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1. INTRODUCTION 
In annual coal production India ranks fourth in thc world, behind China. USA and 
Russia, with an estimated production of 225 million tons in 1995-96. The utilities 
bum nearly 60% of the mined coal while industries consume 25-30% of the coal for 
captive power generation and process heat. The remaining 10-15Oh goes for the 
production of coke and miscellaneous applications. Combustion is thus the most 
important use of coal in India or for that matter, anywhere in the world. 

Countries like USA have national coal sample banks and databases. The Pennsylvania 
state (PENN) coal sample bank and database are well known, which are also used by 
the US Department of Energy(DOE1. The Argonne National Laboratory has used 200 
samples from the PENN coal database and using cluster analysis, has identified 8 
representative samples among American coals. Similar exercises have been carried out 
by Illinois Coal Development Board, U S  DOES Pittsburgh Energy Technology Center 
and several universities. The need for a similar coal data bank/database for India and 
the lack of it a t  present have been highlighted by Nandalcumar and Gopalakrlshnan 
(1988). Especially, for the design of combustion equipment. it will be highly helpful if 
one can come up with a set of typical Indian coals. 

Classification schemes have similar obJectives. However, a classincation system meant 
exclusively for combustion applications or for Indian coals does not exist nor is it 
likely to be developed with the present approaches. Many classincation schemes 
restrict themselves to two or three coal properties but the picture is not complete. If 
too many properties are involved. classification gets conipllcated and ends up as a 
coding scheme. In general, rank, calorlfic value. proximate and ultimate analyses, fuel 
and atomic ratios and petrography seem to be the most important variables for 
characterizing a coal‘s combustion behaviour. They are highly inter-Ielated. as  
revealed in the literature. I s  it possible to develop a classification system using all 
these properties and still achieve a reasonably simple grouping? Principal component 
analysis (PCA] offers a solution, under certain conditions. 

2. PCA METHODOLOGY 
Principal Component Analysis(PCA) consists of finding an orthogonal transformation of 
the original variables to a new set of uncorrelated variables. called principal 
components (PCs), which are derived in decreasing order of importance (Chatfield and 
Collins, 1980). The usual objective of the analysis is to see if the first few con~ponents 
account for most of the variation in the original data. If they do, then the 
dimensionality of the problem i s  reduced. With two PCs. plotting the values in a graph 
can reveal some patterns in the data. 

To validate this proposition. a reference dataset. preferably non-Indian (to avoid 
biases1 and fairly well structured. is needed. Hensel (1980) has used a reference table 
of U S  coals for studying combustion and classification and this table will be used for 
the comparisons. Leaving out lignite-B. of which there are no known reserves in USA 
or Canada, Hensel has selected eight to eleven coals for each of the remaining 12 
groups in the ASTM ranks containing a total of 119 samples. The table contains the 
Calorific value (Cvdl. proximate analysis (Fd and Vd) and ultimate analysis (Cd. Hd. 
Od, Nd. Sd) on a dmmf basis, to which F/V. C/H and CH/O will be added. 
Petrographic information is not available and hence is left out for the present exercise. 
Thus the table serves a dual purpose - it covers the entire spectrum of ranks (except 
lignite-B) and will serve as a good background for the Indian data. It will also help to 
compare the Indian and US coals. 

The analysis can now be gone through in stages. First. one has to decide about the 
variables. Since Fd and Vd are complementary. one will do. The variables have to be 
standardised to have unit variance. The correlation matrix is computed next (Table-1). 
Of the 10 variables listed. Nd and Sd show poor correlation with the other variables. 
Nd and Sd are relatively outsiders and hence were left out of f i e  analysis. 
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The elgen values of the reduced correlation matrk are calculated (Table-2). 

The flrst two elgen values alone are signiflcant and account for nearly 96% of the 
information. The eigen vectors were next worked out and used to transform the 
variables to principal components (PC). The PCs corresponding to the nrst two eigen 
values for all the samples were plotted In a graph (Figure- la). Alphabets are used as 
symbols and follow the rank. Thus 'A' refers to meta-anthracite and 'L' refers to 
lignite-A. 

This curve is comparable to the Seyler graph in the sense that with two (pseudo) 
properties, it enables one to compare several coals. It has in fact captured the essence 
of all the eight chosen coal properties. The clustering of coals of the of same rank is 
clearly visible in the flgure as also the smooth transition from meta-anthracite at  one 
end to the lignites a t  the other end. Anthracites and low volatile bltuminous coals fall 
on one side. The high volatile coals and llgnltes fall on the other side. The medlum 
volatile bituminous coals are near the peak. This is a new discovery and has not 
been reported in literature so far. The graph does not change if mean values alone 
are used (Flgure- lb) 
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Figure - 1. Principal Components - ASTM Coals 
To explore the relationshlp between PCs and the variables. PC1 and PC2 were plotted 
against the other variables. The graphs display a rank based continuity and the 
inescapable conclusion is that the PCs represent the rank in essence. Variation of Cv. 
Cd and F/V with PCs alone are shown to fllustrate the point (Figure- 2 & 3). 
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Figure - 3 Principal Components and Carbon 

To explore the matter further. the correlations between the origlnal varlables and PCs 
were worked out (Table-3). PC1 is well correlated with all the varlables. PC2 however 
correlates well only with Cvd, Hd. Od. F/V and lo some extent with C/H. Significantly. 
PC3 and the rest show poor correlation with the varlables. Justifying PCA 

PC2 
Variable Multiple Correlation 

HOB 0.956 
Cvd 0.967 
F N  0.999 

Table - 3 Correlation matrix between variables and PCs 

After a few trials. it was reallsed that there was a good correlation between PC2 and 
Hd-Od/8 (H0/8)  as well, which appears in the Dulong formula and which can be 
taken as a measure of the free hydrogen In coal. So. taking H 0 / 8  as an  additional 
variable. step-wise regression analysis between the PCs and the rest of the variables 
including H 0 / 8  were carried out. The summarised results are presented in Table-4. 

Function1 = 0.1560 x F d  +0.1511 xCd +0.1317xFN 
Function2 = 0.2050 x H018 + 0.4603 x Cvd - 0.3621 x F N  

PCs were plotted against the functions which are made up from a combination of t h e  
variables appearing in step-wise regression ( Figure- 4 a & b). 

a. PC1 b. PC2 
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Figure - 4. Principal Components - Correlations 

PC1 correlates very well with all the variables but seems to flt best with Fd and Cd. 
PC2 is highly influenced by H 0 / 8 .  It Is also related to Cvd and F/V to a lesser 
extent. PC2 vs Function2 resembles the graph PC1 vs PC2. It can be inferred that PCl 
and PC2 probably represent Fd/Cd and the available hydrogen. Stated in a different 
way, It can be inferred that they represent the char and the volatile matter in coal. To 
probe further into this matter. Seyler's graph was plotted for the original data (Figure- 
5a) and a modified Seyler's graph was drawn using Hd-Od/B (H0/8)  instead of Hd 
(Figure-5b). The shape of the graphs obtained clearly demonstrate that this is the 
missing link between the original Seyler graph and the PC graph. This brings the 
PCA to an end. 
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Figure - 5. Seyler Graph - ASTM Coals 
3. PCA FOR INDIAN COALS 
Twenty major Indian coal fields. based on their reserves were chosen and a statistical 
sample consisting of nearly 400 records was chosen from the publicatioiis of Central 
Fuel Research Institute's publications (CFRI, 19781. The mean propertles alone are 
given in Table-5 for each of these fields. 
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1 

A similar procedure(normalisat1on. calculation of correlation matrix. eigen values and 
eigen vectors) was carried out on the Indian coals. The nrst two eigen values 
accounted for more than 90% of the variance (after removal of Sd and Ndl. The 
analysis was canied out on an air-dried basis as  well as on a dmmf basis on the 390 
random values as well as the 20 mean values. PCs for the Mean values alone are 
plotted in Figure-6. 
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Figure - 6. Principal Components - Indian Coals - Mean Values 
Jharia and Bokaro coals and the llgnltes stood out in both the cases. Rajmahal and 
tertiary coals looked different on air dried basis but came closer to the other coals on 
a dmmf basis. It means that their ash and moisture contents are significantly different 
from the rest. The rest of the samples, in both cases, fell into one small patch. A finer 
grouping has been done using cluster analysis but that is outside the scope of the 
present paper. The rest of the analysis and the results were slmilar to that of the US 
coals. 

4. 
The Indian and U S  coals were analysed together next. It Is  worth stressing again that 
the US data covers almost all the (ASTM designated) ranks and hence serves as a 

1121 

COMPARISON OF US AND INDIAN COALS 



good background. Comparlsons are done at two levels- 119 U S  samples against the 
390 Indian random samples at one level and the 12 U S  (rank-wise) mean values 
against the 20 Indian (field-wtse) mean values at the other level. The same procedure 
was adopted and the PC graphs are shown In Figure-7. The graphs are exactly similar 
to Figure -la and lb. 
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Figure - 7. Principal Components - US and Indian Coals 

The 390 Indian samples fail into a small black patch in Figure-7a. A few lignite 
samples and Tertiary coal samples alone are visible in this graph. In Figure-7b. the 
Indian lignites fall with the US lignites. Bokaro and Jharia coals have the highest rank 
among Indian coals. lndian coals fall below the main line for the lower Panks. 

The original and modified Seyler graphs were plotted for the 32 mean values (Figure - 
Sa and 8b). The Indian flelds lie below the main graph which dips to the left. The 
higher oxygen content of lndian coals leads to a corresponding reduction in carbon 
and hydrogen contents. 

a. Ori&~al (Crrn Ea) b. Yodilled (Cava BO/@) 

0- : : + 
w u m n m e m os tm m u IO 73 m as m 01 1- 

C D b  C o b  

Figure - 8. Seyler Graph - US and Indian Coals - Mean Values 

6. CONCLUSIONS 
A graph of the principal components can be the new Seyler's graph for coal 
classiflcation. The PCs seem to represent the rank. The graph shows a peak for the 
middle ranks. PCl correlates best with Cd (and Fd) and PC2 with 'Hd- Od/8 (and 
Vd). PC1 and PC2 seem to represent the carbon and the available hydrogen in coal or 
broadly, the char and the volatiles of the coal. Among Indian coals, Jharia. Bokaro / 
Rajmahal/ Tertiary coals/Lignites look different and the rest show little variation. 
Cluster analysis can reveal a finer distinction. 

The PCs are pseudo variables and not physical quantities. The choice of the variables 
is critical. The graphs at this stage can be used for comparative analyses. The stress is 
on methodology and the analysis can be repeated for other combinations of varlables. 
There is a good potential for further research. 
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