guarantee that
coals will comply with sulfur emission standards. Coal
sulfur variability is often critical in the cases of small
coal-fired boilers and regulations which specify short averaging
periods, both of which would correspond to small lot-sizes.
The results of the previous analysis indicate that the short-
term sulfur variability of coal from an individual mine
cannot be accurately predicted, even if substantial histori-
cal data are available. These findings are even more
onerous with respect to the development of new mines which
must rely on core analysis data. Individual core analyses
may represent in excess of 500,000 tons of coal reserves,
while potential customers frequently need to know the sulfur
variability on increments of 10,000 tons or less. This
suggests that the language and requirements of many sulfur
dioxide emission-limiting regulations are not consistent

with the state of knowledge concerning coal sulfur varia-

bility.
4.1.3 Analysis of Data on an Aggregate Basis

The objective of this analysis was to examine the prob-
lem of coal sulfur variability within individual Producing
Districts. This was accomplished by various aggregations of
the data available for each Producing District. In general,
and subject to the availability of data, the following
analyses were performed on a Producing District basis:



. All coals; with and without lot-size intervals.

. Raw coals; with and without lot-size intervals.

. Washed coals; with and without lot-size intervals.

. Selected coal seams; with and without lot-size
intervals.

In addition, data for some Producing Districts per-
mitted more detailed analysis of other factors which have

been identified as possible sources of variability in coal
analysis data.

The analyses performed and the results obtained from
the aggregate analysis are discussed in detail in Appendix J.
Although no indisputable conclusions resulted from these
aggregate analyses, it was possible to make some general
statements about the relationshipé exhibited in the various
Producing Districts.

The results pertaining to the relationship between RSD
of 1lbs sulfur/MMBtu were inconclusive. However, it appears
that as the level of aggregation is increased from mine, to
seam, to Producing District, the data tend to exhibit a
sharp increase in RSD at small lot~-sizes, especially below
2,000 tons. This suggests that variables that could not be
controlled or were not analyzed may have masked the relation-
ship between RSD and lot-size. 1In the case of the composite

data, it is possible that the effects of these variables
tended to cancel each other.

Comparisons of washed and raw coals within the individ-
ual Producing Districts consistently indicated a lower 1lbs
S/MMBtu and a lower RSD for the washed coals. These find-
ings tend to support the hypothesis that coal washing would,
in general, reduce the level of sulfur emissions as well as
the relative variability of the emissions.
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In the limited number of cases analyzed, it appeaLs
that significant differences in RSD's can exist among seams
within the same Producing District. As reported in previous
sections of this report, substantial, inconsistent differ-
ences in RSD's were also observed among individual mines and
among lot-sizes within mines. These observations raise
serious doubts about the extent of the relationship between
RSD and lot-size and the existence of a simple relationship
which can accurately generalize coal sulfur variabilities.

Finally. some of the data on an aggregate basis
exhibited large RSD's, frequently in excess of 40 percent.
RSD's of this magnitude could have a substantial impact on
compliance. This suggests that coal consumers subject to a
given emission limit with only marginally acceptable coals,
must selectively evaluate the various sources of supply and
may consequently find it necessary to exclude those sources
which exhibit large variabilities.

4.2 Predictive Ability of Producing District and Seam Data
for Individual Mines

This section shows the results of a study performed to
determine whether composite seam or Producing District data
can be used to predict the relative variability of 1lbs
S/MMBtu for an individual mine. If combined data can
predict mine data, the derived relationships between RSD and
lot-size for composite seams or Producing Districts would
permit the estimation of RSD's for an individual mine over a
range of lot-sizes.

Generally, the indiwvidual mine data sets permitted the
calculation of the relative standard deviation for only
several lot-sizes. However, by combining the data within



Producing Districts or seams, it was possible to calculate
RSD's for a wide range of lot-sizes.

4.2.1 Methodology

Data from all mines within a seam or district were com-
bined and analyzed by lot-size in terms of the relative
variability of lbs S/MMBtu. A line of regression was
then fitted between the log of the lot-size and RSD and used
as the predictor of the RSD of lbs S/MMBtu within indi-
vidual mines. -Standard errors of the RSD estimates for
individual mines were then calculated. The individual mine
RSD estimates, as well as the composite seam data, were then
plotted on the same graph. Two tests were used to determine
the degree to which the seam data could predict mine RSD.
First, mine RSD estimates were checked against the RSD as
predicted from the composite data to determine if the
regression line fell within plus or minus three standard
errors of the individual mine RSD's. Second, the absolute
average error was analyzed by assuming the composite data
were predictors of mine RSD's.

4.2.2 Analysis of Predictive Capabilities of Seam Data

Figure 12 shows the results of this analysis for the
composite seam data for the Pittsburgh seam (036), Producing
District 4 (Ohio). The regression line intersected only two
of the eleven mine RSD's within plus or minus three standard
errors. Of the remaining nine mine RSD estimates, the error
ranged from a high of 8.75 percentage points to a low of 3
percentage points with an average of 5.6. This is a sub-
stantial error since the RSD's for individual mines
generally ranged from 15 to 25 percent. Furthermore, note
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that the composite data were biased estimators of mine RSD's.
All except one of the mine RSD's lie below the composite
regression line.

Similar analyses were performed for the Middle
Kittanning (080) and Lower Kittanning (084) seams in
Producing District 4. For the Middle Kittanning seam, there
were 27 individual mine RSD estimates, of which only 6 fell
within the plus or minus three standard errors. The average
error in this case ranged from 8.7 percentage points to a
low of 4 percentage points, with an absolute average error
of 8.7 percentage points. For the Lower Kittanning seam, 6
of the 14 individual mine RSD estimates were within plus or
minus three standard errors of the composite RSD. The
absolute average error for this seam ranged between a high
of 10 percentage points to a low of 1.75 percentage points,
with an average of 3.8. In both instances, the composite
data provided biased estimates which consistently over-
estimated mine RSD's.

In addition to the three seams discussed above, several
other seams were plotted and the composite mine data were
compared to the individual mine estimates. These cases
exhibited the same general results as previously discussed,
that is, the composite data were not a good predictor of
mine RSD's.

Similar analyses were attempted using variance rather
than RSD as a measure of variability. 1In these instances,
the results were the same. Composite data were not a good
predictor of mine variability.



4.2.3 Analysis of Predictive Capabilities of Producing
District Data

Figure 13 shows the same type of analysis for composite
data for Producing District 4 (Ohio). Analysis of this data
provides the same general conclusion as the composite seam
data. The estimates are clearly biased in that the composite
Producing District data overestimate mine RSD's in nearly
all instances. The composite Producing District RSD estimate
falls within plus or minus three standard errors for only 6
individual mine RSD estimates. Furthermore, the absolute
error is fairly large and because of the dispersion of mine
RSD's, there is no curve which will yield a reasonable esti-
mate of RSD.

Analyses with composite data were also performed for
Districts 01, 08, 10, and 11. The results were the same as
previously discussed. The composite Producing District data

were a biased and inaccurate estimate of mine RSD's.

As in the case of the composite seam analyses, separate
analyses were performed using variance instead of RSD.
Again, there were no significant differences in the results.

In conclusion, composite seam or composite Producing

District data cannot be used to accurately predict the vari-
ability of 1lbs S/MMBtu for individual mines.

4.3 Analysis of the Statistical Distributions of Coal
Characteristics

This section examines the coal analysis data provided
by the respondents with respect to frequency distributions.
As indicated in Section 2.4, the differences between the
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three distributions examined -- normal, lognormal, and
inverted gamma -- can have a significant impact on compli-

ance with sulfur emission regulations.

Most statistical analyses of coal variability assume
drawing at random from a particular type of frequency dis-
tribution. This section attempts to provide recommendations
as to the most appropriate frequency distributions, based on
the observed frequency distributions of actual coal data.

In this analysis the frequency distributions of sulfur and

heat contents, as well as lbs S/MMBtu, were examined.

The "best" distribution depends upon the specific pur-
poses or requirements of the analysis. This section analyzes
three possible alternative requirements. The first is to
most accurately predict the top 1.5 percent, or the extreme
right tail, of the distribution. The second requirement
examined is to predict the top 15 percent of the right tail
of the distribution. The final requirement examined is for
the prediction of the total distribution. Separate methods
of analysis were chosen for each of these three criteria.

4.3.1 Methods of Analysis

Table 20 presents an example of the analysis performed
to determine which frequency distribution best fits the
observed data in the top 15 percent of the distribution.

The cell information in Table 20 refers to the cells used in
the computer analysis program, described in Section 3 of
this report. The sum of cells 7, 8, and 9 is approximately
equal to the top 15 percent of the distribution. The rela-
tive error is the observed frequency minus the expected
frequency divided by the expected frequency. Since the
number of dbservations in the top three cells can be rather



TABLE 20

ANALYSIS OF THE TOP 15 PERCENT OF THE FREQUENCY DISTR{BUTIONS
BY COMPUTATION OF RELATIVE DISTRIBUTION ERRORL/

Cell Number of Data Points Relative
Number Observed Expected Error (%)
(1) (2) (3) (4)
Analysis of Heat Content
Normal
9 0 .1 --
8 2 2.4 ~-16.66
7 10 24.1 -58.51
9,8,&7 12 26.6 -54.89
Inverted Gamma
9 0 .2 -
8 2 3.0 -33.33
7 10 24.5 -59.18
9,8&7 12 27.7 -56.68
Lognormal
9 0 .1 -
8 1 2.4 -

7 9 24.1 -62.66
9,8,&7 10 26.6 -62.41
Analysis of Lbs Sulfur/MMBtu
Normal
9 3 .1 2900.00
8 8 2.4 233.33
7 13 24.1 -46.06
9,8,&7 24 26.6 - 9.77
Inverted Gamma
9 3 1.0 200.00
8 8 5.4 48.15
7 13 24.3 -46.50
9,8&7 24 30.7 -21.82
Lognormal
9 3 .1 2900.00
8 6 2.4 150.00
7 15 24.1 -37.76
9,8,&7 24 26.6 - 9.77

l/ For mines with more than 200 observations and cells
containing more than 2 observations.
Relative Error = observed - expected

expected

Source: Foster Associates, Inc.



small, the relative error can be fairly large without indi-
cating a poor fit.

The method for analyzing the best fit for the top 1.5
percent of the distribution is shown in Figure 14. This
figure is based on the same data presented in Table 20. 1If
the observed and expected frequencies agreed exactly, the
lines for all three distributions would lie along the 45
degree axis. 1In this example the inverted gamma distribu-
tion gives a much more accurate fit than either the lognormal
or the normal.l/

The method used to analyze the overall goodness of fit
was the chi-square test. The chi-square statistic is deter-
mined by the following formula:

(0;-Ej) 2
x2=ZT

Where Oj
Ej

observed frequency in cell i

expected frequency in cell i

The calculated chi-square statistic is compared with a
chi-square value for the appropriate degrees of freedom. 1If
the calculated chi-square statistic is greater than the chi-
square value from the appropriate tables, it can be assumed
that the actual distribution of #the coal variable was not drawn
from the assumed distribution. To the extent that the square
of the observed minus the expected frequency divided by the
expected represents a measure of what constitutes a good fit,
for a given number of degrees of freedom, a lower chi-square
value indicates a better fit than a high chi-square value.

1/ The data sets did not contain enough extreme observations
to allow mdre sophisticated tests of goodness of fit.
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4.3.2 Results of Best Fit Analysis

The results of the analysis of the statistical distribu-
tions of coal characteristics are discussed in detail in
Appendix K of this report and are summarized in Table 21.
Column (1) in the table identifies the coal characteristic
analyzed, while Column (2) differentiates the raw and washed
coals. Column (3) identifies the portion of the frequency
distribution for which the analysis was performed -- top 1.5
percent, top 15 percent, or the total distribution. Columns
(4), (5), and (6) note the number of data sets which were
best represented by the respective normal, inverted gamma,
and lognormal distributions. It should be noted that the
data sets represented in Table 21 were not sorted by lot-
size. Lot-size analyses of these data sets are discussed in

Appendix K.

In general, no firm conclusions could be made with
respect to the best distribution for the coal characteristics
analyzed. The distributions exhibiting the best fit varied
considerably from data set to data set. However, the inverted
gamma distribution appears to provide the best fit for lbs
S/MMBtu, while heat content is best represented by the
normal distribution. In the limited number of data sets
analyzed for sulfur content, supplemented by visual examina-
tion of numerous distributions, the inverted gamma distribu-
tion provided the best fit.

A comparison of the results for raw and washed coals
indicated that coal washing does not alter the shape of the
distribution for lbs 8/MMBtu or heat content. However,
as previously reported, coal washing appears to alter the
mean of the.distribution and reduce the relative variability

of the characteristics investigated.



In view of the results of these analyses it seems appro-
priate to offer the following recommendations for both raw
and washed coals:

Coal Characteristic Best Fit Distribution
Lbs S/MMBtu Inverted Gamma
Heat Content (Btu/Lb) Normal
Sulfur Content Inverted Gamma

TABLE 21

SUMMARY OF BEST FIT ANALYSIS FOR THE OBSERVED
FREQUENCY DISTRIBUTIONS OF COAL CHARACTERISTICSL/

Number of Data Sets

Best Fit By:
Coal Type of Portion of Inverted Log-
Characteristic Coal Distribution Normal Gamma normal
(1) (2) (3) (4) (5) (6)
Lbs S/MMBtu Raw Top 1.5 Percent 4 16 19
Raw Top 15 Percent 23.5 10 7.5
Raw Total 14 15 14
Washed Top 1.5 Percent K} 7 5
Washed Top 15 Percent 9.5 4 3.5
Washed Total 1 5 4
Heat Content Raw Top 1.5 Percent 13 10 5
Raw Top 15 Percent 33 5 2
Raw Total 17 9 2
Washed Top 1.5 Percent 9 2 3
Washed Top 15 Percent 12 4 1
Washed Total 5 4 4
Sulfur Content Raw Total 15 17 8
Washed Total 1 3 5

1/ Data sets not sorted by lot-size.

Source: Appendix K.
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5.0 Analysis of Bureau of Mines Data

This section summarizes the results of the analyses
performed on data contained on the Bureau of Mines Coal
History Data Tape ("detail tape"). The coal samples and
analyses contained on this tape were collected by the Bureau
of Mines during the period from 1966 to 1977 and reflect
coals purchased by various Government agencies. The purpose
of these analyses is to determine whether coal suppliers are
providing coal of the specifications defined in coal purchase
contracts. The samples are analyzed by the Bureau of Mines
laboratory and if the coal is not of the quality quaranteed
by the contractor, price adjustments are made.

Although the "detail tape" contains both tipple samples,
collected after the coal has received final treatment at the
tipple or cleaning plant, and delivered samples, collected
during coal unloading at the destination, only the delivered
samples were analyzed for variability.

All samples were collected in accordance with instruc-
tions issued by the Bureau of Mines.l/ The individual incre-
ments or "cuts" represent complete cross-sections of the
entire stream of coal, taken regularly throughout the period
of unloading, so that all parts of the shipment are equally
represented. These individual increments comprise the gross
sample, which weighed not less than 1,000 pounds. 1In addi-
tion, the maximum tonnage represented by one gross sample
was generally limited to 1,000 tons.

Time and cost constraints prohibited an analysis of all
the data contained on the "detail tape." Only selected seams

1/ Snyder, N. H. (Rev. by S. J. Aresco), Coal Sampling
Revision to Technical Paper 133. Bureau of Mines Handbook,
1957.



and mines were analyzed, as discussed below.
5.1 Analysis of Selected Coal Seams

The criteria for selection of the coals seams analyzed
were primarily based on the major commercial steam-coal seams
in the United States as identified by Averitt.l/ These are
the few, thick seams, which are continuous over large areas
and possess special properties which make them commercially
desirable. These seams contain a substantial portion of the
domestic coal reserve base, and they have yielded the bulk
of past production.

Although data contained in the "detail tape" were not
sufficient to analyze all of the major commercial steam-coal
seams, it was possible to analyze representative seams for
the Northern and Southern Appalachian, Mid-Continent and
Western producing areas. The results of these analyses are
set out in Table 22 and are summarized below by producing
area. It should be noted that all of these analyses were
performed on a lot-size basis. The intervals examined were
0 to 300 tons, 300 to 600 tons, and 600 to 1,000 tons, the
midpoints of which are set out in Column (4) of Table 22.

5.1.1 Northern Appalachian

Two coal seams were analyzed in the Northern Appalachian
area -- the Pittsburgh seam (036) and Lower Kittanning seam
(084). Data for the Pittsburgh seam indicated an inverse
relationship between RSD and lot-size; however, data for
this seam were limited to less than 30 observations per lot-
size interval.

1/ Averitt, Paul, Coal Resources of the United States,
January 1, 1974, U.S. Geological Survey Bulletin 1412, 1975.




ANALYSIS OF COAL SEAMS BY LOT-SIZE (USBM "DETAIL TAPE" DATA)

TABLE 22

Midpoint of
Lot-Size Lbs S/MMBtu Number of
Producing Area Seam Code/Name Preparation (Tons)l/ Average RSD (%) Analyses

(1) (2) (3) (4) (5) (6) (7
Northern Appalachian 036 Pittsburgh Raw 128 2.38 39.56 19
427 2.40 34.18 18

971 2.71 13.73 8

Northern Appalachian 084 Lower Kittanning Raw 186 1.96 48.74 96
449 1.64 29.51 94

857 1.68 13.56 229

Southern Appalachian 151 Upper Elkhorn #3 Raw 172 0.67 40.97 102
443 0.59 27.47 96

901 0.68 35.28 431

Southern Appalachian 299 Black Creek Raw 167 0.76 47.43 53
443 0.79 53.37 41

970 1.00 48.93 619

Mid-Continent 484 Herrin #6 Washed 146 2.29 25.27 493
464 2.35 23.45 396

909 2.24 19.49 2444

Western 846 Hiawatha Raw 89 0.47 22.19 345
431 0.43 15.91 24

834 0.41 24.41 48

Western 750 Wadge Raw 165 0.63 19.50 108
428 0.58 14.89 57

844 0.47 13.07 38

1/ The intervals specified

0
300

600

Column (4) identifies the

I

300 tons
600 tons
1000 tons

for each seam were:

midpoint of the intervals for each data set.



The Lower Kittanning seam (084) also exhibited the
inverse relationship between RSD of lbs S/MMBtu and
lot-size. In this case, the RSD declines from 48.7 percent
at the 0 to 300 ton interval to 13.6 percent at the 600 to
1,000 ton interval.

5.1.2 Southern Appalachian

The Upper Elkhorn #3 (151) and Black Creek (299) seams
were analyzed in the Southern Appalachian producing area.
Data for these seams do not exhibit an inverse relationship
between RSD and lot-size. As in the case of the Northern
Appalachian coals, these coals appear to have rather large
RSD's for the 0 to 300 ton lot-size. However, the Northern
Appalachian seams exhibited a progressive decline in RSD
with an increase in lot-size, while the RSD's of the Southern

Appalachian coals remained relatively constant with respect
to lot-size.

5.1.3 Mid-Continent

One coal seam, the Herrin #6 (484), was analyzed in the
Mid-Continent producing area. More than 3,000 observations
for this seam were available in Bureau of Mines "detail
tape.” The analysis shows a decline in RSD from 25.3 per-
cent at the 0 to 300 ton interval to 19.5 percent at the 600
to 1,000 ton interval.

5.1.4 Western

Two coal seams, Hiawatha (846) and Wadge (750), were
analyzed in the Western producing area. Although the Wadge
seam exhibited a moderate decline in RSD with respect to

increasing lot-sizes, no such relationship was observed for

5-4



the Hiawatha seam. 1In order of magnitude, the RSD's of the
smallest lot-sizes (0-300 tons) for the Western producing
area seams were slightly less than the RSD for the Herrin #6
seam in the Mid-Continent producing area and substantially
less than the RSD's for the Northern and Southern Appalachian

areas.

5.1.5 Comparison of Analysis of Seam Data from Bureau of
Mines Data with Data Received from Respondents

As was previously discussed, the Bureau of Mines data
were based exclusively on lot-sizes less than 1,000 tons
each, while data from the respondents generally reflected
larger lot-sizes. Data for four seams -- Pittsburgh, Lower
Kittanning, Upper Elkhorn #3, and Illinois #6 (Herrin) --
were available from the Bureau of Mines "detail tape" as
well as from data received from respondents. A comparison
of these data on a lot-size basis is set out in Table 23.

In general, Table 23 indicates that when the data from the
Bureau of Mines and respondents are compared as a composite,
the inverse relationships between RSD and lot-size which may
have previously existed, are no longer readily apparent.

5.2 Analysis of Selected Mines

In this analysis 16 individual mines contained within
the Bureau of Mines "detail tape" were analyzed. The criteria
for the selection of these mines included: (1) mines produc-
ing individual coal seams for which a large number of analyses
were available, (2) mines for Producing Districts not repre-
sented in the data base assembled from respondents' data,
and (3) mines for which corresponding data were available
from respondents' data, which would be of interest for com-
parative purposes. The results of this analysis on a



TABLE 23

COMPARISON OF ANALYSIS OF SEAM DATA FROM
BUREAU OF MINES WITH DATA RECEIVED FROM RESPONDENTS

RSD of Lbs
Midpoint of S/MMBtu (%)
Lot-Size USBM Data from Number of
Seam (Code/Name) (Tons) Data Respondents Observations
(1) (2) (3) (4) (5)

036/Pittsburgh 128 39.6 -— 19
427 34.2 -— 18
821 - 22.0 15
971 13.7 - 8
1,170 - 16.1 42
1,448 - 23.3 78
1,782 - 17.8 47
084 /Lower 186 48.7 -— 96
Kittanning 440 -- 20.7 29
449 29.5 -= 94
857 13.6 - 229
1,015 - 20.2 105
1,208 -- 20.4 188
1,407 - 19.9 517
1,582 - 17.2 91
2,470 - 18.3 22
151 /Upper 173 41.0 -- 102
Elkhorn #3 443 27.5 - 96
901 35.3 - 431
1,110 - 60.7 64
1,737 - 30.9 32
2,812 - 22.9 62
484/11l1inois #6 l46 25.3 - 493
(Herrin) 464 23.5 - 396
909 19.5 -- 2,444
1,388 - 28.8 993
2,354 - 13.6 172
3,971 - 16.6 72
5,897 - 14.3 186
7,262 -— 43.1 155
8,369 - 45.6 461
9,581 - 45.3 204

Source: Foster Associates, Inc.



lot-size basis are set out in Table 24 and are briefly dis-

cussed below.
5.2.1 Mine 01200, Upper Freeport Seam

Coals analyzed for this mine were washed coals of two
distinct sizes -- double screened stoker and single screened
slack. The average lbs S/MMBtu for the single screened
slack coals were consistently greater than the double
screened stoker coals. The RSD's of the lbs S/MMBtu
for the single screened coals exhibited a decline for each
successive increase in lot-szie. However, this relationship

was not observed for the double screened coals.
5.2.2 Mine 00950, Pittsburgh Seam

All coals analyzed were washed, double screened stoker
coals. Data for this mine exhibited a direct relationship

between RSD and lot-size.
5.2.3 Mine 07290, Middle Kittanning Seam

Data were available only for the 600 to 1,000 ton lot-
size for washed coals. At this lot-size the double-screened
stoker coals exhibited an RSD of 12.3 percent compared to
10.9 percent for the single screened coals.

Limited data for this mine obtained from an electric
utility indicated an RSD of 12.1 percent for shipments aver-

aging approximately 1,000 tons each.
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TABLE 24

ANALYSIS OF INDIVIDUAL MINE DATA FROM USBM "DETAIL" COAL DATA TAPE

USBM Mine Seam Prepara- Averagde of Lbs S/MMBtu Number of
District Code (Code/Name) tion Lot-Sizel/ Average RSD (%) Analyses Coal Size
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 01200 071/U. Freeport Washed 188 0.89 11.60 83 Double Screened Stoker
Washed 425 0.90 15.21 150 Double Screened Stoker
Washed 869 0.90 12.91 133 Double Screened Stoker
Washed 196 0.96 13.98 64 Single Screened Slack
Washed 424 0.97 13.11 73 Single Screened Slack.
Washed 924 1.01 12.63 247 Single Screened Slack
2 00950 036/Pittsburgh Washed 192 1.37 15.59 29 Double Screened Stoker
Washed 425 1.38 16.84 41 Double Screened Stoker
Washed 789 1.25 18.29 5% Double Screened Stoker
4 07290 081/M. Washed 962 2.12 12.31 136 Double Screened Stoker
Kittanning Washed 921 2.12 10.87 371 Single Screened Slack
7 00614 100/vVarious Raw 950 0.87 18.65 106 Crushed Run-of-Mine
Washed 957 0.76 18.01 532 Single Screened Slack
8 00637 956/Elkhorn #3 Washed 172 0.58 14.86 61 Double Screened Stoker
and Hazard #4 Washed 457 0.57 15.24 82 Double Screened Stoker
Washed 868 0.55 13.52 161 Double Screened Stoker
Washed 191 0.57 13.50 61 Single Screened Slack
Washed 451 0.59 12.34 91 Single Screened Slack
Washed 893 0.56 13.76 355 Single Screened Slack
8 02557 151/Upper Washed 140 0.73 13.96 84 Double Screened Stoker
Elkhorn #3 Washed 472 0.72 19.69 84 Double Screened Stoker
Washed 814 0.69 21.88 59 Double Screened Stoker
Washed 93 0.82 11.89 53 Single Screened Slack
Washed 398 0.84 23.63 9 Single Screened Slack
Washed 902 0.78 18.79 113 Single Screened Slack
8 04184 111/Hazard #5-A Raw 471 0.49 18.28 396 Crushed Run-of-Mine

Raw 817 0.47 17.14 86 Crushed Run-of-Mine
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TABLE 24
USBM Mine Seam Prepara- Average of Lbs S/MMBtu Number of
District Code (Code/Name) tion Lot-Sizel/ Average RSD (%) Analyses Coal Size
(1) (2) (3) (4) (5) (6) (7) (8) (9)
8 04204 111/Hazard #5-A Washed 166 0.48 10.73 51 Double Screened Stoker
Washed 446 0.48 8.60 39 Double Screened Stoker
Washed 886 0.44 12.73 211 pouble Screened Stoker
. Washed 236 0.47 14.09 5 Single Screened Slack
4 Washed 480 0.55 10.23 138 single Screened Slack
Washed 822 0.59 13.11 126 Single Screened Slack
10 04978 484/Herrin #6 Raw 869 1.77 13.17 87 Crushed Run-of-Mine
Washed 896 1.64 9.32 301 Single Screened Slack
10 07310 496/Morris #2 Washed 959 2.36 10.48 162 Double Screened Stoker
11 04730 001/#5, #6, #7 Washed 239 0.99 32.35 14 Double Screened Stoker
Washed 458 1.25 34.53 41 Double Screened Stoker
Washed 863 1.70 34.23 89 Double Screened Stoker
13 00305 299/Black Creek Raw 171 0.59 46.22 23 Double Screened Stoker
, Raw 465 0.53 34.95 15 Double Screened Stoker
Raw 951 0.64 32.61 68 Double Screened Stoker
Raw 979 0.73 46.33 78 Crushed Run-of-Mine
13 00750 100/Various Raw 976 0.87 53.17 97 Crushed Run-of-Mine
13 07243 299/Black Creek Washed 442 1.21 14.75 28 Double Screened Stoker
Washed 897 1.15 17.96 61 Double Screened Stoker
16 02020 799/F Raw 136 0.25 21.33 68 Double Screened Egg
Raw 237 0.26 18.76 13 Single Screened Slack
Raw 452 0.26 16.13 45 Single Screened Slack
Raw 861 0.26 17.80 77 Single Screened Slack
20 07235 846/Hiawatha Raw 140 0.48 17.98 67 Double Screened Stoker
Raw 429 0.47 8.52 20 Double Screened S+oker
Raw 76 0.53 11.37 126 Single Screened Slack

1/ 1Intervals specified for each mine were: 0-300 tons, 300-600 tons, and 600-1000 tons.



5.2.4 Mine 00614, Various Seams

Coal analyses were available for this mine on a raw and
washed basis for the 600 to 1,000 ton interval. The average
lbs S/MMBtu for the raw coal was calculated at 0.87 com-
pared to 0.76 for the washed coal. However, the RSD's of
the 1lbs S/MMBtu show no significant difference at 18.6

and 18.0 for the raw and washed coals, respectively.
5.2.5 Mine 00637, Upper Elkhorn #3 and Hazard #4 Seams

Analyses for this multiple seam operation were available
for double screened and single screened washed coals. As
shown in Table 24, there appears to be no significant differ-
ence between the average lbs S/MMBtu -or the RSD of
these two coals. 1In addition, no inverse relationship
between RSD and lot-size is apparent.

5.2.6 Mine 02557, Upper Elkhorn #3 Seam

Data were available for both double screened and single
screened washed coals. The double screened coals generally
appear to have a lower average lbs S/MMBtu. On a lot-
size basis, the data exhibit a direct relationship between
lot-size and RSD.

Set out in Table 25 is a comparison of the washed coals
from Mine 02557 to raw coals from the Upper Elkhorn seam.
From Table 25 it appears that the raw coals have a lower
average lbs S/MMBtu and a higher RSD than the washed
coals.

Analyses for Mine 02557 were also available from data
received from an electric utility. These analyses indicated
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TABLE 25

COMPARISON OF DATA FROM MINE 02557 TO
RAW COAL DATA FOR UPPER ELKHORN SEAM

Midpoint of Lbs S/MMBtu Number of

Source Preparation Lot-Size Average RSD (%) Observations
Mine 02557 Washed,D.S.l/ 140 0.73 14.0 84
472 0.72 19.7 84
814 0.69 21.9 59
Mine 02557 Washed,S.S.Z/ 93 0.82 11.9 53
398 0.84 23.6 9
902 0.78 18.8 113
Various Raw 172 0.67 41.0 102
Mines3/ 443 0.59 27.5 96
901 0.68 35.3 431

1/ Double screened.
2/ Single screened.
3/ From Table 21.

Source: Foster Associates, Inc.

an average of 0.64 lbs S/MMBtu with an RSD of 8.9 percent,

based on shipments of approximately 2,600 tons each.
5.2.7 Mines 04184 and 04204, Hazard #5-A Seam

Mines 04184 and 04204 both produce coal from the Hazard
#5-A seam. Mine 04184 is an auger operation producing a
crushed run-of-mine product, while Mine 04204 is a strip
mine producing double and single screened coals. In general
there appears to be no significant difference in the average
lbs S/MMBtu for these coals, although the RSD's for the
raw coals appear to be slightly higher.

5.2.8 Mine 04978, Herrin #6 Seam

Analyses of this mine were .based on raw and washed coals
in the 600 to 1,000 ton lot-size. The raw coals exhibited



an average of 1.8 lbs S/MMBtu with an RSD of 13.2 per-

cent, while the washed coals had an average of 1.6 lbs
S/MMBtu with an RSD of 9.32 percent.

Data for this mine received from an electric utility
indicated an average of 2.8 lbs S/MMBtu with an RSD of
13.1 percent, based on washed coals with an average lot-size
of approximately 2,000 tons.

5.2.9 Mine 07310, Morris #2 Seam

Bureau of Mines data for this mine indicated an average
of 2.4 lbs S/MMBtu with an RSD of 10.5 percent, for the
600 to 1,000 ton lot-size. Similar data received from an
electric utility provided an average of 2.5 lbs S/MMBtu

with an RSD of 10.9 percent, based on an average lot-size of
4,700 tons.

5.2.10 Mine 04730, Indiana Seams #5, #6, and #7

Coal analyses for this multiple seam mine were based on
washed, double screened stoker coals. By lot-size the aver-
age lbs S/MMBtu ranged from 1.0 to 1.7, while the RSD's
ranged from 32.4 to 34.5 percent. Comparable data received
from a coal producer indicated an average of 1.6 1lbs
S/MMBtu with an RSD of 34.3 percent, based on an aver-
age lot-size of 8,000 tons.

5.2.11 Mines 00305 and 07243, Black Creek Seam
Data for Mine 00305 were based on raw, double screened
and crushed run-of-mine coals, while data for Mine 07243

were based on washed, double screened coals. The raw coals

from Mine 00305 exhibited a lower average lbs S/MMBtu
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and higher RSD's compared to the washed coals from Mine 07243.
The limited data for these mines did not permit an analysis

of the relationship of RSD and lot-size.
5.2.12 Mine 00750, Various Seams

Based on crushed run-of-mine coals from a multiple seam
operation, this mine exhibited an RSD of 53.2 percent for
coal volumes ranging from 600 to 1,000 tons.

5.2.13 Mine 02020, F Seam

Analyses for this mine were based on raw, double and
single screened coals. No significant difference was
observed between the average lbs S/MMBtu for these
coals, although the data indicated a slightly higher RSD for
the double screened coal.

Comparable data for this mine received from an electric
utility indicated an average of 0.54 lbs S/MMBtu, com-
pared to 0.25 to 0.26 from the Bureau of Mines data. The
RSD of the lbs S/MMBtu was calculated at 5.0 percent
from the utility data, while the Bureau of Mines data indi-
cated RSD's from 16.1 to 21.3 percent.

5.2.14 Mine 07235, Hiawatha Seam

Coals analyzed for Mine 07235 from the Bureau of Mines
data were raw, double and single screened coals. By lot-
size intervals the average lbs S/MMBtu ranged from 0.47
to 0.53 while the RSD's ranged from 8.5 to 18.0 percent. 1In
comparison, data from an electric utility exhibited an aver-
age of 0.90.1bs S/MMBtu with an RSD of 27.6 percent,
based on lot-size shipments of approximately 8,400 tons each.
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5.2.15 Summmary of Analysis of Individual Mine Data from
"Detail Tape"”

In the analysis of the 16 selected mines from the U.S.B.M.
"detail tape" the RSD's of lbs S/MMBtu generally ranged
from 10 to 20 percent with two exceptions. First, Mine
04730 in Producing District 11 (Indiana) exhibited RSD's
ranging from 32 to 34 percent. Second, Mines 00305 and
00750 in Producing District 13 (Alabama) exhibited RSD's
ranging from 32 to 53 percent.

Based on the theoretical relationship between RSD and
lot-size it was expected that rather large RSD's would be
observed in the Bureau of Mines data, since all lot-sizes
were 1,000 tons or less. As indicated above, relatively
large RSD's were not observed and the results in general
were similar to the results obtained from the respondents’

data, which generally represented substantially larger lot-
sizes.

In the 15 cases where two or more lot-size intervals
were available for the same coal (same mine, same prepara-
tion, and same size) only three cases exhibited a consis-
tent decline in RSD with lot-size.

The two mines for which raw and washed analyses were
available indicated that the average lbs S/MMBtu as
well as the RSD's were lower for washed coals.

In the seven cases where analyses were available for
double screened and single screened coals from the same

mine, there was no apparent consistent difference in the
average lbs S/MMBtu or the RSD's.
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Finally, the comparisons of Bureau of Mines data with
data received from respondents for the same mines yield
inconsistent results. Since the data from the respondents
generally reflected larger lot-sizes, it was expected these
data would exhibit lower RSD's than those observed in the
Bureau of Mines data. For the seven mines compared, the
respondents' data showed lower RSD's in two cases and higher
RSD's in two cases. For the three remaining mines, the RSD's
for the respondents' data were not significantly different
from the Bureau of Mines data.

The results of these various comparisons must be viewed
with caution, since the coal sampling and analyses were not
performed by the same samplers or laboratories under con-
trolled conditions. Moreover, the sporadic nature of the
Bureau of Mines coal samples presents problems in statisti-
cal analysis. For this reason, it is questionable whether
more sophisticated models of variance, including autocorrela-
tive models, would be useful alternatives to the simple model
used in this study.
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6.0 Analysis of Continuous Monitoring Data for Sulfur
Dioxide Emissions

The objective of this chapter was to analyze existing
data for sulfur dioxide (SO3) emissions and the removal
efficiencies of flue gas desulfurization (FGD) systems. The
analysis focused on the behavior of the variabilities of SO»
emissions and FGD efficiencies as a function of averaging
time. The behavior of the observed data was then compared
to the expected behavior, based on statistical theory-

6.1 Description of Data

The data used in this study were collected by EPA and
reflect the results of continuous monitoring test programs
conducted at the Cane Run Unit No. 4, Bruce Mansfield Unit
No. 1, Eddystone Unit No. 1, and Mitchell electric generat-
ing units. The data for the Mitchell unit were based on
one-hour averages while the data for the three remaining

units were based on 15-minute averages.

One advantage of using these data was that they were
previously reduced, edited and reviewed. 1/ Since these
data were collected under controlled conditions, it was
possible to delete anomalous observations resulting from

factors such as instrument and equipment malfunctions.

1/ A complete description of these data may be obtained
from Air Pollution Emission Test, Volume I: First Interim
Report: Continuous Sulfur Dioxide Monitoring at Steam
Generators, U.S. EPA, Emissions Measurement Branch, EMB
Report NO. 77SPP23A, August 1978.




6.2 Analysis of Data

The data analyses in this section were performed with a
modified version of the analytical program developed for the
analysis of coal data.

The results of the analysis of sulfur dioxide emissions
and FGD efficiencies are set out in Table 26. As the table
shows, the analysis consisted of calculating one-hour, three-
hour, and twenty-four-hour simple averages as well as the
corresponding moving averages. For the Mitchell and Cane
Run Units the data also permitted the calculation of a 30-
day moving average. The analysis is limited in its general
applicability due to the limited number of data sets. How-
ever, even given the limited amount of data, some general
observations can be made.

The first observation is that, while the FGD efficiencies
are not subject to large relative variations, the relative
variations exhibited in the FGD inefficiencies are substan-
tial. This can be seen by comparing Columns (10) and (11)
in Table 26. Based on a 24-hour averaging period, the RSD's
of the FGD sulfur removal efficiencies ranged from 1.2 to
6.2 percent. In contrast, the RSD's of the FGD inefficiencies
ranged from 10.5 to 70.8 percent for the same averaging period.
Since emissions into the atmosphere are the product of inlet
flue gas concentrations times FGD inefficiency, it appears
that the relative variability in FGD performance is more

important than the combined relative variabilities of the
coal and combustion processes.l/

1/ It is also interesting to note that in a correlation

analysis performed on the Cane Run Unit No. 4 data by the

Energy Strategies Branch of EPA a correlation coefficient of

0.35 was obtained for inlet versus outlet emissions, based

on three-hour averages. This correlation coeffient indicates
that inlet and outlet emissions tend to vary independently

about their respective means. This independence can be explained
only by the variability in the performance of the FGD unit.
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Table 26

ANALYSIS OF YARIABILITIES OF SULFUR DIOXIDE EMISSIONS AND PGD
REMOVAL EFFICIENCIES AS A FUNCTION OF AVERAGING TIME PERIOD

Flue Gas Concentrat:ions (Lbs SO,/MMBtu) ) °GD Inegfz—
Unit and Aver-~- Inlet Outlet ?GD Zfficiency (%3)1/ ciency:/
_aging Period Mean S.D0.3/ RSD (%) Mean S.D.2/ 3SD (%) Mean 5.0.3/ RSD (%) RSD_(3)
(1) (2) (3) (4) (s) (6) (7) (8) (9) (10) (11)
Eddystone dNo. 1
1-Hour 5.1230 .4190 08.18 .2607 .2799 107.38 94.6551 5.4488 5.756 101.85
3-Hour 5.1232 .4100 08.00 .2597 .2578 99.28 94.6378 5.0120 5.295 93.47
3-Hour Moving 5.1213 L4091  07.99 .2584 .2583 99.97 94,6637 5.0259 5.309 94.18
24-Hour 5.1161 .3656 07.15 .2422 .1837 75.83 94.9278 3.5912 3.783 70.80
24-Hour Mqving 5.1091 .3617 07.08 .2456 .l1702 69.30 94.8830 3.381s 3.563 66.09
Mitchell
1l-Hour 6.5482 1.1886 18.15 L6737 .1832 27.20 89.9198 2.2469 2.498 22.29
3-Hour 6.7216 .9284 13.81 .6699 .1606 23.98 89.8779 1.8771 2.088 18.54
3-Hour Moving 6.7178 .9289 13.83 .6697 .1604 23.95 89.8785 1.8792 2.090 18.357
24-Hour 6.7150 .6988 10.41 .6697 .1089 16.26 89,3406 1.3779 1.199 10.61
24-Hour Movin 6.7194 .6827 10.16 .6702 .1094 16.33 89.8452 1.0696 1.19%0 10.53
30-Day Moving_/ §.7220 .0099 00.15 .6742 .0050 00.74 89.8043 0.0691 3.076 0.68
Mansfield No. 1
1-Hour 6.6198 .7948 12.01 1.2699 ,5433 42.79 30.8948 7.0020 8.635 36.31
3-Hour 6.6216 L7533 11.38 1.2692 .5137 340.47 80.9864 6.53540 g8.092 34.48
3-dour Moving 6.6212 .7566 11.43 1.2702 .5146 40.52 80.9704 6.5469 3.085 34.40
24-Hour 6.6187 . 4486 06.78 1.2722 .3625 28.49 80.9522 4.7538 3.872 24.96
24-Hour Moving 6.6354 .4814 07.26 1.2867 .3606 28.03 80.7625 4.5223 3.723 24.03
Cane Run No. 4
l-Hour 5.6435 .5412 09.59 .9100 .3669 40.32 83.6626 6£.4201 7.673 39.30
3-Hour 5.6423 .5285 09.31 .9084 ,3533 38.89 83.6663 6.1958 7.405 37.93
3-Hour Moving 3.6425 .5236 09.28 .9090 ,3533 38.87 83.6582 6.2007 7.411 37.94
24-Hour 5.6398 .4203 07.45 .9059 ,2892 31.92 83.6907 5.1752 6.183 31.73
24-Hour Movini 5.6433 .4108 07.28 .9096 .2859 31.43 83.6310 S.177S 6§.190Q 31.63
30-pay Movlng./ 5.6503 .0318 00.56 .9318 .0978 10.50 83.2279 1.7603 2.115 10.350

1/ FGD Efficiency =

Lbs S0,;/MMBtu Inlet - Lbs 507/MMBtu Outlet
Lbs SOo/MMBtu Inlet

2/ FGD Inefficiency = l-Efficiency

3/ S$.0. = Standard Deviation

4/ Analyses for 30-day moving average are based on very limited data.

Source: Foster Assoclates, Inc.

6-3



The RSD's of the inlet SOj concentrations ranged from
8.2 to 18.2 percent based on a one-hour averaging period.
Although there are inherent difficulties in comparing coal
analysis data to emissions data, as previously discussed,
these RSD's are comparable to the RSD's of coal in the 0 to
300 ton range examined in the Bureau of Mines data.l/

A comparison of the FGD inlet data to outlet data shows
that the outlet emissions are much more variable than the
inlet emissions. Column (2) of Table 27 sets out the ratio
of the RSD of inlet emissions to the RSD of outlet emissions
for the various averaging periods examined for the four gen-
erating units. Based on the one-hour averaging periods,
this ratio varies from 1.5 for the Mitchell unit to more
than 13 for the Eddystone Unit No. 1. 1In other words, at
the Eddystone unit, the relative variability of the outlet
emissions is more than thirteen times greater than that of
the inlet emissions. The implication of these results is
that although the FGD unit reduces the mean emission rate,
which aids compliance, the FGD unit also increases the rela-
tive variability of outlet emissions, which increases the
difficulty of compliance.

A final observation is that the reduction in emissions
variability resulting from increasing the averaging period
is less than would be expected from statistical approxima-
tions, if independence is assumed. It can be shown that if
moving or simple averages are calculated from one-hour aver-
ages with a standard deviation of 0, the standard deviation
for a moving or a simple average of n data points would have

a standard deviation OQJ%. This relationship assumes that

1l/ A 500 MW generating unit would consume coal at a rate of
about 200 tons/hour.



TABLE 27

COMPARISON OF THE VARIABILITY OF FGD INLET AND OUTLET
EMISSIONS, OBSERVED AND EXPECTED

Sulfur Dioxide Emissions (Lbs SO,/MMBtu)
Inlet ~ Outlet
Unit and Aver- RSD Outlet Expected Observed S.D. Expected Observed S.D.
aging Period RSD Inlet s.D.1/ Expected S.D. s.p.1/ Expected S.D.

(1) (2) (3) (4) (5) (6)
Eddystone No. 1
1-Hour 13.13 - - - -
3-Hour 12.41 .2419 1.6949 .1616 1.5953
3-Hour Moving 12.51 .2419 1.6912 .1616 1.5984
24-Hour 10.61 .0855 4.2760 .0571 3.2172
24-Hour Moving 9.79 .0855 4.2304 .0571 2.9807
Mitchell
1-Hour 1.50 - - - -
3-Hour 1.74 .6862 1.3530 .1058 1.5180
3-Hour Moving 1.73 .6862 1.3537 .1058 1.5161
24-Hour 1.56 .2426 2.8805 .0374 2.9118
24-Bour Moving 1.61 .2426 2.8141 .0374 2.9251
30-Day Moving 4.93 .1276 .0776 .0199 .2513
Mansfield No. 1
l~Hour 3.56 - - - -
3-~Hour 3.56 .4589 1.6415 .3137 1.6376
3-Hour Moving 3.55 .4589 1.6487 .3137 1.6404
24-Hour 4.20 .1622 2.7657 .1109 3.2687
24-Hour Moving 3.86 .1622 2.9679 .1109 3.2516
Cane Run No. 4
1-Hour 4.20 - - - -
3~Hour 4.18 .3125 1.6816 .2118 1.6681
3-Bour Moving 4.19 .3125 1.6755 .2118 1.6681
24-Hour 4.28 .1105 3.8036 .0749 3.8611
24-Hour Moving 4.32 .1105 3.7176 .0749 3.8171
30-Day Moving 18.75 .0767 .4146 .0528 1.8523

1l/ s.D. = Standard Deviation

Source: Foster Associates, Inc.



the distribution of the one-hour averages is not serially

correlated.l/

Columns (4) and (6) of Table 27 compare the standard
deviations of the observed moving and simple averages with
the standard deviations which would be expected given the
relationship and statistical assumption presented in the
previous paragraph. From Table 27 it can be seen that in
almost every case the expected standard deviation is less
than the observed standard deviation. Thus, it appears that
substantial reductions in emissions variability result from
longer averaging periods, but these reductions are less than
what would be expected under assumptions of statistical
independence.

6.3 Implications of Emissions Analysis

To the extent that these four FGD units are representa-
tive of FGD units in general, the results of these analyses
identify several factors which have an impact on compliance
with sulfur dioxide emission regulations.

First, the reduction in emissions variability is readily
apparent as the averaging interval is increased consecutively
from one hour, to three hQurs, to 24 hours, to 30 days.

These findings support the theoretical inverse relationship
between coal sulfur variability and lot-size, since increasing
the averaging interval is equivalent to increasing the incre-
ment or lot-size of coal burned.

l/ Yamane, Taro, Statistics, An Introductory Analysis,
Harper and Row, Third Edition, p. 1072.




It follows from this analysis that, the shorter the
averaging interval or the smaller the amount of coal burned
per unit time, the more difficult it is to comply with an
emission standard if the averaging basis is time. Moreover,
the actual air pollution decreases as the difficulty of
compliance increases. These findings are particularly rele-
vant to small coal-fired plants and plants operating at
coal-burn rates lower than the rates used to develop its
compliance strategy. With respect to coal purchasing these
plants would experience greater problems, especially the
smaller plants with compliance strategies based on low-sulfur
coal. While large sources might find it necessary to ensure
that unit train loads (100 cars or approximately 10,000 tons)
meet the standard, small sources would have to ensure compli-
ance for perhaps two or three carloads. Due to the natural
variability of coal, it is possible that, given the same
source of coal supply, the coal would comply when burned in
a large plant but would result in excess emissions in a
small plant. Alternatively, the source of supply may be
acceptable for the small plant, but the increased number of
coal analyses and the selectivity required for quality con-
trol would certainly increase coal costs.

The second implication cf the result of this analysis
concerns those plants utilitizing FGD control strategies.
Based on current technology, FGD is in most cases the only
method available to meet stringent sulfur dioxide emission
regulations. Although FGD units reduce the mean or average
emission rate, it appears that they greatly increase the
relative variability of the outlet emissions, which increases
the difficulty of compliance. 1In the four units analyzed,
it was found that the relative variability in emissions
induced by FGD performance is significantly more important
than the relative variabilities of the coal and the combustion



process combined. As a consequence of these findings, the
evaluation of a source of coal supply for a coal-fired plant
equipped with an FGD unit must address not only the problem
of natural coal sulfur variability, but also the variability
in FGD performance. 1In general, this would require coal with
a lower mean sulfur content than if it were assumed that the
FGD unit operated at a constant rate of efficiency.

Finally, this analysis indicated that reductions in
variability obtained from longer averaging intervals, although
singificant, are less than would be expected based on assump-
tions of independence. These results suggested that an auto-
correlative model may be more appropriate for outlet emissions.
In addition, future studies of emissions analysis should

address the effect of FGD units on extreme values as well as
the relative variability.



7.0 Coal Sulfur Regression Analysis
7.1 Objectives

The purpose of the coal sulfur regression analysis is
to examine the relationship between the sulfur content of
coals and other coal characteristics. Because of the data-
base limitations, these other coal characteristics are
restricted to the following: ash content (AS), heat content
(BT) , moisture content (MO), lot-size (TON), mining method
(MM), sampling method (SM), and the level of coal prepara-
tion (PC). The relationships between coal sulfur content and
these other coal characteristics are examined for their
statistical significance, consistency, and their explanatory
or predictive power. Wherever data permit, the regression
analysis is disaggregated to three levels: a Bureau of Mines
Producing District, a seam in that producing district, and a
mine in that seam. In addition to examining the relationship
between the average sulfur content (SU) of coals and the
other coal characteristics, the relationship between the coal
sulfur variability, measured by the relative standard devia-
tion or the variance (¢2), and the other coal characteristics

is examined.
7.2 Background

Sulfur does not occur as an element in coal, but as
chemical combinations with other substances. Organic sulfur
is combined with the organic coal substance and is part of
the coal. Pyritic sulfur is combined with iron as either
pyrite or marcasite. Sulfate sulfur is combined with either
calcium or iron and is generally less than 0.05 percent of
the coal. 1/

l/ F. E. Walker and F. E. Hartner, Forms of Sulfur in U.S.
Coals, U.S. Bureau of Mines, IC 8301, 1966, p. 2.




Large differences in local and regional variability of
sulfur frequently occur. Gomez, Donaven, and Hazen have per-
formed a statistical and spatial evaluation of sulfur in
coal seams and found very little correlation between the
chemical and physical properties of the coal and sulfur con-
centration.l/ Figures 15 and 16 show the relationship between
the average sulfur content and the various chemical and
physical coal properties examined by Gomez, Donaven, and
Hazen. No strong correlation between the sulfur content
and ash content, moisture content, volatile matter, heat
content, grindability, fixed carbon, free sweeling index, or
ash softening temperature appears to exist. The results of
their study led Gomez, Donaven, and Hazen to conclude, ". . .
the chemical and physical properties of the coal are secondary
variables influencing sulfur and mineral matter distribution
in coal beds. The primary variables affecting sulfur dis-

tribution, quite likely, are geologic factors related to the
depositional history of the seam."2/

Discussions with Professor Joseph Leonard, Dean of the
College of Mineral and Energy Resources at West Virginia
University and Director of the Coal Research Bureau, and
Dr. Prancis Ting, professor of coal geology at West Virginia
University., support the conclusions reached by Gomez, Donaven,

and Hazen.3/ Both Professor Leonard and Dr. Ting agree that
it is the geologic factors which determine the sulfur content

of coals and not the chemical or physical properties of the
coals themselves. Therefore, characteristics such as seam

1/ Manual Gomez, Donald J. Donaven, and Kathleen Hazen, The

Statistical and Spatial Evaluation of Sulfur and Ash in Coal
Seams, U.S. Bureau of Mines, RI 7679, 1972.

2/ 1Ibid., p. 3.

3/ Conversations with Professor Joseph Leonard and Dr. Francis
Ting, West Virginia University, May 14, 1979.
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thickness, elevation, roof material, and type of deposition
which are associated with geologic occurrences may have a
stronger relationship to sulfur content than the chemical

and physical properties of coal. For example, in the Eastern
coal producing areas, lower sulfur coals are generally associ-
ated with thin seams, high elevation, clay roof, and fresh-
water deposition. Thin seams, high elevations, and freshwater
are inferences of moving water environments which removed
impurities from the coal. Clay roof materials are thought

to have acted as a filter which prohibited impurities from
penetrating the coalbed. Higher sulfur Eastern coals are
generally associated with thick seams, low elevations, and
marine deposition which are inferences of stagnant water
environments where impurities were not removed from the
coalbeds. However, the coal database developed for this

study does not contain geologic factors and cannot be used

to test the hypothesis of a greater correlation between

sulfur content and geologic factors than between sulfur
content and the chemical and physical properties of the coal.

7.3 Average Sulfur Content Regression Results

Linear regression analysis was used to examine the
relationship between the average sulfur content of the coals
and the other coal properties contained in the coal database.
Where sufficient data were available to provide meaningful
results, regressions were performed for individual coal pro-
ducing districts, particular seams, and single mines. Coal
Producing Districts 10 and 8 were disaggregated to the seam
and mine levels, while Producing District 4 data did not
permit analysis at the seam or mine levels. 1In Producing
District 19 the regression analysis at mine level was based
on core samﬁle data and "as shipped" data.



7.3.1 Producing District 10

The coal analysis data for Producing District 10 were
sufficient for regression analysis at the district level,
the seam level, and the mine level. Regression equations
for Producing District 10, the Illinois #6 Seam, and Mine #1

are shown below:

Producing

SU

R2

District 10:
40.11608 + 0.60056 PC - 0.00270 Btu - 0.00775 sSM
. (15.53) (30.00) (1.48)
-0.00004 TON + 0.21590 MM - 0.37498 MO
(undefined) * (14.18) (28.03)
-0.38478 AS
(27.52)

0.34258 F = 335.58687 S.E. = 0.65832

Illinois #6 Seam:

SU

Mine #1:
SU

*Note:

standard error.

29.7889 + 1.04531 MM - 0.47590 PC

(44.83) (22.16)
-0.00194 BT + 0.07689 SM - 0.24858 AS
(17.54) (17.88) (14.86)
-0.22782 MO
(12.52)

0.55424 F = 665.20574 S.E. = 0.58117

5.05320 - 0.00006 TON + 0.05756 AS
(6.00) (3.08)

+ 0.60118 PC - 0.06762 SM - 0.05224 MO
(7.58) (3.30) (2.85)

- 0.00024 BT - 0.08957 MM
(2.00) (1.28)

0.40888 F = 69.17062 S.E. = 0.22051

T-statistics were estimated by dividing the regression
coefficient of each variable by its corresponding
By defintion the t-statistic was

undefined when the standard error was zero.
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where: SU = sulfur content
AS = ash content
BT = heat content (Btu)
MO = moisture content

TON = lot-size

MM = mining method
SM = sampling method
PC = preparation code (Raw or Washed)

T-statistics for each regression coefficient are in paren-
theses. 1In most cases the t-statistics are significant at
the 95 percent confidence level which indicates that the
regression coefficients are statistically different from
zero. Further information about each regression equation is
presented in Table 28 which shows correlation coefficients,
regression equation R2, and variable rankings determined by
a stepwise regression which orders each regression variable
by its contribution to the explained variance of the equa-

tion.

Although the t-statistics of the regression coefficients
and the F-statistics for the equations are generally signifi-
cant at the 95 percent confidence level (t = 1.96, F > 2.00),
the equations have very poor explanatory or predictive power
as indicated by the low R2 and high standard errors. Only
about 34 percent of the total variance is accounted for by
the regression equation for Producing District 10 as a whole.
The regression equations account for about 55 percent and 41
percent of the total variance for the Illinois #6 Seam and
Mine #1, respectively. High standard errors which range from
about 0.66 to 0.22 also indicate weak explanatory or predic-
tive powers for these equations. However, there is generally
a trend toward higher R2 and lower standard errors as one
disaggregates from the Producing District level to the seam
level to the mine level. These trends tend to support the



TABLE 28

SULFUR REGRESSION ANALYSIS SUMMARY FOR PRODUCING DISTRICT 10
(PRODUCING DISTRICT 10, ILLINOIS #6 SEAM, MINE #1)

Correlation Coefficients

Producing Illinois
Variable District 10 #6 Seam Mine #1
SU Su SuU
SU 1.00000 1.00000 1.00000
AS -0.01498 0.26644 0.17981
BT -0.26196 -0.41158 -0.36402
MO 0.17751 0.11881 0.22398
TON -0.16336 -0.24973 -0.46582
MM 0.20635 0.65276 0.44043
SM -0.20061 0.14185 -0.31045
PC 0.31943 -0.06650 0.34396
Regression Equation R2
Number of Producing Illinois
Variables District 10 #6 Seam Mine #1
1 0.10203 0.42069 0.21699
2 0.16615 0.46088 0.32448
3 0.19855 0.50120 0.37546
4 0.21783 0.51899 0.39796
5 0.22517 0.53247 0.40462
6 0.23213 0.55424 0.40749
7 0.34258 0.55437 0.40888
Regression Equation Variables
Variable Producing Illinois
Rank District 10 #6 Seam Mine #1
1 PC MM TON
2 BT PC AS
3 SM BT PC
4 TON SM SM
5 MM AS MO
6 MO MO BT
7 AS TON MM
SuU sulfur (as received)

AS = ash (as received)
BT = heat content (Btu)
MO = moisture content

TON = lot-size

MM = mining method
SM = sampling method
PC = preparation code (raw or washed)



a priori hypothesis that the fit of the regression equations
should improve as the data are disaggregated and are more
likely to be from similar populations at the seam and mine
level than at the Producing District level. However, i§
should be noted that the highest R2 occurs in the regression
equation for the Illinois #6 Seam, while the lowest standard

error occurs in the equation for Mine #1.

The regression equations and Table 28 indicate many
inconsistencies in the values and signs of the correlation
coefficients, the values and signs of the regression coeffi-
cients, and the order of the independent variables in the
various levels of disaggregation. Only heat content (BT),
moisture content (MO), lot-size (TON), and mining method
(MM) have the same sign in each regression equation if the
statistically insignificant values are ignored. At each
level of disaggregation the sulfur content of the coal shows
an inverse relationship to the heat content, moisture content,
and lot-size and a positive relationship to the mining method.
The moisture content parameter is somewhat of an oddity in
that the moisture regression coefficient in each equation is
negative, while the moisture correlation coefficient is
positive. An explanation for this oddity may be that inclu-
sion of other variables in the regression equations which
exhibit stronger influences on the sulfur content than does
the moisture content suppresses the positive relationship
which the moisture content individually exhibits with sulfur
content. Multicollinearity, which is the relationship
between the explanatory variables, may also contribute to
this oddity. No consistent relationship appears to exist at
each level of disaggregation between the sulfur content and
the remaining independent variables (ash, sampling method,
preparation code).
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Large differences also occur in the relative importance
of each explanatory variable in each regression equation.
Only one variable, preparation code (PC), appears in each
equation as one of the three most important variables. How-
ever, each explanatory variable except moisture content (MO)
appears at least once as one of the three most important
variables in one of the equations. These differences in the
relative importance of each explanatory variable in each
regression equation is another indication that no strong and
consistent relationship between sulfur content and the coal
properties contained in the database exists for coals in
Producing District 10.

7.3.2 Producing District 8

Sufficient data were available for Producing District 8
to disaggregate the data to a seam and a mine level. Regres-
sion equations for Producing District 8, the Alma (Blue Gem)
Seam, and Mine #2 are shown below:

Producing District 8:
SU = -2.,22768 - 0.15875 PC + 0.08315 MM
(32.14) (21.94)

+ 0.00007 TON + 0.05949 AS + 0.00018 BT
(undefined) * (7.87) (3.60)

+ 0.01521 MO
(1.49)

RZ2 = 0.43598 F = 260.62299 S.E. = 0.38109

*Note: T-statistics were estimated by dividing the regression
coefficient of each variable by its corresponding
standard error. By definition the t-statistic was
undefined when the standard error was zero.
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Alma Seam:
(Blue Gem)

SU = -2.58155 + 0.07662 AS + 0.00024 BT
(7.50) (4.80)

R2 = 0.16564 F = 25.67525 S.E. = 0.28988

Mine #2:

(1) SU = 0.11525 - 0.09569 MM + 0.04916 AS
(6.16) (1.93)

-0.92574 MO + 0.00002 TON + 0.00008 BT
(1.02) (2.00) (0.53)

R2 = 0.28895 F = 27.06459 S.E. = 0.24026

(2) SU = 1.26368 - 0.09319 MM + 0.03656 AS

(6.33) (5.82)
-0.03751 MO + 0.00002 TON
(3.62) (2.00)
R2 = 0.28839 F = 33.84014 S.E. = 0.23999
where: SU = sulfur content
AS = ash content
BT = heat content (Btu)
MO = moisture content

TON = lot-size
MM = mining method

The t-statistics for each regression coefficient are in paren-
theses. For the Producing District equation and the seam
equation the t-statistics are generally significant at the
95 percent confidence level (t = 1.96) for each regression
coefficient. However, only the mining method (MM) and the
lot-size (TON) regression coefficients are significant in
equation 1 for Mine #2. This is probably caused by the high
collinearity primarily between the ash (AS) and heat content
(BT) variables which have a correlation coefficient of
~0.89155. Dropping the heat content variable (BT) from the
equation does not significantly affect the value of R2, F,



or the standard error and results in significant regression
coefficients for each variable (see mine #2, equation 2).
Table 29 shows correlation coefficients, regression equation
R2, and variable rankings as determined by a forward step-

wise regression.

At each level of disaggregation the regression equations
show very poor explanatory or predictive power even though
the regression coefficients and the equations themselves are
significant as based on the t-tests and F-tests, respectively.
Only about 44 percent of the total variance for Producing
District 8 as a whole is accounted for by the regression
equation. The explanatory or predictive power of the regres-
sion equations for the Alma (Blue Gem) Seam and for Mine #2
is even less, accounting for approximately 17 and 29 percent,
respectively. of the total variance. Standard errors for the
equations are fairly high ranging from about 0.43 to 0.29
and are further indications of the weakness of the explana-
tory or predictive power of these regression equations.
Unlike the regression equations for Producing District 10,
the goodness of fit of the regression equations for Producing
District 8 do not tend to improve as one disaggregates the
data to the seam and mine levels. The highest R2 occurs at
the Producing District level, although the standard errors
decline with each level of disaggregation. Therefore, these
regression results for Producing District 8 do not support
the a priori hypothesis that coal characteristics become more
homogeneous and more easily predictable as the level of
disaggregation increases.

Table 29 and the regression equations indicate many
inconsistencies in the values and signs of the correlation
coefficients and regression coefficients and in the order of



TABLE 29

SULFUR REGRESSION ANALYSIS SUMMARY FOR PRODUCING DISTRICT 8

(PRODUCING DISTRICT 8, ALMA (BLUE GEM)

Variable

SU
AS
BT
MO
TON
MM
PC

Number of

Variables

AU B W N

Variable
Rank

ANV WN -

SuU
AS
BT
MO

MM
PC

Correlation Coefficients

SEAM, MINE #2)

Producing
District 8 Alma Seam Mine #2
su SuU Su
1.00000 1.00000 1.00000
-0.09804 0.33760 0.37465
-0.00158 -0.18080 -0.27160
-0.04998 -0.20457 -0.12180
0.10708 0.18289 0.14291
-0.04654 - -0.43876
-0.42106 - --
Regression Equation R2
Producing
District 8 Alma Seam Mine #2
0.17729 0.11398 0.19251
0.28202 0.16518 0.24918
0.37631 0.16564 0.27194
0.42898 -- 0.28839
0.43536 -- 0.28895
0.43598 -- --

Regression Equation Variables

Producing
District 8

PC
MM
TON
AS
BT
MO

sulfur (as received)
ash (as received)
heat content (Btu)
moisture content
TON = lot-size

mining method
preparation code

Alma Seam

AS
BT
TON

Mine #2

MM
AS
MO
TON
BT



importance of the explanatory variables. The signs of the
regression coefficients for ash (AS), heat content (BT), and
lot-size (TON) are generally positive in the regression equa-
tions for Producing District 8, while they are negative in
the Producing District 10 regression equations. Given the
weak relationship which exists between sulfur content and
these explanatory variables and the possible existence of
multicollinearity, differences in the 'signs of the regression
coefficients from one Producing District to another or from
one equation to another within the same Producing District

are not toally unexpected.

Inconsistencies also occur in the order of importance
of each explanatory variable in these equations. No single
variable appears in each equation as.one of the three most
important variables, as measured by each variable's contribu-
tion to the explained variance. However, every variable
appears at least once as one of the three most important
variables. The differences in the importance of each explana-
tory variable is another indication that the relationship
between the sulfur content of coal and these other coal
properties is weak and inconsistent and that these other

coal properties are poor estimators of the sulfur content.
7.3.3 Producing District 4

For Producing District 4 the regression analysis was
performed for the entire Producing District with no dis-
aggregation to the seam or mine levels. The regression
equation for Producing District 4 is shown below:



Producing District 4:

SU = 9.53445 - 0.13534 MO - 0.00029 BT
(23.62) (9.67)

-1.14779 PC + 0.00008 TON - 0.23392 MM
(17.92) (8.00) (6.02)

+ 0.00926 AS
(2.93)

R2 = 0.24987 F = 352.15370 S.E. = 0.76893

where: SU = sulfur content
AS = ash content
BT = heat content (Btu)
MO = moisture content

TON = lot-size
MM mining method
PC preparation code (raw or washed)

T-statistic values for each regression coefficient are in
parentheses. Each regression coefficient is statistically
significant at the 95 percent confidence level. The regres-
sion equation R2 is low, indicating that the regression
equation accounts for only about 25 percent of the total
variance, while the standard error is quite large at
approximately 0.77.

Variable rankings and the respective regression equation
R2 for Producing District 4 are shown in the following table.

TABLE 30

Variable Explanatory Regression
Order Variable Equation R2

1 MO 0.10316

2 BT 0.19615

3 PC 0.23768

4, TON 0.24934

5 MM 0.24886

6 AS 0.24987
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The three most important variables, moisture content (MO),
heat content (BT), and the preparation code (PC) have never
appeared together as the three most important variables in
any regression equation thus far. Heat content and prepara-
tion code variables have frequently been one of the three
most important explanatory variables in other equations.
However, the moisture content variable appeared as one of

the three most important variables in only one other equation
-- Mine #2 in Producing District 8.

7.3.4 Mine #3

The data for Mine #3 in Campbell County, Wyoming con-
sists of core sample analyses and "as shipped" analyses with
the core analyses generally having a-higher average sulfur
content than the "as shipped" analyses. Regression equations

for the core sample data and the "as shipped" data are shown
below:

Mine #3:
(Core data)

SU = -0.88979 - 0.02832 MO + 0.00024 BT

(14.23) (12.00)
+ 0.02889 AS
(8.60)

R2 = 0.23213 F = 154.47654 S.E. = 0.06152

Mine #3:

("as shipped" data)
SU = -1.82902 + 0.00029 BT + 0.02451 AS - 0.0000 TON

(24.00) (8.17) (undefined) *
+0.00162 MO
(3.00)
*Note: T-statistics were estimated by dividing the regres-

sion coefficient of each variable by its corres-
ponding standard error. By definition the t-statistic
is undefined when the standard error is zero.
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R2 = 0.24992 F = 152.85478 S.E. = 0.04323

where: SU = sulfur content
AS = ash content
BT = heat content
MO = moisture content

TON = lot-size

The value of the t-statistic for each regression coeffficent
is in parentheses. Each regression coefficient is signifi-
cant at the 95 percent confidence level. Sulfur correlation
coefficients, regression equation R2, and variable rankings
by order of importance are shown in Table 31.

Similar to the other regression equations, the Mine #3
regression equations have low R2 values, indicating very
weak explanatory or predictive power. The regression a2qua-
tion based on "as shipped" analyses does have slightly more
explanatory power than the regression based on core analyses.
Although the Mine #3 regression equations have very weak
explanatory power, the low R2 values are not accompanied by
the high standard errors which have generally occurred in
the other regression equations. The standard errors in the
Mine #3 equations are the lowest for any equation. Another
interesting inconsistency is the ranking of the moisture
content variable (MO) in each equation. Moisture is the
most important explanatory variable in the core sample
regression equation and the least important in the "as
shipped" sample regression equation. The sign of the mois-
ture regression coefficient is different in each equation,
being negative in the core sample equation and positive in
the "as shipped" sample equation. The existence of multi-
collinearity between the explanatory variables may be at
least partially responsible for these inconsistencies.

»



TABLE 31

SULFUR REGRESSION ANALYSIS SUMMARY FOR MINE #3
(MINE #3, CAMPBELL COUNTY, WYOMING)

Sulfur Correlation

Coefficients
Core "As Shipped”
Variable Samples Samples
SU SU
SU 1.00000 1.00000
AS -0.13969 -0.12402
BT 0.300460 0.45812
MO -0.39697 -0.07688
TON 0.00000 -0.17122
MM —— -
PC - -
Regression Equation R?
Number of Core "As Shipped"
Variables Samples Samples
1 0.15769 0.20987
2 0.19516 0.23202
3 0.23213 0.24524
4 - 0.24992
Regression Equation Variables
Variable Core "As Shipped"
Rank Samples Samples
1 MO BT
2 BT AS
3 AS TON
4 - MO
SU = sulfur content
AS = ash content
BT = heat content (Btu)
MO = moisture content

TON = lot-size
mining method
preparation code

MM
PC



7.3.5 Summary of Average Sulfur Content Regression Results

Tables 32 and 33 show the sign of each regression
coefficient and the order of importance of each explanatory
variable for each regression equation. In general there is
very little consistency in the sign of the regression coeffi-
cients either between each coal Producing District or within
each coal Producing District. No explanatory variable has
the same sign in each equation. The regression coefficients
for the ash content variables (AS) and the moisture content
variables (MO) show the most consistency. 1In seven of the
nine equations the regression coefficient of the ash content
is positive while the regression coefficient of the moisture
content is negative in six of the eight equations in which
the moisture variable appears. The other variable regression
coefficients are generally about equally divided between
positive and negative values. Similar inconsistencies also
occur in the order of importance of each variable. No single
variable appears among the three most important variables in
each quation. The variable that appears most often among
the three most important explanatory variables is heat con-
tent (BT), but this variable appears only six times.

Considering these inconsistencies in the sign of the
regression coefficients and in the rank of the explanatory
variables along with the generally low R2 values and high
standard errors leads to the conclusion that the sulfur con-
tent of coals cannot be explained or predicted with any
degree of confidence by regression equations in which the
physical and chemical properties of coal are the explanatory
variables. Based on these regression results, the sulfur
content appears to be largely uncorrelated with the other
physical and chemical coal properties. If the sulfur
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TABLE 32

SIGN OF THE REGRESSION COEFFICIENTS

Producing District 10 Producing District 8 Mine #3

Explanatory Dist. Illinois Mine Dist. Alma (Blue Mine Dist. Core "As Shipped"
variable 10 #6 Seam #1 8 Gem) Seam #2 4 Analyses Analyses

aAS - - + + + + + + +

BT - - - + + + - + +

MO - - - + NA - - - +

TON - - - + NA + + NA NA

MM + + NA + NA - - NA NA

SM - + - NA NA NA NA NA NA

PC + - + - NA NA - NA NA

NA

BT
MO
TON

SM
PC

not applicable.

= ash content

heat content
moisture content
= lot-size

= mining method

sampling method
preparation code



IZ-L

TABLE 33

EXPLANATORY VARIABLE

Producing District 10 Producing District 8 Mine #3
Variable Dist. Illinois Mine Dist. Alma (Blue Mine Dist. Core "As Shipped"

Rank 10 #6 Seam #1 8 Gem) Seam #2 4 Analyses Analyses

1 PC MM TON PC AS MM MO MO BT

2 BT PC AS MM BT AS BT BT AS

3 SM BT PC TOM TON MO PC AS TON

4 TON ‘SM SM AS - TON TON - MO

5 MM AS MO BT - BT MM - -

6 MO MO BT MO - - AS - --

7 AS TON MM - - -- - - -

AS = ash content

BT = heat content

MO = moisture content
TON = lot-size

MM = mining method

SM = sampling method
PC = preparation code

Lo



content can in fact be explained or predicted from other
variables, these other variables are not the coal character-
istics generally determined from coal analyses. These other
variables may be geologic variables as hypothesized by Gomez,
Donaven, and Hazen and others. However, coal analyses which
contain geologic data are very limited at this time and are
not contained in the coal database assembled for this study.

7.4 Sulfur Variability Regression Results

Since the primary objective of this study was to examine
the variability of sulfur in coal, regression analysis was
used to examine the relationship between the sulfur varia-
bility and the other physical and chemical coal properties
contained in the coal database. Two measures of sulfur
variability are used in this regression analysis. One is
the relative standard deviation of sulfur and the other is

the wvariance (02) of sulfur. All regressions were performed
for the Illinois #6 seam.

7.4.1 Relative Standard Deviation Regressions

Two different regression analyses were examined for the
RSD of sulfur. First, the RSD was considered to be a linear
function of all coal properties except sulfur content (SU).
In the second regression analysis sulfur content was included

as an explanatory variable. The regression equations are
shown below:

Illinois #6 Seam:
(excluding sulfur)
RSD = -37.73231 + 5.65541 SM + 3.05614 AS
(2.80) (2.18)

- 0.00100 TON + 6.43196 MM
(1.16) (0.98)

RZ = 0.60573 F = 3.84077 S.E. = 8.92782



Illinois #6 Seam:
(including sulfur)

RSD = -54.92410 - 13.88940 SU + 4.63748 AS
(4.54) (3.62)

-0.00106 TON 0.00037 BT + 3.92511 MO
(1.03) (0.56) (2.64)

+ 5.87215 SM + 5.40324 MM - 2.85861 PC
(2.40) (1.19) (0.51)

RZ = 0.91745 F

8.33555 S.E. = 5.27383

where: RSD = relative standard deviation of sulfur
AS = ash content
BT = heat content
MO = moisture content

TON = lot-size

MM = mining method
SM = sampling method
PC = preparation code

Regression coefficient t-statistics are in parentheses.

When the sulfur content was excluded, the regression coeffi-
cients for the lot-size (TON) and mining method (MM) varia-
bles were insignificant at the 95 percent confidence level.
From Table 34 it can be seen that the regression coefficients
of the explanatory variables become insignificant as more
explanatory variables are included. Multicollinearity between
the independent variables may be the cause of the change in
the significance of the regression coefficients as more
explanatory variables are added. The addition of explanatory
variables does not have a significant effect on the regres-
sion equation R2 or standard errors. If the only explanatory
variables considered are sampling method (SM) and ash content
(AS), the equation R2 is about 0.52 and the standard error

is about 8.95 compared to an R2 of approximately 0.63 and a
standard error of 10.28 when all variables are included.



TABLE 34

REGRESSION RESULTS SUMMARY FOR THE ILLINOIS #6 SEAM

Regression Analysis Excluding Sulfur
Content as an Explanatory Variable

Variable Explanatory Regression Standard

Order Variable Equation R2 Errors
1 SM 0.30198 10.41861
2 AS 0.52488 8.94659
3 TON 0.56806 8.90969
4 MM 0.60573 8.92782
) MO 0.62701 9.15319
6 BT 0.63344 9.62436
7 PC 0.63399 10.28122

Regression Analysis Including Sulfur
Content as an Explanatory Variable

Variable Explanatory Regression Standard

Oorcder Variable Equation R2 Errors
1 SU 0.48643 8.93667
2 AS 0.68482 7.28679
3 TON 0.76348 6.59301
4 BT 0.79831 6.38549
5 MO 0.81879 6.37995
6 SM 0.89794 5.07845
7 MM 0.91392 4.98589
8 PC 0.91745 5.27383

SU = sulfur content

AS = ash content

BT = heat content

MO = moisture content

TON = lot-size

MM = mining method

SM = sampling method

PC = preparation code




The addition of sulfur content as an explanatory vari-
able improves the regression equation R2 almost 50 percent
to nearly 0.92 and reduces the standard error by about the
same percent to 5.28. Such an improvement in the regression
equation is expected since a fairly strong relationship
should exist between the RSD of sulfur and the sulfur content
because the average sulfur content is a component of the RSD
({RSD = 0/§). However, the inclusion of the sulfur content
variable presents problems of a statistical nature. First,
the existence of multicollinearity may be increased because
the previous regression analyses showed that sulfur content
has some relationship, although weak, to the other physical
and chemical coal properties. As a consequence of this
multicollinearity the t-statistics and the signs of the
regression coefficients may be unreliable, and the regression
coefficients may be highly sensitive to the particular sets
of data and the number of observations. Inferences about
the degree or seriousness of the multicollinearity can be
obtained by using the Farrar-Glauber test for multicol-
1inearity.l/

Another problem created by the inclusion of sulfur con-
tent as an explanatory variable is the possible existence of
heteroskedasticity. Heteroskedasticity exists when the
variance of the disturbance term is not constant. Since the
RSD of sulfur is inversely related to the average sulfur
content, the variance of the disturbance term may not be
constant for all observations. Heteroskedasticity results
in the least squares estimators not having the smallest
variance and, therefore, provides least squares estimators

of the regression coefficients which are inefficient -- not
the best linear unbiased estimates. One method of testing

1/ Johnstoﬁ, Econometric Methodé, 2nd Ed., McGraw-Hill Book
Company, 1972, pp. 163-164.




for the existence of heteroskedasticity is a nonparametric
test proposed by Goldfield and Quant.l/ Although the possi-
ble presence of multicollinearity and heteroskedasticity
make the actual contribution of each explanatory variable
unreliable, the high R2 value indicates that the regression
equation containing sulfur content as an explanatory varia-
ble has strong predictive powers accounting for almost 92
percent of the total variance. However, with a standard
error of about 5.3 the predicted RSD would be in the range
of RSD + 10.3 at the 95 percent confidence level. This is a
large range since the mean RSD for the Illinois #6 seam is
about 13.7 percent.z/

7.4.2 Variance (o¢2) Regressions

In an attempt to reduce the possible existence of hetero-
skedasticity a regression analysis was performed using the
variance of sulfur as the dependent variable. The regression
equation for the Illinois #6 Seam is shown below:

Illinois #6 Seam:

c2 = -0.89731 + 0.09950 SM + 0.06120 AS
(3.21) 3.77)

- 0.07317 sU + 0.04069 MO - 0.00002 TON
(1.88) (2.16) (2.00)

- 0.00001 BT - 0.0160 PC + 0.04493 MM
(1.00) (0.86) (0.78)

1/ Johnston, Econometric Methods, 2nd Ed., McGraw-Hill Book
Company, 1972, pp. 218-219.

2/ For example, based on a 1.2 lbs SO3/MMBtu standard,
Table 10 in Chapter 2 shows that the mean level of emissions
required to meet the standard would range from 1.06 to 0.73
lbs SO,/MMBtu for respective RSD's of 5 and 25 percent,
assuming a normal distribution.




R2 = 0.08834 F = 5.68211 S.E. = 0.06696

where: 62 = variance of sulfur
SU = sulfur content
AS = ash content
BT = heat content
MO = moisture content

TON = lot-size

MM = mining method
SM = sampling method
PC = preparation code

Values of the t-statistic for each regression coefficient
are in parentheses. Many of the regression coefficients are
insignificant at the 95 percent confidence level with only
the sampling method (SM), ash content (AS), and moisture
content (MO) variables having significant t-statistics.
However, because of the possible existence of multicolline-
arity., especially with the inclusion of sulfur content (SU)
as an explanatory variable, the regression coefficients are
suspect as to their values and significance. Removal of the
insignificant variables, as indicated in the following table,
does not cause major changes in the R2 values or the standard
errors. The RZ2 is about 0.73 and the standard error about
0.072 when only sampling method (SM) and ash content (AS)

TABLE 35
Variable Explanatory Regression Standarad
Order Variable Equation R2 Error
1 SM 0.31056 0.11062
2 AS 0.73325 0.07162
3 SuU 0.74853 0.07263
4 MO 0.83410 0.06187
5 TON 0.85464 0.06104
6 BT 0.86562 0.06225
7 PC 0.87161 0.06505
8 MM 0.88340 0.06696



are the explanatory variables, compared to an R2 of 0.88 and
a standard error of 0.067 when all variables are included.
Although the contribution of each explanatory variable 1is
suspect, the high R2 values indicate that this regression
equation has good predictive power because it accounts for
over 88 percent of the total variance. However, given a
standard error of about 0.067, the predicted variance would
be between o2 + 0.13 at the 95 percent confidence level.

This is a very large range considering that the mean variance
in the coal samples for the Illinois #6 Seam is approximately
0.13.

7.4.3 Summary of Sulfur Variability Regression Results

Table 36 shows the sign of each regression coefficient
and the order of importance of each explanatory variable.
Much more consistency appears in the signs of the regression
coefficients in these equations than in the equations where
sulfur content was the dependent variable. The signs of the
regression coefficients are the same in each equation for
six of the eight explanatory variables. Only the heat con-
tent (BT) and preparation code (PC) regfession coefficients
do not have the same sign in each equation. More consistency
also occurs in the relative importance of the explanatory
variables. Ash content (AS) is the second most important
variable in each equation. Three other variables -- sampling
method (SM), lot-size (TON), and sulfur content (SU) --
appear as one of the three most important variables in two
of the three equations. The frequent occurrence of the lot-
size variable among the three most important explanatory
variables and the negative sign of the lot-size regression
coefficient lends support to the hypothesis that the relative
standard deviation of sulfur tends to decrease as the lot-
size increases.
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Explanatory
vVariable

TABLE 36

REGRESSION EQUATION SUMMARIES FOR SULFUR
VARIANCE IN ILLINOIS #6 SEAM

Sign of the Regression Coefficients

Relative Standard Deviation
(RSD) Equations

Excluding
Sulfur Content

Including Variance (02)
Sulfur Content Equation

SU NA
AS
BT
MO
TON
MM
SM
PC

L+ 4+ 1+ + +

b4+ 0+ 0+
L+ + 0+ 0+

Explanatory Variables

Relative Standard Deviation
(RSD) Equations

Variable Excluding Including Variance (o2)
Rank Sulfur Content Sulfur Content Equation
1 SM SU SM
2 AS AS AS
3 TON TON SU
4 MM BT MO
5 MO MO TON
6 BT SM BT
7 PC MM PC
8 -- PC MM

Note:

NA =

SU
AS
BT
MO

The statistical significance of the variables is not

considered.
not applicable.

sulfur content
ash content

heat content
moisture content

TON

MM
SM
PC

= lot-size
mining method
sampling method
prepartion code



Although the problems of multicollinearity and hetero-
skedasticity are more likely to occur in the regression
analysis of the relative standard deviation of sulfur and
the variance of sulfur, the R2 values are much higher and
the standard errors are much lower in the RSD and ¢2 regres-
sion equations than in the sulfur content (SU) regression
equations. The RSD and o2 regression equations account for
approximately 90 percent of the total variance when all
explanatory variables are included and account for about
70 percent of the total variance when only the two most
important explanatory variables are included. Although the
presence of multicollinearity and heteroskedasticity make
the individual regression coefficients unreliable and suspect
for explanatory purposes, the equations as a whole have high
predictive power as measured by the ‘equation R2. However,
the large ranges in which the predicted RSD and o2 would
fall at the 95 percent confidence level greatly reduce the

usefulness at these equations for predicting either the RSD
or the o2 of sulfur.
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8.0

Conclusions and Recommendations

Conclusions

The coal data collected for this report was analyzed by
sorting by lot-size intervals and comparing the RSD of

lbs S/MMBtu versus lot-size. The data were analyzed by
U.S. Bureau of Mines Producing District, coal seam, and

individual mine on a raw and washed basis. For individual

mines, which generally had data available for only a few
lot-size intervals, the results exhibited no consistent
relationship between RSD and lot-size. As the data were
aggregated to seam and Producing District, the results
were still inconsistent, but in the majority of the
cases the results exhibited an increase in the RSD of
lbs S/MMBtu for successively smaller lot-sizes. These
results provide limited support for an inverse relation-
ship between RSD and lot-size.

Various regression analyses of the coal data provided
limited support for an inverse relationship between the
RSD of lbs S/MMBtu and lot-size.

The results of a simulation model, which was developed
to examine coal sulfur variability, indicated that
theoretically, coal sulfur variability should decrease
with increasing lot-sizes.

An analysis of stack monitoring data from four electric
generating units indicated that significant reductions

in the relative variability of sulfur dioxide emissions
can be achieved by using longer averaging intervals.

It follows from this analysis that the smaller the



amount of coal burned per unit time, the more difficult
it is to comply with an emission standard if the averag-
ing basis is time. In addition, these results support
the existence of an inverse relationship between the

RSD of 1lbs S/MMBtu and lot-size, since increasing the
averaging interval is equivalent to increasing the
volume or lot-size of coal burned.

Sulfur dioxide emission regulations that require a
probabilify of a very low number of days of excess
emissions per year (for example, one or two days per
year), require extremely high probabilities of compli-
ance on the individual days of the year and substan-
tially reduce the average level of emissions required
for compliance.

Although flue gas desulfurization (FGD) decreases the
mean level of sulfur emissions, the limited data analyzed
showed that the relative variability of the emissions
increases. 1In one case examined the relative variability
of outlet emissions was more than thirteen times greater
than the inlet emissions.

Composite coal seam or Producing District data cannot
be used to accurately predict the variability of 1lbs
S/MMBtu for individual mines within the coal seams or
Producing Districts. Both seam and Producing District
data provide biased estimates which consistently over-
estimate the RSD of 1lbs S/MMBtu for individual mines.
Even if a scaling factor were used, the composite esti-
mates would not reasonably predict mine variabilities.

The overall frequency distributions of lbs S/MMBtu and
coal sulfur contents (weight percent) are skewed to the
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10.

11.

12.

13.

right and are best represented by the inverted gamma
distribution which appeared to be slightly superior to
the lognormal distribution, and definitely superior to
the normal distribution.

In the extreme right tail of the frequency distribution
for 1bs S/MMBtu (top 1.5 percent of the distribution)
the data provided ambiguous results with respect to the
best choice between the lognormal and the inverted

gamma distributions.

The overall frequency distributions of coal heat contents
(Btu/1b) appeared to be reasonably symmetrical and are
closely approximated by the normal distribution.

The normal, lognormal, and inverted gamma distributions
provided similar estimates for the mean lbs SO5/MMBtu
required for compliance with stringent sulfur dioxide
emmission regulations. However, these distributions
provided significantly different estimates under the
assumptions of less stringent emission limits and coals
with large RSD's for lbs S/MMBtu.

Comparisons of raw and washed coals on a mine, seam,
and Producing District basis consistently indicated
lower average lbs S/MMBtu as well as lower RSD's for
the washed coals.

Based on the data analyzed, the type of frequency dis-
tributions for washed coal characteristics are not
significantly different from the type of frequency
distributions for raw coal characteristics.



14.

15.

16.

17.

18.

Within individual mines, no significant differences
were observed in the 1lbs S/MMBtu and RSD's for double
screened and single screened coals.

Measurement errors in ASTM sampling and analysis pro-
cedures resulted in biased estimates which consistently
overestimated the true RSD of lbs S/MMBtu. The differ-
ences between the measured and true RSD's are most
significant for low measured RSD's. Theoretical calcu-
lations indicated that at a measured RSD of 7 to 8 per-
cent, the true RSD was approximately zero.

Coal sulfur variability is a result of many interrelated
factors. Statistical analysis of several of the factors
believed to contribute to sulfur variability failed to
identify any consistent, predictable relationship.

Various regression analyses based on mines, seams, and
Producing Districts indicated that neither coal sulfur
contents (weight percent) nor coal sulfur variabilities
can be accurately predicted from the database developed
in this study. The results tend to support the hypo-
thesis that the primary factors affecting coal sulfur
distributions are geologic factors related to the deposi-
tional history of the coal, while chemical and physical
properties of coal are secondary factors influencing

coal sulfur distributions.

Discussions with coal companies, Federal agencies, and
research organizations did not reveal the existence of
data which would permit an examination of the relation-
ship between coal sulfur variability and geological
factors or mining techniques. Further, these discussions
did not reveal the existence of reliable data which



19.

would permit an accurate assessment of the correlation
between stack emissions and coal analyses, or between

raw and washed coals.

The various analyses performed in this study identified
no reliable method for coal suppliers, coal consumers,
or air pollution control agencies to predict coal sulfur
variability, which is often critical for compliance

with existing sulfur dioxide regulations. Coal sulfur
variability is especially critical for small coal-fired
boilers subject to regulations that specify short aver-
aging time intervals. The findings of this report sug-
gested that the requirements of many current sulfur
dioxide regulations are not consistent with the state

of knowledge concerning coal sulfur variability.

Recommendations

Additional studies should be performed using more sophis-
ticated models, such as autocorrelative models, which

may yield more useful results than classical statistical
models assuming independence.

This study investigated the goodness of fit between the
observed distributions of coal characteristics and the
normal, lognormal, and inverted gamma distributions.
Additional studies should be performed to examine the
goodness of fit for other skewed distributions, espsci-
ally in the extreme right tail which becomes increasingly
important when a high probability of not exceeding an

upper limit is required.

Geostatistical methods, which would take into account

both structure and randomness, should be used to



investigate the individual processes which influenced

the coal from the time it was deposited to the time it

was burned. These processes include depositional environ-
ment, in situ variability, mining methods, blending,
cleaning, burning, and desulfurization.

Controlled experiments, although a major undertaking,
might be performed to obtain the quality of data required
to investigate the various processes which influence

coal sulfur and sulfur dioxide emissions variability.

The limited data currently available are observational
data used for establishing coal prices and monitoring
overall coal quality.

A comprehensive model would be useful to assess the
impact on air quality. Inputs to this model would
include parameters for coal characteristics, mining and
handling methods, combustion and control equipment,
meteorological data, and other variables.

Alternative sulfur dioxide emission regulations, which
would mitigate the impact of coal sulfur variability
yet achieve the objectives of existing regulations,
should be investigated.



APPENDIX A

DERIVATION OF EQUATIONS USED FOR THE
DEVELOPMENT OF TABLES 10, 11, AND 12

This technical appendix sets out the formulas and approxi-
mations used to derive Tables 10, 11, and 12 in this study.

TABLE 10, NORMAL DISTRIBUTION

Smax - Hx

(1) z = B
where: Smax = Emission standard, lbs SO,/MMBtu
Hx = Required mean, lbs S05/MMBtu
6x = Standard deviation
g
X
2 RSD = —
(2) Iy

Let Z = 2.57583, which corresponds to a 0.005 probability

of values higher than Spax.

_ Smax ~ Fx
(3) Therefore: 2.57583 = {pepy (g,

_ Smax
(4) And: Ux = T 75757583 (RSD)

TABLE 11, LOGNORMAL DISTRIBUTION

From Naylor, et al.:1/

(By + 2L

Q
DN

(1) Ex = e

2
(Ex) 2 [e °y —1]

(2) Vx

1/ Naylor, T., Balintfy. J., Burdick, D., and Chu, K.,
Computer Simulation Technique, Wiley & Sons, 1968, p. 100.




Let 2 = 2.57583, where Z is the standard normal variate

corresponding to a 0.005 probability of higher values.

(3) ln Smax = “y + Zoy = uy + 2-57583 oy

Given Spax and R = 4—%5, one can find Ex:
X
(4) ey = Vin (R? + 1)
02
(6) Ex = e Py ¥ —%}J
- 1 2
1 02 - 2.57583 oy
(8) Ex = |Spax||e 2 ¥

TABLE 12, INVERTED GAMMA DISTRIBUTION

For the inverted gamma distribution the probability of
a value being greater than the emission standard can be
estimated by:

2a
| £
Smax

(1) Pr (X>Spax) = Pr (X% = 2B)

First, determine B to the nearest integer by:

(2) B=—21_ +2

RSD2

Next, determine the X2 (chi-square) value at the 0.005 con-
fidence level for £ = 2B, then



(4) a = (X?) (Smax)

2

Next determine Uy by

B -1



APPENDIX B

DERIVATION OF FORMULA FOR TRUE AND MEASURED RSD
Definition of Terms:

Cm = measured sulfur content, lbs S/MMBtu

Sm = measured sulfur content, percent

Hy = measured heat content, Btu/l1b

Cy = true sulfur content, lbs S/MMBtu

S¢ = true sulfur content, percent

Hy = true heat content, Btu/lb

egg = error in sulfur measurement due to sampling
ega = error in sulfur measurement due to analysis
ens = error in heat measurement due to sampling

ena = error in heat measurement due to analysis

62 = variance
] = standard deviation
¥ = mean

cov = covariance

Assume: Sm St + €ss + €sa

Hp = Hy + epg + €ha

uess = pesa = uehs = ueha = 0

2 2 2
o _ o o ce se .
S S¢ ¥ %egs * %esa if it is assumed:

cov (S¢., ess) = cov (St €ga) = cov (eggs esa)
2 2 2 2 . . .

c = g + o = g if it is assumed:
Hp Hy €hs €ha

cov (Hy, epg) = cov (Ht, enz) = cov (epss €ha)

. EN



Then:

2 2
- Mse\2 | ®se . °d¢ 2 cov (St,Hg)
-I:I-E — th 2 H2
I‘lSt S¢ "St "Ht
02 o2
Sm\ /*Sm\% | °Snm Hy 2 cov (Sp, Hp)
VAR| g J¥ vH /A
m m u H ] M
Sm Hm Sm Hpm
°2 o2 o2 o2 2 °2
Sm\_/"st\? St + egg + "esa He + %eps + “ena
Ex VAR{=— |~[ 5 +
St H
-
L.
_ 2 cov (Sp, Hp)
s PH.
Because Ex (Mg,) = Ex (Hg ) and,
H = H
Ex ( Ht) Ex ( Hm)
Assume: Cov (S¢, Hy¢) = Cov (Sp, Hp)
Then:
" ) o2 2 2 o2
S / S e + e e + e
Ex VAR{=2| - VAR =t) = [y SS sa , “ht ha
St He

= ¥s¢\2 RZs + R&a + Rhs + Rfa



RSD of error in sulfur measurement due to sampling
Rgsa = RSD of error in sulfur measurement due to analysis
RSD of error in heat measurement due to sampling
RSD of error in heat measurement due to analysis

o
0]
1]

1

0
o Ble 3
o 0

oo

Hst 2
Dividing by (T‘H—> yields
t

RSDf - RSD¢ = R&g + R&a + RAs + RAa

RSD as measured
True RSD

where RSDp
RSD¢



APPENDIX C

COAL SULFUR ANALYSES DATA
DATA BASE TAPE FORMAT

Field
Field Position
Number From - To Field Sizel/ Field Descriptions

(1) (2) (3) (4)

1 1- 2 XX FIPS State Codegf

2 3- 3 X State ModifierY

3 4- 6 ):9.4:4 FIPS County Codeg/

4 7- 8 XX USBM Producing District

5 9- 13 XXXXX Company Code

6 14- 18 XXXXX Supplier Code

7 19- 23 XXXXX Mine Code Number

8 24- 28 XXXXX Town Code Number2/

9 29- 34 XXXXXX Bed Code Numberé/

10 35- 35 X Rank of Coalé/

11 36- 36 X Mining Method’!

12 37- 37 X Preparation Code§/

13 38=- 43 XXXXXX Date of Sampleg/

14 44- 49 XXXXXX Sequence Numberlg/

1S 50- 55 XXXXXX Core Hole Number

16 56- 56 X Method of Sampling=~/
17 57- 57 X Type of Sample:?/

18 58- 64 XXXXXXX Tonnage Sampled

19 65- 65 X Flag for Estimated Tonnageié/

20 66- 69 XX XX Moisture Content, Percent, as Received
21 70- 73 XXAXX Volatile Matter, Percent, as Received
22 74- 77 XX, XX Fixed Carbon, Percent, as Received
23 78- 81 XXAXX Ash Content, Percent, as Received

24 82- 85 XXAXX Sulfur Content, Percent, as Received
25 86~ 90 XXXXX Heat Content, Btu per Pound, as Received
26 91- 94 XXXX Ash Fusion Temperature, °F.

27 95- 98 XX, XX s0, Emissions, lbs soz/MMBtuléf



Field

Field Position 1/
Number From - To Field Size~ Field Descriptions
(1) (2) {3) (4)
28 99-102 XXAXX Volatile Matter, Percent, Dry
29 103-106 XXAXX Fixed Carbon, Percent, Dry
30 107-110 XXAXX Ash Content, Percent, Dry
31 111-114 XXAXX Sulfur Content, Percent, Dry
32 115-119 XXXXX Heat Content, Btu per Pound, Dry
33 120-~123 XXAXX 802 Emissions, As Reported, 1lbs Soz/MMBtuyy
34 124~125 XX Size Codel®/
1/ A = implied decimal.
2/ U.S. Department of Commerce, National Bureau of Standards, Federal Informa-
tion Processing Standards Publication 601, November 1, 1968 (34 pages).
3/ For Kentucky 1 = Eastern, 2 = Western; For Pennsylvania 1 = Anthracite,
2 = Bituminous; all others = 0.
4/ CODES beginning with O are equivalent to four-digit codes used by USBM
in attachment to analytical Data Tape documentation. Codes beginning with
1 represent towns not listed by USBM.
5/ First Digit: O means an equivalent USBM code exists, 1 means no USBM code
exists and a special code was assigned.
Digits 2-4: equivalent to USBM bed codes.
Digits 5-6: identifiers for local bed names used for the same bed.
6/ 1 = lignite, 2 = subbituminous, 3 = bituminous, 4 = anthracite.
7/ 1 = underground, 2 = surface, 3 = surface-auger, 4 = underground-surface,
9 = unknown.
8/ 1 = Raw, 2 = washed or cleaned, 3 = partially washed or cleaned, 9 = unknown.
9/ Year-month-day.
10/ Railroad car, train, barge, or sample number.
11/ 1 = automatic sample--ASTM; 2 = hand sample--ASTM; 3 = automatic sample--
non-aASTM; 4 = hand sample--non-ASTM; 9 = unknown.
12/ 1 = core sample, 2 = as mined, 3 = as shipped, 4 = as delivered, 5 = as burned,.
9 = unknown.

13/ 0 = measured tonnage, 1 = estimated based on number of railroad cars, barges, etc
14/ Calculated based on sulfur and heat contents and assuming that 95 percent by
weight of the sulfur present in the coal is released as sulfur dioxide.

15/ Calculated and reported by coal consuming company.

16/ Bureau of Mines data only.



APPENDIX D

STACK MONITORING DATA
DATA BASE TAPE FORMAT

Field
Field Position
Number From - To Field Sizel/ Field Descriptions
(1) (2) (3) (4)
1 1- 5 XXXXX Company Code
2 6- 8 XXX Generating Unit Number
3 9~ 12 XXXX Unit Size (MW)
4 13- 14 XX FGD Unit Nuwnber
5 15- 20 XXXXXX DateE/
6 21- 24 XXXX Time
7 25- 28 XXXX Gross Load (MWHr.)
8 29- 32 XXXAX Coal Flow (Thousand Pounds/Time Period)
9 33- 37 XXXXAX Inlet SO2 (ppm Wet)
10 38- 40 XXAX Inlet 02 (percent)
11 41- 43 XXAX Inlet HZO (pexcent)
12 44- 47 XX, XX Inlet SO, (1lbs/MMBtu)
13 48~ 52 XXXXAX Outlet 502 (ppm Wet)
14 53- 55 XXAX Outlet O2 (percent)
15 56- 58 XXAX Outlet H20 (percent)
16 59- 62 XXAXX Outlet 8023;lbs/MMBtu)
17 63- 65 XXAX Efficiency~
18 66- 71 XXXXAXX Outlet SOZ; 1 Hr Avg. (Kg./Hr)
19 72- 77 XXXXAXX Outlet 802; 3 Hr Avg. (Kg./Hr)
20 78~ 82 XAXXXX Outlet Wt. Sulfur; 3 Hr Running Avg. (percent
21 83~ 88 XXXXAXX Outlet Wt. Sulfur; 3 Hr Running Avg. (lbs)
22 89- 91 XXX Outlet SO,; 1 Hr Avg. (lbs/MMBtu)
23 92- 94 XAXX Outlet SOz; 3 Hr Avg. (lbs /MMBtu)
24 95- 97 XXX Outlet SO,; 24 Hr Avg. (lbs/MMBtu)
25 98-100 XXAX Outlet 02; 1 Hr Avg. (percent)
26 101-103 XXAX Outlet 02; 3 Hr Avg. (percent)
27 104-106 XX, X .Outlet O,; 24 Hr Avg. (percent)



Field

Field Position . 1y ‘ o
Number From - To Field Size—~ Field Descriptions

(1) (2) (3) (4)
28 107-111 XXXXX Coal Source No. 1, Mine Code Number
29 112-116 XXXXX Coal Source No. 2, Mine Code Number
30 117-121 XXXXX Coal Source No. 3, Mine Code Number
31 122-126 XXXXX Coal Source No. 4, Mine Code Number
1, A= implied decimal.
2/ Year-Month-Day
3/ Efficiency = Inlet SO2 - Outlet 502

Inlet 502



APPENDIX E

INDEX TO MINE LOCATIONS AND SEAMS PRODUCED

SEAM(S)

PRODUCED

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
(1) (2) (3) (4) (5) (6) (7)
10001 KY E Knott 010401 Hazard No. 7
10002 KY E McCreary 015109 Jellico
10003 KY E Clay 100001 Hazard No. 4 013520
{Laurel Horse Creek 021202
Lily 021203
10004 IL Peoria 090002 No. 6
10005 MT Rosebud 080800 Rosebud
10006 WY Campbell 095100 Smith & Roland
10007 WY Campbell 100003 Wyodak -
10008 10006 WY Campbell 100002 Smith & Roland 095100
{10007 WY Campbell {Wyodak -
10009 KY W Muhlenburg 048913 No. 9*
10010 KS Crawford 049202 Bevier
10011 MO Howard 049202 Bevier
10012 MO Audrain 049008 Mulky
10013 MO Howard 049202 Bevier
10014 MO Randolph 049202 Bevier
10015 MO Randolph 098700 Bevier and Wheeler
10016 KY E Pike 100004 Dorothy 012105
{Thacker 015119
10017 MD Allegany 100032 {Pittsburgh 003608
Sewickley 002902
10018 KY W Webster 012704 No. 9
10019 KY W Hopkins 012704 No. 9
10020 KY W Union 048415 No. 1l1*
10021 KY W Union 012704 No. 9
10022 KY E Martin 100005 Stockton 010301
No. 5 Block 008402
Clarion 008701
10023 WV Logan 015104 Cedar Grove
10024 1L Perry 090002 No. 5 and 6
10025 KY E _Perry 100006 Hazard No. 5 012103
Hazard No. 5A 0iliios
Hazard No. 7 010401
Hazard No. 9 009601
10026 KY E Rockcastle 015108 Elkhorn No. 3
10027 KY E Clay 021202 Horse Creek
10028 KY E Breathitt 0l11ilos8 Hazard No. 5A
10029 WV Monongalia 003604 Pittsburgh
10030 OH Harrison 007402 lower Freeport
10031 wv . fGrant 007102 Upper Freeport
10032 TN Marion 028601 Sewanee
{Sequatchie



S EAM(S)

PRODUCETD

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
1) <(2) (3) (4) (5) (6) (7)
10033 KY E Johnson 008402 No. 5 Block
10034 KY E Elliot 016200 Mudslip
Lawrence
Martin

10035 IL Christian 048408 No. 6

10036 IL Perry 020002 No. 5 and 6

10037 MT Bighorn 069802 Dietz No. 1

10038 WY Carbon 036555 No. 25

10039 WY Carbon 081700 Hanna No. 2

10040 WY Sheridan 078300 Monarch

10041 WY Sweetwater 100007 Deadman Bed

10042 IL Macoupin 048408 No. 6

10043 IL Fulton 048905- No. 5

10044 ND Mercer 056100 Scranton

10045 IL St. Clair 048408 No. 6

10046 IL Randolph 048408 No. 6

10047 WV Grant 100008 Bakerston 006305
Upper Freeport 007102

10048 KY E Bell 100009 ( Hignite 012601
Red Spring 010406
+ 9 others -

10049 KY W Ohio 090000 No. 9* and 11*

10050 KY E Whitley 015703 Blue Gem

10051 KY E Knox 015703 Blue Gem

10052 KY W Muhlenburg 100010 No. 11 048415
No. 12 048306
No. 9 048913

10053 PA Armstrong 095203 ILower & Upper Freeport

10054 PA Indiana 007102 Upper Freeport

10055 PA Indiana 007102 Upper Freeport

10056 KY w Unknown 048913 No. 9*

10057 Cco Routt 009900 Fish Creek

10058 1L Douglas 048408 No. 6

10059 ND Mercer 056901 Beulah-Zap

10060 ND Bowman 056400 Harmon

10061 WY Campbell 092600 Wyodak-~Anderson

10062 IA Monroe 051700 Lucas County No.

10063 MO Randolph 049202 Bevier

10064 MO Macon 049202 Bevier

10065 IAa Lucas 051700 Lucas County No.

10066 MO Putnam 048414 Lexington

10067 IA Mahaska 053004 Lower Ford

10068 IA Mahaska Unknown

10069 IA Mahaska Unknown

10070 Ia Marion Unknown



S EAM(S) PRODUCED

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
@ (3 (4) (5) (6) (7)
10071 AZ Navajo 100011 5 Green 050100
Red 050200
l Blue 050300
10072 KY E Perry 100012 Hazard No. 5A 011108
Hazard No. 7 010401
and others -
10073 KY E Floyd 100013 Elkhorn No. 1 015704
Elkhorn No. 2 015402
Fire Clay 013504
Van Lear 015126
10074 10072 KY E Perry 100014 Hazard No. 5A 011108
{10073 Floyd Hazard No. 7 010401
Elkhorn No. 1 015704
Elkhorn No. 2 015402
' Fire Clay 013504
Van Lear 015126
and others -
10075 KY W Henderson 048913 No. 9*
10076 WY Campbell 095100 Smith & Roland
10077 WY Carbon 100017 No. 80 039900
{ No. 82 040100
10078 co Weld 076800 Laramie No. 3
10079 CcoO Jackson 004900 Sudduth
10080 PA Clearfield 100015 [ Lower Kittanning 008419
Middle Kittanning 008002
Upper Kittanning 007603
Lower Freeport 007402
\ Upper Freeport 007102
10081 PA Clearfield 100015 Lower Kittanning 008419
Middle Kittanning 008002
Upper Kittanning 007603
Lower Freeport 007402
Upper Freeport 007102
10082 PA Armstrong 100016 Lower Kittanning 008419
Middle Kittanning 008002
Upper Kittanning 007603
10083 WV Marion 003604 Pittsburgh
10084 wv Marion 003604 Pittsburgh
10085 PA Clearfield 100016 lower Kittanning 008419
{Middle Kittanning 008002
Upper Kittanning 007603
10086 PA Fayette 100016 Lower Freeport 007402
Upper Freeport 007102
Waynesburg 002302
10087 KY E. Martin 016811 Pond Creek
10088 co Routt 075000 Wadge
10089 co . Moffat 076900 Collom
10090 co Moffat 075701 F



SEAM(S)

PRODUCETD

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
(1) (2) (3) (4) (5) (6) (7)
10091 Cco Las Animas 074502 Robinson
10092 IL Perry 048408 No. 6
10093 IL Perry 090002 No. 5 and 6
10094 IL Jackson 048408 No. 6
10095 IL Macoupin 048408 No. 6
10096 KY W. Ohio 050609 No. 6*
10097 IL Perry 090002 No. 5 and 6
10098 NM McKinley 047800 Green
10099 WY Carbon 039800 No. 65
10100 IN Pike 100018 v 048911
‘ {Lower Millersburg 048304
10101 IL . Franklin 048408 No. 6
10102 IL Franklin 048408 No. 6
10103 IL Jefferson 048408 No. 6
10104 IL Jefferson 048408 No. 6
10105 IL St. Clair 048408 No. 6
10106 co Moffat 100021 Yampa Field -
10107 uT Carbon 100022 Hiawatha 084601
{Wattis 023600
10108 VA Buchanan 100023 Glamorgam 018505
Splash Dam 021002
Blair 017701
Hagy 019502
10109 iL Randolph 048408 No. 6
10110 KY E Unknown 100024 Unknown
10111 KY E Perry 100025 Unknown
10112 KY E Harlan 100026 Unknown
10113 OH Muskingum Unknown
10114 OH Muskingum 003607 No. 8
10115 OH Coshocton 008013 No. ©
10116 OH . Coshocton 008013 No. 6
10117 OH Coshocton 008013 No. 6
10118 OH Guernsey Unknown
{Belmont
10119 OH Perry 008002 Middle Kittanning
10120 OH Coshocton 002302 Waynesburg
10121 CH Tuscarawas 100027 Lower Kittanning 008404
{Middle Kittanning 008010
10122 OH Tuscarawas 008404 Lower Kittanning
10123 OH Coshocton 008424 No. 5
10124 OH Coshocton 008424 No. 5
10125 OH Tuscarawas 008404 Lower Kittanning
10126 OH Coshocton Unknown
10127 OH {Jackson 100028 Brookville 009501
Vinton No. 4A 008705
No. S 008424
No. 6 008013
10128 OH Tuscarawas 100029 No. 7 007117
{No. 7A 007007



S EAM(S) PRODUCED

Blend
Mine Qf Reference Composite
Code Mines State County Code Name Of Seams
(1) - (2) (3) (4) (5) (6) T2
10129 OH Harrison Unknown
Belmont
10130 OH Jefferson 003604 Pittsburgh
10131 OH Coshocton Unknown
10132 OH Unknown Unknown
10133 OH Muskingum 008002 Middle Kittanning
10134 OH Tuscarawas 008002 Middle Kittanning
10135 OH Unknown Unknown
10136 OH Unknown Unknown
10137 OH Coshocton 008013 No. 6
10138 OH Perry Unknown
10139 OH Unknown Unknown
10140 OH Unknown Unknown
10141 OH Unknown Unknown
10142 OH Vinton 008701 Clarion
10143 OH Vinton Unknown
10144 OH Hocking 007406 No. 6A
10145 OH Vinton Unknown
10146 OH Hocking 008013 No. 6
10147 OH Perry 008013 No. 6
10148 OH Vinton 088501 Clarion & L. Kittanning
10149 OH Hocking Unknown
10150 OH Hocking 088701 Brookville &
{Vinton M. Kittanning
10151 OH Unknown Unknown
10152 OH Unknown Unknown
10153 OH Unknown Unknown
10154 OH Unknown Unknown
10155 OH Unknown Unknown
10156 OH Unknown Unknown
10157 OH Unknown Unknown
10158 OH Guernsey 085801 Meigs Creek &
Belmont wWaynesburg
10159 OH Muskingum Unknown
10160 OH Perry Unknowm
10161 OH Coshocton Unknown
10162 OH Perry Unknown
10163 OH Tuscarawas Unknown
10164 OH Morgan Unknown
10165 OH Jackson Unknown
10166 OH Unknown Unknown
10167 OH Vinton Unknown
10168 OH Unknown Unknown
10169 OH Unknown Unknown
10170 OH Unknown Unknown
10171 CH Muskingum 008002 Middle Kittanning
10172 OH Unknown Unknown



S EAMI(S)

PRODUCED

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
(1) (2) (3) (4) (5) (6) (7)
10173 OH Perry Unknown
10174 OH Coshocton 092801 L. & M. Kittanning
10175 10169 OH Unknown 100031 Unknown
10138 OH Perxry Unknown
10139 OH Unknown Unknown
10113 OH Muskingum Unknown
10114 OH Muskingum No. 8 003607
10118 OH Guernsey Unknown
{Belmont
10157 OH Unknown Unknown
10130 OH Jefferson Pittsburgh 003604
10161 OH * Coshocton Unknown
10119 OH Perry Middle Kittanning 008002
10131 OH Coshocton Unknown
10132 OH Unknown Unknown
10120 OH Coshocton Waynesburg 002302
10122 CH Tuscarawas Lower Kittanning 008404
10140 OH Unknown Unknown
10170 OH Unknown Unknown
10133 OH Muskingum Middle Kittanning 008002
10123 OH Coshocton No. 5 008424
10124 OH Coshocton No. 5 008424
10135 OH Unknown Unknown
10159 OH Muskingum Unknown
10158 OH Guernsey Meigs Creek &
{Belmont Waynesburg 085801
10125 OH Tuscarawas Lower Kittanning 008404
10141 OH Unknown Unknown
10160 OH Perry Unknown
10134 OH Tuscarawas Middle Kittanning 008002
10126 OH Coshocton Unknown
10168 OH Unknown Unknown
10127 OH Jackson Brookville 009501
{Vinton No. 4A 008705
No. 5 008424
No. 6 008013
10128 OH Tuscarawas No. 7 007117
No. 7A 007007
10162 OH Perry Unknown
10116 OH Coshocton No. 6 008013
10117 OH Coshocton No. 6 008013
10115 OH Coshocton No. 8 003607
10137 CH Coshocton No. 6
10163 OH Tuscarawas Unknown
10129 OH Harrison Unknown
{Belmont
10136 OH Unknown Unknown
10164 OH Morgan Unknown
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S EAM(S) PRODUCED

Blend
Mine of Reference Composite
Code Mines State County Code Name Of Seams
(1) (2) (3) (4) (3 (6) (7)
10176 10113 OH Muskingum 100031 Unknown
10142 OH Vinton Clarion 008701
10157 OH Unknown Unknown
10143 OH Vinton Unknown
10144 OH Hocking No. 6A 007406
10119 OH Perry Middle Kittanning 008002
10156 OH Unknown Unknown
10145 OH Vinton Unknown
10159 OH Muskingum Unknown
10155 OH Unknown Unknown
10152 OH Unknown Unknown
10160 OH Perry Unknown
10171 OH Muskingum Middle Kittanning 008002
10146 OH Hocking No. 6 008013
10151 OH Unknown Unknown
10127 OH Jackson Brookville 009501
{ Vinton No. 4A 008705
No. 5 008424
No. 6 008013
10154 OH Unknown Unknown
10148 OH Vinton Clarion &
L. Kittanning 088501
10153 OH Unknown Unknown
10177 10157 OH Unknown 100031 Unknown
10142 OH Vinton Clarion 008701
10143 OH Vinton Unknown
10144 OH Hocking No. 6A 007406
10174 CH Coshocton L. & M. Kittanning 092801
10165 OH Jackson Unknown
10119 OH Perry Middle Kittanning 008002
10173 OH Perry Unknown
10149 CH Hocking Unknown
10145 OH Vinton Unknown
10167 OH Vinton Unknown
10172 OH Unknown Unknown
10160 OH Perry Unknown
10146 OH Hocking No. 6 008013
10150 OH Hocking Brookville &
{Vinton M. Kittanning 088701
10147 OH Perry No. 6 008013
10166 OH Unknown Unknown
10148 OH Vinton Clarion &
L. Kittanning 088501
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Blend Seams(s) Produced

Mine of Reference Composite

Code Mines State County Code Name of Seams

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

10178 MT Big Horn 100033 Rosebud & McKay 093100
Robinson 051700

10179 ND Oliver 100034 Hagel
Top

10180 - Unknown Unknown

10181 - Unknown Unknown

10182 KY E Unknown Unknown

10183 Ky W Muhlenburg 100010 No. 11%* 048415
No. 12 048306
No. 9 048913

10184 IN Warrick 048305 No. VI

10185 IN Clay 050202 No. III

10186 KY W Muhlenburg 100035 No. 11%* 048415
No. 12 048306
No. 13 048209

10187 IN Sullivan 100036 No. V 048905
No. VI 048305
No. VII 048006

10188 IL Wabash 048905 No. 5

10189 IN Warrick 048905 No. V

10190 IL Fulton 049608 No. 2

10191 KY E Knott 011108 Hazard No. 5-A

10192 OH Belmont 085802 No. 9°& No. 11

10193 wv Kanawha 008402 No. 5 Block

10194 MT Wibaux Unknown

10195 MT Richland Unknown

10196 MT Richland 034500 Pust

10197 MT Powder River Unknown

10198 MT Custer Unknown

10199 MT Custer Unknown

10200 MT Custer Unknown

10201 MT Rosebud Unknown

10202 MT Rosebud 093100 Rosebud & McKay

10203 MT Big Horn 093100 Rosebud & McKay

10204 PA Somerset Unknown

10205 PA Jefferson Unknown

10206 wWv Barbour Unknown

10207 PA Clearfield Unknown

10208 PA Cambria Unknown

Indiana

10209 PA Somerset Unknown

10210 MD Garrett Unknown

10211 PA Somerset Unknown

10212 PA Armstrong Unknown



Mine
Code

m-

10213
10214
10215
10216
10217
10218
10219
10220
10221
10222
10223
10224
10225
10226
10227
10228
10229
10230
10231
10232
10233
10234
10235
10236
10237
10238
10239
10240
10241
10242
10243
10244
10245
10246
10247
10248
10249
10250
10251
10252
10253
10254

Blend Seams(s) Produced
of Reference Composite
Mines  State County Code Name of Seams
(2) (3) (4) (5) (6) (7)
PA Clarion Unknown
PA Clarion Unknown
PA Clearfield Unknown
PA Somerset Unknown
PA Cambria Unknown
PA Clearfield Unknown
PA Centre Unknown
wv Mineral Unknown
PA Clearfield Unknown
PA Somerset Unknown
-PA Somerset Unknown
PA Somerset Unknown
PA Jefferson Unknown
PA Clearfield Unknown
PA Indiana Unknown
wv Boone Unknown
PA Somerset Unknown
wv Mineral Unknown
PA Indiana Unknown
- Unknown Unknown
-— Unknown Unknown
- Unknown Unknown
PA Clearfield Unknown
PA Jefferson Unknown
PA Armstrong Unknown
PA Somerset Unknown
MD Allegheny Unknown
PA Clearfield Unknown
PA Jefferson Unknown
PA Clearfield Unknown
Wv Harrison Unknown
PA Indiana Unknown
- Unknown Unknown
PA Somerset Unknown
- Unknown Unknown
PA Clarion Unknown
PA Centre Unknown
PA Somerset Unknown
PA Elk Unknown
PA Somerset b Unknown
PA Clearfield Unknown
PA Clearfield Unknown
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Blend Seams(s) Produced
Mine of Reference Composite
Code Mines  State County Code Name of Seams
(1) (2) (3) (4) (5) (6) (7)
10255 PA Clearfield Unknown
10256 PA Jefferson: Unknown
10257 PA Somerset Unknown
10258 PA Cambria Unknown
10259 PA Clearfield Unknown
10260 PA Westmoreland Unknown
10261 WV Randolph Unknown
10262 PA Armstrong Unknown
Indiana Unknown
10263 PA Armstrong Unknown
Indiana Unknown
10264 PA Clearfield Unknown
10265 PA Indiana Unknown
10266 PA Somerset Unknown
10267 PA Armstrong Unknown
10268 PA Armstrong Unknown
10269 PA Armstrong Unknown
10270 PA Armstrong Unknoun
10271 PA Clearfield Unknown
10272 PA Fayette Unknown
10273 PA Somerset Unknown
10274 WV Barbour Unknown
10275 PA Somerset Unknown
10276 PA Cambria Unknown
10277 - Unknown Unknown
10278 PA Armstrong Unknown
Indiana Unknown
10279 PA Cambria Unknown
10280 PA Clearfield Unknown
10281 PA Clearfield Unknown
10282 PA Somerset Unknown
10283 PA Jefferson Unknown
10284 PA Jefferson Unknown
10285 PA Jefferson Unknown
10286 wv Preston Unknown
10287 PA Somerset Unknown
10288 PA Clearfield Unknown
10289 PA Clearfield Unknown
10290 PA Clearfield Unknown
10291 PA Clearfield Unknown
10292 - Unknown Unknown
10293 PA Armstrong Unknown
10294 PA Armstrong Unknown
10295 PA Armstrong Unknown
10296 PA Clearfield Unknown
10297 PA Clearfield Unknown
10298 PA Somerset Unknown



Mine
Code

m

10299
10300
10301
10302
10303
10304
10305
10306
10307
10308
10309
10310
10311
10312
10313
10314
10315
10316
10317
10318
10319
10320
10321
10322

10323

10324
10325
10326
10327
10328
10329
10330
10331

Blend Seams (s) Produced
of Reference Composite
Mines  State County Code Name of Seams
(2) (3) (4) (5) (6) (7)

PA Clearfield Unknown

PA Clarion Unknown

PA Clearfield Unknown

wv Harrison Unkr:own

PA Clearfield Unknown

PA Somerset Unknown

Wv Preston Unknown

PA Cambria Unknown

PA Jefferson Unknown

Clearfield Unknown

wv Barbour Unknown

-— Unknown Unknown

PA Clearfield Unknown

PA Jefferson Unknown

PA Jefferson Unknown

PA Clearfield Unknown

PA Somerset Unknown

PA Clearfield Unknown

PA Jefferson Unknown

PA Jefferson Unknown

PA Jefferson Unknown

PA Clearfield Unknown

PA Clearfield Unknown

PA Indiana Unknown

wy Monongalia Unknown

PA Clearfield Unknown

PA Clearfield Unknown

PA Indiana Unknown

PA Somerset Unknown

PA Clearfield Unknown

PA Indiana Unknown

PA Clearfield Unknown

KY E Martin Unknown

wv Unknown Unknown
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APPENDIX F

MAPS OF MINE LOCATIONS BY PRODUCING
DISTRICT, STATE AND COUNTY
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DISTRICT 1.—EASTERN PENNSYLVANIA

Peanayleania

rmstrong County (part).—All mines east of Aljeghen

l}lv-r. and thuse minca served by the Pitteburgh

Shawmut Railruad tocated on the west bank of the river.

ounty {part).—AN mines located on and east of

f Indisn Creck Valley brunch of the Haltimare
A Uhio Kailrvad.

Inhana County (part) —AN mines not served by the

Nalisburg branch of the Pennsylvanis Railroad.

Westunneland County ?nrﬂ.—All nea served by the

Pennsylvania Radraad from Torrance, east.

All mines in the following counties:

Bedfurd Centre Forest McKesn
Ulair Clanun Fulton MifMin
Itradford Clearfield Huntingdon  Potier
Camdaa Clinton Jeffervon Somervet
Canicrun X Lycoming Tioga

Marylsnd. —All nunes in the Stata,
West Virginia.—All mines n the following countiea:
Gram Minersl Tucker

DISTRICT 2 —~WESTERN FENNSYLVANIA

Pennaylrania
Arnmmn& County (psrt).—All minea west of the Alle-
heny River except those mines served by the Pitta-
‘urxh & Shawmut Ralroad,

Fuyette County (part).—-All mines axcept thoss on and
cast of the line of Indian Creek Valley branch of the
Naluimore & Ohio Railroad.

Indisna County {part).—All mines served by the Salte-
bury branch of the Peausylvania itaiiroad.

Westimorctand County (past).—All minea except those
scrved by the Pennaylvania Railroad from Torrance,
cust.

Al mines in the fotlowing counties:
Allegheny Buller Lawrence Venango
Hearer Greena Mercer Washington

DISTRICT 3 —NORTHERN WEST VIRGINIA

Weal Virginis

Nicholas County (part) —All mines served by or north
uf the Baltimore & Ohio Reilruad

All ;uines 1n the following counlies:

Harbaur Jackoon Handolph Webater
Hraston lewns Ritchie Wetzel
Cathoun Marnon Roane Wirt
Diaddtidge  Monungalin  Taylor Wood
Gilmer Plessanta Tyler

Hacrisun  Preston pshar

DISTRICT ¢.—~OHI0.— Al mines in the State
DISTRICT b.—MICHIGAN.—All mines in Lhe Stata

IMSTRICT &—PANHANDLE

West Virginia.—All mines In the lollo-inf countles:
Urooke Hancuck Marshal Ohle

Source: Bureau of Mines.

Definition of Bureau of Mines Bituminous Coal and
Lignite Producing Districts

DISTRICT 7.—SOUTHERN NO. 1

West Virginis

Fayatta County (part).—All mines east of Gauley Rivar
and all minea served by the Gauley River branch of the
Chesapeake & Uhio Railrusd and mines served by the
Virginisn Railway.

MeDowelt County Splﬂ).—A" mines In that portion of
the county sarved by the Dry Fork branch of the Nor-
fulh & Weatern Rastroad and east thereof.

Ralesgh County (part).—All mines except those on the
Coal River branch of the Chesapeske & Ohio Raslruad
and north thereof. :

Wyomng Cnunly tpart).—- All minea in that partion
served by the Guibert branch uf the Vieginian Halway
iying east uf the mouth of Skin Fork of Guysndot

1wver and 1n that portion svrved by the main line and
the Glen Rogers branch of the Virgiman Raldway.

AN minea in the lulhmm& counties:
Greenbner Mercer P ! ) v

Virginia

Buchanan County (part).—All mines in that portien of
the county served by the Richlands-Jewell Ridge
branch of the Norfolk & Weatern Railroad and in that

rtion on the headwaters of Thamal Creek enst of

.ynn Camp Creek (a tnbutary of Dismal Creek).

Tazcwell County (part).—~All mines in those portions of
the county served by the Dry Fork branch to tedar
Hluf and from Hluestons Junction to Huissevain
branch of the Norfulk & Weatern Railroad and Kich-
lands-Jewel! Ridge branch of the Norfolk & Weslern
Railroad.

All mines in the following counties:
Montgomery Putaski Wythe Glles Craig

DISTRICT 8.—SOUTHERN NO. 2

Weat Vigginia
Fayetts County {part).—All mines west of the Gaule
‘lnr excepl mines served by the Gauley River branc!

uf the Chesapeske & Ohio Railruad.

McDowell County (part) —AH niines weat of and not
served by the Dry Fork branch of the Norfolh &
Waeatarn troad.

Nicholas County ’plﬂ).—A" minea [n that part of the
county south of and not served by the Haltimore &
Ohio Rallroad.

Raleigh Caunty é::.rt).—Ml mines on the Coat River
rhnn:h'ol the apeake & Ohio Rallroad and north

eroof.

Wyomung Countg (part).—All mines in that portion
served by tha Gilbert branch of the Virginian mlvny
and lying weat of the mouth of Skin Fork of Guyandot

River.
Al mines in the following counties:
HBoone Kanawhs Mason Wayne
Cabell Lincoln Mingo
Clay Logan Putnana

Virginia

Buchanan County (psrt).—All mines in the counly, ex-
cept in that portion on the headwaters of Dlamal
Creek, cast of Lynn Camp Creek (a irtbutary of Dis-
mal Creek) and in that ror\lon served by the Richlands-
Je-vdell Ridge branch of the Norfolk & Western Rall.
road.

Tazewell Counly (part).—All mines in the county ex-
cept in those portions served by the Dry Fork branch
of the Narfolk & Western Railrosd and branch from
Bluestone Junction to Roissevain of Norfolk & West-
ern Ratlrosd and Richlands Jewell Ridge branch of
the Norfulk & Western Rairoad.

Al mines in the following counties.

Mekinson uase) Wise
Lee Seott

Kentucky — All mines 1n the folluwing counties in cast-

erm Kentucky.

ell Greenup [awrence Morgan
Hoyd Harlan ee Owsley
Rreathitt  Jachson Lealie Perry
Carter Johnson Lelcher Pike

lay Knott McCreary Rouckeastle
Filiott Knox Magoffin Wayne
Floyd Laurel Martin Whitley

Tennessee.—All mines in the following caunties:

Anderson Cumberland verton Jeott
Campbell Fenlress utsam
Claiborne Morgan Roans

North Cacroline.—All mines 1n the State,

DISTRICT 9.—WEST KENTUCKY

Kentuchy.—All mines in the following count:es in west-
ern Kentucky:

Butler Hancack Mclean Todd
Christian  llenderson Muhlenberg  Union
Crittenden  Hopkine C(hio Waerren
Daviess Logan Simpeon Webster

DISTRICT 10.—1LLINOIS.—AH mines in the State.
DISTRICT 11.—INDIANA.—All mines in the State.
DISTRICT 12.—10WA.—All mincs in the State
DISTRICT 13.—SOUTHEASTERN

Alsbama.— All mines in the State.
Gtor(u.-—Aull.dmmu in the following counties:

o alker
Teanesace.—A!ll mines 1n the fullowing counties:
ledace Marion Sequatchie ite
Grundy McMinn Van Buren

Hunilton  Rhea Warren

DISTRICT 14.—ARKANSAS-OKLAHOMA
Arkansas.—All mines [n the State.
Oblahoma.—All mines in the following counties:

Haskell ‘La Flore Sequoyah

DISTRICT 16.—SOUTHWESTERN

Kensas.—All mines in the State.

Missourl.—All mines in the State,
Al mines in the following counties.
Coal atimer Okinulges Rogers Wagoner
Craigy Muskoges Piltsburg Tulsa
DISTRICT 16.~NORTHEKN COLOKADO
All nunes 1n the following counties In the State:

Adsma Douglas Jarkson Lanmer
Arlfl’lu! Elben Jeflervon Weld
Houlder El Paso

DISTRICT 17.—SOUTHERN COLORADO
Colorade.—All mines except those included In Diatrict 18
New Mexico—All mines except those included in Dis-

tnct 18,
DISTRICT 18 —NEW MEXICO

New Meaico.—Al mines in the following counties:
Grant  McKinley Sandoval  San Miguel  Socorro
Lincoln Rio Arriba SanJusn  Ssnta bs

Arizoaa.—All mines in the State.
Californls.~-Ail mincs in the Stata.
DISTRICT 19 —WYOMING

Wyoming.—All minea 1 the State,
1daho.—All mines in the State

DISTRICT 20 —UTAH.—AMN mines in the State.

DISTRICT 21.—NORTH DAKOTA-SOUTU DAKOTA.—
Al mines in North Dakota and South flakoeta.

DISTRICT 22.—MONTANA.—AIl niines in the Stats.

DISTRICT 23.—WASHINGTON
Washington.—All mincs in the State.
Oregon.--All minss 1n the State.
Alssha.—All mines in the i,



Clarion (4 Mines)

10248
10300

10213
10214

Armstrong ( 14 Mines)

10212
10237
10262
10263
10267
10268
10053

Indiana (9 Mines)

10265
10321°
10325
10328

10054
10055
10227
10231

10244*

Westmoreland (1 Mine)
10260 \
Fayette (2 Mines) A '
10272'\\\\\\\\\\\~ &)

10086

Somerset {22 Mines) ‘

10204
10209
10211
10216
10222
10223
10224
10229
10238
10246
10250

PRODUCING DISTRICTS 1 AND 2

MARYLAND (District 1)

PENNSYLVANIA (District 1)

10269
10270
10278
10293
10294
10295
10082

4 Mines
3 Mines

3 Mines
109 Mines

WEST VIRGINIA (District 1)
PENNSYLVANIA (District 2)

Jefferson (14 Mines) Elk (1 Mine)

10208 10285 10251

10225 10307

10236 10311

}ggé }82}% Clearfield (37 Mines)

10283 10317 jo080 10258

10284 10318 10085 10264
10207 10271
10215 10280
10218 10281
10221 10288
10226 10289
10240 10291
10242 10296
10253 10297
10254 10290
10235
Centre (2 Mines)
10219 10249

Cambria (6 Mines)

10208 10276
10217 10279
10258 10306

WEST vi

10252
10257
10266
10273
10275
10282
10287
10298
10304
10314
10326

* District 2

Garrett {1 Mine)

Allegany (2 Mines)
10017 10239

Grant (2 Mines)
10031 10047

Mineral (2 Mines)

10210 10220 10230

Unknown (9 Mines)

10232 10277
10233 10292
10234 10309
10245 10331
10247

10299
10301
10303
10310
10313
10315
10319
10320
10324
10327
10329
10323



PRODUCING DISTRICTS 3 AND 6

WEST VIRGINIA
District 3 12 Mines
District 6 0 Mines

Monongalia (2 Mines)
10029 10322

Marion (2 Mines)
10083 10084

Preston (2 Mines)
10286 10305
Harrison (2 Mines)
10243 10302 Barbour (3 Mines)

10206 10308
10274

Randolph {1 Mine)
10261



PRODUCING DISTRICT 4

OHIO

64 Mines

Coshocton (11 Mines)

101185 10126
10116 10131
10117 10137
10120 10161
10123 10174
10124

Muskingum (5 Mines)

10113 10159
10114 10171
10133

Perry (6 Mines) e

10119 10160 pam oA b
10138 10162 pare 0 8

10147 10173

Hocking (4 Mines)
10144 10149
10146 10150

\"

Vinton (5 Mines)

10142 10148
10143 10167
10145

Jackson (2 Mines)
10127 10165

Unknown County (18 Mines)

10132 10151
101356 10152
10136 10163
10139 10154
10140 10155
10141 10156

10157
10166
10168
10169
10170
10172

Tuscarawas (6 Mines)

10121 10128
10122 10134
10125 10163

Guernsey (2 Mines)
10118 10158

Jefferson (1 Mine)
10130

Harrison (2 Mines)
10030 10129

Belmont (1 Mine)
10192

Morgan (1 Mine)
10164



PRODUCING DISTRICTS 7 AND 8

VIRGINIA {District 7) 0 Mines KENTUCKY (District 8} 2t Mines
WEST VIRGINIA (District 7) 0 Mines TENNESSEE (District 8) 0 Mines
VIRGINIA (District 8) 1 Mine
WEST VIRGINIA (District 8) 3 Mines

Kanawha {1 Mine)

10193
Breathitt {1 Mine} Elfiot (1 Mine) Johnson {1 Mine)
10028 10034 10033 Martin (3 Mines)
10022 10330
10087

Perry (3 Mines}

10025 10111 Boone {1 Mine)

10072 Logan (1 Mine)
10023
Rockeastle (1 Mine)
Pike {1 Mine)
10018

Buchanan {1 Mine)

Clay (2 Mines) 10108

10003 10027

McCreary {1 Mine)

10002 e
= p - Floyd (1 Mine)
y 10073
TEAANESSEE
Knott (2 Mines)
Whitley (1 Mine)/ 10001 10191
10050
Knox {1 Mine) Bell {1 Mine) Ha"?{‘mq zMine)
10051 10048
Unknown, Kentucky {1 Mine) Unknown, {District 8) {3 Mines)
10110 ;8}3? 10182



PRODUCING DISTRICT 9

WESTERN KENTUCKY 12 Mines

Union (2 Mines) Henderson (1 Mine) Webster (1 Mine)
10020 10021 10075 10018

Ohio (2 Mines)
10049 10096

Hopkins (1 Mine) Muhlenburg (4 Mines)
10019 10009 10052
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Fuiton (2 Mines}
10043

Christian {1 Mine)
10035
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10046 10109
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10024 10083
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10036
Jackson {1 Mine}
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INDIANA

Peoria {1 Mine}
10004
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Douglas (1 Mine)
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Franklin {2 Mines)
10101 10102

PRODUCING DISTRICTS 10 AND 11

Clay {1 Mine)
— / 10185

Sullivan {1 Mine}
""" 10187

Wabash (1 Mine)

A 10188

Pike (1 Mine)
10100

Warrick (2 Mines)
10184 10189

Jefferson (2 Mines)
10103 10104



PRODUCING DISTRICT 12

IOWA 6 Mines
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i O I Ol e R e
BTN e ~ \~ e nat ,._\ PO e | e .
“ o Mahaska (3 Mines)
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TN N
Marion {1 Mine) N e T Tl .
10070 L' ] ]’\J 'J " ..\.. ---i—- - -'-ll P 10068

Monroe (1 Mine)



PRODUCING DISTRICT 13

ALABAMA 0 Mines
TENNESSEE 1 Mine
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PRODUCING DISTRICT 15

KANSAS
MISSOURI

1 Mine
8 Mines

OKLAHOMA 0 Mines

Macon ( 1 Mine)

Putnam (1 Mine}
10066

Crawford {1 Mine )
10010

Cotssmme

10064
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Howard (2 Mines)

10011 10013

Randolph (3 Mines)
10014 10063
10015
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Audrain (1 Mine)
10012



PRODUCING DISTRICTS 16 AND 17

COLORADO
District 16 2 Mines
District 17 6 Mines

Moffat (3 Mines) Routt (2 Mines) Jackson (1 Mine) Weld (1 Mine)
10089 10106\ 10057 10088 / 10079 / 10078
10090 \

\ Ll el d -y ‘- ve
KOLORADO ]\ ) -

Las Animas (1 Mine)
10091
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PRODUCING DISTRICT 18

ARIZONA 1 Mine
NEW MEXICO 1 Mine

Navajo {1 Mine McKinley (1 Mine)
10071 10098
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ARIZONA N\~ | "':Ew MEX%
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e
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PRODUCING DISTRICT 19

WYOMING 10 Mines

Sheridan (1 Mine} Campbell (4 Mines)
10040 10006 10061
10007 10076

|

-~ — crevia

4 ANLF

AN

Sweetwater (1 Mine}, Carbon (4 Mines)
10041 ' 10038 10077
10038 10099

)
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PRODUCING DISTRICT 20

UTAH 1 Mine

Carbon (1 Mine)

=" 10107
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PRODUCING DISTRICT 21

NORTH DAKOTA 4 Mines

------ ——an

Ll l‘—u l" -
NORTH DAKOT, E\
Mercer (2 Mines) C

10044 10059 "\

Bowman (1 Mine)
10060

Oliver (1 Mine)
10179
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PRODUCING DISTRICT 22

MONTANA 13 Mines

1%%535&)“(’ 23021\6121195 Richland (2 Mines)
10201* 10195* 10196

H
—_

-

ibaux {1 Mine)
/W 10194"

Pe
...... [~ Custer (3 Mines)

e 10198 10200
\ 10199

\

Big Horn {3 Mines) Powder River (1 Mine)
10037 10178 10197*
10203*

*

Core Samples, No production.
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SUMMARY OF SALIENT CHARACTERISTICS OF DAILA SE1S ANALYZED

v (Statietical analysin bascd on data as received from refpondents, disregarding lot-safze)
AVERAGE CHARACTERISTICS
Sul fur ligat

Mine FIPS USRH Bed Mining Preparation Method of Type of Volume Content Content Lhs Sulfur/
Code Code Dist, Code Rank Method Code Sampling Sampling (Tous) (% A.R,) (Btu/lb_A.R.) _Mibtu
m 2) (3) () (5) (6) (§3) (8) 9) (10) ) O2) (13)
10001 211119 8 010401 k) 9 1 9 9 5318 2,69 11650 2.3
10002 211109 8 015109 k) 9 2 9 9 3150 1.34 12423 1.08
10003 211051 A 100001 3 9 1 9 9 5688 2.18 11440 1.91
1000 Y, 170143 10 090002 3 2 2 4 4 9110 ~2.24 10588 2.11
10005 v/ 300087 22 080800 2 2 1 1 4 8423 0,74 8619 .85
005 — 300087 22 080800 2 2 1 9 1 -- --- -n- .-
10005 3oo0s? 22 080800 2 2 I 9 2 -- .-- - —--
10006 560005 . 19 095100 2 2 1 1 2 10147 0.36 8400 A2
10006 560005 19 095100 2 2 1 1 3 10513 0.36 B40Y L4
10006 S60005 19 095100 2 2 1 2 1 .- D.41 8376 )
10006 560005 19 095100 2 2 1 1 2 11035 0,39 8iua Ry
10006 560005 19 095100 2 2 1 1 3 10798 0.37 8360 b
10006 560005 19 095100 2 2 1 1 3 10402 0.36 8389 K%}
10007 560005 19 100003 2 2 1 1 2 10800 0.40 8298 Ry
10007 560005 19 100003 2 2 1 1 3 10625 0.38 8406 K3
10008 560005 19 100002 2 2 1 9 5 11692 0.41 8440 48
16009 212177 9 048913 3 1 1 144 4 6254 3.82 11008 3.47
10010 200037 15 049202 k) 2 1,2 4 4 2496 2.99 10905 2.75
loot1 290089 15 049202 3 2 1,2 4 4 106 3.87 10056 3.89
10012 290007 15 049008 3 2 2 4 4 505 3.17 10834 3.48
10013 290089 15 04649202 3 2 2 4 4 712 3.68 10752 3.42
10014 290175 15 049202 3 2 1 4 4 904 4.,0) 9619 4,20
10015 290175 15 098700 k] 2 1 4 4 580 4.74 9829 4.85
10016 21195 8 100004 3 t 2 9 4 10024 1.48 11836 1.25
10017 240001 1 001000 3 2 1 1,3,9 4 2055 1.61 11078 1.45
10018 212233 9 048415 3 1 1 9 4 4548 4,19 11054 3.80
tnpra 212107 9 048415 3 1 1 9 4 3739 J.65 10260 3.4
10019 212107 9 04415 3 1 2 1,4 4 5643 3.03 11197 2.70
10020 212226 9 048415 k] 1 k] 9 4 4031 2.99 10905 2.1
10021 212225 9 048415 3 i k] 9 4 4354 3.46 10577 3. 27
10022 211159 8 100005 3 4 2 9 2 5060 0.61 12301 W49
10023 540045 8 015104 3 1 2 9 4 2594 0.173 11329 .64
10024 170157 10 090002 3 1 2 1 4 1470 3.49 10990 .17
10025 211193 8 100006 3 9 1 4 4 1800 0.85 12404 .69
10026 211203 8 015108 k] 9 1 4 4 1100 1.13 12195 L9
10027 211051 8 021202 k] 9 1 4 4 1600 0.98 12936 .16
10028 211025 8 011108 k] 9 1 4 4 300 0.68d/ lzszod Y
10029 540061 )] 003604 3 1 ] 1 2 11870 2 “03/ 13054 § 2,14
10030 3901067 4 007402 k] 1 1 1 2 10360 2.607 12481 2,00
10031 5410023 1 007102 k| 1 3 1 4 2824 2.05 11478 1,78
tou3t 540023 i 007102 J 1 2 1,4,9 4 3291 2.12 11781 {.80
10032 470115 13 028601 3 9 1 2 3 1500 0.71 13052 .54
10033 211115 8 008402 3l 9 1 2 3 1500 0.71 12463 .56
10034 211063 8 016200 3 9 1 2 3 1500 1.41 12270 1,15
10035 170021 10 048408 k] 1 2 2 k) 10000 3.69 10495 3.52
10036 170145 10 090002 3 2 2 1 3 10000 3.67 10535 3,48
10036 170145 10 090002 k] 2 2 1,4,9 4 8332 3.17 10718 2.9¢6
10037 300003 22 069802 2 2 i 1 k] 10000 0.41 9653 W42
10037 300003 22 069802 2 2 1 9 2 eeees 0,36 9444 Y
100138 560007 19 036555 2 2 1 1 3 10000 0.56 9758 Y
10038 560007 19 036555 2 2 } 1,% 4 8746 0,82 10308 L1y
10039 560007 19 081700 2 2 ) 1 3 10000 0.69 10665 .b5
10039 560007 19 081700 2 2 1 1,6 4 9056 1.04 10585 .98
100vi0 560003 19 078300 2 2 1 1 3 10000 0.64 9314 68
10041 1900737 17 100007 ? 2 1 1 3 1ono0 0.73 U582 16
100402 IFIURNF] 1) M4y 0l 3 1 ? 1 ) HO00 1.00 10505 " .
10042 170147 10 04aRY0R 3 1 2 1,7 4 dan 3,53 (LMY ‘\'.
g 3 17009) 1o 498905 ] 2 2 ! 1 a0 7.%6 10473 2'“7
10044 380057 21 056100 1 2 1 1 4 1000UN 0.55 6665 a2
lnﬂhe 17016) 10 048408 k] 1 2 1 4 1752 3.25 10004 3:13
10045 170161 10 [T 3 1 2 1 i [LRT: 3.27 10408 3,15

Lbs

Shaet 1 oy

RSD of

2

Solfur/

MMbew

)

21.55
23,76
231.92
18.49
i, 07
12,3
11.94
16,89
146.17
14. 36
[P}
9.90
6.51
6. 86
9.08
12.19
16. 68
12,23
5.98
16,37
14,46
10,52
12,65
S.67
“.88
1204
LN
5. 30
4, an
R.89
11,20
20,76
"2, W
45,19
14,36
8,0
h,56
Vo, 47
H.78
4,99
12,75
21,11
A, 00
10,00
(R
w.n
18,5A8
19,08
G612
31.718
a2.57
15.%2
1.40
2.
| R
bS5
Iy 2R
G, 16
5,90



Bed

Mine FITS USEM
Code Code Dist. Code
) (2) (3) )
10046 170157 10 048408
10047 540022 1 100008
10048 211013 8 100009
10049 212183 9 090000
10050 211235 8 015703
10ust 211121 8 015703
10052 212127 9 100010 -
10053 422005 1 095203
10054 422063 1 007102
10055 422063 1 007102
10056 22--- 9 048913
10057 0801d7 17 009900
10058 17004} 10 048408
10059 380057 21 056901
10060 380011 21 056400
10061 560005 19 092600
10061 560005 19 092600
10062 190135 12 051700
10062 160135 12 051700
10063 290175 15 049202
10064 290121 15 049202
10065 190117 12 051700
10065 190117 12 051700
10066 290171 15 048414
10067 190179 12 053004
10068 190123 12 eeeeae
10069 190123 12 eeeeee
10070 190125 12 emeee- _
10071 040017 18 100011
10072 211193 8 100012
10073 211071 8 100013
10074 211--m 8 100014
10075 212101 9 048913
10076 560005 19 095100
1onze 560005 19 095100
10077 560007 19 100017
10077 560007 19 100017
10077, 560007 19 100017
10078, 080123 16 076800
10079= 0RNOS7 16 004900
10079 080057 16 004900
10080 422033 ) 100015
10081 42203 ] 100015
10082 422005 1 100016
10083 540049 3 003604
10084 40044 3 003604
10085 422033 | 100016
10086 422051 2 100031

Coal
Rank

~
n
—r

Wi W WWWWNANNRNRNANONWWWLWN WWWWWWWWWWWwNW e rm ) W W W W W Wt

Mining Preparation
Method Code
(6) (€]

NN = = N NNRNRN=RON S e = NS SN NONNNEN = = NA = RN N = R oo S8 DD NN -

et P RN N N AL e vt e b Pt s s B e p Dt Gt fut Pt gt bt Pt D St et st s P e o P Bt e DD AD MO e e b RO e et s e e BN

Method of
Sampling Sample
(8) 9)

-
-
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Volume

(Tons)
o)

1378
4958
6251
1390
2133
5964
16916
11370
5306
2685
1343
6838
1967
225
10227
10467
10715
1377
8627
51280
57120
788
3646
6619
4083
1313
3596
450
12267
1500
1500
100
1422
10000
8632
2959
3442

Sulfur
Content

(3 AR.)

)

J.48
1.99
1.35
2,96
0.97
1.09

.

2,27
2.39
2.52
.37
0,59
3.03

“ e e s a e e

& W o~
WOWEDS =@ N™ANNTW W g-b b4 w O

DOEDOCOOTVHTVNLUNLGLUVWLLWOOOD O

WV ERNNNNE - NN SNON D

2,04

lleat
Content

(Btu/lb A.R.)
(12)

10567
11060
12456
11623
13466
12763
11480
11916
11574
11594
10344
11035
10793
1045
6115
8764
B797
9342
9539
BA4LE
10269
8899
8969
10252
9666
9501
9181
8933
10574
12337
12126
12242
9890
8244
B282
10356
10017

Lbs Sulfur/ I

4,68

1,02

A9
1. 44
1.38

1.85
1.90
1.23
1.61

RSD of
be Sultur/

()

(14)

1.20
16,00
2601
2R.09
h2.02
19,50
7.33
O, 9%
11.06
208,01
15.09
6,49
13,06
24,20
25.93
Ve, 12
12,04
21,951
18,08
3.1
4,81
20,54
19,13
20,92
16,86
£3.25
IR, 10
i6. 88
15.55
M0
44,30
17,76
10,11
9,65
15. 58
17.00
17.21
YU

26,24
.00

6.29
1165
25,44
14,72
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AVERAGE _CHARACTERLISTICS

€-H

Sulfur Hleat RSD of

Hine FipPs USAM Red Conl Miatug Preparation Method of Type of Volime Content Content Lbs  Sulfur/ Lis  Sulfur/
Code Code Dist, Code Rank Method _ Code_ Sampling Sample (Tous) (% A.R.)  (Bru/lb A.R.) Miilty Bty (7)

) (2) 3) (4) (5) (6) M (8) (9) (10) an 12) (1) TOayT T
10087 211159 8 016811 3 1 2 1 J 9199 0.67 12985 .51 9.49
10088 080107 17 075000 3 2 1 4 4 1983 0.61 10721 .57 10,34
10089 080081 17 076900 3 2 i 4 4 4133 0.37 10479 .35 20,69
100190 080071 17 075701 3 2 1 4 4 2232 0.60 11132 .54 5.0%
10091 08008¢ 17 074502 k] 1 1 4 4 4959 0.48 10101 A7 1.5
10092 170145 10 048408 3 2 2 1,4,9 4 8568 2.87 11056 2,60 10,07
10093 170145 10 090002 3 2 2 1,4 4 9128 2,92 10939 2.67 9.
tonss 170077 10 048408 3 2 ] 1,4,9 4 8128 1.33 10796 1.24 51,03
10095 170117 10 048408 3 1 2 1,6,9 4 8069 319 10689 2.99 .07
10096 212183 9 050609 3 ] 2 4,9 4 1386 1.87 11840 1.60 41.24
10097 170145 10 090002 3 2 2 1,4,9 4 8945 3.03 10900 2.18 10,97
10097 170145 10 090002 3 2 2 I 3 9288 3.30 10974 3.00 b, 24
Loa9s 350031 18 047600 2 2 ) 1 3 6162 0.44 10156 4 1.7
10098 350031 18 047800 2 2 1 |3 4 8716 0.75 10402 .73 45,80
10099 560007 19 039800 2 2 1 1,4 4 9162 0.74 9997 .5 18.63
10300 180125 i 100018 3 2 2 4 4 1379 1.22 11095 .10 17.00
10101 170055 10 048408 3 1 2 4 4 1317 1.21 11998 1.0 15. 08
10102 170055 10 048408 3 ] 1 1,4,9 4 8103 2.73 11076 2,48 22,35
10103 170081 10 048408 3 1 ] 4 4 1316 1.90 11514 1. 66 28. 52
10104 170081 10 048408 3 1 2 1,4,9 4 3384 1.51 11804 1,24 12,92
10105 170163 10 048408 k] 1 2 4 4 1416 3.29 1082} 3,05 8.9
10106 080081 17 100021 3 2 1 1,4 4 6364 0.56 9628 .58 39.82
10107 490002 20 100022 3 1 2 1,4 4 8360 1.01 11204 .%0 27,61
1a108 510027 8 100023 3 1 2 4 4 1446 1,12 13184 .85 11.57
10109 170057 10 048408 3 1 2 1,4 4 8730 2,90 11039 2.0) 9,79
10110 211000 8 100024 k| 2 1 1 4 5959 1,43 11880 1.20 0. 14
10111 211193 8 100025 3 2 1 | ) 6411 1.37 11003 1.25 04,04
w2 211095 8 100026 3 2 1 1 4 6274 1,15 11997 .96 13,08
10113 390119 L 3 2 1 1,4 4 1183 4,04 11020 3.67 31,173
10114 390119 4 003607 3 2 1 1,4 4 1192 3.88 11038 3.52 17.05
10115 390031 4 008013 3 2 1 1,4 4 3361 4,67 10767 4,35 21.1?
10116 390031 4 008013 3 1 1 1,4 4 2373 4.62 10096 4,59 19.15
10117 390031 4 008013 3 1 1 1,4 4 947 5.00 10073 4.99 18,86
10118 300059 L 3 2 1 1,4 4 1382 3.52 11151 316 16, 84
10119 390127 4 008002 3 2 1 1,4 4 1192 3.76 10989 J.a2 22.3
10120 390031 4 002302 3 2 1 1,4 4 1294 3.95 11135 3.55 15. 82
10121 390157 4 Lago27 3 2 t 1,6 4 1150 4,44 127 3.95 19.47
10122 390157 4 008404 ) 2 1 1,4 4 1426 4.29 11263 3.82 21.19
10123 390031 4 008424 3 2 1 1,4 4 1388 4,21 11340 3.76 16.99
10124 390031 4 008424 3 2 1 1,4 4 1044 4,10 11133 3.69 23.39
10125 390157 4 008424 3 2 1 1,4 4 1213 3.74 11151 .35 16,65
10126 390031 I 3 2 1 1,6 4 959 4,18 11177 3.75 24.51
10127 390079 4 100028 3 2 } 1,4 4 1345 4,10 11414 .00 18. 86
10128 390157 4 100029 3 2 1 1,4 4 1218 3.91 Jhies 3.50 20,2
10129 390067 I k] 2 1 16 4 131l 3.58 11130 3.22 19. 64
10130 390081 4 0n3604 3 2 1 1,4 4 1695 1.52 11081 316 22,13
10131 390031 L 3 2 1 1,4 4 1181 4,11 10088 3.75 14,17
10132 390000 & . 3 2 1 1,4 4 1143 3,99 Y1360 349 12 24
10133 390119 4 008002 3 H 1 1,4 4 1568 3.59 L1049 3.24 21,07
1013 g 4 008002 Al 2 1 t,4 4 1190 3.92 1132) 3.4 2?'25
10135 390000 4 Ll 3 2 1 1,4 4 1056 3.7) 11387 3.27 ;';g
10136 190000 6 L. 3 2 1 1,4 4 1120 4,1] 11219 3.6t }’~.?2
10132 390031 4 00RO ) 3 2 1 1,4 4 1250 4,52 10721 2t 22.50
ILTRL 3au12? 4 el 1 2 | 1,4 4 1360 4 .40 11192 3,94 ”,'-,l
10139 Jgnonn . 3 2 1 1,4 4 1024 2.82 11372 2.417 H.H‘
10140 J90000 & L. h 2 1 1,4 4 10496 3.98 11563 .45 S:O'l



b-H

Mine F10S UsBM Bed
Cade Code Dist. Code
(@) b (2) (3) (%)

10161- 390000 4 eemaes
10142 390163 4 008701
1014) 390163 L
10144 390073 4 007406
10145 390163 4 —eeee-
10146 390073 4 008013
10147 390127 4 008013
10148 390163 4 088501
10149 390073 I/
lﬂlSOb/ 390073 4 088701
|0|Sl§/ 390000 4  emeee-
10152~ 390000 4  eeeee-
10153 390000 4 e-eees
10154 390000 L
10155 390000 L
10156 390000 4 eeeee-
10157 90127 4  meeea-
10158 39n059 4 085801
10159 390119 4 eeeeas
10160 390127 [
1016) 390031 [
IOI62bl 390127 4 ceeees
10163~ 390157 4 eeenas
10164 390115 -
I0l65h/ 390079 4  ecea--
10166~ 390000 4 emeeae
1067 36l 4  eeeae-
IOIGRb, 390000 4G  eemeea
10169= 390000 4  emeene
10170 390000 46  eeee-a
10171 390119 4 008002
10172 390000 [
10172 390127 4 eeee--
10174 390031 4 092801
10175 390000 4 100030
10175 390000 ) 100030
10175 390000 4 100030
10175 390000 4 100030
10126 390000 4 100030
10177 390000 4 100030
10178 300003 22 100013
10179 380065 21 10004
10180 ceeeea B 0 aeeeee
[N107:7 R T 8  ce-e-.
10182 211--- 8  cee---
118D 212117 9 100010
10184 180173 n 048305
10185 180021 11 050202
10180 212117 9 100035
10187 180153 11 100036
10188 170185 10 048905
10189 180173 11l 048905
10190 170057 10 049608
10191 201119 8 011108
10192 390011 3 GRYAR02

Coal
Rank

~
w
-
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Mining Preparstion Method of
Method Code Sampling
(6) 1)) (8)
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Type of

—Spmple
9)

Sheet

AVERAGE, CHARACTERESFICS
Sullur ltent
Volume Content Content Lbs  Sulfur/
(Yons) (% A R.) (Beu/1b__A,R.) __ HMBtu

(10) (11) (12) () o
989 4,19 11061 J.80
984 3.9 11089 3. 56
919 J.64 11242 3.25
960 3.79 11109 3.43
779 3.47 11055 307
992 2,68 11215 2.19
849 3.87 11057 3.53
876 J.68 11449 3.20
920 2.99 11008 2.72
13 1.96 10774 1.86
1273 2.58 10424 2.49
1276 4.53 9525 4.75
128 4.47 9170 4,57
990 3.7 10937 2.90
1148 3.49 11061 3,16
1245 3.7 10703 3.48
1046 3.36 11017 3.07
1649 3.81 10593 3. 60
2025 0.85 10650 .19
1446 4,00 10962 3.71
801 3.64 10664 3.43
1040 3.15 10580 2.97
883 4,49 11572 3.90
1526 4,60 11296 4.08
924 3.57 11186 3.18
398 4,35 10472 4,26
512 3.67 11176 3.29
1016 3.54 11772 3.00
3757 4.05 10645 3.80
2643 3.40 11329 3.00
1696 3.482 10985 3.48
104621 0.65 8625 .75
LR 0.76 6134 1.23
5499 0.69 1166) .59
26411 0.97 12219 .79
6789 1.01 11916 .85
71326 3.97 10239 ). 89
5525 3. 14 11039 2.85
6425 4,07 10989 3.7
1466 2.2) 11006 2.0)
8050 .70 10810 1.57
6056 1.53 10657 1.43
454) 3.56 10573 3.3
4701 2.84 11163 2.54
4350 1.20 11098 i.04
kY] 2.94 10565 2.78

ool

q

PsSp of

ths  Sulf

LRI

e

15

10,
2b,

21.

Q.

20,
17.

(LN
15.

14,

36,

V4,

16,

15,

21

b

il.
L

[

10,
12.
3.
12.
11,
1o,
28.
15.

W)

L5
.85
.57

.bb
1
07

.60

06
.74

.28

Lan

Qo
Lb
995
a9
(U]
LN
00

62
al

14
.4h8

A2
426,
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AVERAGE CHARACTERISTICS

Sul Fur lleat RS of

Mine FIPS USBM Bed Coal Mining Preparation Method of Type of Volime Content Content Lhse  Sulfur/ Lhs  Sulfur/
Code Code Dist, Code Rank Hethod Code Sampling __Sample {Tons) (% A.R,) (Btu/lb _A.R.) __MMntu Mideu (7

(1) (2) (3) ) (5) (6) 1) (8) 9 (10) (1) (12) 3 (%)
lOl9Jb/ 540039 8 008402 3 2 1 1 4 3 0.9 11188 .84 18. 14
IOI%.—’/ 540039 22 008402 k] 2 1 1 4 .- .- -- .- --
10195 300083 22 eeeee- i .- 1 9 L .- -- -- .- -
IDI96b, 300083 22 034500 1 2 1 9 2 -- 0.55 6478 .84 41.11
IOI97B/ 300017 22 - 2 .- 1 9 1 - -- .- -- -
Iol9&|-'/ 300017 22 ee-ee- 2 -- 1 9 1 .- -- -- .- .-
|0I99-/ 300017 22 eeeca- 2 -- 1 9 1 -- -- .- - .-
102002 300017 2 eeee- - 2 -- 1 9 1 - - .- .- -
|020Ihl inoos? 22 vemeee 2 -- 1 9 1 .- -- -- .- .-
lOlOZbI 300087 22 093100 2 2 1 9 2 -- 0.75 9042 .83 19.87
10203~ Jooon3 22 093100 2 2 1 9 1 -- -- -- -- --
a/ For Interpretation of codes in columns (1)-(9) refer to Appendix (.
b/ Data set not analyzed,
E/ Coal source represented by stack monitoring dats, no fuel analyses available,
d/ Dry basls.
e/ Data sets 10204 through 10331 analyzed on USBM District basie only, due to lack of seam {nformation and small number of analyses,

Source: Foster Associates, Inc,
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PRODUCING

PISIRICY
nm

béébaabbhbb-bbbb)-.-bhb-bbhb&-&b&&bh-bb&&-hh\duuN.—‘b’l——l-'b-—'l-"—t—h'
FS

SFAM
conr,
()

001000
007102
007102
100008
095203
007102
007302
100015
100015
100016
100016
100031
003604

003604
007402
001607
008013
000013
008013
008002
002302
100027
008404
008424
008424
008404
100028
100029

008002
008002

0060} 3
000013
088501

MINE
CODE
3

10017
10031
10031
10047
10053
10054
10055
10080
10081
10082
10085
10086
100298/
10083b/
10084
100302/
10113
10114
10115
10116
10117
10118
10119
10120
0121
10122
10123
10124
10125
10126
10127
10126
10129
10130
10131
10132
10111
1014
10135
10136
10137
10138
10119
10140
1004)b/
10142
10143
10344
10145
10146
10147
10140
10149
10150
10151/
101520/
1015)
10154
10185

APPENDIX 1

SAHPLE STATISTICS OF COAL CHARACTERISTICS ANALYZED BY JRDIVIDUAL DALA SETS

(FIRST RUN:
VOLUMF SAMPPLED
(1ons)
Averape Rﬁn(zl
(4) (5)
2055 64.4
2824 50.6
3291 61.7
4958 a8.2
11370 41.0
5306 31.7
2685 36.0
12719 89.9
741 38.7
907 65.0
571 47.9
1083 70.4
11870 31.6
1032 66.0
10160 10.0
1183 32.8
1192 31.5
3361 30.9
23173 59.8
946 47.5
1382 21.7
1192 29.2
1294 22.1
1149 38.3
1426 22.1
1388 21.9
1044 36.6
1212 26.3
959 29.1
1345 1.3
1248 27.6
1311 24.1
1495 30.2
1180 31.2
1143 46.7
1568 23.8
1190 36.9
1056 19.8
1170 18.2
1250 60.1
1360 30.1
1024 45.0
1096 20.0
909 28.0
984 20.0
919 20.3
959 23.5
179 40.4
992 17.1
849 15.2
816 16.4
920 16.5
1371 22.5
127) 29.2
1276 a.o0

SULFUR CONTENT

(6)

1.61
2.04
2.12
1.99
2.27
2.39
2,52
2.04
1.70
1.19
1.54
2.04
2.80

2.49
2,60
4.04
3.e8
4.67
4.62
5.00
3.52
3.91
3.95
4.44
4.29
4.21
4.10
3.74
4.16
4.10
3.91
1.58
3.51
4.10
31.99
1.50
3.92
.73
4.11
4.52
4.40
2.82
).98

4.19
31.94
.64
3.79
3.7
2.68
3. u1
3.68
2.99

1.96
2.51
4.%)

{Percent, As Received)
Average

DATA AS RECEIVED FROM RESFONDERTS, DISREGARDING LOT-S1ZE ANALYS1S)

HEAT CONTENT RUMRER
(Btu/1b., As Required)  LBS SULFUR/MMBtu OF
RSD(Z) - Averape RSD(X) - Averape  _BSD(R) _ANALYSIS
(n 18} 19) Qo) () (12)
34.0 11078 4.4 1.45 32.6 55
14.2 11478 2.2 1.78 14.5 268
8.0 11781 2.1 1.80 8.8 220
15.7 11060 3.9 1.80 16.0 215
10.0 11916 2.5 1.91 10.9 2039
10.5 11574 2.0 2.07 1.1 1279
23.9 11594 4.3 2.18 26.0 1033
22.0 12405 2.0 1.64 21.1 11
23.8 12354 3.8 1.3 26.2 17
30.0 12776 2.9 0.93 30.0 28
24.9 1262) 4.0 1.23 25.9 19
14.3 12666 3.2 1.61 14.7 21
7.9 13054 1.7 2,14 8.3 704
10.1 13111 2.0 1.90 11.6 42
5.0 12481 5.6 2.09 6.6 275
1.1 11020 6.5 3.67 1.3 127
17.3 11038 5.3 3.51 17.0 94
20.9 10763 5.7 4.35 21.7 411
17.0 10096 4.8 4.59 19.1 427
16.1 10073 6.1 4.99 18.9 130
17.3 11151 3.9 3.15 16.8 495
70.5 11003 5.9 3.55 67.2 278
15.5 11135 4.1 3.55 15.8 516
17.7 11273 4.0 3.95 19.5 63
20.4 11243 4.3 3.82 21.2 351
16.2 11340 4.1 3.76 17.0 251
21.6 11133 4.0 3.69 23.4 102
16.7 11151 4.} 3.35 16.6 322
22.4 1177 4.9 3.70 24.5 29
15.6 11414 5.3 3.6} 18.9 164
20.2 11165 4.6 3.51 20.6 165
19.5 1 4.1 3.22 19.6 223
2).4 11081 5.3 1.16 22.) 110
12.4 10980 4.9 3.75 14.8 3
4.9 11366 3.0 3.49 12.2 5
21.5 11049 5.0 1.24 21.1 461
19.6 1132) 2.8 3.47 22.3 42
2).0 11387 2.6 327 20.) 19
13.9 11210 1.2 3.66 14.2 9
19.0 10721 9.2 4.26 22.6 LX)
14.8 11192 5.1 1.94 16.5 10
1.1 11372 4.5 2.47 8.6 5
5.2 11563 2.5 3.45 5.9 4
13.6 11061 1.9 3.00 15.3 200
17.2 11089 3.8 3.56 18.8 251
17.8 11242 3.5 3.2% 19.6 152
21.) 11109 5.6 3.43 24.7 174
168.1 11055 6.1 1.17 22.7 39
11.8 11215 1.7 2.39 12.1 261
23.0 11057 5.1 3.53 26 6 17
9.5 11269 2.5 3.21 7.1 2
1.6 11000 2.0 2.72 14.7 1
10.0 10774 1.4 1.02 9. ?
16.5 10424 5.3 2.49 20.4 N
0.0 9525 0o

4.1% 0.0 ]
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SAHPLE STATISIICS OF COAL CHARACILRISTICS ANALY/TD RY JHDIVIDUAL BATA SLIS
(FIRST RUN: DATA AS RECEIVED FROM RESPONDEWIS, DISRLCARDING 1LOI-S17F ARALYSIS)

U.S.R.M. VOLUME SAMPLED SULFUR CONTENT HEAT COIVENT HUTINF R

FFRODINC THG SEAM MIKE (Tons) (Percent, As Received) (Rtu/1b., As Required)  LBS SULFUR/HMRLG OF

wisrricy A COpg, COpt Average RSD(2) Averagpe ARSD(Z) L Avervape nsp(x) - _Average RSUCT) ARALYSIS
(3] ) N 14 {s) 16) (%)) (8) 19) (1) 0nn (12)
L 10156 128 0.0 4.47 0.0 9770 0.0 4,57 0.0 1
L 10157 990 4.3 3.17 10.1 10937 2.0 2.91 10.5 6
4 085001 10158 1148 37,7 3.49 25,8 11061 5.0 3.16 26.0 2?2
L 10159 1245 13.9 3.71 11.7 10703 7.0 3.48 15.1 45
4 e 10160 1046 37.4 3.36 17.7 11017 5.1 3.07 21.0 50
L 10161 1449 4,0 3.81 4.1 10593 4.1 3.60 1.3 6
4 eeeme- 10162 2025 0.0 0.85 0.0 10650 0.0 0.79 0.0 ]
L 101630/
L 10164 1446 18.2 4.00 10.6 10962 9.2 3.1 20.6 5
4 eeeee- 10165 a0l 38.1 3.64 16.3 10664 3.9 3.43 17.8 28
4 e 101662/
L 10167 1040 0.0 3.15 0.0 10580 0.0 2.97 0.0 1
L 10168 88) 40.0 4.49 12.3 11572 3.5 3.90 15.0 10
4 e 101690/
e 10170 1526 10.8 4.60 12.9 11296 1.7 4.08 14.5 2
4 008002 10171 924 14.7 3.57 10.7 11186 2.6 3.18 6.9 5
L 10172 399 48.1 4.35 29.7 10472 5.9 4.24 36.1 5
& - 10173 512 28.3 3.67 13.7 11176 1.0 3.29 14.7 2
4 092801 10174 1016 4.5 3.54 3.4 11772 0.2 3.01 3.1 2
4 100030 10175 3757 51.3 4,05 15.9 10645 5.1 1.81 16.4 1564
] 100030 10176 248 49.2 3.40 15.0 11329 3.0 3.01 15.8 398
4 100030 10177 1696 49.6 3.82 21.1 10985 3.3 3.48 21.5 286
4 085802 10192 3104 49.0 2.94 15.1 10565 3.7 2.78 15.4 47
8 010401 10001 53186 24.7 2.69 22.) 11650 1.8 2.31 21.6 45
a 015109 10002 3150 52,8 1.34 22,5 12423 4.4 1.08 23.8 22
(] 100001 10003 5668 18.5 2,18 23.2 131440 3.4 1.91 23.9 7
9 100004 10016 10024 11.4 1.48 10.9 11836 3.6 1.25 10.5 30
8 100005 10022 5060 55.8 0.61 5.0 12301 1.3 0.49 4.9 113
8 015104 10023 2594 56.7 0.73 9.9 11329 2.6 0.64 8.9 115
8 100006 10025 1800 c/ 0.85 19.3 12404 4.7 0.69 20.8 55
8 015108 10026 1100 c/ 1.13 58.1 12195 5.3 0.94 62.3 51
8 021202 10027 1600 c/ 0.98 42.9 12936 3.3 0.76 45.2 1
8 611108 10028 300 c/ 0.68 12.5 12620 3.8 0.54 14.4 10
8 008402 10033 1500 c/ 0.71 11.2 12463 4.4 0.56 12.7 19
] 016200 10034 1500 </ 1.41 20.6 12270 2.2 1.15 21.1 40
[ 100009 10048 6251 12.0 1.35 24.2 12456 2.8 1.08 26.0 119
B 015703 10050 213 21.2 0.97 41.9 13466 3.5 0.72 42.9 173
6 015703 10051 5964 37.4 1.09 18.7 12763 3.9 0.85 19.5 219
8 100012 10072 1500 c/ 0.74 35.4 12337 4.9 0.60 34.4 68
8 100013 10073 1500 c/ 0.78 47.17 12126 6.2 0.65 48.) 50
8 100014 10074 100 c/ 0.74 12.0 12242 3.2 0.61 13.8 6
8 016811 10087 9199 13.1 0.67 9.6 12985 1.0 0.51 9.5 57
a 100023 10108 1446 44.0 1.11 10.6 13184 2.9 0.85 11.6 26
] 100024 10110 5959 26.5 1.43 29.5 11880 2.5 .20 30.1 29
8 100025 10111 6411 6.9 1.37 41.7 11004 3.6 1.25 44.0 59
8 100026 10112 6274 5.5 1.15 12.5 11997 2.2 0.96 13.4 66
I 10380 5495 19.6 0.69 18.8 11683 3.0 0.59 18.6 701
I 10181 26411 27.2 0.97 10.8 12219 2.7 0.79 11.6 64
' 10182 6789 254.3 1.01 34.2 11916 1.4 0.85 34.4 977
8 011108 10191 4350 35.3 1.20 28.6 11098 4.1 1.08 28.2 89
8 008402 10193 311} 51.4 0.94 16.7 11188 4.5 0.84 18.1 30
9 048913 10009 6254 21.17 3.82 8.0 11008 2.4 3.47 9.1 1026
9 048415 10018 4548 12.8 4.19 4.4 11054 2.3 3.80 5.7 162
9 048415 10019 3139 14.3 3.65 4.2 10760 2.5 3.39 4.9 114
9 048415 10019 5643 37.0 3.03 4.1 11197 1.5 2.71 13.4 3l
9 048415 10020 4031 14.6 2.99 4.4 10965 1.4 2.1 5.0 75
) 048415 10021 4354 17.7 3.46 4.7 10577 1.1 3.27 5.3 126
9 090000 10049 1190 7.1 2.96 25.5 11623 3.7 2.56 28.1) 417



SAMPLF STAFISIICS OF COAL CNARACITRISIICS ARATY/ZLD MY FEDIVIBUAL DATA 1110
(FIRST RIM: DATA AS RECEIVED FRON RESPORDELEIS | DISETLGARBING 00 5070 ADAY veis)

Wk VOLUME SAMPLED SULFUR CONJENT . NLAT CONLENT . [NEETREN
P . "I (Tons) (Fereant, Ae Received) (Bu/1b | As Reguired)  IRS SULTUR/AF M 15
P Conr “One Averape  R5D(Z) Averape R&N(Y) Average LTS8 B Averape  RER(7) ARALY SIS
Ty T ™ Y YY) 15) 13} t (3} (s) (o) 0 (A
9 100010 10052 16916 . 3.1 6.1 11400 2.9 2.1 7.3 1)
9 a4R91) 10056 1343 5.6 .37 13.2 10344 4.2 1.27 15.0 20R
9 048913 10075 1422 28.1 4.25 0.6 9890 2.8 4. 0.1 41
9 050609 10096 1386 132.5 1.87 45.5 11840 (W] 1.60 A7.2 A
9 100010 10183 7326 38.0 3.97 13.0 10219 4.5 3.89 14.5 254
9 - 100035 10186 1466 5.5 2.2) 13.6 11006 2.3 2.0 12.4 [FAL
10 090002 10004 9110 8.4 2.24 10.7 10508 2.5 2. 1R.5 V6
10 090002 10024 1470 7.4 3.49 11.8 10990 3.3 3.7 1.2 166
10 040408 10035 10000 c/ 3.69 3.8 10495 1.7 3. 62 4.0 (3!
10 090002 10036 10000 c/ 3.67 8.5 10535 3. 3.48 10.1 101
0 090002 10036 8112 10.3 .17 1.6 10718 3 2.96 1.8 &1
10 040408 10042 6000 c/ 3.69 2.0 10565 0.7 3.49 2.1 147
10 040408 10042 8139 9.4 3.9) 11.0 10581 3 3.34 11.9 77
10 048905 10043 2000 </ 2.56 3.5 10Y7) 1.4 2.47 3.6 an
10 040408 10045 37152 60.1 3.25 5.0 10404 2.4 3.1 6.2 211
10 040408 10045 3856 60.0 3.7 5.5 10400 2.) 3.18 5.9 1)
n 040408 10046 1378 5.4 3.48 6.5 10567 2.1 3.29 7.2 599
10 n4A400 10058 1967 26.0 3.0} 1.6 10793 3.0 2.81 13.1 21
10 040408 10092 8568 11.5 .07 10.1 11056 2.6 2.59 10.1 "
10 090002 10093 9128 16.1 2.92 9.5 10919 2.5 2.67 9.4 320
10 040408 10094 0120 21.0 1.3 50.8 10796 4.3 1.24 S1.0 n?
10 n48400 10095 8069 22.) 3. 19 11.2 10609 3.4 2.99 14.1 147
10, 090002 10097 0945 17.) 3.0) 11.3 10900 3.2 2.78 1.0 130
0 090002 10097 9208 15.8 3.30 6.6 10974 1.5 3.00 6.1 269
10 n40400 10101 M7 12.8 1.21 15.1 11990 2.1 1.02 15.7 L]
10 048408 10102 8103 12.1 2.1 20.4 11076 4.7 2.48 22.) 16
10 n40408 10103 1316 21.8 1.90 ?5.5 11514 2.9 1.66 28.5 19
10 048408 10104 3304 92.7 1.51 12.7 11804 2.9 1.28 12.9 170
10 040408 10105 1416 0. 3.29 8.2 10021 2.7 3.04 8.9 64
10 040408 10109 8729 14.5 2.90 10.9 11039 2.6 2.6} 9.9 19
10 040905 10188 6056 .S 1.53 12.5 10657 4.2 1.4) 12.7 218
0 049608 10190 4701 35.5 2.84 10.7 1116) 1.1 2.54 10.9 152
" 100018 10100 1779 6.7 1.22 16.4 11095 2.5 1 17.1 24
1 040305 10104 5525 62.0 3. 14 1.1 11019 1.5 2.05 8.) \( ¥
1 n50202 10105 6425 10.9 .07 10.0 10909 2.0 3. 0.7 234
n 100036 10187 0050 23.1 1.70 Ja.0 ionio 1.7 1.57 34.) 2N
s nanons  1aing 4542 62.5 3.56 12.8 10571 2.6 v 11 14.0 s
12 051700 10062 10345 131.7 3.04 17.4 9539 1.2 3.a 164 d
12 n51700 10062 1377 26.4 ). 44 17.9 9342 4.6 3.71 21.5 51
12 051700 10065 M8 60.1 2.25 16.8 npaa 4.0 2.5 20.5 15
12 051700 10065 3646 54.3 1.07 20.0 0969 1.) 1.42 19.1 27
12 051004 10067 400) 55.4 5.6 14.5 666 S. ) 5.9 16.9 2)
12 10068 1313 50.1 4.21 1.7 9501 2.2 4.44 13.2 1
V2 10069 3596 64,1 5.55 12.2 9101 9.9 6.12 8.7 n
12 10070 50 40.9 4.0 16.3 i 1.6 460 16.9 s
" n2n6n1 10032 1500 c/ 0. 4.6 11052 1.0 0.54 4.0 17
15 049202 10010 2396 58.6 2.99 1.5 10905 17 2.15 12.2 17
19 049202 1001} 706 59.6 3.86 9.3 10056 8.7 3.09 16.7 ]
15 049008 10012 505 A2.6 3.1 1. 108134 2 3. 40 12.2 19
i n49:02  1001) 712 64.2 1.68 5.1 10752 2.5 3.42 5.6 21
1% 049202 10014 904 76.1 4.0} 12.9 9615 4.9 4.20 14.4 20
s N0 10015 500 nl.G 424 1.9 4129 5.6 1.05 14.5 29
[ 049202 1006} 49740 12.9 5.06 6.0 qU96 .7 5.70 1.0 25
in NANI02 100GA 0640 1.6 3.94 9.0 1n218 2.8 1.06 12.0 "
i DARATA  HO06G 6619 LEN) 2.69 211 10252 4.0 2.6) 22.1 Jut
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APPENDIX J

ANALYSIS OF DATA ON AN AGGREGATE
BASIS BY PRODUCING DISTRICT

This Appendix sets out, in detail, the analyses performed
on an aggregate basis in order to examine coal sulfur varia-
bilities within individual Producing Districts. In general,
for each Producing District the following analyses, with and
without lot-size intervals, were performed:

. All coals

. Raw coals

. Washed coals

. Selected coal seams

In addition, the quantity of data for some Producing
Districts permitted more detailed analysis of other factors
which may be possible sources of coal sulfur variability.
These factors are noted in the following discussion.

1.0 Producing District 1 (Pennsylvania)

1.1 Raw and Washed Coals

An aggregate comparison for all coals in Producing
District 1 indicated an average of 1.83 lbs S/MMBtu
with an RSD of 26.18 percent. As expected, when the raw and
washed coals were analyzed separately, both the average lbs
S/MMBtu and the RSD were lower for the washed coals.
These results are summarized in Table J-1.



TABLE J-1

PRODUCING DISTRICT 1: ALL COALS, RAW, AND WASHED

_ Lbs S/MMBtu Number of
Type of Coal Average RSD (%) Observations
All Coals 1.83 26.18 6,619
Raw 1.86 26.22 5,738
Washed 1.65 22.78 881

Source: Schedule J-~1, found at end of Appendix J.

As shown in Schedule J-1 at the end of this Appendix,
analyses of these data by lot-size intervals exhibit a strong
relationship between RSD and lot-size, especially in the case
of all coals. An examination of the lot-size analyses for
all coals in Producing District 1 shows a steady decline in
RSD from 42.5 percent at the 200-500 ton interval to 9.3 per-
cent at the 9,000-10,000 ton interval, while slight increases
(to 10.4 percent) are observed in the intervals 11,000-13,000,
13,000-15,000, and 19,000-23,000 tons.

1.2 Upper Freeport Seam, Raw and Washed

Within Producing District 1, a comparison was also made
of the raw and washed analyses for the Upper Freeport seam
(USBM Code 071). Again, and as expected, both the average
lbs S/MMBtu and RSD were lower for the washed coals.

For the washed Upper Freeport seam there appears to be no
relationship between lot-size and RSD over the tonnage
ranges analyzed (0 to 5500 tons).

2.0 Producing District 4 (Ohio)
2.1 Raw and "As-Burned" Coals

In the case of Producing District 4, insufficient data
were available for an analysis of washed coals. The raw



coals (as delivered) on an aggregate basis exhibit an average
of 3.58 1lbs S/MMBtu with an RSD of 24.8 percent. As a
comparison, analyses for these coals on an "as-burned" or
"as-fired" basis indicate an average of 3.62 lbs S/MMBtu

with an RSD of 19.0 percent. With the exception of the 200

to 500 ton interval for the "as-burned" coals, both the "as-
delivered" and "as-burned" aggregate for raw coals exhibit a
general decline in RSD with increasing lot-sizes. As expected,
due to the mixing of coals in stockpiles, handling, feeding,
etc., the raw "as-burned" coals exhibit lower RSD's or less

variation than the raw "as-delivered" coa.s.
2.2 "As-Burned" Coals by Individual generating Units

The available data for the "as-burned" coals in Producing
District 4 permits a more detailed examination of variability.
These coals, from the same general sources, were burned in
one utility's six generating units. The analyses for units
1, 2, and 3 were reported on a composite basis, while separate
analyses were available for units 4, 5, and 6. 1In general,
each observation represents the volume of coal burned during
a 24-hour period. The statistics for these units are pro-
vided in Table J-2.

TABLE J-2

PRODUCING DISTRICT 4: "AS-BURNED"

Lbs S/MMBtu Number of
Unit Number Average RSD (%) Observations
1, 2, and 3 4.04 15.34 614
4 3.79 16.10 402
5 3.53 14.34 410
6 3.65 16.12 139

Source: Schedule J-1.



The results for the various generating units indicate
relatively consistent RSD's ranging from 14 to 16 percent.
However, within the units there does not appear to be a rela-
tionship between RSD and lot-size, possibly due to the rather
limited ranges in lot-size (tons burned/day).

2.3 Pittsburgh, Middle Kittanning, and Lower Kittanning Seams

Within Producing District 4, three seams -- Pittsburgh
(036), Middle Kittanning (080), and Lower Kittanning (084) --
were examined on an aggregate basis. These seam data reflect
raw coals from various mines in Ohio.

The data for the Pittsburgh seam do. not exhibit an
inverse relationship between RSD and lot-size. This may be
due to the limited number of observations (182) and the rela-
tively narrow range of lot-sizes (600-2100 tons).

The Middle Kittanning and Lower Kittanning seams both
exhibit a general decline in RSD with increasing lot-size.
A comparison of the aggregate data for these seams is set
out in Table J-3. These data indicate that the relationship
between RSD and lot-size differs between the seams. The
slope of RSD as a function of lot-size is greater for the
Middle Kittanning seam, resulting in a relatively greater
decrease in RSD for an equal increase in lot-size.

3.0 Producing District 8 (Eastern Kentucky)
In Producing District 8, aggregate comparisons were per-

formed for raw and washed coals and for the Upper Elkhorn
No. 3 (151) and Blue Gem (157) seams.



TABLE J-3

COMPARISON OF AGGREGATE DATA FOR THE
MIDDLE AND LOWER KITTANNING SEAMS IN OHIO

Lot~-Size Interval

(Tons) RSD of Lbs S/MMBtu (%) Number of
Mid- Middle Lower Observa-
Point Range Kittanningl/ Kittanningg/ tions
440 250-600 - 20.74 29
456 300-600 33.68 - 90
763 600-900 31.57 - 120
1,015 900-1,100 - 20.23 105
1,115 1,000-1,300 31.96 -- 426
1,208 1,100-1,300 - 2v.44 188
1,407 1,300-1,500 - 19.87 517
1,425 1,300-1,600 26.07 - 394
1,582 1,500-1,800 - - 91
1,745 1,600-1,900 28.40 - 198
2,137 2,000-2,300 22.61 -- 101
2,470 2,000-3,000 -- 18.28 22
2,796 2,600-3,000 18.21 - 89
3,441 3,000-4,000 20.56 - 229
4,357 4,000-5,000 21.09 - 142

1/ USBM Code 080
2/ USBM Code 084

Source:

Schedule J-1.

3.1 Raw and Washed

The aggregate analyses for all coals in Producing

District 8 indicate an average of 0.83 lbs S/MMBtu with

an RSD of 47.7 percent.

A comparison of the raw and washed

coals indicates that the washed coals have a lower lbs

S/MMBtu as well as a lower RSD.

The raw coals averaged

1.00 1bs S/MMBtu with an RSD of 51.0 percent, while the
washed coals averaged 0.65 lbs S/MMBtu with an RSD of

38.5 percent.

An amalysis of lot-size for the composite of all coals

and raw and washed coals individually failed to demonstrate



any significant inverse relationship between RSD and lot-
size.

3.2 Upper Elkhorn No. 3 (151) and Blue Gem (157) Seams

Data for these seams show an average of 0.77 and 0.79
lbs S/MMBtu for the Upper Elkhorn No. 3 and Blue Gem
seams, respectively. An analysis by lot-size indicates an
inverse relationship between RSD and lot-size for both
seams. The RSD's for the smallest lot-sizes analyzed for
these seams are relatively high. The 900-1400 ton interval
for the Upper Elkhorn No. 3 seam indicated an RSD of 60.7
percent, while the 1000-2000 ton interval of the Blue Gem
seam indicated an RSD of 42.5.

4.0 Producing District 9 (Western Kentucky)
4.1 Raw and Washed Coals

Analysis of all coals in Producing District 9 yielded
an average of 2.84 1lbs 'S/MMBtu with an RSD of 26.8 per-
cent. As expected, the washed coals exhibited both a lower

average lbs 3/MMBtu and a lower RSD compared to raw
coals.

Set out in Table J-4 is a summary of the results obtained
from the lot-size analysis of the raw and washed coals in
Producing District 9. For both the raw and washed coals,
there appears to be a definite inverse relationship between
RSD and lot-size. At the smallest lot-size examined (1000-
1500 tons), there appears to be a significant difference in
the RSD's of the raw and washed coals. The raw coals in
this interval exhibit an RSD of 30 percent compared to 15
percent for washed coals. However, at the larger lot-sizes,



it appears that the difference between the RSD's of raw and

washed coals become less significant.

TABLE J-4

COMPARISON OF RSD VS. LOT-SIZE FOR ALL COALS, RAW
COALS, AND WASHED COALS FOR PRODUCING DISTRICT 9

Lot-Size Interval RSD of Lbs
(Tons) S/MMBtu (%) Number of
Mid- All Observa-
Point Range Coals Raw Washed tionsl/
1,359 1,000-1,500 - 30.39 -- 412
1,390 1,000-1.500 29.35 - -— 1,553
1,422 1,000-1,500 - - 15.05 861
1,549 1,500-2,000 - - 14.61 427
1,562 1,500-2,000 29.00 -- -— 516
1,634 1,500-2,000 - 21.53 -- 81
2,479 2,000-3,000 -— 11.78 -- 46
2,521 2,000-3,000 15.55 -— -- 58
3,451 3,000-4,000 8.42 - - 143
3,454 3,000-4,000 - 7.88 - 140
4,281 4,000-6,000 - - 9.09 398
4,436 4,000~6,000 11.61 -- -- 660
4,516 4,000-5,000 - 8.43 - 225
5,508 5,000-6,000 - 9.16 -- 45
6,921 6,000-7,000 - 8.73 - 840
6,924 6,000-8,000 9.01 -- -— 865
7,615 6,000-10,000 - - 9.83 37
14,894 10,000-20,000 - -- 6.64 59
24,047 20,000-30,000 - - 5.57 49

1/ Excludes all intervals with less than 30 observations.

Source: Schedule J-1.

4.2 No. 11 Seam (484)
\

The No. 11 seam in western Kentucky, which is equivalent
to the No. 6 seam in Illinois, was also examined. A compari-
son of the raw and washed coals from this seam indicates a
lower 1lbs S/MMBtu and a lower RSD for the washed coals.
Sufficient data were not available for an examination of the

relationship between RSD and lot-size.



5.0 Producing District 10 (Illinois)
5.1 All Coals: Washed

Data for Producing District 10 are based almost entirely
on washed coals. An analysis of all coals yielded an average
of 2.65 lbs S/MMBtu with an RSD of 29.5 percent.

Although substantial data were available for a lot-size
analysis in the tonnage ranges from 1,000 to 12,000 tons,
the results of this analysis do not support the inverse rela-
tionship between RSD and lot-size. The lot-size intervals
and the calculated RSD's for these coals are set out in
Table J-5.

TABLE J-5

COMPARISON OF RSD AND LOT-SIZES FOR WASHED ILLINOIS COALS

Lot~Size Interval (Tons) RSD of Llbs Number of

Mid-Point Range S/MMBtu (%) Observations
1,345 1,000-1,500 28.60 994
1,715 1,500-2,000 14.52 264
2,143 2,000-2,500 14.29 187
2,870 2,500-3,500 21.17 158
4,220 3,500-5,000 32.84 274
6,060 5,000-7,000 24.17 436
8,224 7,000-9,000 37.74 1,040
9,812 9,000-12,000 24.81 1,203

Source: Schedule J-1.
5.2 Illinois Seam No. 6 (484) and Seams No. 5 and No. 6 (900)

In Producing District 10, separate analyses were performed
for the Illinois No. 6 seam and a composite of the No. 5 and
No. 6 seams. Data for the composite of the No. 5 and No. 6
seams were obtained from mines engaged in multiple seam opera-
tions producing a mixed product.



Analysis of the data for the No. 6 seam indicated an
average of 2.67 lbs S/MMBtu with an RSD of 34.23 percent,.
The results of the lot-size analyses for this seam, which are
set out in Table J-6, did not demonstrate an inverse relation-
ship between RSD and lot-size. 1In fact, the larger lot-sizes
exhibited substantially greater RSD's than the smaller lot-
sizes. An examination of the data indicated that the inter-
vals exhibiting the larger RSD's also had relatively lower
means for the 1lbs S/MMBtu.

TABLE J-6

COMPARISON OF RSD AND LOT-SIZES FOR ILLINOIS SEAM NO. 6

Lot-Size Interval (Tons) Lbs S/MMBtu Number of
Mid-Point Range Average RSD (%) Observations
1,388 1,000-2,000 2.85 28.76 993
2,354 2,000-3,000 2.89 13.57 172
3,971 3,000-5,000 2.93 16.61 72
5,897 5,000-6,200 3.33 14.31 186
7,262 6,200-7,800 2.20 43.08 155
8,369 7,800-9,000 2.17 45.62 461
9,581 9,000-10,000 2.40 45.28 204

Source: Schedule J-1.

The data sets for the Illinois No. 6 seam were analyzed
a second time, based on the average sulfur content of the
coals. Two categories of data sets were analyzed: (1)
average sulfur content less than two percent, and (2) aver-
age sulfur content greater than two percenht. This analysis
provided an RSD of 40.8 percent for the data sets with an
average sulfur content of less than two percent and an RSD
of 13.3 percent for the data sets with an average sulfur
content of greater than two percent.

This, analysis of RSD versus average sulfur content was
extended to other data sets in the Mid-Continent producing



area (Illinois, Indiana, and western Kentucky). The results

of this analysis are discussed in Section 13.0 of this Appendix.

The aggregate analysis for the composite of the Illinois
No. 5 and No. 6 seams yielded an average of 2.75 lbs S/MMBtu
and an RSD of 18.2 percent. A comparison of the composite with
the Illinois No. 6 seam reveals that the composite has a
slightly higher average 1lbs S/MMBtu but a significantly
lower RSD as set out in Table J-7.

TABLE J-7
COMPARISON OF AVERAGE LBS S/MMBTU AND RSD FOR

ILLINOIS SEAM NO. 6 AND A COMPOSITE OF
ILLINOIS SEAMS NO. 5 AND NO. 6

Lbs S/MMBtu

Seam Average RSD (%)
Illinois No. 6 2.67 34.2
Illinois No. 5 and No. 6 2.75 18.2

Source: Schedule J-1.

As in the case of the Illinois No. 6 seam, the composite
of the No. 5 and No. 6 seams failed to demonstrate an inverse
relationship between RSD and lot-size.

5.0 Producing District 11 (Indiana)

Aggregate analyses for Producing District 11 coals were
examined only with respect to sulfur contents. As in the
case of the Illinois No. 6 seam, the Indiana data sets were

individually analyzed for average sulfur contents less than
and greater than two percent.

Data sets with an average sulfur content less than two
percent had an average of 1.5 lbs S/MMBtu with an RSD



of 35 percent, while data sets with sulfur contents greater
than two percent exhibited an average of 3.25 lbs S/MMBtu
with an RSD of 16 percent. Both cases failed to demonstrate
an inverse relationship between RSD and lot-size.

6.0 Producing district 12 (Iowa)

The data available for Producing District 12 limited
the analyses to an aggregate of all coals and the Lucas County
No. 5 seam (517). The average lbs S/MMBtu for all coals
was 3.88 with an RSD of 32.5 percent. Data for the Lucas
County No. 5 seam indicated 3.35 lbs S/MMBtu and an RSD
of 22.6 percent. In both cases insufficient data precluded

a lot-size analysis.
7.0 Producing District 15 (Kansas and Missouri)

In Producing District 15 only data for the Bevier seam
(492) were analyzed. Raw coals from this seam exhibited an
average of 4.29 lbs S/MMBtu with an RSD of 25.8 percent,
while the washed coals contained 3.38 1lbs S/MMBtu with
an RSD of 8.5 percent. The available data did not permit a
lot-size analysis.

8.0 Producing District 17 (Colorado)

An aggregate analysis of all coals in Producing District 17
indicated an average of 0.51 lbs S/MMBtu with an RSD of
21.9 percent. 1In the interval analysis of these coals, RSD's
from 11.7 to 25.8 percent were obtained. However, an inverse
relationship between RSD and lot-size was not observed.



9.0 Producing District 18 (Arizona and New Mexico)

9.1 All Coals

Data for Producing District 18 consisted of three data
sets representing two mines. An aggregate analysis of these
data yielded an average of 0.45 lbs S/MMBtu with an
RSD of 44.1 percent.

9.2 Automatic ASTM Samples

Within these data, the samples that were collected by
automatic ASTM samplers were separately analyzed. These
samples indicated an average of 0.43 lbs S/MMBtu with
an RSD of 35.7 percent. An analysis of the automatic, ASTM
samples by lot-size indicated RSD's ranging from 12.6 to 50.2
percent but failed to demonstrate an inverse relationship
between RSD and lot-size.

9.3 Automatic ASTM Samples and Analyses, by Laboratory

A special analysis of Producing District 18 coals
focused on the automatic, ASTM samples collected at the
Navajo Power Plant. These samples were analyzed by two
different laboratories -- Salt River Project (SRP) and
Commercial Testing and Engineering (CTE). The results of
the analysis of these data are set out in Table J-8. Suffi-
cient data were not available to perform a lot-size analysis.



TABLE J-8

COMPARISON OF NAVAJO POWER PLANT AUTOMATIC, ASTM
ANALYSES PERFORMED BY DIFFERENT LABORATORIES

Lbs S/MMBtu Number of
Laboratory Average RSD (%) Observations
SRP 0.37 14.23 114
CTE 0.40 15.77 89

Source: Schedule J-1.

10.0 Producing District 19 (Wyoming)

10.1 All Coals

The aggregate analysis of all coals for Producing
District 19 indicated an average of 0.51 lbs S/MMBtu
with an RSD of 37.7 percent. A lot-size analysis of these
data failed to indicate an inverse relationship between RSD
and lot-size.

10.2 Comparison of All Coals to Individual Mines

Set out in Table J-9 is a comparison of all Producing
District 19 coals to the individual mines from which the
coal analyses were obtained. From Table J-9 it can be seen
that there is substantial variation in the average lbs
S/MMBtu and the RSD among the various mines. Although
the average 1lbs S/MMBtu for Producing District 19 was
found to be 0.51, individual mines exhibit a range from 0.38
to 0.96 1lbs S/MMBtu. A similar comparison of the RSD's
shows 37.7 percent for all coals in Producing District 19,
while individual mines exhibit RSD's ranging from 9.9 to
45.4 percent.



TABLE J -9

COMPARISON OF PRODUCING DISTRICT 19 COALS TO
INDIVIDUAL MINES WITHIN PRODUCING DISTRICT 19

Lbs S/MMBtu Number of
Data Source Average RSD (%) Observations
Producing District 19, Total 0.51 37.7 3,526
Mine 10006 0.43 13.6 2,199
Mine 10007 0.47 9.9 312
Mine 10038 0.61 31.3 169
Mine 10039 0.81 45.4 58
Mine 10061 ~ 0.38 13.1 99
Mine 10076 0.57 34.1 25
Mine 10077 0.96 20.9 294

Source: Schedule J-1.
11.0 Producing District 21 (North Dakota)

An aggregate analysis of the lignite coals of North
Dakota indicated an average of 1.18 lbs S/MMBtu with an
RSD of 27.4 percent. The limited data available for a lot-
size analysis failed to reveal an inverse relationship
between RSD and lot-size.

12.0 Producing District 22 (Montana)

An aggregate analysis for Montana coals indicated an
average of 0.65 lbs S/MMBtu with an RSD of 44 percent.

Sufficient data were not available for a lot-size analysis.

13.0 Relationship of RSD of Lbs S/MMBtu to Average
Sulfur Content in the Mid-Continent Producing Area

In the analysis of the Illinois No. 6 seam, it was
observed that the data sets with lower average sulfur con-
tents exhibited relatively higher RSD's for lbs S/MMBtu.
This type of analysis was extended to include all data sets



in the Mid-Continent producing area (Illinois, Indiana,

and western Kentucky).

A basic assumption in this analysis is that coal sulfur
contents and heat contents are independent. Numerous data
sets were analyzed and the results of these analyses support
this assumption.

The definition of RSD of lbs S/MMBtu is the stand-
ard deviation divided by the mean.

o(lbs S/MMBtu)
X (lbs S/MMBtu)

RSD (1lbs Sulfur/MMBtu)

From this definition, it can be seen that if the stand-
ard deviation of coals were relatively constant, an increase
in the average lbs S/MMBtu (or average sulfur content)
would result in a lower RSD, while a decrease in the average
lbs 5/MMBtu (or average sulfur content) would result in

a higher RSD.

The basic problem examined is the impact of the standard
deviation on the RSD for various levels of the average lbs
S/MMBtu (or average sulfur contents).

As shown on Figure J-1, the RSD of lbs S/MMBtu was
plotted against the average sulfur content for each of 44
data sets representing coals from Illinois, Indiana, and
western Kentucy. These coals are primarily washed coals;
raw coals are designed by the solid points plotted on Figure
J-1. A linear regression of the plots for the 44 data sets
indicates that the RSD of lbs S/MMBtu decreases with an
increase‘in the average sulfur content. The particular slope
of the regression line indicates that the standard deviations
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are relatively greater for the lower average sulfur content

coals.

With respect to compliance with sulfur-limiting regula-
tions, it is interesting to examine the consequences of the
relationship in Figure J-1. First, for these Mid-Continent
coals, there appears to be a trade-off between average sulfur
content and variability among the mines. Given a specific
sulfur emissions level, the selection of a lower sulfur source
would require an assessment of the impact of increased varia-
bility. The attractiveness of a lower su.fur source may be
mitigated to some extent due to intermittent periods of
excess emissions, although the average level of emissions
would be lower than those resulting from a higher sulfur con-

tent coal.

A second and related consequence of Figure J-1 concerns
alternative strategies for obtaining compliance coals through
washing. In general, comparisons of raw and washed coals have
shown that within individual mines and coal seams washing
reduces the average sulfur content and reduces the RSD of the
lbs s/MMBtu. However, Figure J-1 indicates that the net
benefits of the reduction in relative variability from coal
washing may be less than expected as progressively lower
sulfur coals are selected.

14.0 Summary of Analysis of Data on an Aggregate Basis
Although no defensible conclusions resulted from these
aggregate analyses, it is possible to make some observations

about relationships observed in the various Producing Districts.

On the basic question of the relationship of the RSD of
lbs S/MMBtu to lot-size, the results were inconclusive.



However, it appears that, in general, as the level of aggre-
gation increases from mine to seam to Producing District the

data increasingly tend to exhibit an inverse relationship
between RSD and lot-size.

Within the individual Producing Districts and coal
seams analyzed, the washed coals consistently exhibited both
a lower lbs S/MMBtu and a lower RSD than the raw coals.

This tends to support the hypothesis that coal washing would
reduce the average ‘level of sulfur emissions as well as the
relative variability of the emissions.

Based on the limited number of cases analyzed, it appears
that substantial differences in RSD's can exist among seams
within the same Producing District. Previous sections of
this report indicated that substantial, inconsistent differ-
ences were observed among individual mines and among lot-
sizes within mines, on a Producing District basis. These
observations are reason for serious concern with respect to
the extent of the relationship between RSD and lot-size and

the existence of a simple relationship which can accurately
generalize coal sulfur variability.

Finally, some of the data on an aggregate basis exhibited
rather large RSD's, some in excess of 60 percent. RSD's of
this magnitude could have a substantial impact on compliance
with sulfur dioxide emissions regulations. This suggests
that coal consumers subject to a given emissions limit with
only marginally acceptable coals must selectively evaluate
the alternative sources of supply and may f£ind it necessary
to exclude those sources exhibiting large variabilities.

J-18
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SAMPLE. STATISTICS OF COAL CUARACTERISTICS ANALYZFD DY VARTOUS LEVELS OF AGGREGATION
(INCLUDES 10T-SIZE AMALYSIS)

Data Description: Volume Sampled Sulfur Content Heat Content Lbs. Sulfur/ Bumber
USPM District, Seam, Preparation {tons) {Percent, As Received) {(Btu/Lb., As Recelved) MMBtu of
lot-5izes, etc, Average RSD (V) Average RSD(V) Average RSD (V) Average RSD(%) _ _ Analyses
(1) (2) 3) (L)) {5) (6) n (8) 9 (10)

pist. 01, All Coals 5677 88.51 2.16 24.61 11822 4.44 1.83 26.18 6619
Dist. 0}, A1 Coals, 200-500 T 339 26.48 1.4 41.25 12276 5.67 1.17 42.49 289
Dist. 01, All Coals, 500~750 T 612 11.02 1.69 38.54 12038 6.25 1.40 30.98 251
Dist. 01, A1 Coals, 750-1000 T 861 8.70 1.89 31.25 12035 5.47 1.59 32.87 156
Dist. 01, All Coals, 1000-2000 T 1509 18.87 2.00 28.55 11903 4.684 1.69 29.45 698
Dist. 01, All Coals, 2000-3000 T 2506 11,52 2.28 25.38 11729 4.41 1.96 26.97 871
Dist. 01, All Coals, 4000-6000 T 494) 11.65 2.1 15.88 11637 3.38 2.00 17.07 956
pist. 01, All Coals, 7000-9000 T 7832 7.24 2.32 11.46 11802 2.94 1.9? 12.19 433
Dist. 01, Al]l Coals, 9000-11000 T 10001 6.08 2.28 8.94 11827 2.68 1.93 9.26 287
Dist. 01, All Coals, 11000-13000 T 12036 4.79 2.29 9.15 11832 2.55 1.94 9.76 359
Dist. 01, All Coals, 13000-15000 T 14032 4.07 2.28 9.05 11872 2.12 1.92 9.82 428
Dist. 0), All Coals, 19000-23000 T 20060 3.99 2.22 9.7 11798 3.87 1.89 10.41 50
pist. 01, Raw 6111 84.865 2.19 24.60 11804 4.3 1.86 26.22 5738
Dist. 01, Raw, 100-300 T 169 32.46 1.36 38.08 12400 5.46 1.10 39.19 Ja9
Dist. 01}, Raw, 300-500 T 397 14.45 1.52 40.93 12292 5.35 1.24 42.01 135
Dist. 01, Raw, 500-750 T 605 11.10 1.66 40.78 12000 6.5) 1.77 41.19 21}
Dist. 01, Raw, 1000-1200 T 1097 5.38 1.9) 29,09 [:1:]
Dist. 0}, Raw, 2000-3000 T .37 25.11 11682 4.31 2.04 26.68 666
pist. 01, Raw, 1000-4000 T 3479 8.17 2.41 22,55 11481 4.7 2.11 24.20 625
Dist. 01, Raw, 4000-5000 T 4496 6.40 2.40: 16,70 11553 .12 2.09 17.81 27
Dist. 01, Raw, 5000-7000 T 5937 9.26 2.34 11.12 11653 2.65¢ 2.01 11.90 690
Dist. 0l, Raw, 7000-9000 T 7833 7.29 2.3} 10.78 11717 2,75 1.98 11.44 411
Dist. 01, Raw, 9000-11000 T 9994 6.11 2.28 8.87 11823 2.62 1.93 9.28 28]
Dist. 0], Row, 11000-14000 T 12576 6.91 2.29 9.24 11850 2.4) 1.93 9.608 561
Dist. 01, Washed 2051 81.25 1.96 22.12 11942 4.7 1,65 22,78 881
Dist. 01, Washed, 100-300 T 266 15.92 1.53 22.29 12109 5 74 1.26 20.38 25
Dist. 01, Waghed, 300-500 T 41% 14.88 1.58 39.75 11986 .28 1.132 39.59 15
Dist. 0), Washed, 500-1000 T 1517 16.28 1.82 28.23 12178 5.34 1.50 29.8) 92
Dist. 01, Washed, 1000-1500 T 1228 11.74 1.97 22,64 11916 4.57 1.66 23.30 89
pist. 0}, wWashed, 1500-2000 T 173 8.85" 2.00 15.39 11816 3.69 1.76 14.9) 15
Dist. 01, Washed, 2000-3000 T 2506 11.35 1.99 20.14 11883 4.45 1.68 20.67 205
pisL. 01, Washed, 3000-4000 T 3424 8.6) 2.10 15.05 11758 3.36 1.79 15.71 126
Dist. 01, Washed, 4000-6000 T 4799 10.75 2,02 17.5) 11873 4.68 1.71 18.05 155
Dist. 01, wWashed, 6000-9000 T 7200 9.89 2.10 17.57 12144 3.2% 1.71 17,56 46
Dist. 01, Seam 071, Raw 4134 46.39 2,44 18,31 11581 3.26 2.12 19.70 2312
nist. 01, Seam 071, Washed 3034 57.39 2,07 11.88 11614 2.54 1.79 12.22 488
Dist. 0), Seam 071, Washed, 0-500 T 401 12,36 2.19 13.32 11530 2.31 1.90 13.14 a8
Dist, 01. Seam 071, 500-1000 T 756 18.71 2,07 12,60 11467 3.16 1.81 12.45 25
Dist. 01, Seam 071, 1000-2000 T 1546 17.20 2,09 10.64 11637 2.57 1.80 11.01 0?7
Nist. 01, Seam 071, 000-4000 T 3424 8.70 2.11 11.50 116586 2.45 1.82 12.16 0l
Dist. 01, Seam 07}, 4000-5%00 T 471315 8.62 2.04 13.42 11607 2.45 1.76 1.1 101
Dist, 04, Paw/bPelivercd 1458 57.84 3.92 22.60 11015 5.47 3.58 24.81 6162
Dist. 04, Raw/Pelvd,, 200-500 7 376 22.6) 4,02 24.29 10994 7.18 .70 29 47 227
Dint. 04, Raw/Delvd , S00-750 T ‘a)q 12.27 J.94 20.96 11027 5.94 161 24.49 278
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SAMPLE STATISTICS OF COAL CUARACTERISTICS ANALYZED BY VARIOUS LEVELS OF AGGREGATION
(INCLUDES 10T-SIZE ANALYSIS)

Data Description: Volume Sampled Sulfur Content lleat Content Lbs. Sulfur/
USHM DistricL, Seam, Preparation (Percent, As Recelved) {Btu/Lb., A8 Received) MMBtu
lot-Sizes, etc. Average RSD (V) Average RSD(}%) Average RSD(%) Average  RSD(%)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Dist. 04, Raw/pDelvd., 750-1000 T 925 7.75 .84 23.19 11062 5.39 3.50 26.78
Dist. 04, Raw/Delvd., 1000-1500 T 1257 12.46 3.80 21.96 11100 4,77 3.44 22.98
Dlet. 04, Row/Delvd., 1500-2000 T 1667 8.23 3.95 21.23 10992 5.63 3.61 23.38
Dist. 04, Raw/Delvd., 2000-3000 T 2447 12.17 4.33 20.87 10616 6.48 4.10 22.61
Dist. 04, Raw/Delvd., 3000-4000 T 3419 9.40 4.49 20.83 105682 5.08 4.25 21.62
Dist. 04, Raw/Delvd., 4000-5000 T 4367 5.80 4.64 21.15 10675 5.64 4.37 22.4)
Dist. 04, Raw/As Burned 3260 57.67 3.90 17.68 10809 5.16 .62 19.00
Pist. 04, Raw/As Burned, 200-500 T 361 23. 1M 3.92 17.04 10865 3.49 3.63 18.02
Dist. 04, Raw/As Burned, 500-1000 T 805 15.02 3.9) 20.6) 10860 4.51 3.64 22.72
Dist. 04, Raw/As Bucrned, 1000-1500 T 1266 11.21 .85 20.00 10960 4.49 3.5) 21.98
Dist. 04, Raw/As Burned, 1500-2500 T 2015 14.36 3.92 16.78 10941 4.41 3.60 18.77
Dist. 04, Raw/As Burned, 2500-3500 T 3049 9.4) 3.87 17.69 10715 5.62 3.63 19.00
Dist. 04, Raw/As Burned, 3500-5500 T 406) 11.68 3.84 17.53 107480 5.25 3.60 17.95
Dist. 04, Raw/As Burned, 6000-8000 T 6974 6.75 3.99 15.70 10702 5.50 3.74 16.14
Dist. 04, Source 10175, Units 1,2 & 3

As Buctned 2578 45.14 4,29 14.07 10634 3.36 4.04 15.34
Dist. 04, Source 10175, Unit 4, As Burned 6246 26.38 4.04 15.45 10693 5.6) 3.79 16.10
Dist. 04, Source 10175, Unit 4, As Burned

2500-5000 T 3918 13.95 3.92 15.57 10660 6.74 3.68 14.25

5000-6000 T 5512 4.46 4.27 18.24 10695 5.62 4.01 19.62

6000-7000 T 6594 4.22 3.99 14.71 10728 5.33 3.1 15.12

7000-8000 T 7361 3.48 4.0) 14.21 10669 5.61 3.79 14.85
Dist. 04, Source 10175, Unit 5, As Burned 3Jle2 20.2) 3.74 15.25 10616 6.10 3.53 14,34
Dist. 04, Source 10175, Unit 5, As Burned

2000-3000 T 2564 11.60 .69 11.92 10569 6.67 3.50 11.11

3000-3500 T 3263 4.42 3.7 41.28 10618 6.37 3.50 13.85

3500-4000 T 3730 3.66 3.74 16.77 10618 5.76 3.52 15.53

4000-4500 T 4157 2.99 3.89 14.29 10697 5.1 ).64 13.92
Diat. 04, Source 10175, Unit 6, As Burned 2068 40.78 3.87 16.66 10632 6.26 3.65 16,12
Dist. 04, Source 10175, Unit 6, As Burned

1300-2000 T 1628 12.08 3.67 24.90 10598 4.01 3.46 23.87

2000-3000 T 2593 10.52 3.90 1).89 10459 6.84 3.13 13.89

3000-4000 7T 349) 8.45 3.91 15.42 10680 6.1) 3.67 15.136
Dist. 04, Scam 036 Raw

600-1000 T 821 14.48 3.70 21.2) 11098 4.75 3.1} 21.96

1000-1300 T 1170 7.32 l.88 17.20 11010 5.50 3.51 16.07

1)00-1600 T 1440 5.20 3.59 23.40 11018 5.48 3.25 23.313

1600-2100 T 1782 6.82 3.65 18.79 11100 4.42 3.28 17.717
Dint. 04, Seam 080, Raw

00-600 T 456 17.49 4.18 20.05 10626 8.67 4.00 33.68

600-900 7 763 12.00 4.26 26.22 10553 7.49 4.10 31.57

Sheot 2 of 7
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SAMPLE STATISTICS OF COAI: CHARACTERISTICS ANALYZED BY VARIOUS LEVELS OF AGGREGATION

{INCLUDES LOT-SIZE ANALYSIS)

Shect 3 of 7

Data Descr!ptlohx Volume Sampled Sulfur Content Hleat Content Lbs. Sulfuc/ Mumber
UsbM District, Seam, Preparation {tons) {Percent, As Recelved) {Btu/Lb., As Recelved) MMBtu of
lot-slzes, etc. Average RSD (%) Average RSD{%) Average RSO(%) Average = RSD(%) Analyses
) (2) [B)] 4) {5) (6) m (8) (9) 110)
Dist, 04, Seam 080, Raw
1000~1300 T 1115 9.1} J.4) 28.19 10973 5.07 3.1) 31.96 426
1300-1600 T 1425 5.68 3.84 23.91 10910 5.88 3.54 26.07 394
1600-1900 1745 5.16 4.00 24.67 107186 6.58 3.76 20.40 198
2000-2)00 T 2137 .12 4.39 20.60 10431 7.25 4.24 22.61 101
260Q-3000 T 2796 4.30 4.61 17.61 10613 6.10 4.35 18.21 89
3000-4000 T 441 8.21 4.56 19.76 10570 5.94 4.3} 20.56 229
4000-5000 T 4357 5.78 4.72 19.68 10679 5.72 4.34 21.09 142
Dist. 04, Seam 004 Raw
250-600 T 440 23.23 4.05 20.01 11064 4.98 3.66 20.74 29
800-1100 T 1015 5.36 3.86 19.90 11188 4.07 3.45 20.23 105
1100~-1300 T 1208 4.92 3.99 20.49 11175 3.09 3.57 20.44 188
1300-1500 T 1407 3.72 4.16 18.92 11235 4.21 3.70 19.87 5117
1500-1000 T 1582 5.42 4.33 16.97 11348 4.17 3.82 17.19 91
2000-3000 T 2470 10.92 4.1% 19.56 11159 4.24 3. 18.28 22
plst. 08, All Coals 5732 176.60 .99 46.00 12022 5.81 0.8)3 47.171 3299
Dlst, 08, All Coals, 200-500 T 339 26.40 .89 33.91 12151 5.0) 0.74 34.54 140
pist. 08, All Coals, 500-1000 T 751 20.40 .96 3a.80 12149 4.98 0.80 39.71 156
pist. 08, All Coals, 1000-1500 T 1351 13.41 .94 46.14 12197 5.55 0.78 47.64 mn
Dist. 08, All Coals, 1500-2000 T 1637 9.88 .92 39.43 12263 5.77 0.75 319.30 389
pist. 08, All Coals, 2000-3000 T 2487 10.72 .96 3g.91 12432 8.06 0.78 40.19 316
pist. 08, All Coals, 3000-4000 T 3571 8.74 .91 46.24 11891 5.24 0.77 46.90 205
Pist. 00, All Coals, 4000-5000 T 43192 6.14 .89 40.31 11958 6.13 0.74 40.80 309
pist. 08, Al) Coals, 5000-7500 T 6140 8.54 1.08 55.38 num 4.54 0.92 56.08 996
Dpist. 08, Al} Coals, 7500-10000 T 8526 7.56 .97 34,55 12412 4.94 0.78 35.59 228
Dist. 08, Al} Coals, 15000-18000 T 16583 6.14 1.08 16.70 11666 4.64 0.9) 19.38 27
Dist, 08, A1} Coals, 25000-35000 T 29898 8.61 .98 13.70 12136 3.42 0.01 14.6) 32
Dist., 08, Raw 4095 50.68 1.21 47.12 12288 7.06 1.00 50.97 1211
biat. 00, Raw, 900-1200 T 1085 4.10 1.15% 58.5% 12392 6.30 0.95 63.29 65
Dint. 00, Raw, 1200-1500 T 1409 2.56 .91 44.08 12275 5.74 0.75 45.41 204
niat. 00, Raw, 1500-2000 T 1601 9.51 .92 42.2% 12414 5.58 0.75 42.60 204
pist, 08, Raw, 2000-3000 T 2450 9.617 1.03 41.00 13023 7.36 0.80 45.35 16)
Diat, 08, Raw, 3000-4000 T 3546 9.10 1.27 40.72 12291 .07 1.05 45.40 48
pist. 08, Raw, 4000-6000 T 5307 14.46 1.57 46.18 11897 7.15 1.4 48.47 303
nist. 08, Raw, 6000-0000 T 6474 7.73 1.60 41.62 11851) 5.49 1.37 44.00 NG
Dist., 00, Washed 5140 65.61 .18 37.74 12019 5.50 n.65 18.49 346
piRt. N0, Washed, 1000-2000 T 1535 19.489 .70 30.94 11675 4.41 0.67 29.39 65
DIst. OB, Washed, 2000-3000 T 2550 10.96 .12 23 44 1156 4.60 0.62 23.0)3 s
Dist, O, Washed, 3000-6000 T 4295 2).17 .16 37.61 11983 5.01 0.64 36 57 18
nint. 08, Washed, 6000-12000 T 09136 15.75 .8) 41.60 12452 4.60 0.67 47.06 136
Dist. 08, Semn 151 225) 65.1317 .90 47.62 11692 5,49 0.77 41,132 168
Dlat. OB, Seam 151, 90ND-1400 T 1110 4.1 1.05 57.44 12052 5.58 n.68 60.73 64
pist. 00, Seam 15}, 1400-2000 T 1737 11.20 .86 34.04 11554 3.78 0.74 30.90 32
Pint, OR, Sram 151, 2000-4000 T 2812 16.97 .19 26.17 11416 4.09 0.69 22.89 62



SAMPLE STATISTICS OF COAL CUARACTERISTICS ANALYZED BY VARIOUS LEVELS OF AGGREGATION

(INCLUDES LOT-SIZE ANALYSIS)

Data Description: volume Sampled Sul fur Content lleat Content Lbs. Sulfur/
usBM District, Seam, Preparation (tons) {Percent, As Received) {Btu/Lb., As Recelived) MMBtu
Lot-Sizes, ectc. Average RSD{V) Average RSD{Y) _ Average R3D(V) _ Average = RSD(V)
(1) {2) t3) (4} (5} (6}) (7) (8) (9}
Dist. 08, Scam 157 4213 59.87 1.03 30.48 13073 4.57 0.79 31.33
Dist. 08, Seam 157, 1000-2000 T 1601 21.50 1.02 41.43 13404 4.15 0.77 42.51
Dist. 08, Seam 157, 2400-2900 T 2461 3.30 .99 .27 13378 4.31 0.74 42.34
Dist. 08, Seam 157, 4000-4900 T 4221 3.01 .98 17.18 13008 2.80 0.76 17.51
Dist. 08, Seam 157, 7000-9000 T 8170 4,21 1.12 16.90 12678 3.86 0.88 16.70
Dist. 09, All Coals 3757 95.64 3.11 25.49 10995 4.14 2.64 26.77
nist. 09, All Coals, 200-500 T 432 22.06 3.47 14,96 1095} 4.34 3.19 17.03
Oist. 09, All Coals, 500-1000 T 697 29.15 3.4 16.0% 10753 4.43 3.50 10.09
oist. 09, All Coals, 1000-1500 T 1390 6.10 2.63 26.60 11054 5.20 2.40 29.35
Dist. 09, All Coals, 1500-2000 T 1562 5.54 2.48 27.53 10974 3.40 2.26 29.00
bist. 09, All Coals, 2000-3000 T 252] 13.22 3.62 14.13 10969 3.60 3.31 15.55%
Diat. 09, A)) Coals, 3000-4000 T 3451 6.05 3.74 7.85 10902 2.79 3. 44 8.42
Dist. 09,.A11 Coals, 4000-6000 T 4436 10.88 3.61 11.95 10806 3.02 3.35 11.61
Dist. 09, All Coals, 6000-8000 T 6924 3.89 3.681 8.01 11009 2.36 .47 9.01
Dist. 09, Raw 4662 52.79 3.65 16.47 11113 4.10 3.1 18.74
Dist. 09, Raw, 200-500 T 431 22.78 3.59 6.14 10897 4.01 3.31 8.92
Dist., 09, Raw, 500-1000 T 687 29.15 3.84 9.717 10726 4.34 3.59 12.31
Dist. 09, Raw, 1000-1500 T 1359 8.28 3.00 26.130 11539 4.85 2.6) 30.39
nist. 09, Raw, 1500-2000 T 1634 9.79 3.69 16.47 10956 6.48 J.41 21.53
oist. 09, Raw, 2000-3000 T 2479 13.75 3.75 9.50 10980 3.68 1.4) 11.78
Dist. 09, Raw, 3000-4000 3454 6.00 3.76 T.44 10895 2,72 3.46 7.88
pist. 09, Raw, 4000-5000 T 4516 4.07 4.04 8.10 1099) 2.1 3.68 8.43
Dist. 09, Raw, 5000-6000 T 5508 6.65 3.85 7.87 10984 2.47 3.52 9.16
pist. 09, Raw, 6000-8000 T 6921 .08 3.0) 7.67 11012 2.27 3.48 8.73
Dist. 09, Washed 3255 136.11 2.55 23.06 10984 3.30 2.33 24.21
Dist. 09, Washed, 0-1000 T 706 36.12 1.47 7.12 11619 1.66 1.27 5.81
Dist. 09, Washed, 1000-1500 T 1422 3.02 2.22 15.57 11056 2.94 2.01 15.05
nlot, 09, Washed, 1500-2000 T 1549 1.55 2.2] 15.92 10984 2.40 2.03 14.61]
Diast. 09, Washed, 2000-4000 T 2796 13.09 3.1 20.09 10932 3.02 2.85 20.48
nDist. 09, Washed, 4000-6000 T 42061 10.47 3.35 7.54 10685 2.66 3.15% 9.09
Dist. 09, wWashed, 6000-10000 T 7615 12.98 3.22 6.62 11048 4.41 2.93 9.83
pist. 09, Washed, 10000-20000 T 140894 18.85 3,09 5.44 11531 3.10 2.69 6.64
Dist. 09, Washed, 20000-30000 R 24047 10.37 3.08 4.55 11473 2.32 2.69 5.57
Dist. 09, Seam 4R4, Raw 4216 16.2) 3.98 1.96 10940 2.74 J.64 7.66
pist, 09, Sram 484, Raw, 3300-3600 T 3420 00.00 3.69 4.70 10820 2.57 3.42 5.29
Dist. 09, Sram 404, Raw, 4400-4800 T 4544 01.41 4.00 7.48 109 2.83 .72 7.37
Dist. 09, Seam 404 Wanhed 4394 22.23 3,34 8.12 10608 2.66 3.14 9.50
Dlst. 09, Seam 404, Washed, 4200-4800 T 4512 1.58 3.0) 7.40 10963 3.3 2.75 6.71
Dist. 09, Seam AR4, Wanhed, 5500-6500 T 5992 5.35 J.)2 6.74 1112) 2.62 2.81 5.56
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Data Descriptlon:

SAMPLE STATISTICS OF COAL CHARACTERISTICS ANALYZED BY VARIOUS LEVELS OF AGGREGATION
(INCLUDES LOT-SIZE ANALYSIS)

Volume Sampled

Sulfur Content

Weat Content

Sheet 5 of 7

Lbs. Sulfur/ Numberc
USBM Dlstrict, Seam, Preparation {tons) {Percent, As Recelved) {Btu/Lb., As Received) MMBtu of
Lot-Sizes, etc. Average RSD(%) Average ISN(%) _ Average RSD (%) Average  RSD{%)  Analyses
{1) (2) 13) (4) {5) (6) m 8) 9 (10}
pist. 10, All Coals 5921 58.74 2.84 28.51 10788 4.11 2,65 29.46 4516
Diat. 10, Al} Coals, 500-1000 T 843 16.08 3.15 18.12 10806 1.97 2.9) 20.25 5
pist. 10, All Coals, 1000-1500 T 1345 6.44 3.06 26.47 10842 5.27 2.86 268.60 994
Dist. 10, A}l Coals, 1500-2000 T 1715 11.57 .19 15.11 10720 3.25 2.98 14.52 264
Dist. 10, All Coals, 2000-2500 T 214) 7.17 2.90 13.04 10652 1.7 2.1 14.29 187
Dist. ¥0, All Coals, 2500-3500 T 2070 B.88 2,95 20,22 10565 J.13 2.681 21.17 158
Dist. 10, All Coals, 3500-5000 T 4220 9.12 2.49 32.15 10746 J.66 2,32 32.04 274
Dist. 10, All Coals, 5000-7000 T 6060 8.50 .10 23,132 10717 31.35 2.9 24.17 436
Dist. 10, All Coals, 7000-9000 T 8224 6.27 2.45 37.14 10842 4.20 2.80 31.174 1040
Dist. 10, All Coals, 9000-12000 T 9612 5.01 2.87 24.58 10781 3.39 2.66 24.81 1203
Dist. 10, Seam 900 6340 31.99 2.98 18.51 10834 j.n 2.5 18.16 1588
Dist. 10, Seam 900, 1500-2200 T 1563 2.719 3.48 12,38 10967 3.36 3.18 11.88 70
Dist. 10, Seam 900, 7000-8000 T 7470 4.09 3.0 12.82 109080 2,82 2.82 12.44 109
Dist. 10, Seam 900, 8000-9000 T 8613 3.18 2,75 20.59 10760 3.09 2.55 19.7? 238
Dist. 10, Seam 900, 9000-10000 T 9575 3.3 2.689 20,89 10752 3.21 2.69 21.12 647
Dist. 10, Seam 900, 10000-12000 T 10289 3.00 3.20 13.48 10826 3. 14 2.97 14.84 418
Dist. 10, Seam 404, Average Sulfur { 2% 5932 58.02 1.40 39.58 11219 5.84 1.25 40.81 544
Dist, 10, Seam 484, Average Sulfur
{ 2%, 1000-1500 T 1317 7.59 1.47 19.99 11812 J.40 1.25 21.86 184
7000-8000 T 7498 4.14 1.41 50.130 11142 4.24 1.27 49.26 7
8000~9000 T 8527 3.15 1.3 46.07 1092) 4.65 1.21 41.25 172
9000-10000 T 934) 2.35 1.32 47.72 10666 5.42 1.25 48.33 81
bist. 10, Scam 484, Average Sulfur 52 4120 75.55 3.310 11.99 10627 3.20 3.12 13.26 1946
Diet. 10, Seom 484, Average Sulfur
D2y, 6000-7000 T 6149 5.18 3.57 8.61 10586 1.76 3.38 9.16 182
pist. 11, All Coals 5836 $3.70 .12 29.97 10853 2.70 2.88 30.45 1188
Dist. 11, Average Sulfur {2%, 7426 35.41 1.65 34.45 10836 1.99 1.53 34.98 257
plst. 1), Average Sulfur( 2%, 6000-7000 T 6568 4.17 1.72 38.09 10799 1.92 1.60 38.49 28
Dist. 11, Average Sulfur (2%, 7000-8000 T 75175 3.78 1.68 32.42 10009 1.62 1.55 32.03 50
Dist. 11, Average Sulfur ( 2V, 6000-9000 T 8445 3.61 1.65 34,32 10805 1.74 1.54 35.08 59
Dist. 11, Average Sulfur (2\, 9000-10000 T 9398 3.04 1.76 33.39 10647 1.7 1.62 33.71 46
Dist. 11, Average Sulfur ) 2% 5397 57.81 1.52 14.81} 10858 2.86 3.25 15.74 931
vist. 11, Average Sulfur D2V, 200-500 T 366 26.72 3.36 18.73 10939 2.54 3.08 20.07 21
Dist. 1), Average Sulfur )2\, 500-1000 T 783 16.62 3.41 15.28 10752 3.29 3. 10 16.65 4]
Dist. 11, Averaqe Sulfur )2\, 1000~15900 T 1205 11,06 3.35 10.62 10026 2.65 3.10 1117 42
Dist, 11, Average Sulfur >2\, 1500-2000 T 1753 8.32 3.q7 16.73 10814 J.o2 3.22 16.20 51
Dist., 13, Average Sulfur >2\, 2000-3000 T 244) 11.34 3.45 12.62 10756 3.9 3.22 14.61 Al
Dist. 1), Average Sullur >2|, 3000-5000 T 4196 14.5) 3.51% 15.2) 10858 2.80 3.26 16 68 185
Dist. 11, Average Sullur )2\. 5000-7000 T 6096 9.39 3.64 14.34 10874 2.81 .35 14.64 227
Pist. 11, Average Sulfur >7l, 7000-11000 T 8625 12.32 1.50 14.78 10802 2.68 .22 15.59 230
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SAMPLE STATISTICS OF COAL CHARACTERISTICS ARALYZED BY VARIOUS (EVELS OF AGGREGATION

(INCLUDES LOT-SIZE ANALYSIS)

Data Description: Volume Sampled Sulfur Content lHeat Content Lbs. Sulfur/
USPM District, Seam, Preparation {tons) {Percent, As Recelived) {Btu/Lb., '‘As Recelved) MMBtu
Iot-Slzes, etc. Average RSD(%) Average RSD(%) Average RSD(%) Avecrage ~ RSD{Y) _ __
(1) (2} 13) (4} (5) (6) (7 (8) (9)

Dist. 12, All Coals 3965 105.86 3.62 32.04 9346 5.13 3.e8 32.47
Dist. 12, All Coals, 200-1000 T 638 35.47 3.41 29.83 9125 5.97 3.74 30.11
Dist. 12, All Coals, 1000-1500 T 1322 11.34 3.22 22.31 9390 3.69 3.43 22.47
Dist. 12, All Coals, 1500~-2000 T 1708 6.35 .43 27.30 9410 2.92 3.65 27.19
Dist. 12, Seam 517, Raw 4384 105.29 3.10 21.36 9302 4.71 3.35 22.61
Dist. 12, Seam 517, Raw, 200-500 T 353 23.34 2.27 17.15 8674 5.21 2.64 19.68
Dist. 12, Seam 517, Raw, 500-1000 T 759 18.53 3.23 27.72 9105 6.29 3.57 31.55
Dist. 12, Seam 517, Raw, 1000-2000 T 1482 15.84 3.14 20.42 9377 3.53 3.35 20.59
Dist. 15, Seam 492, Raw 3ol 97.18 4.11 18.95 9770 8.23 4.29 25.78
Dist. 15, Seam 492, Raw, 1000-2000 T 1503 18.47 3.20 15.41 10374 7.22 3.13 21.55
Dist. 15, Seam 492, Raw, 45000-75000 T 58714 11.87 4.56 14.27 9515 7.63 4.87 2}.13
Dist. 15, Seam 492, washed 753 60.65 3.63 7.29 10771 2,61 3.38 8.49
Dpist. 17, All Coals 3085 56.93 0.54 22.70 10546 4.35 0.51 21.88
Dist. 17, All Coals, 1300-1800 T 1576 3.92 0.60 12.15 10733 3.14 0.56 11.75
Dist. 17, All Coals, 2000~3000 T 2636 11.07 0.56 20.17 10718 4.22 0.53 19.04
Nist. 17, All Coals, 3000-4000 T 3108 4.26 0.48 26.48 1047) 3.52 0.46 25.79
DPist. 17, All Coals, 6000-6900 T 6166 3.59 0.45 20.88 10124 3.91 0.45 22.56
Dist. 18, All Coals 10776 37.82 0.47 43.16 10485 4.34 0.45 44.06
Dist. 18, Auto., ASTM Samples 11105 38.11 0.44 34.67 1050) 3.92 0.43 315.65
Dist. 18, Auto., ASTM Samples, 5000-7000 T 6182 4.25 0.43 11.7¢ 1020) 2.94 0.42 12.61
Dist. )8, Mito., ASTM Samples, 8000-10000 T 8872 5.05 0.63 49.81 10571 4.25 0.60 50.20
Dist. 10, Auln., ASTM Samples, 10000~

13000 T 11462 6.73 0.39 10.85 10592 2.86 0.37 12,75
Dist. 1R, Auto., ASTM Samples, 1000~

16000 T 14915 5.10 0.40 11.93 10611 3.24 0.38 15.33
Dist. 19, Mine 10071 LAB = CTE 12200 4.4 0.42 11.65 10577 4.00 0.40 15.77
Dist. 10, HMine 10071, LAB = CTE

13000-17000 T 15017 5.27 0.42 t1.19 10626 3.52 0.40 15,03
Dist. 18, Mine L007] LAB: SRP 12318 3l.e8 0.39 10,95 10571 3.11 0.37 14.23
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(INCLLUDES LOT-SIZE ANALYSIS)

SAMPLE STATISTICS OF COAL CHARACTERISTICS ANALYZED BY VARIOUS IEVELS OF AGGREGATION

Sheet 7 of ?

Data Description: Volume Sampled Sulfur Content tleat Content Lbs. Sulfucr/ Numbe r
USAM District, Seam, Preparation (tons) (Fercent, As Received) {Btu/Lb., As Received) MMBtu of
lot-Sizes, etc. Average RSD(S) Aver age RSD{%}) Average fiSD(v} Average RSO(S) Analyses
(1} (2) (3) (4) (s) (6} M (8) (9) (10)

Dist. 19, All Coals 9766 25.78 0.45 47.30 8739 7.92 0.51 37.69 3526
Dist. 19, All Coals, 1000-2000 T 1605 17.39 1.01 19.82 10298 3.68 0.99 22.13 k1]
Dist. 19, All Coals, 2000-3000 T 2745 11.65 0.92 18.15 10302 .72 0.69 18.10 157
Dist. 19, All Coals, 8000-10000 T 9737 4.36 0.58 43.688 9268 8.33 0.61 37.35 813
Dist. 19, All Coals, 10000-11000 T 10466 3.18 0.41 31.07 8647 6.20 0.48 25.60 2023
Dist. 19, All Coals, 11000-12000 T 11308 2.2) 0.36 13.06 8391 2.24 0.43 12.45 738
bDist. 19, Seam 951 10222 19.90 0.36 15,09 8393 1.47 0.43 14.79 2224
bDist. 19, 10006 (All Analyses) 10234 19.94 0.36 14.01 8394 1.43 0.43 13.62 2199
Dist. 19, Mine 10007 (All Analyses) 10794 11.82 0.39 10.23 8301 1.84 0.47 9.88 312
Dist. 19, Mine 10038 (All Analyses) 9784 5.54 0.60 33.63 9852 1.4 0.61 1.3 169
Dist. 19, Mine 10039 (All Analyses) 9544 7.00 0.85 45.22 10626 .10 0.81 45.44 58

’
Dist. 19, Mine 10061 (All Analyses) 10594 4.16 0.33 13.09 8701 1.51 0.38 13.08 99
Dist. 19, Mine 10076 (All Analyses) 9179 10.25 0.47 34.55 8266 2.98 0.57 34.06 25
Dist. 19, Mine 10077 (All Analyses) 4187 64.36 0.98 20.65 10271 3.13 0.96 20.9) 294
Dist. 21, All Coals 13127 373.21 0.78 25,80 6664 1.07 1.18 27.0 2040
Diat. 21, All Coals, 0-30000 T 5345 74.06 0.79 25,16 6684 7.17 1.19 26.78 1986
Dist, 21, All Coals, 200000-400000 T 336277 11.23 0.55 28.83 6663 ooy 0.82 28.087 42
Dist. 22, All Coals 9243 9.13 0.58 39.65 9107 5.88 0.65 43 94 1196



APPENDIX K

ANALYSIS OF THE STATISTICAL DISTRIBUTIONS
OF COAL CHARACTERISTICS

This Appendix provides a detailed discussion of the
analyses performed to determine which type of frequency
distribution-normal, inverted gamma, or lognormal-best fits
the observed frequency distributions of actual coal data.
Section 4.3 of this report discussed the methods used in
this analysis and provided a summary of the results. The
following discussion and tables provide t..2 specific results
obtained for the various analyses performed for both raw and

washed coals.
1.0 Raw Coals
1.1 Raw Coals, Overall Goodness of Fit

The results of the chi-square goodness of fit test for
raw coals are presented in Table K-1l. "Best fit" in this
table refers to the lowest chi-square value. The term
"significant" means that the observed distribution was not
significantly different from the assumed distribution. To
illustrate, consider the analysis of heat content values for
U.S. Bureau of Mines Producing District 1. For two of the
data sets analyzed, the hypothesis that the data came from a
normal distribution could not be rejected. Similarly, that
hypothesis cannot be rejected for the inverted gamma distribu-
tion for two data sets, and for the lognormal distribution for
one data set. The best fit in terms of the lowest chi-square
value for Btu occurred once for the normal distribution and
three times for the inverted gamma distribution. In this
example, np data sets indicated a best fit for the lognormal

distribution.
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TABLE K-1
CHI-SQUARE ANALYSIS, RAW COAL
U.S.B.M.

Producing Inverted Log-
District Variable Normal Gamma normal
1 Sulfur (Best Fit) 4 - -

(Significant) 1 1 1

Btu (Best Fit) 1l 3 -
(Significant) 2 2 1

Lbs S/MMBtu (Best Fit) 2 - 2
(Significant) 1 i 2

2 Sulfur (Best Fit) 4 4 2
(Significant) 3 3 3

Btu (Best Fit) 7 - 1
(Significant) 5 5 3

Lbs S/MMBtu (Best Fit) 3 4 3
(Significant) 2 4 1

8 Sulfur {Best Fit) - 2 1l
(Significant) - 3 1

Btu (Best Fit) - 1l -
(Significant) 1 1 -

Lbs S/MMBtu (Best Fit) - 2 1l
(Significant) 1l 3 2

9 Sulfur (Best Fit) 1 1 1
(Significant) 1 1 1

Btu (Best Fit) - 2 1
(Significant) 1l 1 1

Lbs S/MMBtu (Best Fit) 1 1 1
(Significant) 1 1 1

10 Sulfur (Best Fit) 2 2 1
(Significant) - 2 -

Btu (Best Fit) 2 1 -
(Significant) - - -

Lbs S/MMBtu) (Best Fit) 2 2 1
(Significant) - 1 -

11 Sulfur (Best Fit) 1 2 -
(Significant) 1 - -

Btu (Best Fit) 3 - -
(Significant) 2 2 2

Lbs S/MMBtu (Best Fit) - 1 1
(Significant) 1 1 -

12 Sulfur (Best Fit) - - -
(Significant) - - -

Btu (Best Fit) - 1l -
(Significant) 1 1 1

Lbs S/MMBtu (Best Fit) - - -
(Significant) - - -

K-2



Sheet 2 of 2

U.5.B.M.

Producing Inver ted Log-
District Variable Normal Gamma normal
16 Sulfur (Best Fit) 1 - -

(Significant) = - -

Btu (Best Fit) - - -
(Significant) - - -

Lbs S/MMBtu (Best Fit) 2 - -
(Significant) 2 2 1

17 Sulfur (Best Fit) 1 - 1
(Significant) - 1 -

Btu (Best Fit) - - -
(Significant) - - -

Lbs S/MMBtu (Best Fit) 1 -
(Significant) - 1 1

18 Sulfur (Best Fit) - 1 -
(Significant) - - -

Btu (Best Fit) - - -
(Significant) - - -

Lbs S/MMBtu (Best Fit) - 1 -
(Significant) - - -

19 Sulfur (Best Fit) iy 4 -
(Significant) 3 4 2

Btu (Best Fit) 3 1 -
(Significant) 2 2 2

Lbs S/MMBtu (Best Fit) 3 2 2
(Significant) 4 4 5

21 Sulfur (Best Fit) - 1 1
(Significant) - - -

Btu (Best Fit) 1 - -
(Significant) - - -

Lbs S/MMBtu (Best Fit) - 1 2
(Significant) - 1 1

22 Sulfur (Best Fit) - - 1
(Significant) - - 1

Btu (Best Fit) - - -
(Significant) - - -

Lbs S/MMBtu (Best Fit) - - 1
(Significant) - - 1

Total Sulfur (Best Fit) 15 17 8
(Significant) 9 15 9

Btu (Best Fit) 17 9 2
(Significant) 14 14 10

Lbs S/MMBtu (Best Fit) 14 15 14
(Significant) 12 19 15



Based on the information in Table K-1, no firm conclu-
sions can be made with respect to the best distribution for
any of the three variables. The distributions exhibiting
the best fit vary considerably from data set to data set.
However, the normal distribution seems to be slightly better
for the Btu values, while the sulfur content and lbs

S/MMBtu appear to be best represented by the inverted
gamma distribution.

1.2 Raw Coals, Top 1.5 Percent of the Distribution for Lbs
S/MMBtu

Table K-2 presents the analysis of the best fit for 1lbs
S/MMBtu for the top 1.5 percent of the distribution for
raw coals. Part A of Table K-2 represents coals which were
not sorted by lot-size, while Part B shows the same informa-
tion for coals after the data were sorted by lot-size. In
general, the coals in Part A exhibit a wide range of volumnes
(for example, 1,000 to 10,000 tons), while the coals in
Part B are based on narrowly defined volume intervals (such
as 1,000 to 2,000 tons). The choice for the best fit here
is the lognormal, although it appears only slightly better
than the inverted gamma. The normal distribution not only
does not fit well, but also appears to be biased because it
consistently underestimated the number of observations in
the top 1.5 percent of the distribution. Thus, if one were
interested in the top 1.5 percent, one should use either the
inverted gamma or lognormal distribution.

1.3 Raw Coals, Top 15 Percent of the Distribution for Lbs
S/MMBtu

Table K-3 shows the results of the analysis of raw
coals for the top 15 percent of the distribution. Part A of
the table is based on coals not sorted by lot-size, while



TABLE K-2

BEST FIT ANALYSIS FOR LBS S/MMBTU
(Raw Coals, Top 1.5 Percent of Frequency Distribution)

Number of Data
Sets Best Fit By:

Inverted Log-
U.S.B.M. Producing District Normal Gamma normal
(1) (2) (3) (4)
A. Not Sorted by Lot-Size
1 - 2 4
4 1 6 5
8 - 1 2
9 1 1 2
10 - 2 -
11 - 1 -
17 - 1 -
18 - - 1
19 1 1 3
21 - 1 1
22 1 - 1
Total 4 16 19
B. Sorted by Lot-Size
1 2 3 2
4 - 1 4
8 - 2 1
9 1 2 1
19 1 - 1
21 1 - -
22 1 —= -
Total 6 8 9

Source: Foster Associates, Inc.



TABLE K-3

BEST FIT ANALYSIS FOR LBS S/MMBTU
(Raw Coals, Top 15 Percent of Frequency Distribution)

Average Relative

U.S.B.M. Error (%) Best Fit

Producing Number Inverted Log- Inverted Log-

District of Mines Normal Gamma normal Normal Gamma normal
(1) (2) (3) (4) (5) (6) (7) (8)

A. Not Sorted by Lot-Size

1l 4 10.5 12.9 241.4 3 1 -
3 1l 17.8 29.8 30.8 1 - -
4 16 22.7 31.3 46.4 9.5 3 3.5
8 3 32.9 32.4 30.6 - 2 1
9 4 9.0 17.4 33.8 3 1l -
10 1 22.3 38.5 22.3 .5 - .5
11 1l 2.6 11.7 2.6 .5 - .5
17 1 37.1 45.0 102.2 1 - -
18 1 15.6 1.9 25.0 - l -
19 5 11.1 17.3 24.2 2,5 2 .5
21 2 17.1 29.7 1.5 .5 - 1.5
22 2 33.6 51.5  113.6 2 - -
Total 41 23.5 10 7.5
B. Sorted by Lot-Size
1l 5 10.1 9.7 28.3 2 3 -
3 1l 42.7 58.0 78.3 1 - -
4 6 11.1 14.1 19.9 3 2 1
8 3 12.9 4.4 16.2 - 3 -
9 3 10.8 16.0 20.9 1.5 - 1.5
19 2 1.9 10.3 30.9 2 - -
21 1 23.6 13.2 6.7 - - 1l
22 Y A = -
Total 22 10.5 8 3.5

Source: Foster Associates, Inc.



Part B shows the same analysis based on data sorted by lot-
size.l/ Columns (3), (4), and (5) on Table K-3 set out the

average relative errors for the relevant mines. Since the
average relative errors could be biased by the presence of
one particularly bad fit, the number of mines for which each
particular distribution provided the best fit is also indi-
cated in Columns (6), (7), and (8). The inverted gamma and
the normal distributions provide the best fit for the top 15
percent. The normal distribution appears to be slightly
better, but an insufficient number of data sets were analyzed
to make this statement with any degree of confidence. Based
on this analysis, the lognormal distribution clearly provides
the worst fit of the three distributions for the top 15
percent of the frequency distribution.

1.4 Raw Coals, Top 1.5 Percent of the distribution for Heat
Content

Set out in Table K-4 are the results of the best fit
analysis for the heat content of raw coals in the top 1.5
percent of the distribution. Part A of Table K-4 is based
on coals not sorted by lot-size, while Part B reflects data
which were sorted by lot-size. 1In both instances there
appears to be an indication that the normal distribution
provides the best fit in the top 1.5 percent. However,
because of the limited number of data sets, the evidence is
not conclusive.

1/ 1t should be noted that when the data were sorted by
lot-size (or interval analysis), the number of observations
contained within a specific lot-size were in effect a sub-
set of the data unsorted by lot-size. Frequently, the num-
ber of observations contained within the interval specified
were insufficient for an examination of the right tail of
the distribution.



TABLE K-4

BEST FIT ANALYSIS FOR HEAT CONTENT (BTU/LB)
(Raw Coals, Top 1.5 Percent of Frequency Distribution)

Number of Data
Sets Best Fit By:

Inverted Log-
U.S.B.M. Producing District Normal Gamma normal
(1) (2) (3) (4)
A. Not Sorted by Lot-Size
1 1 2 1
3 1 - -
4 5 2 2
9 2 1 1
10 - 1 -
11 2 - -
19 1 3 -
21 - 1 -
22 Y = 1
Total 13 10 5
B. Sorted by Lot-Size
1 3 1 -
3 - 1 -
4 2 2 2
8 1 - 1
9 - - 1
19 2 - -
21 - 1 -
22 il 1 =
Total 8 6 4

Source: Foster Associates, Inc.



1.5 Raw Coals, Top 15 Percent of the Distribution for uneat
Content

Table K-5 shows the results of the analysis of the best
fit for the heat content of raw coals for the top 15 percent
of the distribution. Part A of Table K-5 is based on coals
not sorted by lot-size, while Part B is based on data which
were sorted by lot-size. From Table K-5 it can be seen that
the normal distribution has a consistently lower average
relative error than either the inverted gamma or lognormal
distributions. Also, the analysis clearlv shows that the
normal distribution tends to fit the data better more often
than any of the two alternative distributions.

1.6 Raw Coals, Top 1.5 and 15 Percent of the Distribution
for Sulfur Content

Because sulfur content was not considered to be of as
much interest as the lbs S/MMBtu variable, detailed
analyses of the top 1.5 and 15 percent were not undertaken.
However, literally hundreds of distributions were visually
examined to determine which of the three distributions appeared
to f£it the top right tail the best. These visual examinations
indicated that the percent sulfur can best be described by
the inverted gamma distribution, which also provided the best
fit for 1lbs S/MMBtu.

1.7 Summary of the Analyses for Raw Coals

In conclusion, the following recommendations are made
with respect to the most appropriate choice of distributions
for raw coals:

(1) ,For heat content, the normal distribution

(2) For 1lbs 5/MMBtu, the inverted gamma distribution
(3) For sulfur content, the inverted gamma distribution



TABLE K-5

BEST FIT ANALYSIS FOR HEAT CONTENT (BTU/LB)
(Raw Coals, Top 15 Percent of Frequency Distribution)

Average Relative

U.S.B.M. Error (%) Bést Fit
Producing Number Inverted Log- Inverted Log-
District of Mines Normal Gamma normal Normal Gamma normal

(1) (2) (3) (4) (5) (6) (M (8)

A. Not Sorted by Lot-Size

1 4 66.9 74.7 181.9 3 1 -
3 1 47.2 51.3 147.9 1 - -
4 15 47.3 55.1 91.4 14.5 - .5
8 3 46.8 49.8 153.9 2 1l -
9 4 25.2 28.7 42.9 3 - 1
10 1 32.5 40.0 32.5 .5 - .5
11 1 103.6 110.9 148.9 1 - -
17 1 264.0 280.0 506.7 1. - -
18 1 575.0 610.0 - 1 - -
19 5 107.3 110.8 846.0 3 2 -
21 2 31.5 39.6 123.1 2 - -
22 2 8.4 9.5 306.1  _1 1 =
Total 40 33 5 2
B. Sorted by Lot-Size
l 5 41.1 45.5 183.6 4 1l -
3 1 33.8 36.9 52.9 1 - -
4 6 42.5 51.1 73.7 6 - -
8 3 14.1 25.8 21.6 1 2 -
9 3 24.2 27.3 67.7 2 1 -
19 2 14.3 16.9 820.6 2 - -
21 1 6.7 3.9 5.0 - 1 -
22 1 17.5 15.0 2.9 - = 1
Total 22 16 5 1

Source: Foster Associates, Inc.



2.0 Washed Coals
2.1 Washed Coals, Overall Goodness of Fit

Table K-6 presents the results of the chi-square analysis
for washed or partially washed coals. The results are some-
what ambiguous but the best distribution for 1lbs S/MMBtu
appears to be the inverted gamma or lognormal distribution.
Heat contents seems to be best fitted by a normal distribu-
tion, and sulfur contents by either an inverted gamma or
lognormal distribution.

2.2 Washed Coals, Top 1.5 Percent of the Distribution for
Lbs S/MMBtu

Set out in Table K-7 are the results of the analysis of
the distributions of lbs S/MMBtu for washed coals.
Table K-7 indicates that for the top 1.5 percent of the dis-
tribution the best fit is provided by the inverted gamma,
which appears superior to the lognormal.

2.3 Washed Coals, Top 15 Percent of the Distribution for
Lbs S/MMBtu

Table K-8 presents the analysis of the top 15 percent
for 1lbs S/MMBtu. The lognormal seems to be clearly
less preferable than the inverted gamma or the normal dis-
tribution. With respect to these last distributions, there
appears to be no significant differences in the case of the
coals sorted by lot-size but in the coals not sorted by lot-
size, the normal appears superior to the inverted gamma.



TABLE K-6

CHI-SQUARE ANALYSIS
WASHED OR PARTIALLY-WASHED COALS

U.5.B.M.
Producing Inverted Log-
District Variable Normal Gamma normal
1 Sulfur (Best Fit) 1 - -
(Significant) 1 1 1
Btu (Best Fit) 1 - -
(Significant) - 1 1
Lbs S/MMBtu (Best Fit) - 1 -
(Significant) 1 1 1
4 Sulfur (Best Fit) - - 1
(Significant - - 1
Btu (Best Fit) - 1 -
(Significant) - - -
Lbs S/MMBtu (Best Fit) - 1 -
(Significant) - 1 -
9 Sulfur (Best Fit) - - 1
(Significant) - 1 1
Btu (Best Fit) 1 - -
(significant) - - -
Lbs S/MMBtu (Best Fit) - - 1
(Significant) - - 1
10 Sulfur (Best Fit) - 3 2
(Significant) 2 3 2
Btu (Best Fit) 2 2 4
(Significant) 7 4 6
Lbs S/MMBtu (Best Fit) 1 3 2
(Significant) 4 4 5
11 Sulfur (Best Fit) - - 1
(Significant) - 1 1
Btu (Best Fit) 1 - -
(Significant) - - -
Lbs S/MMBtu (Best Fit) - - 1
(Significant) - - 1
15 Sulfur (Best Fit) - - -
(Significant) - - -
Btu (Best Fit) - 1 -
(Significant) 1 1l 1
Lbs S/MMBtu (Best Fit) - - -
(Significant) - - -
Total Sulfur (Best Fit) 1 3 5
(Significant) 3 6 6
Btu (Best Fit) 5 4 4
(Significant) 8 6 8
Lbs S/MMBtu (Best Fit) 1 5 4
(Significant) 5 6 8
Source: Foster Associates, Inc.
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TABLE K-7

BEST FIT ANALYSIS FOR LBS S/MMBTU
(Washed Coals, Top 1.5 Percent of the Frequency Distribution)

U.S.B.M. Best Fit
Producing Number Inverted Log-
District of Mines Normal Gamma normal
(1) (2) (3) (4) (5)
A. Not Sorted by Lot-Size
1 2 1 1 -
4 1 - 1 -
9 1 - 1 -
10 9 1 4 4
11 2 1 - 1
Total 15 3 7 5
B. Sorted by Lot-Size
1 2 - 1 1
4 2 - 2 -
7 1 - 1 -
8 3 - 1 2
9 3 - 2 1
10 -2 = 2 -
Total 13 0 9 4

Source: Foster Associates, Inc.



BEST FIT ANALYSIS FOR LBS S/MMBtu

TABLE K-8

(Washed Coals, Top 15 Percent of the Frequency Distribution)

Average Relative

U.S.B.M.

Error (%) Best Fit
Producing Number Inverted Log- Inverted Log-
District of Mines Normal Gamma normal Normal Gamma normal
(1) (2) (3) (4) (5) (6) (7 (8)
A. Not Sorted by Lot-Size
1 2 9.4 12.1 30.8 1l 1 -
4 1 23.9 14.8 23.9 - l -
9 2 14.3 17.0 10.7 .5 - 1.5
10 9 42.2 51.3 70.1 6 1 2
11 3 11.3 6.6 20.7 2 1 -
Total 17 9.5 4 3.%
B. Sorted by Lot-Size
1 2 17.0 7.0 17.0 1 1 -
4 2 13.6 14.5 18.1 1 1 -
9 3 13.0 17.2 15.7 1.5 1 .5
10 2 78.9 75.5 133.3 1l l -
7 1l 1.4 12.8 18.3 1l - -
8 _3 18.7 10.8 16.4 - 2 1l
Total 13 5.5 6 1.5
Source: Foster Associates, Inc.



2.4 Washed Coals, Top 1.5 Percent of the Distribution for
Heat Content

The results of the analysis for the top 1.5 percent of
the distribution for heat contents of washed coals are set
out in Table K-9. As in the case of raw coals, the normal
distribution appears to be most appropriate.

2.5 Washed Coals, Top 15 Percent of the Distribution for
Heat Content

The results of the analysis of the top 15 percent of
the distributions for heat contents of washed coals are sum-
marized in Table K-10. As in the case of all previous
analyses of heat content, the best fit appears to be provided
by the normal distribution.

2.6 Summary of the Analysis of Frequency Distributions for
Washed Coals

The analysis of the frequency distributions of washed
coals produced results which were not significantly different
from the raw coals. 1In previous sections of this report, it
was found that compared to raw coals, the washed coals exhibited
a lower mean lbs S/MMBtu as well as a lower RSD of 1lbs
S/MMBtu. However, based on this analysis of frequency
distributions, it appears that coal washing does not alter
the shape of the statistical distribution.

In view of the results for washed coals, the choice of
the type of distributions for raw coal characteristics is
equally applicable to washed coals. Thus, it seems appropri-
ate to make the following recommendations for both raw and
washed codls: '



TABLE K-9

BEST FIT ANALYSIS FOR HEAT CONTENT (BTU/LB)
(Washed Coals, Top 1.5 Percent of the Frequency Distribution)

U.S.B.M. Best Fit

Producing Number Inverted Log-

District of Mines Normal Gamma normal
(1) (2) (3) (4) (5)

A. Not Sorted by Lot-Size

1 1 1 - ~
4 1 -~ - 1
9 1 - 1 -
10 9 6 1 2
11 2 2 - -

Total 1l

NS
O
N
w

B. Sorted by Lot-Size

O W 0~
thw(»P4h>H
[t HDo=DD -
1=
N

Total

=
[\
~
N
w

Source: Foster Associates, Inc.
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TABLE K-10

BEST FIT ANALYSIS FOR HEAT CONTENT (BTU/LB)
(Washed Coals, Top 15 Percent of the Frequency Distribution)

Average Relative

U.S.B.M. Error (%) Best Fit

Producing Number Inverted Log~- Inverted Log-

District of Mines Normal Gamma normal Normal Gamma normal
(1) (2) (3) (4) (3) (6) (7) (8)

A. Not Sorted by Lot-Size

1 2 33.9 38.4 116.0 2 - -
4 1 9.4 11.9 75.0 1 - -
9 2 6.1 6.1 119.4 1 1 -
10 9 54.1 58.4 80.2 6 2 1
11 3 34.1 36.1 83.2 2 1 -
Total 17 12 4 1
B. Sorted by Lot-Size
1 1 27.1 30.0 84.4 1l - -
4 1 13.4 17.1 41.3 1 - -
9 3 8.8 8.1 94.7 1 2 -
10 2 8.45 8.9 44.7 1 - 1
7 1 108.8 117.1 787.5 1 - -
8 3 106.4 110.6 229.1 2 - 1
Total 11 7 2 2

Source: Foster Associates, Inc.



Coal Characteristic Best Fit Distribution

Lbs S/MMBtu Inverted Gamma
Heat Content (Btu/Lb) Normal
Sulfur Content Inverted Gamma
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