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Rapid Quantitative Analysis of Crop Straws’ Thermal Conductivity
Based on Infrared Photoacoustic Spectroscopy

HUANG Guangqun DUAN Hongwei HE Jinhong HAN Lujia
(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract; Rapid determination of thermal conductivity is of great significance for realizing high-efficient
and value-added utilization of crop straw. The feasibility of infrared photoacoustic spectroscopy coupled
with chemometrics for developing the quantitative models of main crop straws’ thermal conductivity in
China was investigated. The representative samples of wheat, corn and rice straws were initially acquired
from North China, and the full-band models of single and mixed kinds of straws were then developed by
using the partial least squares regression ( PLSR) and Gaussian kernel support vector regression ( RBF —
SVR). By comparing the model effects of PLSR and RBF — SVR, it was found that the full-band RBF —
SVR models of wheat stalk and rice straw had better performances, while the full-band PLSR models were
more appropriate for corn and mixed straws. Moreover, based on the combination of above-mentioned
optimal modeling method and the ant colony algorithm, the new feature models of wheat, corn, rice and
mixed straws showed better performances, which yielded determination coefficient of prediction set (Ri)
of 0.77, 0.83, 0.96 and 0. 79, root mean square error of prediction set (RMSEP) of 0. 007 8, 0. 015,
0.0059 and 0. 014 W/ (m+K) , relative percent deviation of prediction set (RPD) of 2. 81, 2.41, 7. 39
and 2. 15, respectively. Results showed that FTIR-photoacoustic spectroscopy coupled with applicable
chemometrics had good potential for rapid quantitative analysis of main crop straws’ thermal conductivity
in China.

Key words: crop straw; thermal conductivity; infrared photoacoustic spectroscopy; partial least squares;

Gaussian kernel support vector; ant colony algorithm
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75 1 3 45 1) & [B8] 13 ( Support vector regression, SVR)
I R BT B A B ARG PERE . B
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R R 7 B0 5E 43 B A (KD2 Pro, € [&) Il
FE ST BT AS FEAE S S 3 SRR B 3 R IO
B
1.3 O kFHRERE

fir AT B AU 21 Ab O i AL Nicolet — 1850
(ThermoScientific 23 1] , 38 &) #k BRI AR G 20516
O, BB % M Ot S M 4 PA300 ( MTEC
Photoacoustics, 3 [H ) % Ui & 11 RO b 55

G R AT, LA 10 mL/s 3 i S0 R O 7
10 s, ¥ G 480 A0 Ak ALK PO FE Sk T, D ak
WU A B 75 L, 2l B 380 3 RO 43 FF 58 43 iR
0.158 1 em/s F10.482 em ™', [A] B Bf B AN BE 5 1996
T SR AR ASUBORIR B2 R B4y il 3 Ry 10 i 32, DL D
RE SRR R SEm T o TR 2 h T AR O B
oGS . Gk R AR B, A 2 4 IR R B AR A
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PR AR 2 5 bR AR X6 B PG 2 HE A A AR T o
R T SO B3 AR T8 A 7 Y AR 45 5 AT R AR DG 3
PRI, AR s e i 1 /N2 L oK KRR RNE & F5 T %
N A CAN D W N L DAEE 7 Vi i
1.5 REHRTM

TR DAY 2 80 3 A A T e R B (R A
1E¥ ) 22 (RMSEC) B IEd 2 RE(R,) (B 1 ¥ 7
2z (RMSEP) F1 55 Uik A %} 43 #7 1% 22 (RPD ) , RMSEC
R/ R A, A5 7R ) 455 455 SR B 4f s RMSEP /)N
Ry A, 455 R0 () 1900 5k SR B 4f . [R] AP RMSEC 5
RMSEP #4737 , #5280 (14 £ 2 Mk 47 . 402 RPD K



344 Kok HLOB ¥ R

2018 4

FEETF 2,25, F WIRE R AR 39100 26 S AR 4, W LU F
SEBRAG I a0 5 RPD KT 1.75, /N TF 2. 25, {5 B A
JH BT AR R R 05 1 F 2 B 4047 5 A0 R RPD /D 2 F
175 003 DL AT 8 9 A A

2 HRS5WRR

2.1 BEmSRRYSN
W 1R 3 B AR A PR AT AR B Bl KR AT

®1 KRUEREVEFEESERERSRRYSE LN

Tab.1 Statistics of thermal conductivity values of main crop straw samples in calibrations and validations
1 IE 4
LA AN b o ¥E/ ,ﬁ(ﬁi/ — 71%/]\(15/ IroNI:%
(W+(m-K) ") (W-(m-K) ") (We(m-K) ") (W-(m-K) ")
INFE 90 0.079 2 0.0195 0.246 0.058 0 0. 165
oK 89 0.099 1 0.0361 0.364 0.0520 0. 168
IKFe 21 0.095 2 0.0265 0.278 0.0585 0. 145
BE 201 0.089 6 0.0302 0.337 0.049 0 0. 168
LianE: S
LR R S o ¥/ T 22/ - 7?1/]\15_/ R/
(W-(m-K) ") (W-(m-K) ") (We(m-K) ") (W-(m-K) ")
INFE 30 0.0807 0.0219 0.271 0.063 5 0. 168
£k 30 0.097 4 0.0362 0.372 0.049 0 0. 149
KT 8 0.096 8 0.043 6 0. 450 0.0535 0.161
RE 67 0.0905 0.0309 0. 341 0.0530 0. 168

Pt T IR RO SV BB A, SRR AR B R A
UM IR PR A /IR ok — AT 2 O, A%
SRR ARG R PR A RO A B T
2.2 ASEFERESN

B g/ Fe TR MUK R RS A1 08P B 20 0
i, TRV P AR AR RMA
MBI U IR 00 A R A5 A, O EL 2 W 4T 4
R BB AL AT 2R 1R O 5 J= B, (153 5 45 R 8K
HXH AR

Bl 1 /NZE B R FUKRE RS A1 3 56135
Fig. 1

Average spectra of wheat stalk, corn straw
and rice straw

INGE TR AERS FE O LL /MG ik 78 3 500 ~
3000 cm '3 000 ~2 700 cm ' 1750 ~ 899 cm ' Fll
880 ~ 680 cm ™" X445 A [ 14y Wi g e 7 -, L MR AL i, JEE
2EMBER, R BN/« EOKRFEFF NEFEF OKFEFS
FFo g2 Bror " " ,3 600 ~3 000 em ™A XI5k
S 5 K A 5T 2R A 5 A 4 I Bl AH G A W A g
i 2920 .2 850 em ™' &b J&: 5 fiig fif 1 T H AR A M

Sl W LW 1 7351 650 em ' AL % Ui i B
C =0 4Pz sh, ol GE 5 56 FF Y 2 27 48 R FOR TR
A, 1600 ~ 1510 om " Ab W i i =y A i R
i C =C B ZL Ik 3 A 557 R 4R 8l ™ A, i 1 160 ~
1045 em ™' b 32 B 45 27 4 R ORCE A R Y
C—O0—C ASXF B AT P FF LA 4R 350 899 em ™' Al
825 ~ 750 cm " Ab i1 W Wi g 43 3 5 A 4 o 4T 2 R R
ZE T HE R AN
K2 RIEMTEFEE R IEFFLIERT
Tab.2 Photoacoustic spectra’ characteristic peaks

of main crop straw samples

P %/ cm ! P& 8 i g A XF R A
3600 ~3 000 O—H {145 4% 3l K, AR %
3000 ~2 700 C—H it 45 4 ) R Mg W AL A
1735 C =0 ik 3 e o 3
1650 C =0 i3 B
C=C B4R
1600 ~1510 NG
15 34 2 i
C—O0—C RXF B
1160 ~1 045 SR YE R T Y #
T 4 3 45 e
899 C—O0—C %45 IRz A 4 b 47 4t &
825 ~750 CH, ¥ 43445 )y o e 4 R

2.3 ETF PLSR 1 RBF — SVR ()£ if B &5

T TR B AR RAE RS FERE S 2L AP
JEi, i A PLSR Al RBF — SVR B33k, 43 51 44 & /)N
AR OKAE AR A RS R B LvE R Ltk
AE AL BN 3 iR Hih LVs i AR it A
THL, ¢ Tl g J3 3 R 32K sR BRI pR S B
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Tab.3 Comparison of results of PLSR and RBF — SVR models
) PLSR
ﬁé‘lé 2 -1 2 T -1
LVs R? RMSEC/(W-(m-K) ") R RMSEP/(W-(m-K) ~!) RPD
N 3 0.92 0.0053 0.73 0.011 1.99
ESP/S 5 0.85 0.0140 0. 80 0.017 2.12
KA 8 0.99 0. 000 5 0.92 0.012 3.79
Ba 4 0.85 0.0120 0.78 0.015 2.06
) RBF — SVR
Ak 3 - 3 .
[c,g] R; RMSEC/(W+(m-K) ™) R, RMSEP/(W+(m-K) =) RPD
NG [1.41, 0.004] 0.86 0.005 1 0.75 0. 009 4 2.33
Tk [0.5,0.0039] 0.91 0.009 7 0. 80 0.0180 2.01
IKFE [0.5,0.0039] 0.96 0.0059 0.97 0.007 9 5.50
BE [1,0.0039] 0.95 0.006 7 0.81 0.0170 1.82

XFF /N RERE, Y1 i 28 5 T8 (LVs)
Jy 8 B, Ho PLSR 488 A4 &% 2R 3K B &, B UE A 1Y
RMSEP I RPD 4354 0.011 W/(m-K) 1 1.99; it
A, RBF — SVR f {5 %4 ) RMSEP F1 RPD 43 51|
0.0094 W/(m-K)F12.33, X RSB I c.g N
1.41.0.004,

XFF B OKRFEFE, 2 2R 5 7K R A A R ) g A
ZHET, J RBF — SVR & {1 %1 () RMSEP FI RPD
334 0.018 W/ (m-K) Fl 2. 01, %F i i PLSR 4% %1
f) RMSEP F1 RPD 4345124 0. 017 W/(m-K) f12. 12,
I Fr e RV AR T 5

X FOKFEFEAT, 4S8 e g 4 0.5.0.003 9 I,
RBF — SVR f {fp 182 2 ) RMSEP F1 RPD 73 5|
0.007 9 W/ (m-K)F15.5, % ) PLSR &L # B 1Y
RMSEP #1 RPD 4354 0.012 W/(m-K) f1 3. 79,

XPTIRG TR, W w8y 4, 8
¥ c.g 1 1.0.003 9 [, H PLSR FI RBF — SVR ##
RUSCOR B3R B B AL, X5 B ) RMSEP #1 RPD 435 2y
0.015W/(m-K) .2.06 F10.017 W/(m-K) .1.82,
BT PLSR T A4 A B ROR I 45 U5 hy = /N 22 R AT
IKAEFEHF R GRS E KRS FF 5 2T RBF — SVR Jif
Ty AR BRI 25 WU o < K FE R A N A IR

AR CEORFEAT . T W R T A RS AT IR A
IR AS I O (R IR A B RO I R A B ST
JELPA AT BB J2 A [ B S 6 AT 5 PR B AR IR DL 1 22 57
R, AT IR A AR AN R B SRS AT B 41 5 R
A REAF AN TP, NIRRT B8R . R, 45
PLSR UL RAT L, /N MUK R RS AT ) RBF — SVR
B RMSEP I8/, TORAIR & RS #7119 RBF —
SVR #45 f) RMSEP fE X5k, 45 R LW, /N2 Fi
KRG AT RBE — SVR 4R 2 M5 R AR B4, oK Al
A PIERS AT 9 PLSR A4 RO B2 i, (A2,
/N 22 FIK RS T 24 28 B0 b 20 ] ] °F 552 B
AT, R AL RE I 4 P B P R T A AR R
s S 0 25 A O A 0 A A SR R 0 A
B AT
2.4 ETHEEEHRBML

P OB R b 3R e L AR D i AR S 5 T/
2 EK OKFANR G RAT LN A O RRE (5 B
PEI, AL R AR 4 s

XEF/NERERT AR S R ¢ T g 7350 5. 66
F10.003 1 I, WCHE 0 125 $ B 200 ANRFAIE A2 BT 4 2
f) ACA — RBF — SVR # BIRLR 35 2l e fIt , i RMSEP
1 RPD 43524 0.007 8 W/ (m-K) F1 2. 81, X F &

R4 ETWHEZK PLSR f1 RBF - SVR B4R
Tab.4 Comparison of results of PLSR and RBF — SVR models based on ACA

LIS i) WK 8 [c.g] LVs R fsEes R} FISER RPD
(W-(m-K) ") (W-(m-K) ")

RBF - SVR 3734 [1.41, 0.004] 0. 86 0.005 1 0.75 0.009 4 2.33

M A~ RBE-SVR 200 [5.66,0.003 1] 0. 85 0.005 0 0.77 0.007 8 2.81
 PLSR 3734 5 0.85 0.014 0. 80 0.017 2.12
EX O ca—pLsr 150 8 0.91 0.011 0.83 0.015 2.41
 RBF-SVR 3734 [0.5,0.0039] 0.96 0.0059 0.97 0.0079 5.50
KT —— 200 [8,0.0039] 0.95 0.005 7 0.96 0.0059 7.39
. PISR 3734 4 0.85 0.012 0.78 0.015 2.06
RS \ca-pLsR 350 4 0. 81 0.013 0.79 0.014 2.15
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ke R, L RMSEP 1 RPD 4351247 0.015 W/ (m-K)

2,41, XFF KRS T, WOHRE Bk 35 B B R SRR AIE
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i) RMSEP F1 RPD 43 %] & 0.005 9 W/(m - K) fiI
7.39, X FIR AR, SRR AR S ECANE A N
017
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015 RMSEP70.0078 W/(m-K)
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2 0.13f
g 0.11f
@
= 0.09F
L{‘E—{
0.07F So
0.05 007 009 0'11 003 015 ;
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017
R=0.96
0.15F RMSEP0.0059 W/(m - K)
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0.17

2 o13f
E
B 011F
= 0.09F
E
0.07}e
0.05 007 009 011 013 015
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FHIMAE/(W « (m+ K))
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ool 350 F 4w, i) ACA — PLSR 5 AL 1y
RMSEP #1 RPD 43 %] 0.014 W/(m-K) f1 2. 15,
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R AN [) T S G A 21 410 O 75 56335 v i) A R

5B
0177 R’=0.83
0.5 RMSEP%0.015 W/(m-K)
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0.13F
0.11F
0.09F
0.07F
0.05F ¢
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. [ ] 1 1 J
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Fig.2 Plots of PLSR and SVR models based on ACA
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