
13

On-Conveyor Belt Determination of Ash in Coal

AU9817325

B.D. SOWERBY, C.S. LIM, D.A. ABERNETHY, Y. LIU AND
P.A. MAGUIRE

Division of Minerals
Commonwealth Scientific and Industrial Research Organisation (CSIRO)

Private Mail Bag 5, Menai NSW 2234, Australia

SUMMARY. A laboratory feasibility study has been carried out on new and advanced neutron and
gamma-ray analysis systems for the direct on-conveyor belt analysis of ash in coal. Such an analysis
system could deliver the combined advantages of a direct on-conveyor configuration with new and
accurate analysis techniques. An industry survey of 18 coal companies carried out in early 1996
indicated that accurate on-belt ash analysis is of the highest priority. Subsequent laboratory work has
focussed on the investigation of methods with the potential for improving the accuracy of ash content
measurement relative to existing on-belt systems.

A laboratory prototype gauge has been developed comprising an 241Am-Be neutron source and
multiple detectors to measure simultaneously neutron inelastic scatter and thermal neutron capture
gamma-rays from bulk coal samples. Measurements have been made on 24 bulk (about 70 kg) coal
samples of ash from 7 to 31 wt.%. comprising 12 samples of run-of mine (ROM) coal from Mt
Thorley and 12 samples of product and ROM coal from Camberwell Coal. For a thickness range of
100 to 300 mm, we have been able to achieve calibration and cross-validation r.m.s. errors of between
0.46 and 0.54 wt.% ash using spectral window count rates with either multiple linear regression or
artificial neural network techniques. However, the standard deviation of the chemically measured ash
values has been estimated to be 0.5 wt.%. The present results suggest that these techniques are
capable of significant improvement in accuracy but are currently limited by the sampling and
chemical laboratory error. For comparison, the calculated accuracy of the dual energy gamma-ray
transmission (DUET) technique for these samples is 1.8 wt.% ash.

1. INTRODUCTION

The application of on-line analysis techniques
in the mineral and energy industries opens up
new possibilities for the improved control of
processes. Instead of manual sampling
followed by laboratory analysis, rapid and
accurate analyses can be provided in real time
for improved control. This has led to a rapid
increase in the industrial application of on-line
analysis instrumentation over the last 15 years,
particularly in the coal industry [1,2].

The coal industry has an expanding need for
accurate on-line analysis, particularly for
improved control of product quality. This need
can potentially be met by the development and
application of new direct on-belt analysis
techniques which interrogate most of the coal.

Coal consists of coal (combustible) matter
(mainly carbon with some hydrogen, oxygen
and nitrogen) and mineral matter (mainly
aluminium and other silicates with some iron).
Coal ash is the oxidised incombustible residue

from the combustion of coal and is closely
correlated with the mineral matter content;
thus the ash content of coal can be determined
approximately by measuring the mineral
matter content.

CSIRO Minerals surveyed the Australian coal
industry in 1996 to determine its priorities for
new on-line analysers. Evaluation of the 18
responses showed that:
• All respondents considered accurate on-belt

ash measurement to be of top priority.
• Moisture, sulphur and, to a lesser extent,

specific energy are also important to a
significant proportion of respondents. A
few respondents indicated interest in other
elements such as calcium, iron, phosphorus
and silicon.

• Most respondents indicated that ash should
be determined to better than 0.2-0.6 wt.%
with analysis times of about 5 to 10
minutes being acceptable.

• Typical coal thicknesses are 100 - 300 mm.



In this paper, the limitations of current ash
analysers are first discussed followed by the
introduction of possible new neutron/gamma
techniques. Several techniques for analysing
complex gamma-ray spectra are then discussed
followed by experimental results on a range of
bulk samples.

2. COMMERCIAL ASH ANALYSERS

Commercial gauges for on-line ash
determination depend on either gamma-ray
techniques (DUET, natural gamma radiation or
pair production) or the thermal neutron capture
(TNC) technique (often referred to as Prompt
Gamma-Ray Neutron Activation Analysis
(PGNAA)) [1-3]. All of these techniques have
disadvantages. Only two (DUET and natural
gamma) are used directly on-belt; the others
require use of a sample by-line.

The DUET gauge depends on the
determination of intensities of narrow beam
transmission of low- and high-energy gamma-
rays through coal on the conveyor. The main
disadvantage of the technique is that its
accuracy is affected by changes in ash
composition; for example, a 1 wt.% change in
Fe2O3 in the ash will cause a 1.2 wt.% ash
error at 20 wt.% ash. Furthermore, the gauge
interrogates a narrow strip of coal and is
therefore sensitive to horizontal segregation of
coal on the belt; however, this problem can be
readily overcome by, for example, measuring
several beams across the belt.

The TNC technique determines ash indirectly
by measuring the concentration of most of the
individual elements that constitute ash. The
TNC technique involves bombarding a coal
sample with neutrons from a radio-isotope
source, usually 252Cf, and measuring the
prompt thermal capture gamma-ray spectrum.
However, commercial TNC coal analysers
operate in a sample by-line or chute
configuration. Any bias in sampling for the by-
line will translate to inaccuracies in the gauge
reading.

3. POSSIBLE NEW METHODS FOR ON-
BELT ASH DETERMINATION

Ideally, a new on-belt ash analyser would
have:

• improved accuracy of ash analysis
compared to DUET gauges;

• reduced sampling errors compared to
DUET gauges by analysing a larger sample
volume;

• ash determination independent of belt
loading;

• lower cost and greater availability
compared to the by-line PGNAA gauges,
primarily by deletion of the by-line
sampling equipment to supply coal to the
analyser.

One possible approach to the development of a
new on-belt ash analyser would be to combine
DUET with another technique to compensate
for composition changes. Possible methods
which have been considered in the past have
been: combined DUET and pair production;
combined DUET and scatter/transmission of
low energy gamma-rays; three energy gamma-
ray transmission; and combined DUET and
TNC. Unfortunately, previous work on these
combined techniques has shown only marginal
improvement compared to DUET alone [4,5].

The approach used in the present work is to
investigate neutron inelastic scatter (NIS) and
TNC techniques for application to a direct on-
belt geometry. The main challenge here is to
develop techniques which are capable of
accurately measuring ash independent of
changes in belt loading and which are
insensitive to both horizontal and vertical
segregation.

In the NIS technique fast neutrons are not
captured (as in TNC), but undergo inelastic
scatter reactions with the nuclei of elements in
a sample [6]. During this process prompt
gamma-rays are produced which are
characteristic of the elements present. NIS is
well suited to the analysis of carbon, oxygen,
aluminium, silicon and iron.

The use of a high energy neutron source such
as 24IAm-Be permits the simultaneous
measurement of NIS and TNC. In principle,
ash can be determined independently of
sample geometry by measuring the ratio of ash
elements (Si, Al, Fe) to coal elements such as
C and H with appropriate correction for
moisture variations.



4. SPECTRAL ANALYSIS TECHNIQUES

One of the key problems in the application
of NIS and TNC techniques is the analysis of
complex gamma-ray spectra. In the present
work four alternative methods of spectral
analysis have been investigated, namely
• spectral windows / multiple linear

regression (SW/MLR);
• spectral windows / artificial neural

networks (SW/ANN);
• partial least squares (PLS); and
• principal components analysis / artificial

neural networks (PCA/ANN).

The first of these involves the determination of
count rates in selected regions or windows
within a gamma-ray spectrum. Generally
windows are chosen corresponding to
characteristic gamma-rays from the elements
present. These window count rates are then
used in standard multiple linear regression
equations of the form:

y = a0 + a}x} + a2x2 + ... <*„*„ (1)

where y is the parameter of interest, ao....an are
constants and x,....xn are window count rates.
This method can provide highly accurate
results for relatively simple spectra, provided
that excellent gain stability is maintained.

The second technique involves using spectral
window count rates together with ANN
techniques. ANN provides a means for
modelling calibration relationships relating
derived coal parameters such as ash to
measured gauge data. Given sufficient training
data and a properly chosen architecture, an
ANN can progressively "memorise" complex
calibration relationships by means of a
learning process which adjusts the weights of
the links and the biases of the nodes [7].

The third technique investigated was based on
Partial Least Squares (PLS) [8] which attempts
to find factors or latent variables, which are
most correlated with the coal variables while
describing a large amount of the variation in
the spectrum data. A closely related technique
to PLS is Principal Components Analysis
(PCA) [9]. PCA involves finding combinations
of variables (known as principal components)
that describe major trends in the spectral data.
The first principal component describes the
direction of the greatest variation in the

spectrum data, the second the next most
dominant variation direction, etc. The fourth
technique involved correlating these principal
components against coal variables using ANN
techniques.

An important difference between linear and
non-linear calibration methods is the need with
the latter for a much larger amount of data to
allow cross-validation or testing of the derived
calibration equation on a new set of data.

5. PRELIMINARY MEASUREMENTS ON
SIMULATED COAL SAMPLES

Preliminary tests were first carried out on 18
simulated coal samples, each of mass 30 kg,
and comprising mixtures of polypropylene (to
simulate coal) with pure samples of SiO2)

A12O3 and Fe2O3 (to simulate ash). These
materials were mixed to produce samples with
ash content from 5-30 wt.% comprising 50-70
wt.% SiO2) 25-35 wt.% A12O3 and 5-15 wt.%
Fe2O3, simulating the composition variations
typically found in coal plants.

These preliminary measurements were carried
out in the simple backscatter geometry shown
in Figure 1. A 238Pu-Be source (which has
similar characteristics to the 241Am-Be sources
recommended for industrial use) was used to
irradiate the samples while backscattered
gamma-rays were detected using a bismuth
germanate (BGO) detector. A typical spectrum
is shown in Figure 2. Each synthetic sample
was packed into an open polyethylene
container of dimensions 545 x 495 x 410 mm.
Sample depths spanned the range 68 to 242
mm. A counting time of 20 live minutes was
used. In addition, a standard paraffin sample
was measured at regular intervals to monitor
gain stability.

Measurements of the simulated coal samples
taken at depths 65 to 242 mm (54 data points
comprising 18 samples each at three
thicknesses) show that ash can be determined
to within 0.84 wt.% over this wide range of
conditions. Restricting the thickness range for
these samples to 130-242 mm reduces the
r.m.s. error to 0.70 wt.% ash. These results
were obtained using simple spectral window
techniques and conventional multiple linear
regression analysis. By comparison, the
calculated accuracy of the DUET gauge [4]



was 2.9 wt.% ash for the same samples. The
measurements on the paraffin standard
indicated that most of the measured 0.7 wt.%
ash error is due to temperature-dependent
spectral changes in the experimental data. The
results were therefore regarded as promising
and warranting further investigation.

6. MEASUREMENTS ON COAL
SAMPLES

6.1 Samples

Twenty-four bulk (-150 kg) coal samples were
obtained comprising 12 run-of-mine (ROM)
samples from Mt Thorley and 10 product and 2
ROM samples from Camberwell Coal. These
samples were mixed and crushed to -10 mm
and two 1 -kg (approx.) subsamples taken from
each sample. During the crushing procedure,
two of the Mt Thorley samples were
inadvertently separated into three parts,
resulting in a total of 25 samples. The
subsamples were riffle-split into quarters and
one (or in some cases, two) quarter from each
subsample was sent for chemical laboratory
analysis to three different laboratories. The
laboratory analyses indicated that the
Camberwell coal samples contained from 6.9
to 24.1 wt.% ash and the Mt. Thorley samples
contained from 17.0 to 30.8 wt.% ash.
Analysis of data on repeat chemical laboratory
assays and assays of different sub-samples
showed that the smallest standard deviation
due to preparation and chemical laboratory
analysis for any one laboratory was 0.5 wt.%
ash. The results reported here are based on the
mean ash values for each sample provided by
that laboratory with one exception where a
wrong assay for one subsample was discarded.

6.2 Experimental Method

On the basis of results obtained with the
analyser in Figure 1, a new laboratory
prototype analyser was constructed which
consisted of a loading station and a
neutron/gamma gauge using multiple detectors
in an improved geometry and with improved
temperature control. Three identical open brass
boxes, dimensions 500 x 500 x 500 mm, were
used as sample containers. Neutron-induced
gamma-ray spectra were collected
simultaneously for 20 live minutes on each
detector. Each of the coal samples supplied by

Camberwell and Mt Thorley was mixed, then
coned and divided into two halves. The first
brass box was filled with 60+10 kg coal from
the first half to a depth of -300 mm and
neutron/gamma-ray spectra collected. This
coal was then transferred to another brass box
and neutron/gamma-ray spectra recorded once
more; care was taken to ensure that the coal
was well-mixed during the transfer process.
The coal was then re-mixed, coned and then
divided into thirds; these were successively
placed in the last brass box to provide
measurements for sample depths of 100, 200
and 300 mm respectively. Thus a total of five
data sets were collected for each sample, viz.
(1) -60 kg (300mm) in Box 1; (2) contents of
Box 1 in Box 2; (3) -20 kg (100mm) in Box 3;
(4) -20 kg x 2 (200mm) in Box 3; and (5) -20
kg x 3 (300mm) in Box 3. The data sets were
grouped for analysis as follows:

• Group A: 124 data sets comprising 5 data
sets for each of the 25 samples (except for
one ROM sample for which only -70 kg of
coal was provided thus only 4 data sets
were obtained for this sample);

• Group B: 74 data sets comprising all the
300 mm data from Group A.

• Group C: comprising all the product coal
samples from Group A

• Group D: comprising all the ROM coal
samples from Group A.

6.3 Results

(a) Calibration

MLR has been used to correlate the measured
window count rate data with chemical
laboratory ash content. Results show that ash
can be determined to within 0.53 wt.% for coal
of thickness 100-300 mm (Table 1) using all
data in group A. Restricting the thickness to
300 mm reduces the r.m.s. error to 0.43 wt.%
ash (Table 1). If the group were divided into 2
subgroups, one containing product coal and the
other containing run-of mine samples, the
r.m.s. error was 0.50 wt.% for the product coal
and 0.47 wt.% for the ROM coal. As a
comparison, the calculated accuracy of the
DUET technique for all the samples in Group
A is 1.8 wt.% ash.

An analysis of errors shows that counting
statistics are the main source of experimental
error and that errors due to sample
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inhomogeneity are negligible. The counting
statistical error was estimated to be 0.34 wt.%
in ash for the calibration equation determined
by SW/MLR. To determine the error due to
sample inhomogeneity, the calibration
equation was used to calculate ash values for
the 300mm data sets (i.e. Group B above). The
standard deviation was calculated for the pairs
of measurements on the first half of each
sample (i.e. the first and second data sets
referred to in section 6.2) to be 0.31 wt.%.
Similarly, using pairs of measurements on
different halves of each sample (i.e. the first
and fifth data sets as pairs, and the second and
fifth data sets as pairs) resulted in values of
0.30 and 0.33 wt.% respectively.

PLS was performed separately for data sets
from two of the detectors used. The first 169
channels were removed from each 4096-
channel spectrum and each set of spectra was
transformed into a single matrix with 124 rows
and 3927 columns. PLS models were
implemented using these 2 sets of 124 spectra
in conjunction with the corresponding
chemical laboratory analysis data for the ash.
An r.m.s. error of less than 0.5 wt.% can be
achieved by the PLS method using only 6 or 7
latent variables. In addition, PLS models were
implemented for the 300mm thickness data
(group B of section 6.2) and an r.m.s. error of
less than 0.5 wt.% was achieved with 4-5
latent variables.

A decision was taken not to use ANN for
calibration alone because of the well-known
possibility of reaching a spurious calibration
result with this method when no cross-
validation data is used to determine a proper
ANN structure.

(b) Calibration with Cross-Validation

The accuracy of a calibration has been
considered traditionally to be the r.m.s. error
calculated for the data from which the
calibration equation was determined. A more
rigorous method for estimating the accuracy of
a calibration equation, known as cross-
validation, is to calculate the r.m.s. error using
that equation for a new set of data. Inclusion of
the cross-validation step is essential to achieve
a calibration equation with the smallest
prediction errors for new data. Ideally, one
should have a large set of representative data

for calibration and a completely separate set of
representative data for cross validation.

To compare the performance of the four
spectral analysis techniques examined (Section
4), group A was divided into two subgroups,
the smaller of which contains six samples (two
product and four ROM coal) with chemically-
determined ash values evenly spread over the
full range of values available. Each technique
was used to obtain a calibration equation for
ash from the subgroup containing data from
the remaining nineteen samples. The resulting
calibration equations were then applied to the
data in the smaller subgroup for cross-
validation. The calibration and cross-validation
r.m.s. errors calculated for these samples are
shown in Table 2.

Of all the methods trialed, the SW/ANN
method has given the best results. It is
important to note that SW/ANN, as well as the
PLS and PCA/ANN methods, use significantly
less fitting variables than SW/MLR which
currently gives results almost as good as
SW/ANN. However, the measured accuracy of
any experimental technique will be limited by
the accuracy of the chemical laboratory
measurements on which the calibration is
based. In the present case, we have been able
to achieve calibration and cross-validation
r.m.s. errors of between 0.46 and 0.54 wt.%
ash using either SW/MLR or SW/ANN on a
suite of coal samples for which the standard
deviation of the chemically measured ash
values has been estimated to be 0.5 wt.%. In
addition, increasing the training time for the
ANN methods or increasing the number of
latent variables for the PLS method reduces
the calibration errors substantially whilst
increasing the cross-validation errors. These
observations suggest that both the ANN and
PLS techniques are capable of significant
improvement in accuracy but are currently
limited by the sampling and chemical
laboratory error. All the techniques trialed
achieved much better accuracy than that
calculated for the DUET technique (1.8 wt.%).

7. CONCLUSION

Neutron/gamma-ray techniques combined with
advanced spectral analysis techniques show
promise for the on-conveyor belt
determination of ash in coal. Laboratory
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measurements on bulk coal samples showed
that ash can be determined to within about 0.5
wt.% ash (about the same as the chemical
laboratory errors) compared to about 1.8 wt.%
ash for the DUET gauge on the same samples.
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Figure 1. Schematic of backscatter geometry
used to measure simulated coal samples.



Figure 2. Typical gamma-ray spectrum from
backscatter gauge in Figure 1.
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