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Standard Guide to

the Evaluation of Measurements Made by Online Coal
Analyzers1

This standard is issued under the fixed designation D6543; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A

superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This guide provides techniques to be used for the evaluation of the measurement performance of online coal analyzers.

1.2 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility

of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory

limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

D2013 Practice for Preparing Coal Samples for Analysis

D2234/D2234M Practice for Collection of a Gross Sample of Coal

D6518 Practice for Bias Testing a Mechanical Coal Sampling System (Withdrawn 2008)3

D7430 Practice for Mechanical Sampling of Coal

E178 Practice for Dealing With Outlying Observations

3. Terminology

3.1 Definitions:

3.1.1 analyzer system, n—a coal quality measurement system which includes an online coal analyzer and which may include

one or more stages of a coal-sampling system.

3.1.2 calibration, n—mathematical modeling of analyzer and comparative coal sampling and analysis data. Factors from the

model are used in the online analyzer control software.

3.1.3 Grubbs estimator, Latent Variable Model, n—an estimate of the measurement precision of an online a mathematical model

that can estimate each system’s precision, when the analyzer (is1-3). compared to two independent reference systems.

3.1.4 online analyzer, n—an analytical tool consisting of an instrument and systems, which together provide measurements, or

estimates, or both, of coal quality parameters.

3.1.5 outlier, n—an extreme value that statistical tests indicate to be far enough from other results in a population under

consideration to cause suspicion that the value is not a member of the population.

3.1.6 reference material, n—material of stable composition that may be used to generate static analyzer measurements.

3.1.7 reference system, n—a measurement system used to measure the characteristics of a lot of coal that are also measured by

an online analyzer, and against which the online analyzer measurements are compared.

3.1.8 standardization, n—calibration of an instrument to a reference material using static stability measurements.

3.1.9 static stability, n—an estimate of the measurement precision of an instrument obtained on material that is not moving. The

estimate normally is expressed as the standard deviation and average of the measurements for a given period of time.

3.1.10 synchronization error, n—an error that occurs from comparing measurements made by an online analyzer and a reference

system that are not measuring exactly the same lot because of temporal and/or spatial offsets.
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4. Summary of Guide

4.1 This guide describes how to measure performance of an online analyzer using comparative measurements. The performance

evaluation consists of a paired comparison of analyses from a reference method using ASTM sampling, sample preparation, and

analysis methods for several lots of coal with the analyses from the online analyzer for the same lots of coal. The data resulting

from the comparative test may be evaluated using graphical and statistical techniques outlined below.

4.2 Various techniques are recommended by online analyzer manufacturers for standardization or static testing. These

techniques are useful for establishing a benchmark before conducting a comparative test. These techniques may also be used as

diagnostic tests in accordance with methods recommended by online analyzer manufacturers and graphical and statistical

techniques included in this guide.

5. Significance and Use

5.1 Online analyzers are used to provide quality data on lots of coal. The resulting quality data are used as a production tool

or for some contractual application. This guide provides the means of evaluating the analyzer system and the data produced.

5.2 Become familiar with the document’s terminology and layout. The section on test design and data collection will provide

the means by which all the analysis data will be gathered. The test should be carefully designed to ensure the user’s requirements

are met.

5.3 The procedures defined in this guide can be used to estimate the accuracy and precision of an online analyzer, (1) to conduct

acceptance testing following installation and (2) to monitor the accuracy and precision (a) during routine use (quality control), (b)

when significant changes are made to the analyzer, and (c) when a significant change in the coal being analyzed occurs (e.g., a

different seam at a mine, or a new coal source at a power plant). These procedures can also be used for calibration purposes.

6. Selection and Conduct of Performance Evaluations

6.1 Introduction:

6.1.1 Several techniques can be used to evaluate the performance of an online analyzer. These techniques provide data that can

be evaluated by using the graphical and statistical methods described in Section 7 of this guide.

6.1.2 At the time of installation, all of the graphical and numerical methods outlined in this guide may prove useful. On a routine

basis, conducting any of the instrument stability checks and comparative evaluations that do not disrupt normal operations may

prove useful. Control charts may be applied to all the performance measures that are gathered on a routine basis, including mean

analysis value of reference material, RMSD, etc.

6.1.3 Whenever there is a major change to the operating parameters, the configuration, the calibration, the processes, or the

hardware associated with the analyzer or the reference system, the user may wish to perform comparative tests. In addition to

comparative tests, standardization or static tests, or both, as recommended by the online analyzer manufacturer, may be helpful.

6.1.4 Changes in coal characteristics may also impact analyzer performance. Particle size, source of coal, mining techniques,

and degree of preparation, which if changed from previous test periods and which are not in the analyzer calibration database, may

affect analyzer precision and accuracy.

6.1.5 Additional changes which could merit performance testing include a change in the material or width of the conveyor, or

coal flow rates (in the case of full-flow analyzers).

6.2 Static Stability Measurements for Baseline Assessment—A reference material may be used to provide a baseline assessment

of static measurement precision. The reference material may be used to compare current mean and standard deviation values with

mean and standard deviation values, previously collected in the same manner. The resulting comparative data may help determine

whether any apparent decline in analyzer dynamic performance may be attributed to a change in the operating characteristics of

the analyzer, in the absence of the influence of sampling, preparation, and analysis.

6.2.1 The results of this evaluation can indicate whether analyzer precision has significantly degraded or whether a bias may

have occurred. If so, it may be possible to adjust the analyzer to restore initial performance. If the user wishes only to measure

current static stability, any available coal may be used in the analysis zone of the analyzer. Note, however, that the actual standard

deviation in static stability tests might be influenced by the composition or mass of the coal being examined or analyzer factors,

such as the strength of the radioactive sources used by the analyzer or condition of analyzer electronic components.

6.2.2 It is essential that the length of the analysis period be defined, (for example, one minute, two minutes, or five minutes)

and be constant in the static stability test. The standard deviation resulting from the static stability test decreases as the length of

the analysis period increases.

6.3 Comparison of Analyzer System to Reference System Measurements:

6.3.1 Once an analyzer installation has been completed and calibration adjustments have been made, the analyzer owner may

require acceptance testing. Also, the analyzer owner may decide to relocate the analyzer. In these cases, comparison tests–that is,

to compare the analyzer system results to conventional sampling and analysis techniques–will provide the user calibration

verification data and/or data that could be used for recalibration of the analyzer.
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6.3.2 Since performance evaluations usually consist of 30 or more comparisons, with each of these lasting from 30 minutes to

three hours, these comparisons may be conducted in a batch over several hours or days, or continuously throughout the operational

life of the analyzer system.

6.3.3 If two independent conventional coal-sampling and laboratory analysis measurements can be made from each of a series

of batches of coal interrogated by the analyzer, methods developed by Grubbsthe Latent Variable Model ((LVM) 1-3)can be used

to provide unbiased estimates of the measurement precision of the analyzer and of the conventional sampling and analysis systems.

6.3.4 Any two series of measurements are independent if their measurement errors are uncorrelated. Correlation of measurement

errors can be avoided and independence assured by use of a true random selection of physical increments or samples of material

or by using different schemes and equipment for collection, preparation, and laboratory analysis of the samples, or both. A

complete treatment of the subject of independence of measurements and the various means of assuring independence is beyond

the scope of this guide.

6.4 Sampling Considerations:

6.4.1 Selection of Appropriate Sampling and Sample Preparation Methods—Decisions regarding sample collection should be

governed by Practices D2234/D2234M and D7430 as appropriate. The method to be used for sample preparation should be

determined before the beginning of increment collection. Sample preparation techniques should remain consistent (see Practice

D2013). Before installation of the analyzer, consideration should be given to the ability to obtain representative samples for

comparison to analyzer measurements and the regimen for sample handling and analysis. For the use of mechanical sampling

systems, inspection (see Practice D7430, Part C) and bias testing (see Practice D7430, Part D) are good methods for evaluation

of the system’s suitability for the test.

6.4.2 Selection of Reference Sample Point(s):

6.4.2.1 Comparative tests can be used to evaluate the performance of either the analyzer itself or the “analyzer system”

(consisting of the analyzer and the sampling system that feeds it). The comparative evaluations of the analyzer system can be used

to determine the ability of the analyzer system to measure the characteristics of the main coal stream. The selection of the reference

system sample point(s) determines whether the comparative tests will assess the analyzer or the analyzer system.

6.4.2.2 The most direct and practical two-instrument test, when the analyzer is fed the secondary reject of a mechanical

sampling system, uses the final save to compare directly to the analyzer. A manual or mechanical sample collected from the

analyzer discharge may provide an independent sample, which may be used to assess the performance of the analyzer (see Figs.

1-3).

6.4.2.3 There are instances when there is no save sample (see Fig. 4) associated with the system feeding the analyzer. In this

case, it is possible to construct a test with several comparisons by collecting separate samples from the analyzer feed and discharge.

6.4.2.4 In some instances, the discharge of the analyzer may be fed to further stages of mechanical sampling. A single stage of

sampling downstream of the analyzer is most common (see Fig. 5). In this case, the secondary save will provide a convenient

comparison sample. A test of such a system that requires more than one set of comparative data might incorporate a series of

samples (stopped belt or full stream cut) collected from the analyzer discharge or the secondary reject stream, as well. In the

relatively rare circumstances in which the analyzer discharge feeds two additional stages of sampling, the tertiary save is

recommended for two-instrument and bias testing, and a stopped belt or full stream cut of the secondary or tertiary rejects of the

analyzer discharge may be used as a third instrument. Practical considerations of increment collection at the secondary reject

should be balanced with considerations of sampling variances introduced by crushing and tertiary sampling. For two instruments

to be independent of each other, one or both instruments must interrogate the stream of interest without changing the characteristics

of the stream. This may be true in some through-belt noncontacting configurations. In the case of flow-through analyzers that

require a sample, the independence of systems is obtained in a case in which the primary coal stream is sampled by one instrument

before being sampled by another instrument (see Fig. 6). In this case, the two systems may be evaluated by comparing the analyzer

values to the final save of the mechanical system. The analyzer itself may be evaluated by comparison to samples collected at its

discharge.

FIG. 1 Key to Schematics
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FIG. 4 Single-Stage Mechanical Sampling

FIG. 5 Analyzer on Primary Save—Two-Stage Mechanical Sam-
pling

FIG. 6 Analyzer Distinct from Reference

FIG. 2 Analyzer on Secondary Reject—Three-Stage Mechanical
Sampling
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6.4.3 Synchronization—To evaluate the analyzer’s performance, the lot of coal interrogated by the analyzer must be the same

lot of coal measured by the reference system. This evaluation is usually accomplished by sampling the coal stream after it passes

the analyzer’s analysis zone except for sample stream analyzers. Care should be taken to ensure that transport times within the

coal-handling system of interest, within mechanical sampling systems used to provide comparative measurements, and between

sample collection and the analyzer be measured and accounted for in any comparisons. Comparisons in which intervening storage

of the coal takes place between the analyzer and reference measurements should be avoided.

6.4.4 Length of Comparison Period—The length of time chosen for a comparison period should be commensurate with the

period of time–that is, the lot time–during which the analyzer will normally produce a result of interest to the user.

6.4.5 Number of Comparisons—Although as few as 15 comparisons may be useful in conventional control charting, as many

as 60 comparisons are recommended if one is to obtain smalluseful confidence limits for the Latent Variable Model estimate of

precision.

7. Evaluation of Data

7.1 Introduction—Once comparative data have been collected, it is recommended that the data be evaluated using both graphical

and statistical, that is, numerical techniques. The sections that follow give recommendations for the construction and interpretation

of various charts or graphs as well as the techniques used to compute and interpret various statistics.

7.2 Stability Evaluations:

7.2.1 Graphical Techniques, see 7.3.2.

7.2.2 Numerical Methods and Their Interpretation—The two statistics most relevant to static stability evaluations are the mean

and standard deviation of the static analyses. To calculate the mean and standard deviation of the static analyses, the individual

analyzer static analysis data points (analysis by analysis) are needed. The sample mean is given by the formula:

x̄ 5F(
i51

n

x iG /n (1)

where:

where:

x¯ = the mean,
xi = the ith measurement, and
n = the number of measurements.

The sample standard deviation sd is given by:

sd 5ŒF(
i51

n

~x i 2 x̄!2G/~n 2 1! (2)

7.3 Comparative Evaluations—Comparison of analyzer results to those generated by conventional techniques should be

performed and assessed using the techniques described below. These evaluations require a series of comparisons between analyzer

measurements and reference system measurements. It is recommended that such comparisons be made routinely.

7.3.1 Outliers:

FIG. 3 Analyzer on Secondary Reject—Two-Stage Mechanical Sampling
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7.3.1.1 At times, a measurement from an analyzer or reference system may appear to be an aberrant value. Statistical rules

leading one to look for causes of outliers when they exist are given in Practice E178. In applying the methods of Practice E178,

the difference between the analyzer and reference value is computed for each pair.

7.3.1.2 Each difference is then divided by the sample standard deviation of the differences, with the absolute value of the

quotient designated as Ui for the ith pair. It is recommended here that any pair (i), whose U value is found using Table 1 of Practice

E178 to exceed the table value for an appropriate upper significance level, that is, 99 %, be treated as an outlier. An investigation

of the cause of the outlier should be undertaken, and it may be appropriate to exclude the outlier data from analyzer performance

evaluation calculations.

7.3.2 Graphical Methods—Regardless of the numerical method(s) used to assess instrument performance, any comparison

between analyzer values and reference system values should include graphical displays. At a minimum, a sequential plot and a

scatter plot should be constructed. Many conclusions can be drawn or hypotheses constructed about the quality of the calibration

of the instrument, the synchronization of the data, and the precision of the analyzer or the reference system.

7.3.2.1 Sequential Plot—Fig. 7 is an example of a sequential plot, showing the analyzer and reference system measurements

versus the lot number on the same graph. Provided that product variation is sufficiently large compared to the precision of each

of these measurements, one expects to see “tracking.” That is, when the conventional measurement shows a decrease in ash, one

expects the analyzer measurement to show a similar decrease. Fig. 7 below appears to be an example of good tracking. A sequential

plot of the difference between the analyzer and the reference sample result also may be used. Shown in Fig. 8 is a magnification

of the Fig. 7 plot for lot numbers 10 to 20. Notice that, on this scale, the “tracking” is less convincing. Because the product

variability is quite small during this time, this does not necessarily mean poor performance. Again, tracking is expected only when

product variability is large compared to the measurement precision of each system.

7.3.2.2 Scatter Plot—Shown in Fig. 9 is an example of a scatter plot or “x-y-plot” of analyzer results versus reference system

measurements (the data are the same as those from Fig. 7). For an accurate and well-calibrated analyzer, one expects the points

to fall along a line with zero intercept and a slope of one, as indicated in the graph. An improperly calibrated analyzer may show

a good linear pattern but with a nonzero intercept or a non-unity slope in the parameter being measured, while an imprecise

analyzer will show a large scatter. Again, unless the product variability is reasonably large compared to instrument precision,

comparisons may not be very conclusive.

NOTE 1—Fig. 9 shows a reasonable scatter around the 45° line (a line with zero intercept and a slope of one), with the exception of three potential
outliers at the upper right. The numerical methods discussed in this guide would not by themselves indicate a problem of this sort.

FIG. 7 Sequential Plot Showing the Analyzer and Reference System Measurements Versus the Lot Number on the Same Graph
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