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Abstract: The unburned carbon content of fly ash is an important index for the working efficiency of the coal-
fired boiler. In this work, laser-induced breakdown spectroscopy(LIBS) was applied to realize the quantitative
analysis of unburned carbon in fly ash. Based on the detection of LIBS characteristic spectrum, the common
chemometrics methods include linear model, such as multiple linear regression(MLR), partial least-squares
regression(PLSR) and nonlinear model, such as extreme learning machine(ELM) model, support vector machine
regression(SVR) model were proposed to the prediction analysis of unburned carbon in fly ash, and the cross-

validation method was used to verify the model. The results show that the prediction results from nonlinear
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models are better than that of linear models, among which the SVR model based on K-CV parameter optimization

is helpful to improve the prediction accuracy and accuracy of the content of unburned carbon in the fly ash. Based
on the three-fold cross validation method, the R* of the model is 0.99, ARD is 1.54%, 3.45% and 3.51%, and the
average value of RSD is 7.53%, 2.89%, 7.18%, respectively.
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Bt S 561 (laser-induced breakdown spe-
ctroscopy, LIBS) J& it 4F- /& Jié e > (1) — Ffr B 784 (1) Ji -
S ST 7 v, B o S e K RO S A
VERG , 77 AR 25 8 R R SO 1% A5 B, DA 5 BRAE
22 20 3 0 ) 20 PR A B, H AT IZEOR B B2 i
FH T2 A Tl ok 78 04 5 45 1 A A2 BB Body
SR U0 LIBS $5 AR B T A A 4 1 2 Fhot R
(Na, Ca, Mg, Fe. Al Si. Ti. K) (i & A&, 1 & 1)
IR 257 10% LAY o Chadwick %5126 LIBS 4 A
iz I BMOR 8 BE A 2= 3 B b, SE 3 T b Ca,
Al Na, Fe, Mg, SiJC#E MYE it 53 T . Dong 557"
FIH LIBS B 735l 45 & £ 185370 (PCA). Itk
PEIETH (MLR)., SZHEm st ALBIE (SVR), 2T £ 5K
2 22 18 IR AR A Ay L AL B AR
JE S ATHT, 5B T ERAR A TN 45 5 . Wang SF UK
LIBS £ R 5 5 T F 5 W 5 4 fw 55c /) — 3 [m] 15
(PLSR) & AUAR S 5 X0 S5 v & s AR T, 745 3 5 140
A A58 L Y F- 45 K X i 22 4 1.51%~4.47%. Yan 5517
F LIBS AR 5 5E T 4% i 1 BR % 2 HLAE Y (kernel-
based extreme learning machine, K-ELM) #2454 S B

[l

laser-induced breakdown spectroscopy;
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FH BRI ) 2 2 43T, Ao B Bl 9 2 122 43 S AR A AL G
FHCN 0.9994, IR ZE N 0.3762%.

A W5 AE LIBS R MR €K Btk 7 2t 7 TH T
T — RPN WS TAE, Wang 25080 3 53 44 28 19 22 e JA
W R 40, SEIR LIBS J FH T BRI O i i AR ek ok
S, 7533201 LIBS UL 5 5 pn iy ik 15 2]
F) A R e Bk % B 22 18] B TR E R B (R?) M 0.9053,
Yao AUV 3E i LIBS T 42 I A W AR I R
IRARR e & 2, 25 W, C 247.86 nm IH— 1058 &
5 R Be i 7 1 2 A R GA ) 0.98°), ] 1) i
LIBS $ A iz T 28 K v A0 45 B &5 & 25 A ) 20 73
(C. SiO,. ALLO;. Fe,05. CaO., MgO Al TiO,) fit ¥ ]
FE AT, 45 R UEM T LIBS 8 A H T HH ik £
FEARA PRI T, JFEA R AF AR B e
B AR 252 52 J LIBS 454 MLR Fl PLSR X KK il
S BTR G ) e e 5 e R A T AT, 45 B A A
526 Z 1A B AH X D 25 7E 9% DA o JRER R A2
7391 Fl NaSiO; 1 KNO; #5248 &5, | LIBS X &
IRANR G B i AT A I, 45 SR 3R W 1 NaSiO; Ay Hi
B2 R TORE I, b ifE I 25 #8TE 0.4% Z N . Zhang
LT ] LIBS 254 22 0 28 M 0] U AR R %6 R A 48K
B S s HEAT AR, R T A Sl RAE SRR, I
AN S 32 L S U & Sy R iRl ESE (R G I PO ]
254 3.81%. Liu 550 FI ISR 56 BE 19 ok vhiloe 256
LIBS X RO A MR e & 5 A7 R 00, A i) 445 2R 2 B ik
MRS BE R 1 ns (DK PO BCR TG, PS4 R X i 22 Jk
A FERAE 10% Z o

25 FRTIR, HRTHT LIBS AURRME K R BB &
et A I i SR T 9 2 0 BT O 1 T R AR T AR A
R SRTT I, TGS = 2 AR AR (g A% 5 0 07 FH DU %o A />
IR o Bl AH OGRS e VL I & SR RN, JEZe Al
R B T A R . SO IR LIBS HR R H
TRARE OB % B 1 o B A T R, 2P XS T
Rk (TG 1 VA RN d5e /N 36 % ) AR 4 1 A 7l

202004412



s Gk A2

%94

www.irla.cn

23

% 50 %

(HB BIR =7 T AL AR i) F L) 36 ROB R KR e ) 00 i
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{10 9 W FIDRS 5 2, 0 LIBS BLIE SE B KR R MR B 11
PR /E LA I B8R AR LA

1 KW E

11 IWEE

S R FH 35 [ Applied Spectra 23 &) i 1200 LIBS
—RHLA B B P, HE BRI 1 TR, EIXARS
W, BTG R TAE I K 266 nm., ik 954 4 ns (1)
Nd:YAG 1 Q Bkttt FoRmHoti RN 18 mJ,
kA R 1~10 Hzo MBS ok B KF 06 &
ib 45U RIS, PR SR AR S IR AR B S R
RAE M EBE ELAR W] VS FEA 55~150 pm. BOGEE MR
a7 A I A B AR RR S 5 28 R G T A% i S A
KL 185~1045 nm B 7S I CREL, Fe/h 198 R
1.1 ms, 73 #E3%8 0.05 nm. K T EMEICEE BRI
A ARICH BA B ERR L, BT R IO R | &
IR ) A5 S HOEE o A S50 HEA T E 1, HLAR 1
B BHOK WOGEER N 18 mI, YEBEK /N K 55 um, Pk
AT 2 Hz, SER B E 4 0.5 ps, FU4RAF ] 47 1.1 ms
(R/MA)-

Nd: YAG laser

o
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Fig.1 Schematic diagram of LIBS system
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L7 VR DN AR RE LRt e B . R TR AU R
TR G Bl et A 2 B 4 DTSSR, B A [Tl 5 et RO ik
ARG IFIC He AT 3 20 A B — ik & Wk AR BE 1Y

TRKAE S, FEXF RS AR 1 CRFE S ARE 2 g 5351
51 g WG KBr TR A, 8 F 1 7 Ab 3, B
E SRR S S AR 1 TR . R A HLAT R B R
7178 10 t(1 =1 000 kg). £ Z0F[A] 2K 6 s, 15 3] H A2
25 mm., P00 BAEIEFE S, T LIBS A, 5K
Bl R, DL 3x3 B JE B S B AR A RO FE b 1 i
1o R T X0 AT 25 00 0T, BUAE 3 M7 BT AL
PE BT PR, AT A5 2 AR RE S Y 3 VR
5, PR R e M. IR T X% i by
B () R0ME AR HEA T I0AIE, BEALIEER 3 4% S 1R
S, R 17 AR VR RN ZRAERE L, BEHLIE I
3, F X B = 37 B 38 SLIRAIE, DA PPAh 455 AL X6
ANTRIAF: it (4 325 74 AR 1

R 120 MARECIRERIRRRESE
Tab.1 Unburned carbon content of twenty fly ash

samples
Sample Carbon Sample  Carbon  Sample Carbon Carbon
No, content T T tent (Wt%) No. content ¢ " content
(wt.%) (Wt.%) (Wt.%)
#1 1.48  #6 3.27 #11 558 #16  8.20
#2 1.73 #7 3.68 #12 596 #17 8.64
#3 1.99  #8 3.97 #13 621  #18  9.03
#4272 #9 4.46 #14 720 #19  9.51
#5 298  #10 4.89 #15  7.62  #20 1043

1.3 HiELETE
1.3.1 oidcds ma 32 7 ik

LIBS 157 & W15 B R 2, il o B 5 9 22 1 4%
R, PR A b BT S a3 Bl 47 5 — AL Pt A 2
3 3k AR A [R)RE i 1) Y6 1% B 8 OGS B, o,
FHARRFEAKL, SMRFO IR R E S T B Ik A
e P T 2 i B A AR O3 A i R v A T R
Hh, AT (A A AR R 2 b £ L B %, /3 BEX OIS A
FEHATIH— AL BRCY . BLARETRE g I m AR R
HAR I m DGTE S, T U FE X F X g —
A iR F IR 2 (1) AT — A2 -1, 1],
2 (X = Xpin) 3
(Xmax = Xmnin)
Ao o H— AR5 BB xR IR B 5 X N B
GV R B o R SR AR 5 v R0 7 50 B8R FEL /N P D
IHME.

xnorm — 1 (1)
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R P XOR DR AR R I 7 00 e R v [ 2 AT =2 ]
FIZEPEAR SRR, PLSR MRFEA K (3) FIA (4) 434
XF X F ZBEAT 7 file:
Z=UQ"+E, 3)
X=TP +Ey )
K. QFT PRy Z RN X 28 Aar R B4 5 URI TR 75 70 5 B
E M E iR ZEH
R TFIU Z MM E R, 456 PRTRAS AR A
SRR X R AR AR S A BE T, S AT DL A
2 (5) TH AR 1 PRl A2 A
Zpisg = TBQ (5)
134 MFRFIM
e B 27 2T HIL 5317 7 12 2 — Tl A Y R 2 > 53
5, SRR i PR P2 ) 45 R B RO RE AR
(X, Y)),j= 1,2, X THIA LAFE 25 S0 ph £
W 28 7] KRR

> (W, X, +b) =y, (©)

ft':':’ g(@j‘](ﬁ(ﬁ@iﬁ, Wjﬂﬁﬁ/\*ﬂi, W, =[wy,

Wi, Wit s BB B s oM 5 i AN BRUZ B IT I
i B
188 3 B 7E WA, i R R s o — T L A
T AT LAJG Ak SRy P 2k 2R G0 0 SR A, LR o i 3 AN
AR (7) FrR:
B=H'Y (7
A B IRE T R AR I y OB R
HIW TSGR

135 Z#F&END )2

] &8 AL (support vector machines, SVM) 43 ¥
A B SR XT 428 [ AR ), LA O 2 2 R XU e
AN AR i S b WA £ i € T L= %
VB S Re 1 AL IS (SVR). SVR AT L3 ok Bt 5 bR 450
W B B D\ AAE A AT G 25 ) W S 3 2 P e R AR 25
[i], AR AE 2 8] 6T B0 R A IR0, DA Ak 38 B AT AN [+
W R AN B S B AR R R o X THEAR (x,y0)
Fy 2R I AT 2R A

k
nwnbn %HW”Z +C ; L(f(x)—y) (®

A IR T Lo A SRR RBG f(x) =
wid(x)+bo
FIAFASIAS i, AREAHOCH Z AR SR AT LISR ARG 21

k
F =) (@—ak(x,0)+b ©)
i=1

s & (e, ) W% REG o RS H 7. T LIBS
TS B & 15 B A, BT HEI 2 19 638 Hos A (L
BT A EEICRMNFHEISL, B TS 3RS
518 o B TR 4% R B0 38 F TR Ze b [l B
Xt BCHh A AR B M A B B BT TR D, IR, SC
Hh e R TR ] B A pR A (RBF), IA S (10) s

o —x) 1
207 8752 (10

k(x;,x) = exp (—

A o N E W AZ R — S8 S,
SVR R £ 2 SO IR ZET SV S5
g, C. ¢ H B v B E 2 5% w21 SVR 5% 74 A 35 ) 44
fi, L e g7 SVR BRI 2 jif, T Bk — A0 C. ¢
Btk

K-CV Z 8k J5 ¥ 02 3 T 28 IR UIE (cross va-
lidation, CV) AT By —Fh W& F L7 % . K-CVZ
B AL 7 2 0 R AR A S B K A KRR AR
FEAR G HIE— IR, [RIIPAS A K—1 4 F4E 1
BEAAE A2, FEnT 3RA5 K AR, T o7 il 3 42
FR ] 51 349 7755 22 ) S AELAE kg [l A 1 RE D W s o 7
ez, 2o WS KB A 2 AR EAT B
K U5 B, AR iR 22 /N
1.4 EEHFMRIEER
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FH R MR X AR TR 25 RSD,
b, M 228
RD:'%%”'xlOO% (11)

R == (12)

ey, 3,9, 550 0 R 5 i 2R R A S L TR
DUE . LA AT . O 2408

I HT [ D AR AR 43 590 45 380 67 2 A e % i T
DA, D) 4 — 20 6O B 7 12t A bR 1 O 25 S 7T Y 4 3K
(13) F&n:

(13)

A y o8 = AL E BUE A3 (E, 3o LA
T TS, n=1,2,30 W ATARA S b ifE iR 2228

RSD = 5 x 100% (14)
yl

2 HRWR

2.1 AR RIREE MBI LIBS KiE S5

BRI COIAE S SR R b Ja 1) 2 ), SRR Y
Y AR ML A U A, SRGEr= 1) KR
f PRI MU A5, (RS B v (0 4 40 I - fie
AR TR B SR AR, (HIT 5 I T R R AR SR A 2
FEUF Y FOCE R, FEA AR Bt 5P R
AAEAE G 7= A 0 45 B -, HAER J b, Ry
A TR R TT R & Hh 0 SR s 0% R AN [, 4n
] 2 BT A SE 06 BT 3R A5 B #1 TRORAE f Y LIBS Y6
B, H Ao s £ i 4 I B L R 180~1040 nm, A5
TEERIESEILE (I C, O. N, Si) M4 )mE
(i AL Ca. Fe, Mg %), Hrt N &R FZ R TR
A IR ar LA B, RS AN [ 8 (RER
[ 24k i) ) ' i o M o 0 2 ol A, DRGSR FH 2
2 (1) X P B G AT — (e ab B [RIE T
g AR 14 25 N B S FREAR B Z 0T, 25 80K

Pl LR AR TR YIZRET R, BT 5 7 AR
I RIA BB, R B A A T A AR
Ap g, FH T TR RS B . X T RORRE
R TGRSR, AMURITTR AR GBS EESR
o, W0 ZZRE SRR DL R A T R R i, PR A A A
G2 A 58 R AT RIS, AN B2 SR AR T K AL
RIGELAE H (CI 193.66 nm, CI 247.877 nm), ik B % &
HAtTRME R . RIEROLS RS ER GG
TR, BERERE S A BT R RHIE IS LG R, ik 2
JiR, 3 U — P Ab 3RS 1 O AR &, T ST R
R TR

1 100 000
1050 000
1 000 000 |

950 000 F
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Ca o ¥
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B 2 RIREES (#1) (49 LIBS JGiEEl

Fig.2 LIBS spectrum of fly ash sample(#1)

R2 CIREMETRFHEILL

Tab.2 Characteristic spectral lines of fly ash samples

Element Characteristic spectral line/nm
C 193.66, 247.877
N 744.333,746.932
(0} 777.21
Si 205.898,221.167, 221.698, 251.669, 251.983,
252.423,252.863, 288.165
Fe 248.827,249.081, 371.952, 373.452, 373.702,

374.534,374.949, 375.862
393.356, 396.808, 422.649, 442.577,
Ca 443.52,445.472, 558.857, 610.351, 612.3,
616.278, 643.99, 646.305, 649.433
236.787,237.24,257.551, 308.223,
309.311, 394.402, 396.167

Mg 277.976,285.207, 516.709, 517.316, 519.392

Al

22 EF&MEEEENCRRSECEN T
FHBRAS 0 R AR G355 B 40 ) 2 37 i T4 1 [l

JF ) MLR 1 PLSR & £ 43 A 15 7Y, P X6 2% 452 70 i) 4 7

=& I, Fritas R o & 3. El 4 fis, [
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AR ) PEAN P AR IR T2 3. NPT LB Y, R IR
A SUHUERY MLR it /A R® ¥iad 0.95, ARD
(PR RD B-F-3418) 43 51 0 2.46%. 8.97%. 5.84%,
RSD “F ¥ {8 43 51 4 14.39%. 18.59%. 12.03%, ifif RD
3N 2.46%. 8.97%. 5.84%; FIrfh 2 () 3 AR AE TG £k
(/) PLSR & & /3 Mr i A i R? #5°4 0.99, ARD 73 %1 4
12.18%. 27.97%. 15.60%, Ifii RD 4354 13.06%. 9.26%
1 6.48%. %f Lkt PLSR Al MLR 1] %01, % Fl MLR #4 2
SE A3 AT AR B, N AR 6 T A AR A 2 X A AR

A, BER B 22 AR EOR, BRI i i ik e HAR
FHYA— A B B A 1 £ 0 B A1 Ao, [H i e stk AR
B 19 0 2 P 1 R e B e A SR AR EE . T
PLSR 75 1% J2& X It i A #9728 1 AT 32 1oy o0 A, IRt
AT DA R0 3 o i 22, [+ I X A B R it REAS:
UG AL S &, (EJE B BE AR LT MLR 30 F
BRI . BRI, S SR IE R 45 R ) LU
H, TR R MR AR B RO Bk £ Y E O A 2R
RO B RS B A Rt — bR e

~ 12 |« Calibration samples (a) ~ 12 |« Calibration samples (b) ~ 12 b = Calibration samples (C)
X * Validation samples 1 X * Validation samples 3 NS * Validation samples
< 10 + R=0.96 4 < 10 | R=0.96 < 10 | R=0. i
2 RMSEC=0.58% .o 2 RMSEC=0.55% " z RMSEC=0.55% .+-
S 8 | RMSEP=014% -7 T g | RMSEP=030% - 1pTe S g | RMSEP-030% AT
= 1 11.2%1 E T A 2
g 6F | spd S 6L .| ..{' s 6 Sl e
3 4 B2 3 LI 3 )
g .?* g4 G $oaro
B2 MY T o2l e 2 2 B
=™ ot 1 =™ uy =9} ‘{- £
1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1
0 2 4 o6 8 10 12 0O 2 4 6 8 10 12 0 2 4 6 8 10 12
Reference value (wt.%) Reference value (wt.%) Reference value (wt.%)
3 QKBRS AR T MLR BRI S SUBIESS SR — (2). — (b). = (¢)
Fig.3 Cross validation results of carbon content in fly ash based on MLR model 1 (a), 2 (b), 3 (c)
—~ 12 F .« cCalibration samples (a) —~ 12 |« cCalibration samples (b) —~ 12 b = Calibration samples (C)
xX « Validation samples . N = Validation samples X = Validation samples
< 10 | R=0.99 P < 10 | ®R=099 P S 10 | ®R=099 -
z RMSEC=0.057% - 2 RMSEC=0.10% o 2 RMSEC=0.16% -
e g | RMSEP-088% '/ S g | RMSEP=054% o S g | RMSEP=047% >
S P =S f E} bl
s A E [~ E
> 6t py > 6t i' > 6t "
3 A 3 | 3 ..-
o] W |5} 15} =
S 4r d s 4 = S 47 '
5 - 5 .
&2 - £ 21 | £ 20
O 1 1 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 1 1
0 2 4 6 8 10 12 0o 2 6 8 10 12 0o 2 4 o6 8 10 12

Reference value (wt.%)

Reference value (wt.%)

Reference value (wt.%)

P 4 ®ORBEE TR T PLSR BRI 2 URIESS R — (a). = (b). = (¢)
Fig.4 Cross validation results of carbon content in fly ash based on PLSR model 1 (a), 2 (b), 3 (c)

23 ETHEEMEMARENCRREEEEST
HE— 2D BT 354 0 R AE 35 LA L o3 ol e vy
TAELL A AL ELM Ml SVR A9 28 Tt Hr A il . Horp
K FARZ M ELM ik EAT A5, 45 B0 45 5 20 il dn &l 5
K 4 PR o W] LI H, Gl i X AL i =37 8 52
SUYGIE, 75 3] ELM B AL R ¥4 0.99, ARD 43 8
7.29%, 8.26%, 9.06%, RSD “F-HIE 4351 9.21%, 8.15%,
6.84%, 1B ELM 32 X 0000 42 1) o A 1k RS Aff 1 e 4%
PRI T — a2 meks . [ & 3L, RANZ T i Bk
AT LA S AR (R R R v Ml 22, AR R R b

TR it S S X T A i, g 26 RN, BR T A 32 SUBHIE
SR LA R BRI 25 RD 2 22.59% 2
A1, I R P T X AT — S e R
T AR SVR AL, SR K-CV 25l ik
X A A S RHEAT T, DARE SO 5 B i 11 R
M B 7E K-CV 50 30F 5 72 b 45 21 00 fe IR 38 7 1R 25
(CVmse) K H8 b5, 8 C1H . g (A AL X 4350
[27,210] F1 [272, 212], i3 tAbIG ) C F1 g (500
1024 F1 0.00195, 1024 1 0.00391, 1024 F1 0.00195.
BT UL TR LY SVR AR A TR Bk 75 8 0 e 4 M 4
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Tab.3 Prediction results of fly ash carbon content based on MLR and PLSR models
MLR PLSR
R’=0.96 R=0.99
Sample No. Reference value
Predicted value RD RSD Predicted value RD RSD
o 6 3.27% 3.15% 3.57% 18.93% 2.49% 23.79% 7.66%
Cross validation results1 12 5.96% 5.74% 3.66%  15.15% 5.90% 093%  27.61%
18 9.03% 9.01% 0.16% 9.10% 7.72% 14.46% 1.28%
Average value - - 2.46% 14.39% - 13.06% 12.18%
R*=0.96 R*=0.99
Sample No. Reference value : ;
Predicted value RD RSD Predicted value RD RSD
5 2.98% 3.32% 11.46%  6.62% 2.72% 8.67%  46.92%
Cross validation Results2 11 5.58% 6.02% 7.74%  33.39% 6.39% 14.42%  25.78%
17 8.64% 8.97% 7.26% 15.77% 9.05% 4.70% 11.20%
Average value - - 8.97% 18.59% - 9.26%  27.97%
R*=0.96 R*=0.99
Sample No. Reference value
Predicted value RD RSD Predicted value RD RSD
12 5.96% 5.81% 2.42% 15.15% 5.51% 7.46% 28.95%
lidati 1t;
Cross validation results3 14 7.20% 7.71% 7.06%  10.74% 7.81% 841%  14.16%
17 8.64% 9.34% 8.05% 10.19% 8.95% 3.58% 3.68%
Average value - - 5.84% 12.03% - 6.48% 15.60%
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Fig.5 Cross validation results of carbon content in fly ash based on ELM model 1 (a), 2 (b), 3 (c)
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Fig.6 Cross validation results of carbon content in fly ash based on SVR model 1 (a), 2 (b), 3 (c)
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Tab.4 Prediction results of carbon content in fly ash based on ELM and SVR models
ELM SVR
R>=0.99 R=0.99
Sample No. Reference value - -
Predicted value RD RSD Predicted value RD RSD
6 3.27% 3.45% 5.51% 3.13% 3.24% 1.02%  6.32%
Cross validation results 1 12 5.96% 6.37% 7.00%  17.53% 5.97% 025%  7.18%
18 9.03% 8.18% 9.35% 6.97% 8.72% 336%  9.10%
Average value - - 7.29% 9.21% - 1.54%  7.53%
R*=0.99 R*=0.99
Sample No. Reference value -
Predicted value RD RSD Predicted value RD RSD
5 2.98% 2.92% 1.99% 2.63% 3.09% 383% 1.17%
Cross validation results 2 11 5.58% 6.84% 2259%  12.51% 5.94% 6.41%  1.99%
17 8.64% 8.66% 0.19% 9.31% 8.63% 0.10%  5.51%
Average value - - 8.26% 8.15% - 3.45%  2.89%
R*=0.99 R=0.99
Sample No. Reference value - -
Predicted value RD RSD Predicted value RD RSD
o 12 5.96% 5.46% 8.27% 4.10% 5.86% 1.64%  6.90%
Cross validation results 3 14 7.20% 8.49% 17.89%  13.41% 7.72% 7.22%  445%
17 8.64% 8.55% 1.03% 3.01% 8.79% 1.67%  10.20%
Average value - - 9.06% 6.84% - 351%  7.18%
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