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TREMLIBSE R M98 . YAO S HEEV 456 R 2K 00 L A T8 2’ 4% (Artificial Neural Networks,
ANNGs) Fligt f£ 5 1% (Genetic Algorithm, GA) X8k 1 LIBS Stk #4743 81, & i i 7 2 b5 i 25 (Standard
Deviation, SD) 4 0.86 MJ/kg; LU Z M %" [a] £ 2% F ANNs I GA #H 45 & 156385 20 B 5 36 X OF 9 & R gt
5 LIBS 2047, H: SD 24 0.38 MIJ/kg; LI W B %548 H T — Rl % 52 1E A9 406 3% a2 s B AL, 3l 3 PLS e A8
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B 1 LIBS-XRF %t # & Jit 2 47 (L
Fig. 1 LIBS-XRF coal quality analyzer

1.1.1 LIBS 5 #r &3

A B = A A R R D B AN 5] 2 s, A 30 mm A 9 58 X T A IR A, R B R OB AR (Laser,
M-NANO) . §" # % (Beam expander, BE) . 2 I i (Half-wave plate, A/2) @ #ig 73 J6 1% 5% (Polarized Beam
Splitter, PBS) . fig i1 (Energy Meter, EM) . % #i% #% ( Focusing Lens, FL) | M1 %% ( Concave mirror, CO)
HiB5 (Lens, L) JGEF JEIE{Y (Spectrometer, AvaSpec—4096CL-EVO) fIFR 2L KHLEE . #K K 1064 nm  HE
i 60 mJ K 98 8 ns A 6 Hz 1yt S BOG I 27557 A8 2K 7 R PBS J5 8 43 OP A, JHESUOG Hh fE
ST, B S OE 2R 100 mm £ R 07 0 B R A TR R TN AR UAE B T A, AR S A 2O B 50 mm £

(a) 3D model drawing (b) Schematic diagram

B2 LIBS 447 # %
Fig. 2 LIBS analysis module
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I Ay 58 A0 3 o U1 T B USCAR L P 30 mm £E B A A 9o B B G B O A BDGIE . o PR
i ANALBE B 1E 5 2 ZR B0 IR 2= 88 F T ELRE/IN OB Y B FRAT S RO, PRIE R4 B HE BRI 5 2B i
Fr A0 PBS F R 18 4 375 S 0 5 S5 O 3 5 WU 3 D't 35 1A 8 1 I 4301 S 195~321 nm AT 496~732 nm , A7 1 Y
DG A BE % 0.15 nm, BESG AR 43 05 8] 24 e /IME 1.05 mus 5 B A2 KUBIL F /N3 XUAIL L [ A7 =4 48 R0 D0 ) B2, T
SIS YO R A R B R
1.1.2 XRF 5 # #£3k

ZALH R ED-XRF B4 25 48, G = 2 A5 70 0 i 2 P n 5] 3 7R o 1 X648 (X-ray tube, VF-50]) &
A% B %% (Silicon Drift Detector, SDD, VICO-DV) | B %5 ¥ = 4% % (Beryllium Window, BW) | B &
(Collimator, CM) . & JE H, I (Power, MNX50W ) | %05 ik o 4b B £% ( Digital Pulse Processor, DPP) | B %5
(Vacuum pump, VP, SVF-E1-5) fIl L. %5 i1 (Vacuum gauge, VG, APG-500) 41 it . X J6 % Ml SDD #£0 #% DL
457G EE e e BT LS I P XA 5 L IRARTE , SDD RN 5 5 A2 R & h (19 DPP AHIE ; FL55 5
A0 0 LS T A 0 A R RN LS A PR T R O 2 mmAb . TTAERS XOBAE SRR gL X S 2k
20 L RN T S A IR BRSO S T AR S B RRAE X O SR i B S i SDD I, #148 DPP AR
PSS =L 7B IR BRI G O ok e TS g R T T MR A s v TR A A R R LR
3512 10 kV.0.25 mA s SDD R 5 1) T AR BE W (ELR [B) BB (8] (& L4351 o — 35 °C 4.8 ps 480 s E EL 4% H
T B RY X SR A TE A7 B AY LA 20 mm, JEE R 20 pm; 25 18 % 1) B 55 B 4ERRLE 100 Pa; BH58
U 25 T AR 28 ) B A b B, 3k S DR SR eh Cuc B B il /b, DT B 805 3 B A R A5 B 00 8 235 R 1) 13

Chamber
DPP Power
Detector X-ray tube
o — i)
BW
VG Sample VP
(a) 3D model drawing (b) Schematic diagram

B3 XRF 2 # 3
Fig. 3 XRF analysis module

1.1.3 #AAER

AP T LIBS il XRF Zp BB (9 F Oy, = 4R an (<] 4 ek o R AR BRI X3 E R & L Z %
KRB A MRS . o X G K 400 mm B9 L BURBR LA A S A 2T E R
0.03 mm, Hl TR SIS KBS ZHFB & I F S R T 55 B R S 450, 52 @ K R

M4 #HEE-Z4HHEAR
Fig.4 3D model of the sample delivery module
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10 pmn, R A2 1 R ot 55 B 1 4 1) B 8 A 15 Oy W 1 0 A2 8, DT 42 0 AR o B8 e 5 e Tt Y = 4RSI ] 5
JIt 7 A HG PN P T AR TR R A 11 75 S et B MR R SO B e B e DL 6

H5 b EHAR B 6 B2 IR Bt 5 i Ak
Fig. 5 3D model of sample cell Fig. 6 Spiral laser ablation trajectory

1.1.4 = AEs

2 S AL e A 5 T ML 0T 4 A 2 4 45 4 %% (Programmable Logical Controller, PLC, S7-200CN) | [ 25 4
L2 IR 2l 28 A H IF OGS B Il SR 2 1Ty . Hoh  PLC P AXER 2 47 B 5 2 1 5 [ S 4k
i TR RS TR R KT R AR A H | r R 1R RN L 25 5 A5 0 I T 3K 2 28 T E2 U PLC I ik b 45 5 ok 3R 3 F- %
B JEFE G TAE G FF IR E LR f L .
1.1.5 #A4F& 4

AES L ERBAE A B T LabVIEW 05, /R S WA 7, 2200 R 45 8 4R /s A 2 i 4 A 3 s s A7k
AWEDAS AR XRE 35 LIBS 1%l K 55 16 485 5 .

XRF Spectrum
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O e
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c @ @ O LIBS Spectrum
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H7 HERELRFE
Fig. 7 Software operation display interface
1.2 T1ER#E
LIBS-XRF £ 5% M B 73 A A B B AR s A7 i R TR a0 o A Sl , 0647 900 A 0 TR 5 o HE A TR
FrCE T RE S T T AR T B L LA ST AR A s RE A B ST R BB E R, RS 2 XRF 3 A AR
R J7 BLALE R L 1 r/min (438 BE T 46 B 2l 5 % B9 B s BB 100 Pas , gE AR TOIRES , XG4 A
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SDD M #8746 TAF , 1 min J&5 XRE W48 45 50 ; B SDD R0 25 50 H 28 452 1E TAE XU #E AR IR, &
23 Wi 5 Bk RE I AR S -85 2 LIBS Wi H R 5 i B A 8, B 2R KUHLIS 30 5 30685 & SHOG Il &
TEAGHEATAS 5 AR 25 O E Bk sb BGA 21 3004, 20 1 min &, LIBS M5 25 30 OG 2% B 2b KUBLANIERS 4 5%
P it St D R (140 G 7 8 202 R TR b s O T A3 AT R I 25 SR . DO 1) SR A A 45 R BRI R 2
fF 2.5 min, b 76 LIBS 0 Fr i # b 3@ 28 A B AL B e e & R XT840 B8, (A i 3 T P O b b i 222
PRAB LRI (151 6) , LA i o5 ) 8 B 0k 1 A 3R, B 3 TR B i Y 6 BE ELA2 R 0.28 mm,
1.3 #&m

AR S (5 ) 326 A KU AR Kb v Ak 50 800 H L P PO & Hi A B WAL AR 1Y 5P 402 S 200 pm,
B 30 MPa i JE 3 T il B4R 40 mm JE 6 mm W4 R (1] 6) , JR il 2 A8 R 2 R B 3 ming Horpr
SISAFEARVE AL IEAE HEATHEAR , HoAx S M FEARAVE N BAIEAE o B0 IEAE Hp A4 B 00 o 530 DA 153000 i o A 1k
14 TEEHHER

A T AR XT38 B 09 43 B D B A0 ] 8 T, 4 = 4 A 46 X LIBS Al XRE S i) 9 ik #  LIBS-XRF
I S7 AR ARG 50 . HARR A AT .

LIBS spectrum XRF spectrum

Eliminate saturation spectrum SG smoothing

Eliminate low SNR spectrum Spectrum interception

Spectrum averaging

Normalization

Integration of spectral line intensity

Simultaneous modeling of PLS

Model evaluation

B8 otk o2
Fig. 8 Spectrum analysis process
1.4.1 SRR a 22
XF LIBS S i (151 9) 2R F B AL B 07 V5 A0 95 S BR AR A1 OG 1 50 R I A5 148 LE DG 1% P2 3 — A RN 42 5k 2
U o Horb M ADGIE 248 G PR B 1 COD 3 2 135 2k, AN BEVEA S WL AT i rh o 3R 19 B0 52 35 45 I BRAIR

50000
L £
18000 LIBS spectrum ;
40000 Channel 1 N
5 o0
5 35000F  __ Channel 2 %
. 30000 =
Z 25000 g “ g
Q
E 20000 - S ]
15000 5 2
10000 o =
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L |h[ul j II asled e
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B9 A MR LIBS i
Fig. 9 Typical LIBS spectrum of coal samples
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15 W Ll OIG Ti 2 6T 0 A 06 i 4 AR T 00 15 R L HE T L N ISR A M LU AR 69 10 %6 615 5 1 35 2 B R A O S 48 R
— AT 5 U — Ak T T e U 2 R v 0 SR /N PR LA B O b e KA 5 % 4 R AR A R oK
T G T 22 AR 2k 1Y B RO E . X T XRF 6% (& 10) , Wi Ab B 5 35 4 4% Savitzky-Golay (SG) ¥ #t Ot
BRI — 1k o o, SG AP R AR =BT s b ik OB L RO B, BN A RO6E s 15—k AN
LR R B 5 LIBS YA HL ) 75 — B0, X BLIH— 1L B /92 7 bR LIBS A XRF 6% ) 5 (5 2% 2% 7 5] i
AR 2E L AR LIS A AR B 508 R TR B H LIBS S Y C VH . Naib £k L & XRF i
i Mg A1.Si.S.K.Ca . Ti MnFl Fe ] T F — P/ #%, Horp XRF G50 & (19 A8 & AL & WA & 1,

20000 - Si
Wz XRF spectrum
S

= 15000 F
S

=

% 10000
£

5000F  Af Fe
Ca ;
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500 1000 1500 2000 2500 3000 3500
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10 LA 8 K XRF ot
Fig. 10 Typical XRF spectrum of coal samples

®1 XRFAETEGEEMCLE
Table 1 XRF spectral element energy and location

Element Mg Al Si S Ca Ti Mn Fe
Energy/keV 1.30 1.56 1.84 2.47 4.04 4.96 6.54 7.11
Location 462 551 645 853 1361 1667 2192 2 360

1.4.2 kg st

oAb B S 04 15 25 B AR ME N L S FH PCA B 1 3 L4y, 15 PLS 7 8 T S0 A 78 =% o 1) 1)
KA RS AR R AT B4 5 M T R A B R VAR OG , FLIE R A1 AT R AN R 1 I s R
B AH BT, BT DATE 45 Tl 48 A 1S B4 18 IR 22 25 3 4 {5 B AR o w0 I s A 78 o o S B8 U A A8 o 119 3 AR
51 LATH R TU A% 722 dat I [ AR 50 20 4 55, 700 D R A0 2% 5 s 1) s o 50 40 1) R0 e 52 B0 1Y 32 180 4 S o7 [l A A A
Hopt T A, B S C H S IEAMSE, &5 K4 A 5C, i AR C (H .S \Na Mg .Al.Si.K.Ca.Ti.Mn
5 Fe ZeAE hy S #A it T A5 AU 1) ) o AR 0 X TR 43, B RS B LT 3R O, PR U R B Na Mg
ALSi.K.Ca.Ti.Mn 5 Fe AfE PR AL . M TFHES , B R S5EPAVITE C H.SHXE, B C.
H .S ZAE R 00 4 i A B, 7508 4% 70 3R 2 AU SR 43 A )5 32 10 53X = AN SO R AR DGR & 1 T A IR E
Af i, X T a s AR RN SRS HE T T RiIiELAE b him A&
1.4.3 AR RN

(el U A% A8 FH Ok 0 1 D B IR 3 R 43 VB 43 AT RN o AR (0 G IR S G e A 6 T A A S
{H 2 B) B4 RS A P 0 o A P SR R A 1 s, HL wp R R ) ofE A R O R B (R RIS 35 40 X 152 22 (A ) SR R AE R
P F b 78 22 (Standard Deviation, SD) 246 5 o

2 #RE5ITiE

TS U AR AT PR o BT T R A LIBS-XREF 22063 8 I 43 A 4SOk BH G LT AT R £ A
SR M 1L pR , Hod (a) (b))  (e) (d) 235l e 7s T AL IE S MREAE S ham IR 73 (% 43 FIBRL 53 1Y) G A 4 2R
P e 8 A o 42 S SREARE T 45 s 14 T A 6, 2 Al s Dy O S S R TR ) TN M o TR R mr LA TR A
B8 T 45 s 0 S0 (EL A AL 56 (5 28 B R 47 RO AR G, PR AR SQE R AR 3946 0.95 LA | o
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Bl BRIk o A7 Ar 4 R
Fig. 11 Coal quality analysis and calibration results
R 2B T B A R X B R Tl A b CR AR RS A5 A28 BT ) T AR 4 B, BL AR AL IR R A
it AU 2 A AR OC 2R RO R I U AR A A 5 s A 58 (D PSP 2R 22 I AR SD LK R A R E 1 AR A
SD. &AWL, A LIBS-XRE kAT 9 2 5 3% I 50 70 Bir A 45 00 2405 6 32 o A Pk 2, b BT A7 Tl A4 A 19 0
P AL S ML R
R 2 PLSH B i &% 2 14 g T 1

Table 2 Performance evaluation of PLS coal quality prediction model

Properties R’ A SD GB*
Calorific value/(MJkg™") 0.973 0.60 0.11 0.12
Ash/ % 0.986 1.24 0.49 0.50

Volatile matter/ % 0.977 0.18 0.15 0.30
Sulphur/ % 0.979 0.19 0.09 0.10

*GB: National Standard of the People’s Republic of China

KT B UE AR ) S Bk R BE AL T 8 AN B Y AR U RE AN RE B A A O 0y, e — 0y R AR
R, 55—y L AR50 S AT AR 2F A0 AT o B M A B S Ik e 25 SR an 1A 12 B, Horb(a) L (b) () . (d)
Gy XN Tk A K Sr R R AT BRSNSt ATLLE L ARALER X R R R Gy KR A iR
A3 B A 4350 0.385 MJT/kg .0.830% .0.496 % .0.230 % , i /& 1 Tl 33 ) B9S2 bR oK o

P BT A 2 T LA RE % S B0 XTI e ) PR R AR A0 A, AR 4 T RS AR E M . 7 LIBS B b
FEHE N AR Nd : YAG Tk op SOG 8% 06 68 it Rl i 5 000R 2 kA b, R BN K (1012
Kkl Re R Aa R Bk PR U S 0.1 mJ; 7E XRF BLHe v, X645 (0 5 H T 22 gk 52 s W 0 O 13 30 = s
P o AT ALY A R SEOG 28 R XOB A HEAT T F2 S HCGA T, I HUBE SR I b s I ERE ky 25°C BRI
AR A BE Ay BT, A 3 BT ACRT 5 L 2 A K HLE 5 40 4 L JE s AT I A M K s AT R e
PEAF .

0352109-8



FH G HE , 45 . LIBS-XRE B 2206 1% 5 57 20 7 AL 0 1 1 5 0 (2% )

35 50
[ Standard value 45k I Standard value
~ 30 [@Measured value i [ Measured value
o
o 35
E < 30
[} 2
% % 25
& <20
=
E 15
3 10
5
0
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Sample Sample
(a) Heat content (b) Ash content
14 35
[ Standard value [ Standard value
12+ [ Measured value 3.0t Measured value
X 10 25
g s
5 8 E 2.0
26 215
= 17}
s 4 1.0
2 0.5
0
1 2 3 4 5 6 7 8 00 4 5 6
Sample Sample
(c) Volatile matter (d) Sulfur content
F 12 M BTk 48 AR S T
Fig. 12 Comparison of measured industrial indexes of coal quality
F3 ANBNELERSHELREBIRENIT
Table 3 Comparison of measurement results of this instrument with standard assay data
Calorific value/(MJkg™") Ash/% Volatile matter/ % Sulphur/ %
Sample No.
M.V SV Error M.V S.V Error M.V S.V Error M.V S.V Error
1% 24.27  24.10 0.17 29.31  29.08 0.23 8.99 9.40 —0.41 1.87 1.61 0.26
2% 22.88  22.13 0.75 32.01  34.34 —2.33 8.32 9.35 —1.03 2.09 1.92 0.17
3= 23.17  23.07 0.10 30.83  30.85 —0.02 7.63 8.69 —1.06 2.18 1.94 0.24
4z 2491  24.96 —0.05 26.35  26.60 —0.25 8.82 8.91 —0.09 1.86 2.04 —0.18
5% 2294  22.49 0.45 31.96  33.08 —1.12 8.79 9.63 —0.84 2.48 2.27 0.21
6% 23.17  22.53 0.64 31.73  32.61 —0.88 8.82 9.21 —0.39 2.32 1.72 0.60
E= 19.44  19.39 0.05 40.92  39.92 1.00 7.03 7.16 —0.13 1.73 1.97 —0.24
8= 27.13  26.26 0.87 23.21  24.02 —0.81 9.61 9.63 —0.02 2.84 2.85 —0.01
A 0.385 0.830 0.496 0.239

M.V :measured value;S.V :standard value
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TRy S 5y VB 4 E AT R, HL v R i B4 A K 2 R 2 3 min, BE SR 29 5 2.5 min, 3XRE B UCRE
K £ 5.5 min,

Zi b R LIBS-XRF Z 563 M5 0 BT XA H 254 T LIBS 400 % 20 1 A1 XRF £ 2 Mo A 19 48 5, 5
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2o AN AT TR R ﬁﬂtiﬁ%ﬂcwé FHF AR e () R b DT 48 5 Tl A 7=, T
FH T 0 G 55 b 77, AT S5 B0 I Jie 28 oy 4 ATy o Jo WA 06 A IR A 1) L A o

0352109-9



3 #ig

AR SCHE T XRF i By LIBS B4 i B 8 B BT 20 7 77 15, 6 HL L — AL B2 0 T — & LIBS-XRF 26515 57 43
Pri e ACE o1 LIBS 20 M e \ XRE 3 A A B |16 AL B |42 il A5 R 045 4 B0 80 o0 Al i, 2 e Rk 6 2
JGTHE AL B PLS A ) B AL R TE 1L 74 BH G i T X ECE SRR BEAT T OGS o A /L, T 2 T Tl
MK S PERE VP o SCIR AR WoR , IT AR R R G IRy A R 43 R O3 S8 AR AR R 4300 R 0.973,0.986
0.977 F1.0.979, 3 ¥4 4 %t 1% 22 73 5 & 0.60 MJ/kg . 1.24% .0.18% F1 0.19% , XF 86 UF BEAE & $i K4y 15 &
O B3 B M o 4R 25 43 ) R 0.39 MT/kg .0.83% .0.5% .0.23% , 44 SD 4351k 0.11% .0.49% .0.15% #
0.09% , I+ B A2 Ve A2 T R AR MEZOR . T — BTG 455 RAFHL ORI IS DL AF B 4%, 0 — 2B JF R
TER MR L i R G
5% Lk
(1] EmA . ERERE i (2022) [EB/OL L. g fF B B , 2022-07-21. https://dlj.1i/zvREx.

[2] SHETA S, AFGANM S, HOU Z Y, et al. Coal analysis by laser-induced breakdown spectroscopy: a tutorial review[J].

Journal of Analytical Atomic Spectrometry, 2019, 34(6): 1047-1082.

[3] YAOSH, MOJH, ZHAO J B, et al. Development of a rapid coal analyzer using L.aser-Induced Breakdown Spectroscopy

(LIBS)[J]. Applied Spectroscopy, 2018, 72(8): 1225-1233.

[4] LUZM, MOJH, YAO S H, et al. Rapid determination of the gross calorific value of coal using laser-induced breakdown

spectroscopy coupled with artificial neural networks and genetic algorithm[J]. Energy &. Fuels, 2017, 31(4): 3849-3855.
[5] LIWB, DONGMR, LUSZ, etal. Improved measurement of the calorific value of pulverized coal particle flow by Laser-

Induced Breakdown Spectroscopy (LIBS)[J]. Analytical Methods, 2019, 11(35): 4471-4480.

[6] BODY D, CHADWICK B L. Simultaneous elemental analysis system using laser induced breakdown spectroscopy [J].

Review of Scientific Instruments, 2001, 72(3): 1625-1629.

[7] WANG D, LIU J D, DONG M R, et al. A new calibrated model of coal calorific value detection with LIBS [J].

Spectroscopy and Spectral Analysis, 2016, 36(8): 2607-2612.

[8] LIJ, LUJD, LINZX, et al. Effects of experimental parameters on elemental analysis of coal by laser-induced breakdown

spectroscopyl J]. Optics &. Laser Technology, 2009, 41(8): 907-913.

[9] FENG J, WANG Z, WEST L, et al. A PLS model based on dominant factor for coal analysis using laser-induced

breakdown spectroscopy[ J]. Analytical and Bioanalytical Chemistry, 2011, 400(10): 3261-3271.

[10] YIN W B, ZHANG L, DONG L, et al. Design of a laser-induced breakdown spectroscopy system for on-line quality
analysis of pulverized coal in power plants[J]. Applied Spectroscopy, 2009, 63(8): 865-872.

[11]  GB/T 213-2008. Ry % P2 75k [S . AL at: o [ ARE R Mk, 2019.

[12]  GB/T 212-2008. B Tk 73 #r )5 ik [S 1. Abst . sp E bR A, 2019.

[13]  GB/T 214-2007. #Erp &t a5 7% (S ] dbat . AR e 1 AL, 2019,

[14] LABUTIN T A, POPOV A M, RAIKOV S N, et al. Determination of chlorine in concrete by laser-induced breakdown
spectroscopy in air[ J]. Journal of Applied Spectroscopy, 2013, 80(3): 315-318.

[15] FUY T, GU W L, HOU Z Y, et al. Mechanism of signal uncertainty generation for laser-induced breakdown
spectroscopy[ J]. Frontiers of Physics, 2021, 16(2): 1-10.

[16] FUY T, HOUZY, LIT Q, et al. Investigation of intrinsic origins of the signal uncertainty for laser-induced breakdown
spectroscopy[ J]. Spectrochimica Acta Part B: Atomic Spectroscopy, 2019, 155: 67-78.

[17] ZHOU Bingkun. Principle of laser[ M ]. National Defense Industry Press, 2000.

R HOEIEEEIM )L B Tk R, 2000.

[18] UFFELMANN S. Quantitative XRF of solid samples using an iterative matrix correction code [J]. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 1986,
242(3): 550-557.

[19] MUJURU M, MCCRINDLE R I, BOTHA B M, et al. Multi-element determinations of N, N-dimethylformamide
(DMF) coal slurries using ICP-OES[J]. Fuel, 2009, 88(4): 719-724.

[20] HICKS D G, O'REILLY J E, KOPENAAL D W. On the rapid estimation of % ash in coal from silicon content obtained
via FNAA, XRF, or Slurry-injection AA[C]. AIP Conference Proceedings. American Institute of Physics, 1981, 70(1):
454-455.

[21] MA K F. Experimental study on determination of major elements in coal ash by X-ray fluorescence spectrometry[J]. Coal
Quality Technology, 2019, 2: 32-35.

[22] ZHAO Chen. Discussion on principle and application of X-ray fluorescence spectrometer[ J]. Electronics Quality, 2007, (2) :4-7.
B X SRR EL 5 R R[], B &, 2007, (2) :4-7.

0352109-10


https://dlj.li/zvREx

A HE 45 . LIBS-XRF B 22 0% 1% 45 51 43 A A A A il 5 07 FH (R )

[23] LIX L, ZHANG L, TIAN Z H, et al. Ultra-repeatability measurement of the coal calorific value by XRF assisted LIBS[J].
Journal of Analytical Atomic Spectrometry, 2020, 35(12): 2928-2934.

[24] BAIY, LIJX, ZHANG W F, et al. Accuracy enhancement of LIBS-XRF coal quality analysis through spectral intensity
correction and piecewise modeling[ J]. Frontiers in Physics, 2022, 9: 823298.

[25] TIAN Z H, L1 X L, WANG G, et al. Elemental and proximate analysis of coal by X-ray fluorescence assisted laser—
induced breakdown spectroscopy[ J]. Plasma Science and Technology, 2022, 24(8): 084007.

[26] HOU J J, ZHANG L, ZHAO Y, et al. Resonance/non-resonance doublet-based self-absorption—free LIBS for
quantitative analysis with a wide measurement range[ J]. Optics Express, 2019, 27(3) : 3409-3421.

Development and Application of LIBS-XRF Coupled Multi-spectrum
Coal Quality Analyser (Invited)
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ZHU Zhujun', DONG Lei'*, MA Weiguang'*, YIN Wangbao'’,
XION Liantuan'*, JIA Suotang'’
(1 State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy, Shanxi
University, Taiyuan 030006, China)
(2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China)
(3 Research Institute of Petroleum Processing, SINOPEC, Beijing 100089, China)
(4 Shanxi Gemeng Sino American Clean Energy R&D Center Co., Ltd., Taiyuan 030006, China)

Abstract: Thermal power plants in China have the dual tasks of energy security and energy conservation
and emission reduction, with coal accounting for 50% to 70% of their operating costs. Faced with the
implementation of energy conservation and emission reduction, low—carbon environmental protection, and
energy transformation policies, promoting the clean and efficient utilization of coal has become the primary
task of thermal power plants. Therefore, measuring the coal quality, pricing according to the quality, and
optimizing combustion are the important ways for their production and development. However, China has a
large variety of coal and a large difference in coal quality, so thermal power plant generally has the problem
that the actual supply of coal and boiler design do not match each other, results in high power generation
costs and low combustion efficiency. In order to achieve the optimal control of coal blending and
combustion in thermal power plant, the key is to achieve rapid quality analysis and fine management of
incoming coal and fired coal. The common methods of coal quality analysis in power plants include manual
assay, robotic assay, neutron activation, Laser-Induced Breakdown Spectroscopy (LIBS) and X-Ray
Fluorescence Spectroscopy (XRF). Both manual and robotic assay use traditional national standard
chemical analysis methods, but the former requires multiple equipments and is time—consuming, while the
latter 1s bulky. In addition, although the analysis results of the traditional national standard method are
reliable, it is difficult to analyze the coal in each vehicle or on the belt online due to its long time
consumption, which cannot be used for accurate blending and optimized combustion control. Neutron
activation online monitor is highly sensitive, but radioactive and expensive. LIBS has the advantages of fast
online and simultaneous detection of multiple elements, but the measurement repeatability needs to be
further improved. XRF has high repeatability, but it is unable to analyze organic light elements in coal. In
this study, based on the proposed coupled multi-spectrum method of LIBS and XRF, we designed a new
software—controlled rapid coal quality analyzer, which includes LIBS analysis module, XRF analysis
module, sample feeding module, control module, and operation software. This analyzer not only plays the
strengths of LIBS for full elemental analysis, but also inherits the advantages of XRF for high stability
analysis, which can be used in power plants for fast and continuous analysis of coal pellets. In addition, the
spectrum analysis based on Partial Least Squares regression (PLS) method was modeled for hundreds of
coal samples. The analysis process of the spectral data included pre—processing of LIBS and XRF
spectrum, coupled LIBS-XRF modeling, and model testing, where the accuracy of the model was
characterized by the correlation coefficient (R”) and the mean absolute error (A), and the repeatability was
tested by the Standard Deviation (SD). The industrial testing and performance evaluation were also
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completed at Shanxi Sunshine Power Plant. We collected spectra of hundreds of coal samples and pre—
processed them, then established prediction models using Partial Least Square (PLS) method, and finally
completed industrial testing and performance evaluation in Shanxi Yangguang Power Plant. The test results
showed that the R* of the prediction models for calorific value, ash content, volatile matter, and sulfur
content were 0.973, 0.986, 0.977, and 0.979 respectively, and the average standard deviations were
0.11%, 0.49%, 0.15% and 0.09% respectively. The model results showed good accuracy and stability,
and the measurement repeatability meets the requirements of national standards. The average absolute
errors of the analyzer in predicting the calorific value, ash content, volatile matter and sulfur content of coal
were 0.39 MJ/kg, 0.83%, 0.50% and 0.23% respectively, and the single measurement takes about
5.5 minutes, which can meet the needs of industrial practical application. This XRF-LIBS coal quality
quantitative analysis technology with excellent measurement repeatability is expected to be applied to
power plants, coking plants, coal washing plants, cement plants, coal chemical industry and other
industrial fields that need to pay attention to coal quality at all times.

Key words: Laser—induced breakdown spectroscopy; X-ray fluorescence spectrometry; Coupled multi—
spectrum; High repeatability measurement; Industrial design; Coal quality analysis
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