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Abstract: The rapid and comprehensive determination of coal quality is of great significance for the optimization
of boiler combustion and the digital transformation of coal-fired power plants. Laser-induced breakdown
spectroscopy (LIBS) has the potential to be applied effectively in the rapid determination of coal quality. In order
to meet the application goal of rapid coal inspection, 46 sets of spectral data of coal samples from different power
plants were collected by the experimental device of coal particle flow LIBS, and the research of simultaneous
rapid inspection of multiple indicators of coal quality by combining LIBS with machine learning was carried out
systematically. In view of the considerable spectral fluctuations observed in the particle flow state, the number of
single-pulse acquisitions was optimized. In addition, invalid spectral screening, spectral averaging and spectral
normalization data preprocessing methods were established. Furthermore, four machine learning algorithms
(PLSR, SVR, PSO-SVR, and LSTM) and four spectral feature inputs (full spectra, eigenbands, intensity
integration, and PCA extraction) were compared in terms of their performance in predicting multiple indicators of
coal quality. The results demonstrate that the uncertainty of the spectral signals can be maintained at a maximum
of 5% when 200 single-pulse spectra are collected for spectral averaging in a single test. The PSO-SVR algorithm
exhibits the most optimal prediction performance in the quantitative analysis of coal quality indicators, and the
PCA algorithm reduces the dimensionality of the spectral data, which reduces the amount of model
computation and at the same time improves the prediction performance of the model, and the model
established by combining both of them has the best performance, the root mean square error (RMSEP) of the
coal heat content is 0.289 MJ/kg, and the mean absolute error (MAE) is 0.231 MJ/kg. The coal carbon mass
fraction, ash content and volatile matter content are also predicted satisfactorily, with the RMSEP of 0.987%,
1.310% and 1.612%, and the MAE of 0.839%, 1.014%, and 1.033%, respectively. The results show that,
combined with appropriate machine learning algorithms, the LIBS technique can achieve simultaneous accurate
and rapid determination of multiple indicators of coal quality, which has a broad application prospect in the
scenario of efficient and clean coal utilization.

Key words: coal quality; laser-induced breakdown spectroscopy; machine learning; efficient cleaning; particle
flow
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Fig.1 Schematic diagram of the particle flow LIBS
experimental setup
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Fig.2 Raw single pulse spectroscopy of coal sample
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Tab.1 Reference values for calorific value, carbon content, ash and volatile matter of coal samples

e RIS ﬁ?fz{ﬁ% ) .;,/Mji ?ﬁﬁﬁ)ﬁ% WEREG S RINES Tk o ) E/Mz\ ﬁﬁﬁ)ﬁ%
(MJkg) 43 HU% JB & 535U % 53 5U% (MJ-kg?) % o553 K % S HU%
c1 26.27 65.08 14.71 38.27 c24 25.86 64.76 18.14 29.75
c2 27.03 64.03 12.29 40.11 c25 2552 64.43 9.12 46.82
c3 27.65 63.19 9.13 40.33 C26 19.23 50.60 35.88 21.97
(o7 27.72 64.05 9.61 40.88 c27 25.29 64.53 17.70 33.49
c5 28.00 64.40 8.91 40.66 c28 26.28 66.66 17.11 29.48
C6 28.04 64.13 10.46 38.05 c29 27.00 68.99 12.05 32.53
c7 27.65 62.26 9.44 41.20 C30 23.10 59.31 23.78 28.84
cs 27.22 62.47 10.28 39.60 c31 2471 62.49 22.08 28.87
c9 27.00 62.17 12.96 37.03 C32 2422 61.43 22.19 29.73
C10 23.39 60.97 26.96 33.90 C33 2472 62.53 22.47 28.45
c11 19.35 48.50 38.03 23.99 C34 26.61 70.12 14.46 44,54
c12 2552 64.26 18.75 29.58 C35 23.25 61.36 23.67 31.26
C13 2157 55.12 35.25 12.67 C36 29.14 72.08 10.92 33.10
cl4 22.92 58.32 31.44 13.34 c37 20.20 50.19 34.01 24.06
C15 26.36 66.43 16.51 30.36 C38 25.62 63.35 21.11 28.32
C16 27.18 68.36 14.13 30.57 C39 27.34 67.62 18.16 26.99
c17 25.20 63.66 20.22 27.62 V1 27.70 64.51 9.78 40.01
C18 2291 58.11 28.60 23.86 V2 27.74 63.35 7.38 42.13
c19 24.34 61.30 26.30 20.63 V3 27.04 68.74 13.93 30.52
C20 20.78 52.46 38.65 14.81 V4 24.98 62.86 22.03 25.84
c21 21.48 53.85 33.14 23.90 V5 26.35 66.63 17.32 30.11
c22 19.71 50.36 3351 24.83 V6 24.37 61.58 24.96 26.99
c23 21.94 56.30 28.43 26.26 V7 27.28 67.66 18.28 26.89
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Tab.3 Prediction results of four machine learning models on
coal sample indicators

MLERS BOARLTE RRE ARE K5y HRN A
IR MRk (MIkg?) o EU%  TE2EU% B EU%

R? 0.991 0.985 0.994 0.983
Rp? 0.763 0.775 0.822 0.758

PLSR
ORMSEP 0.603 1.175 3.008 3.008
OMAE 0.488 1.071 2.193 2.421
R 0.998 0.998 0.998 0.998
Ry? 0.656 0.855 0.859 0.696

SVR
ORMSEP 4.104 1.407 3.002 3.586
OMAE 2.957 1.156 2.475 2.42
R 0.915 0.865 0.932 0.925
Ry? 0.931 0.750 0.928 0.892

PSO-SVR

ORMSEP 0.328 1.235 1.568 2.000
SMAE 0.266 1.043 1.340 1.330
R? 0.987 0.839 0.999 0.980
Rp? 0.556 0.414 0.865 0.739

LSTM
ORMSEP 0.826 1.896 2.156 3.119
OMAE 0.768 1.609 1.618 2.297
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TR Y IR 5 5 BRI R 4y S e B il 5 . il
PCA TEF4ERE FEH el L BRI M S FLRE R,
ELAS [ RE I 48 s ) W 75 N 0 215 I8 T R i T




136 kA% 2

2025 4
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IRGYTRE L FER AT &4 4 MR e 3
WA NEON 11, 30, 7. 28 B T Omae /D o

K53 03 B oy B 4y L 3 B Rp? A 61
N 0.931. 0.750. 0.928 Al 0.892 #&75 % 0.946.

0.841. 0.950 £ 0.930, Srmser 73l HH A1 T (1)
0.328 MJ/kg. 1.235%-. 1.568%#l1 2.000% F4 1k %]
0.231 MJ/kg. 0.839%. 1.014%. 1.033%, Suae 77!
461 R 19 0.266 MJ/kg+ 1.043%.1.340%. 1.330%
F#AK2 T 0.231 MJ/kg. 0.839%. 1.014%. 1.033%.
o DN AR A S [ AR HEXS LE AR 5. i

£ s
Ry v RA S R N NN .
£ 3 RSAM, AR T B bR (P
S At WHRBERAELL /I HTAL) (GBIT 29161—2012) [,
H 5 HAh SCHRIRIE KRy IS LIBS s s 52 AH
£ Jple-10]
3] Z-MMWW
B 1r '
o Tab.4 Prediction results of coal sample indexes by different
g 3 - spectral features input into PSO-SVR model
< z'w
B oafe 000%9 5000009 WA BT R BURE KAURE MERARE
g O—t—t——t—t SHIE £ (MIkg?)  73U% S EI% 3%
T4 6 8 10 12 14 16 18 20 22 24 26 28 30
o Ry? 0.931 0.750 0.928 0.892
ol 1Y) o
s s SRMSEP 0.328 1.235 1.568 2.000
30 WO Sune 0266 1043 1340 1330
“< 1 1 1 1 1 1 1 1 1 1 1 1 1
ili—f(}'oal 6 8 10 12 14 16 18 20 22 24 26 28 30 Ro? 0.868 0.582 0.943 0.883
T Y
& Eg SRMSEP 0.452 1.598 1.402 2.089
B 6 NSNS ZIERN Svae XF Sac 0.409 1.114 1.022 1.443
Fig.6 Relationship between the number of principal Ry2 0.681 0.644 0.900 0.628
components and the predicted dvae value of each indicator ﬁ% Suser 0.702 2608 1855 3272
N — . M 0.535 1.897 1.639 2.501
R 4 NAFRAESN T TN GEE RXf b . 45 TR - py—
. . R 94 841 95 .
®WY, XHEAEmAN, FHERBAIVRERMA  pca ’ oo ossr 1o 12
e SIS 2 L N N o ORMSEP . . . .
Vo FBUSRL TR ZZ R, B ACR e 2% . Heim st osm low o3
N ez OVAE . . . .
TMiAFH PCA $REURHERIN, KIE . BT & 74
%5 BERNEErnERE S ERRER L
Tab.5 Comparison of the accuracy of coal quality measurement indicators with national standards
. - Ch IR BRERAE L 3T X)) (GBIT 29161—2012) A3 (PCA HEEUH#IN S
MEFEFr ) BhR 2
- A S PSO-SVR ) et
RAMEI(MIkg) 0.65 0.8 0.231 T ARt
AR B 5 5% 1085 15 0,839 SR
: 45~65: 1.0
<15: 12 <15: 18
KA R % 15~30: 16 15~30: 2.3 1.014 T vt
>30: 2.0 >30: 2.8
5ROy 5 5% 1.033 PRAERIE

2.3 REIBFFHENRELZ I TRERT A b

FERREIR TV B, XIS A st S5 ey
FOR o ASOGERH T ASFEDEHERHEA A PSO-SVR #
RO AR BR TRINFERS o A6 14 NFERS 27.43 s,
R B A TR KA A N\ 1 3R A 2 TN &5
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Fig.7 Prediction results of coal quality indexes for the PCA
feature extraction input PSO-SVR model
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