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Research Progress on High-value Conversion of Agricultural Biomass and
Its Characteristic Spectral Rapid Measurement Technology and Equipment

Yang Zengling' Ma Yongzheng' Xue Junjie’ Dai Jiawei' Han Lujia'
(1. College of Engineering, China Agricultural University, Beijing 100083, China
2. College of New Energy, North China Electric Power University, Beijing 102206, China)

Abstract; The resource utilization and high-value conversion of agricultural biomass are crucial to
increasing farmers’ incomes, enhancing agricultural efficiency, and improving rural environmental
management. They are key components of the nation’ s efforts to promote green agricultural development
and implement the rural revitalization strategy and the “dual carbon” strategy. Agricultural biomass has a
complex composition and exhibits significant variations in properties; relying on a single conversion
technology leads to issues such as low energy utilization efficiency, insufficient utilization of components,

and limited added value of the products. To address these bottlenecks, focusing on high-value coupled
refining of agricultural biomass and precise process monitoring, and the high-value-added coupled
pyrolysis of agricultural biomass and precise process monitoring. It provided a comprehensive review of
the development of two types of coupled pyrolysis technology systems “photo — thermal — storage” and
“photo — biological — thermal — storage” , and their associated equipment. Furthermore, it conducted a
horizontal comparison of the four “photo — thermal — storage” technology routes based on dimensions such
as feedstock adaptability, energy conversion efficiency, system complexity, and technological maturity,
thereby clarifying the applicable scenarios and bottlenecks of different coupling pathways. Regarding

rapid spectroscopic analysis, the application progress of near-infrared spectroscopy, mid-infrared
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spectroscopy, Raman spectroscopy, laser-induced breakdown spectroscopy, and spectral imaging
technologies in feedstock evaluation, process monitoring, and product quality control were systematically
summarized. It outlined the current state of development in the evolution of spectroscopic equipment from
laboratory-based systems to portable field devices and industrial online detection systems, and analyzed
issues related to matrix and operating condition interference in complex engineering environments.
Building on this foundation, focusing on exploring pathways for integrating rapid spectroscopic analysis
with coupled refining processes. It proposed a collaborative interference-elimination strategy comprising
“hardware suppression—spectral calibration—model transfer—condition monitoring” and identified three
key future research directions; the development of specialized equipment for extreme operating
conditions; modeling driven by the integration of mechanisms and data; and intelligent closed-loop
control of spectral data and multi-energy-flow systems. Finally, development prospects were proposed for
key issues such as multi-energy-flow coordination, online spectral sensing, and equipment integration in
coupled refining systems, with the aim of providing guidance for the high-value utilization and engineering
applications of agricultural biomass.

Key words: agricultural biomass; value-added processing; coupling refining technology; spectroscopy
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Fig. 1 Types and characteristics of agricultural biomass resources, as well as pathways and applications for

their high-value conversion
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Fig.2 Diagram of coupled refining technology for high-value utilization of agricultural biomass via light, heat, and storage
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Fig.3 High-value coupled technology for agricultural biomass; light-generation-heat-storage
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Fig.4 Spectral analysis techniques for agricultural biomass characterization

3.1.2 itk

T 2L A 32 R B 43T iR 2 1 SRS W i, mT
PR FEFE R 1R85 B, tEA 25 b 7
T EL A B A S o A LT 2D AN v r b
T RE % 0 v G M R AE K B A 4 R KK A 4
RERTTA AR A o b5 A8 40, e 32
T AN A Py o 45 K A o3 A R TR BEML A Y . SR
i, FH T 7K 40 1 40 A0 X 38k B A i W i, o0 £
DL e ok 32

H AT, o 204 3 3 B ARl A ) K 5 £F
Yk 22 A AT AT ARSI R 25 K R DL R B Ak B
TR AR 645 375 790 T4k B 5 R v Ak 2 45 R AR 1k 1Y)
WS, RIS, HR AT AR e 4 A L 2R T R AR LR 2
2B g N R B R B i T A b )
SERFRAE KRN T 55 BT A SR RIS, Dl
AN AR Az 9 5 v P R FH Ao R e 5 A A AL
PETHEB S,
3.1.3  fuEotik

P78 A% I F 43 F e A AR Ak 7 AR 1 L
SRS, AT 4R 4 43 F IR Bl R A% Bl B i R AE AR R
VER —F I AE R AR SO R, b ok
BEfp ScElE P A M fE BRI E R . S st
T LY, 2 T X K N B R A SR L AT
FE SRR T 43T, 08 L 78 0 5 R I &F 4 5 2B )
27 20 B T B IR P B —— 0 W &2 4 i Ak 2 R
T E R g R AR AR RSN T
SERIME R o BLAN, BB ORI ] H A W) ok A BR Ak

T B I3 AT A ) o0 A A ao A A LA e A B 5 R AR 2R
I, Al 2R ) i AR e A b B —
3.1.4  WOLE Tl aoLl

WO i 2 i A v BE Bk O BRIl R A
TE A B M R ARG It R 1 A B 2k S BT
R B LIBS FEZARBCR Y A= 9 i h oo R4
AR S Al FE A €V H O N 2 FERICK UK K,
Ca Mg PEHERILEMCI. PbEHEREE LR, AA
Tots 2R i Ak B ARG ) T JEE PR AN 22 00 3R (R 25 03 B A
{208

ULAFOR , LIBS © )2 I H T Al A= 9 5 8 i
FEPEAT K S A PEAR SCOU R A I L K i &
F&I5 IR 0> NVEE 2 J M TN <5 45 38k, g Al A W) T U
A rh B 0 3R 2SR A M ER 358 22 4 i I 4R 3 TP
BT T B MR R W, LIBS &2 JR A bl E
Or TR BEAS A Fp ik — 2 4R T, FOAD 3 2 S
SR HE AR IE R LA o ~) A A Oy VA 4R e R T M RE
3.1.5 iz

TGS R AR Rl 4 R 5 OEE S AT
A BRI A= 1y SRR it 1) 2 8] 037 B A0 A o 21, 5
LA GE " SRR I 1) T 7 A AR R A
o5 R 255 ] 73 B R B0 A [ Al A= 9y o e T B R
F R e AR VLA 1 A AR SO R 3 2K
HoAR o Horr, a4 2= 18] 20 B R AE 22 K (L
T OK ) R, £0 50635 B AR n] 38 SOk RO (LAt
oK) T 2 O T B 4 S L IR A OB Tk ok
R



%21

Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 9

UL AR, Y RE AR B AR E )32 B T AR A
R JEURF SR AT L S S5 R BT KR T 4 R s
] 4375 43T LA e 950 Ab 390 5 6 3 245 W V0 45 B 5%, O %
YT T2 28 JEURME 2% 43 % 8 B 43 150 0 Tl S5 A 4 o
SR . WA AR TR B ) M2 RS
BRA R B R, 0 AR E B A A o T
e FAIE 1) T B R T 1R

BARRT T ANERE LN B8 i
LIBS FyGi A% 43 5 A HLAL 43 B B A 45 4 L T
TR T 7 0] 43 A 45 AR (5] 2 TG 2 AE 4 A ) IR
P48 3 AR 2 10 B AT 53 0 L AME S
3.2 KiEBARERLVEVREELIHWESTHA

mE

R AR A M = 0 O U Al v 1 P 9
JEURFIT A L3k P 0 7 5 5 R o 45 2 AN PR, B
S T AR BRI e (- S) .
3.2.1  J5URMR R D A

il A 0 5 JEURH R Y L B U 4 R IR AL R
% PR I 0 0 JEORHRE P A T i R S
BT IR 25 A0 i B S A

AL £L A3 2 R EUR R P40 10 0 )32 Y
AR, FERERAEY Oy, © T2 M TR Ak B e
B R R CH AR B, TS Bk S 4T
Ui BT R ORRE IR RS R 2
Wk 74 22 TR A AR R A N g o fE A RS T
IR RAR D IS M XY A & Y2
Gy Ay EERR) JEEAM (CH N S.0) &l
e TN S R AL R B S L R
AR A S 20408 RO E 2 T TRLE
P VR % £F 4 TR VR Uk 2T 4 K% TV M B S 4R AR 1 bR
H S 5 2 AR P R 00 R S A ML AU
SRR B R LG B P TN L X T T #
IEETARLL IS S DI RAR S A R A
ARGy HLTE 11 LR 5 T 4 2 W KR 4 S5 4R b 1 B
B L AEE BT O T AN S 4 e
THESE O B TR 2 26 XM IOK S A
HUTR B S0 2 803 A e el 2 4 ey
B B, B T H BRI A4, JEURF ) 4 IR 25 e 77 78
BRI , 0 H R R 28 43 24 AL (7 T 2605 5 4
AR, OB AR A A M AR 9 8 4 Ak 4 e Ol
HICSH P P A A0SR RE AR B, — M 7 SR AT A b I 2 7
Gy NI BE R 2 AR AL SRR TE AR S
[ T, 38 38 8 A e 2 5 A {08 ) 7 S S [ A 115
P

H 2T A0 S R SO U S £ TR R £ 4
LR FHAT o 8 ERL E  oh 2T A1 Ol % (FTIR) 1T fg B

IR IR A B 2 A K (G) VT &/ (S) Al
X 5 R (H) BT B 2H AR 2% 57, R A T 4T 4k R
Sy 9 Ko BE IR AL R AR 45 R AR Y L B 8 ik s
A Al 2T S HR B o 0 R E B, Gao
41 38 3 YT A8 2 2) 4 4 XGBoost B3k, Al 18
WS T R K R A RO W (R >
0.93) . LIBS W%k 75 T 7€ % 41k £5 &, o 7 25 4 )
Al A W B EORE B K Ca Mg P 45 vp 4 5T 2 LU
Je Cd. P ST S JBITE, o MRRL & T 0265 4k
JH 22 S VEVEAS B AL BER T B Bods S s

T I A5 AR — 25 G T AL e S I R R
O AR FNZT A1 1A T S Ak 2 2 RG2S W) 4y
A 09 AT WAL, IR 45 T SR 5 40 2 J% AR 39 RV A0 H7
5 T 2 AR AR A L, S B R &k g B
B 1 2 1] 43 %, T 7 40 M RE R SR R L 4F
Y IR LT 4 R 45 R S AN R A E AR . RO
(9 BF 5% 53 3% 36 T 26 B AR R 8 ARSI T R AR B
O L BE AR R LT 4 2 R 4T 4 R =R R 2B
AR A R
3.2.2 AW B AL I AR IS 0 A5 W

Al A= ) I 5 A R 5 e T AL B L %
By PR AR B R T 4 A2 Z et AR A5 40 B R G ) e
DA S 2 B 2R P B A 2 S A, T DG i R
A TEA P TR LR ST A O B, g 2B W O A
AWM T E R TR

AL LT AN B 792 B T 2 4y 5 b B0k R
W R e e FRTE LR WS . BT 5T W, AT 40 40 1% fig
8 T A TR 4 4 22 AL B U A R RO, O
SR 2T A R P 2 T A RO 4 o
SR SRS o 7E PR AR Ak o B v I 2 M E 4R
K62 2R 5 U T 3 25 Wi ) 44 2 A I 5 TR ( Volatile fatty
acids, VFAs) KA WL e BE , A 2 1% A ok 91 4 R A
A7 F ot 185 3 T 4 (S A B

B &6 K AN, 762 2o kR & h B
PR3 , FELR BT B il o A L B2 S B ) B
T 2T T A AW R 2 T ) S
S BT AR T S I B A i R 20 X 2 T I
JEREH

LIBS AE A% 52 I WS MR A I8k o 45 B Ak 2 6 Ak ik
75 Fh BBl 4 J T 2 B B B IR 3 2 IR A, O ke i
R R i 20 1 T 4t g 1

UL AR, 5 00 3% 1% Rk 38 s i & 1z
WL T T A R AL S R . OGRS T B 2
A S T 3o R o R A 3 ) A R A 2 4R
ZE )40 A A5 B, SCBL T i % 6 A5 K T 1) 30 25 AT Ak
W 1) 2 R L g RN A s A 0 T A PR R 3 TR



10 g Ak B M ¥ R 2026 4
Kﬁﬂ T il R A B (L2 R SR \
- 7 ; e e
p 1 ¢ 4 1 o : ML
1 e ‘/ ;‘);.‘.' [ L) é .. gt Z Y153 HeR T
(PR R ) 74 o0 o 0N »
R i { FR g
iR & PCA PLS/SV RF XCGBoost CNN SRR
AEYIREFF (NIR/FTR/Raman/HIS)
OKFE EX%) o 12 : 1l Bl e
06p Al 407 o, o0 S
i o R*=092 =
2 g 0P RUSERY a0 o RS
= o6 A & | 197% 51.0. pe e
= i"‘ 5
10000 8000 6000 4000 = S Gallbmtonset & 5L #* Collbrationset 20
P i fom! + Valldation set + Valldation set p TR LTI E =
SRS SG/SNV/MSCHit 3 10 20 30 40 0 5 10 1520 25 1o M4 M4
FLlE/% LI )
‘ W, A £ G R T KFREETW RS IUR b
(CARS.UVEZ)
(a) JEURMF L A
/ L) O B R AR W) LIS GRS ) R i 1 FRAELE W (LIBS) HENE AR AELR W) (HST) \
=~ 60 Sad s
Sl Sl TR . AR KIS B
R N % . Sy N e 2 5 L 10
& OWO = EAAT Y Biillvssgit 10 . 3
J[&]/h | S S +Ca
= 6or ! 400 1200 3000 O m=094 210 ot w05
540 Pk /nm £ 40 E“;‘;Eﬁ s B ’_\ Mg ﬁ‘i
520 = 10° Si -
¥ 02006080 STC—C#WF%’W ;20 f;i.‘i 100 *—\\Q\: v lﬁrzl%/d30 40
~6r il /h ! = ‘ 70 4 40 d
Bl : 0 20 40 60 107
#0720 40 60 80 FAf I R P Low_:—High
1 [6/h
(b) B Ak R I A Wil
/ A0 R AR TR ik R AR/ HLIE G BRI TR 4R AR A S REVE Y \
T T%fma HEAERE -
® ' LIBSKIRS 76 b ATR-FILE
, 5 2
o =
400 1200 2000 F ] La;( FARHEE A
e fe/nm 4000 2200 1000 & 100 nhh“ul’uh (=) SO
i B vs SR A AT PC A;L/;; 0 T R CavigFezncurbcd Horas Fef/nm
60 - iz T vs 5L
[EVE"S - £33 YR 60
40 ¢ iy Er . 7
R4y a P 25 KFEFE S0 4
gor : : R
A p Cd Pb Cu Zn K 20} -
0 20 40 60
Q@i HLIA81% AL HEE i ffae B e
U JETR AL S A P 7555 & R S AL I B L ST N oy g ile] AT 5 1 PR

(o) J= i i PP 5 P4 22 4 i )

Bl 5

A= 5 i B v B DG B BT 3 R

Fig.5 Applications of spectroscopic techniques in value-added processing of biomass

AIWESE T Br o T LSRR S MR o UG SL TR AT
7 T Ak B 3o A v A RS R T R i B Bl T s R
Oy 4 7 240 B BE T AL ) B O A A T £ 4 A ) Jo Tk
BT AR T AR
Aok At 0 e ) RRIR 2 e s AN PR T A
AR XU B2 ) o A T IR 40 TH Ak I Al =2 5 4k
AR EE TR ) TR SIDIR A O i URE
L BCSE 7 1y e BE B Ak T 8 8 AR A 3k R Wik
A RE S A DURRES e, 3k S A 23 52 0 73 Bt 14 7] 58 1k
FRaE 271 ST BR A LR W E RE R R
T ARk B 75 G Bt i B S B B a0 S LA K g 25 A

R IELS Gk,
3.2.3 PR BTN

A AR W 5 e ABLAR R AN A G 1 B AL ROR 38

e N B 277 i i B EAT PR o G B R AT A PR

Z A6 b [ A0 A0 B0 R AR TR AR R RE R i A RL
I e S A 7 it Jo 4 o) D7 TS 2 T B o

VT 2L AP TE ©H] T PR DA A ) TR R |
IR HEAE KA HLIE R K 4 A LT R R
R RO A LA TR bR, O i o £ o S A
gt

i & 7‘6155%: H T AW ok K ik A R i 5T 1



%21

Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 11

B, D IS G IESERAE(R 5, Al A SRR ME
it B A SRR B 5 A K S S5 A M, S R
fife T A AL B R RE A 4R A L o
ZLAN GG N8 T2 W He b oRL SR BT 21 4 AT A=)
BB A AZ AR 4 BT, R AR ) BT A R B R Ak A
PEAEPE IS T HE

LIBS 7™ i ot 1 45 1l F1 A 3% 2 2 1P th B A
MRS HAREYE [F] 20 I & NP K 435 37T
2,0 n] A 0 PR A i Cd P Cu ., Zn 45 & 4 J& JC
R,CEZNMHTEHEE RGN AU K ek B4
4 i A ER B KRS

6 BUR RE 08 52 B0 AE W) BT AUREL B it 4 )8 38 &) Pk
I3 AT BB ARG, S 7 ol R B 0 G RN AR 2k o 4 T
BRAET BRI S

ROk E RIS AR O R LAY Rk
FIFH B4 Db AR P T ok R W T R ™ gt ot JBE A ) 4
R I i AR AR A ) 2 E R RS 2 S
B IR 20 43 BT VR RE D 3R S HE R R, Ry AR Ml AR ) T
A e AR Bt T R B R PR
3.2.4  HRA RS DG R B S R e R R

P02 D &) e e £ 1 R I N U R LI
TEH A B P AE A AAE T 3R A5 e — 05 20 1 PRk 20 1
TR T PRDIR 8 5 A A w0k R 4 o) ) B0 1k
(CISSRECEUR S Aty vall AT oY SN i B N 7
JE A RS T R S ) B e A e R S A AT
A, AT R T (0] 22 fig P ] as AT IR AR BV 5
R R

SR, H A% 5 1] B B 5EAT Ak TR A0 B B . AE
Jo s, G 5 ML g 2 > 45 G n) S B0 2 R i
PE BN . © A B LIBS 5 L& 2% ) B A 2%
B FER R B A S T SIS AR ) ot ST A A
I R 7 A FAE IR 3 | T E B B SR Ay E A ) G
KA, IF 3 I 42 3 52 50 2 4 A ) 00 g
J37 0 BT NIRS HoAR i 5 A B BT 6
PR, O AR I & T R FF U TR LA M B ik A
L ) o 8 4 0 S AR, S T % R R L R AT
AR AT B e ARG I A AT AR A Uk
7S AR R HIT R RE ER} LG RN A ERVE S8, R G R
il R Ge e it S 5 5

TE 0 ¥ , NIR 1 Raman A] F - 3¢ 4 i [6] 7= 4
Ko SOREAR S P FE S Wil o 8 IR 40T Ak L A BF
FEA I NIR X} £/ N AN T R R A7 >
PE—A7E 3.3 m® i IR A9 Ak 25 O A (8] ¢ b T
Ji& 8 A A FEL WMo, S T HE R PEER A VA 338
AR B 2 R AE L 6T R IR K R A AR R
£ Raman € 9% H T & iR & FE 4500 F Ak 2 3 72

W Ay S IO A A AT S B AL SRS TR L B
T UL DX Ak Ik B G T 1t R U R S B AT S T AR
FIB IR SR 2T A i i AR o S i
) Sz 8 3 s e ) IR S 4% 1 4 7 A BB R R
L5 ANE RE AT IS TR A ST T A W T 3 Ak
A T o A4 A 5 1k 25 5 TR B ST K R R R L
HU L XS mE g F WY, 6 AT ol R AR I B —
AL R BB ARSI R B S S .

TE 7 W 3, 1 K I R 1T 1 B I 4 A U R B
TG B AW R AR ST R B O G 1R 28 4 b
H, .CH, .CO .CO, H,0 #5441 4% , S Ak id F2
4T LA B SR TR AR A ML R P Yt 45 8 1 A Y B
SEBAT R B E L I T B SR
P TR ) R bR 2 1 3 7 BT Y 4 e AR
7 B4k

MR, FORTAE BRI R — I M —
WM — 2 25 4 5 45 7 TR 2 W0 48 BE 5T, X T
R it B — i 25 (AL R A R o) R 6, R ok
W] Bk — A il 2 A TR B B B R R 5 s
g« Sl i B — bR 25 T —fE O E— T2
7 IR AR 5 2 TR RSB AT iR SE A
B M IR
3.3 KRiEEMEEEERIR

Wit 25 4 Ml 2= 0 R AR A P S % 0 5 1) L
WAl LA TR B AR A 7 &, D 4G I 2 45 th 7B
A Py S B A MR ) < B R A R R A
PHER 2 ) . HL o 6 90 2 T R 4 o 9 Ol
SRAT A B A 48 X R 3 30 5 4% AN Tl 7 4R AG T R
G5 3ANEW . 3 2V A 43 I R 8 Ak 0 o 3o A
A6 R ST JEURE B AN R i e AR R R AR
3.3.1 SRR T A

S A AR LA WK T T O R
M L e 0B 58 45 0 B o 5 A, R A 2B W ROIG
GEWT T R N R R R T R . AT
AL LL AN HE |l B AR 3 b 2D A6 1 2 i R
Wi Tl TS B BURBA SL I B T

AT 2T H1 52 06 2 30 o B0 SR R L o 72 8 il
SR OGBS T HE A4 BT BR I8 B B RO 2R R Sk
SCBURY R IURE AR B BRR R Y R R AG I 2
Al Wy B R 43 B A A A R v 3 R
G0 LIBS S R G G E AR EOE A
Y PRGN — 4E R 3 F 5, AT S B
J P SR G R R 4R UL R I P E R

MR, 200 2 {0 a A RS B v s
LR BRI R M B D B, O R Oy T
K BRI ST e M) TE R 4 o R (E 3 A RAR B



12 £k

IR

2026 4

1o AR, X A W B R AR L 2 ARl
A 7 I TR A I 5 5K
3.3.2 (G I A

UEAE Ok, BE & RO G SR L L E R S
( Micro-electro-mechanical systems, MEMS) 3% A Fl fik
RUEHLHL RGERY & e , A8 45 AO6 38 B4 & ok Rl
A ) J5 30 37 PR SRS TN ) B R T ) o AH G S
S0as 5B A BA B CHE R AR A
G 3 R R AR A5, T B4 N T TR JSUREHE 3
IR Mo is i L , 52 AR Y A= W 5 1 S5 £ B B
Hr, HEE 5 2 A 322 DL £ 40 638 iz 20l 3%
HES

XF T UL LLAN G, B TR A 4 T 2 A
A TAREFT KRN TR #8285 MR
i K G5 A HLT 2R 2 4 3R 4 46 B ) B 3 R
R 22 A8 R A 4 K0 20 A B A Ok
SR, H v [ Al R TIT R £ 5 R e
Fe5 (I8) % v W AL J i R G, Wooe 1 FR i3T5
(JE) 8 8017 B AL LA 6 1% A% I8 6 A HE AL
F& S8 AR A B 2 k2 A5 S BE R, T S B S
(T B S B 4 35 43 7] 4 e 4 0 (181 6) 1
AN, by B AR A 495 28 o i AR A S TR g, I
i bR A (DS) (7 B B4 bR AL (PDS) 7 i
RUAH OGP M (CCA) SRR IE R Jr i, S L 1 S8 e &
PR ) e 4% A 00 A RO A%, A ) T 4 i 4
H0F /(v

———— el SRE
tﬁg§~ 4 | | s

HPAE R B | | EE

TSI A FHLAPP | LIRS

S A Sl 2 %;‘MAPP ; 08 o
7&%)‘6%‘%? gxinzs IR |« mwa

& REES Fiel —

A

< .

S Sl
o e
EFHLAPP
FRUEALIY
S FHLAPP TG
kit

K6 ZitaRumasis (L) 25750 FL H il &5
Fig.6  Multi-scenario synchronous rapid testing system
for total nutrient analysis of livestock manure (fertilizer)
68 485 X7 = D i AT 45 ke o 38 i 1 T T B )
T S5 e e W A AR A oy TR =T 2 K T
BN TR MRS R VR 22 0 A ) 0 A o 2 A v L
B W R 1 e, FAE R LIBS

FRENE I A o0 R B [ 25 K, Sk Al AR ) 5 2R
B2 A VAN BB IR AL A SR AR AR BT

SRR 5 5 A S T AR Y
BT IR AOR . SR, TSI TE L R
B IREE R 250, FLAG RS B K T 92 0 2= R A
R R PR BE A2 K R BB A 1A 2 XY wi AF 5T I B
Jr i) o
3.3.3 LB ARS

TE LRGN 2R G AR 3R T A4k 2k 4y e 33 A6 I A
P AR T R T 1) . 5B 2RI A L, AR 2R R
G5 ARG 5 RS B B R T 26N RN A ok &
P SN DG OB I A A S M, IR S Tl
R G Bh , b AR 7 R T AR 4 S i R S

FI R, 3T 21 40 7E 264G D 2 AR & R f i  1E
A R AT B AT AR 4R R G B S B B K A L
A W) TR AR K R Koy e R A R A S
6 A S B T, b AR B LE A A B B e 18 AT
PRAEROHE SR A A R R P i R P T
ANELR I AT AN S A 1 A OB LR 33k, vl 3% 22 Wil 2
W s A HLR B A5 &k i I R A G B B B, S
P T R R T A o T R R i
P, 72 2R T 2141 8 G0 30 R 0% 52 ek VE A IG5 S0 8 R
KR B L B S i R T S R, v A T o AR A R
KA

B 3T 21 40 Y63 A1, 0 i R e LG T &R G i
AL 3% T IS FH T A ol A 0 R i 40 5k RN I 40
g M AR G R I O AR A 5 R A
HURE db Al 2 21 B S 25 1) 4 A A B, SE A2 26 R 4 o
VR ML NS A3 k. EL P20 R
LIBS A6 £ A s 7 45 i T A= 9 5 % Ak i 78 ) ot
F UL 0 0 TR AR R R Gk M
PR B, HRu G A B AN T 5256 0F 58 s S
Br|gttoel,

MNTENHMAESR, T ELREE T
[ R AN e B B W 3 R RA R WU = I I
T 25 KE LA K R 2 B g 3l ol 4 Sk B O, R
SE I/ 2 25 1 U R G 2 DR 2 W I e A K 0 9
KUK .

R Tk &t M N TR LR,
TE LR T K I 3R S8 1F 72 45 B — 46 bR W ) 2 2 80
B IFD 40 M L Al R R BB RN Rk ok R B R
Jrttem

g5 LIl Al A W IO 3 8 A B RS
5 % 43 BT A — 5 485 X 0 A 3 ) 1% 4 — Tl AE 2R A
MRS = AR R, Ho, 5050 2= U3 S L
R RS 7Y g Ny i 48 XA A i 2 0 5 D A U



%21

Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 13

SR, T AR LA I 2 292 4 2l Al 2By o v (LA A 1)
B B REARTT 0 R . R OK, B RURDL G A%
F ZESEEMA AN TR RSEHE RN R R, i
0 25 54 DA R ol A W B R s A50M) A 1 SRS
HE R R S

4 ZETHkEARRRE

41 RUEMRESEABEEHIRREERE

T [ A ol A= 9y Tt v {EL AR M) P 12 A 28 22 AR T A
TREACSE , 7EAR A Hrol] 22 1™ A AU 2 U R 51
ML, 7 AC MU S, SRTIT, B AR B AR
357 AT SRANIC IS, b 22 P L B3 O o e ik
il it 45 77 TR AR T, O B BT A BOR S AR A
] 249 R b T G 1) A% o B A
4. 1.1 Al A=y ot e (B AR 45 H 1 2 A 1 Bk Ak

(1) M 5 R 1) 22 48 0 4 1845 8142 X 2 R

MG R R GO R SR [ BE R AU A
[F 2 Al B i A 22 M) £ w85 2 W3 ] DC TR, AHL 1 o B AT
HOR BRARTE B U RS VR VR4 5 AN 2 18 A7) A7 AE W]
WA, B, ZRMMANILEEARR. ST E
T IR BOR ™ 5 oA A R
il ZR G, 15 AE B B G A T A DS RS iR _EATS A
TEWI AN o K FH AE 25 n] A= BE U8 A7 12 D 3 1 | 1]
PR AR | M LR 22 53 5 #5241 A ) o AL BT i 1
oy i T RE A, 3 O O T2 A0 SO I B B TR D Y
R MEPE TR AN R, L B AR T e A 28R 5 T T B9 4
ART5 58, 0 R AN FE Ak A RE IR A% J7 =Xk 2 e
B E AR AHE I T I E B RRAHR R AR T 0 593
PREk e o ok, ZA N RE O R A E AN L o AR
P MR T A B A% 0 M A, 2 S B A W e A i 7R
5 Bl s e A B 00 T 1 AR PRI AL, DA RO
IR AL | BE B R A0 Bl SRS MEDT IS . A=W e
A AR R RS AL R 2R R R BT, P en e A
) 75 A v T R T BT 2 PR R AT, T B RO
SRS EOR BN A PR 22 1] A 15 e R A K 5
[F] P, H G 28 GE 1) B 1A B R AL o) A A i A A7 A 2
HIEAT 2 SO AR 1 S 2 b BUA HOR - BOW I
IO 3o o R ) UL L RE U B Sl AR EVE B RE T R
TR T2 =W P NCREEIR . e, 2R
PERGER RIETEAR R o AT AR RS A MR AR
R 22 J Xt B — JEURL il B T 7= ) B 1 A7 AR B
A SR B 7 W e R P TR Y JRURE Y R
TP I AR A, BT S % 7 )l Ao SR A A B
AR, #8437 Ml 10 e LLAE R SCAS T R i R T
SRR R M DL SE B 1 S U1, BT
RE 1 it 55

(2) BRIk B K e 20 45 B AR S AR I

Al A=W OB R A 2 A1 S B YRR
Y A5 22 5 K Mo B 2% 2278 1) [ A R AIE, Holc 4
iz i AF i B AL BERAS o5 T AR AR 1Y L A
By 3 — A7 Ml AR X kA T T A A AT A
J7 58 WA 277l R e ) S BE A . dE , JRURL I
Ak ERE AR B AN K o A W T RURE Y AL BEAECR
EHERRGE TG SEH AL R R RCR R IR . R
Pl AR 0 B AR A, A A BHLER 5 AT A A W] S A
00, 7 AT 28 A W 5 OB I B i/ A T2 1R
LR HLAR T 73 K UL 45 2 2 AR BH R ZORA R, i
B & A SRR TR, KLY R SE AL
RS o, XE LT OB B 5 78 B Al 2 5 A ad 72 P, X
BE I 7 By A5 KN A PN B e L < s BE R T K A B
45 b, B IR 2 0 A RO A PR T R U, 2
Ve A i 7 i 4 R, MG T I 8938 4T 4P ROAS o
HUW O REN TR AL, RECERMN
T RER ST HE A R BOR BRI, (EE 0 5, AT
B2 G TR X A W I EORHRR PR (9 R TR R R
AEEPE [ Tl R 36 E , M L S 45 KRR Pl Ak
T BB, LARRR /A BN ) AT AL R
I g ) P9 TR e L B 45 L B 2 FE A A BT, b K
B AT (9 AT SRR B0 5 5 AR B T AY R R 4
T R AZ LI o TR RE T 0 e kB i
12 A AR LU A7 A6 22 1, i 2 32 A7 N ] 3K ik e il o
Je A ARE R 5 AR I SR T AR A e A, AR R
FHXT B, 3 JCRE A T2 ek ) AVRE I R BB e A
BRI, B, A IE R e A 2 o BUA 7l %
A W BT, 38 AT X 4 RE b S B JEOREBEAT RE
IS, B0 i B 22 RS L 22 4 JEORE G A o AL AR
BAL BT 5o 2 EURR IR L o AR B — RE D
S TR EX B s AT S B S gt
FTEF R PRI, A BBV I T 2 205K, X B4 I 1
FI BR324 ME B s 2 AR o

(3) mE AL = My e AL R A5 i AT T 4R T

FI R A A A W J5 s (A 7 1 119 A2 5 R 43
S, W 3 A7 AE AL RCRAR 7= 1 022 L B IEL AR 1Y
LA, XE LS A L R 2 PR PR TR, E G LR AL
P ECR A AR o LIRS K I8 ) 7 A2 ) R AR RO
1)« [ P9 BEAT TR R KPR B R B A AR T 20
JEURHE AR 0 i i I, G 3 1 RS AT B9 2B ) R AR R
77 AR F 2 200 m*, AH R F) T AR H
2 JEURHB A BHASOR, | SO A AR EE 0 Al B R SRR
JEE AT R R 0 B2 IR, 7 AR e B 3 O, X LA T
P S B o FLUC, BA Tk 2 B AL 30 9 119 8 6 1k AR 2
YA . BUEY AL H & M B E B T



14 £k

IR

2026 4

A A A BEAR 7 BT A RO B AR B
B0 A A, AN 2 70% 5 10 CO, \CH, S5 AR A U8 7
0 o U e, S B 22 G PR T B JEURE I FE 3
s 5380, A B B A A R S BOR, A S e
SRy Al G SR R DORR B R I M E S A
AR PR G T A )L, 90 T s AT RS . RS
e (ELAR ™ 40 B B IAELAS A2 o 1 P A 0 o e (LA )]
(47 0 A Jey , LAA% S8 (0 00RE IR KL A0 42 b1 1L ™ )
o L XI5 My 1 B Ok A, e LB S 4l
R A 5 T e RS 00 (L () g i B3k 6 R O A AL 2 B
Ui G A E I, T HOR AR R A
FUAR /AN 5 [R] IR, 3 23 0 )™ 0 10 2B = B Al i A i
W R 2R I AR AR, LRSI T
JEAS B AN 77l 28 5 A% A X LA PR B
4.1.2 Alb Az Wy o v (B AR 45 M 1l AR R R R B

Py A=Wy B (AL M — IR R I R 4L T
% T3 B U A% A XUk H AR 2 S A 4R 4
FAl S e HA A AT ACHI A o BT 2 ik &
JR T Ik P9 28 RS9, 5 DA 5 e ) e AR 4 i A0 e
AL AL AR LT 3 AN EE R T MR
b E R R B AR R

G, G R A R R B ) R G AL
T i) 7 M A ) e i 114 R R 7 oK AR AE
P Sk B Al AL SR B T K% e 42 6 BT B R, 2 S
AR E B 7 2 T W3 18] € 3 AL ), 48 b A7 10 S5
iF S LU, TS R S R 2 O™ T2 R G4k
A, LK) AL | BE 2 A A0 ORS DL IR 52
B AL FASE AN A e R AU B R B AN AT
B WAl 5 PR Al 2 e A i R 1 s BRSSP
b, 5 A e Al ek A5 i W) o AN RE i U Y Bl A5 ORS HE
VT REHE /7, foe KA 3 T 4 7 Ml i 1) E A RO
[ i, B 5 T 2 BB 5 52 15 35 BC A [ IOk A [R] 7 ) 5
SRIGFE MRS T 2R ML il o B AL 5 i,
ST S P 2T 287 R G 5T
W HE 77, 38 IV T3 37 B0 3h A AL oK

LU, I HRAZ 0 2 2 1 [ A A 5 TR A
Ko PP AT H B 52 Br R 35 57 O b e, = 50T
JE E R AR | 22 21 73 JRURE AL PR A5 R A Ll fl e
oy DA B 80 ARBA o B8 ok 114 A P 2 B A SO A%
B T A AR A 0 5 5 DA A PR 9 3 3 it
JE 5 RN 3 55 53 A, 3 T A% 0 4 0 3 I Lo e 1
B 47 AR, B AR AZ 02 5 B 5 B s 47 A 5 58
Sy A 3D ATED B e A N TR RE A B — U
PEEA, X3 & 1a 17 280 TARIRS 24T 92 10y
et 5, S T 205s A7 DL A TR R, 32 712 4 iR R A
TEHEARKFHB TR E M, X —d i, 2 [H

BT TRAEIIE T & WA OB TF R K R &
T B Tk AL SR IE , B £ A 7 52 B TR 37 5t v g
% S BAR RE 18T o

BRa A& AR TR A R B Al B R BRI )k
e NN R AN R f AN S
AR A B AR, AR & B T 20 S B2 5,
PETHA U Al R 2 T AR BT 1 S I T R DR
R P =ik 3 N RN S N A 1 AU
TR B e T T o B, 32 T e A o R ot H A
Wi 5 10) 55 AR A B T 2225, 4 il ) S vz
(4 A S TH R E = B ORI ah o, 35 R T

F1 B o 4L
4.2 SEAELDER W &Y B 5 E &K
REXRE

o (B AR A 2ol AR Ml A 0 B e 1 ' T Sl e AR
B e A 1O Pk R S R B AN 7 TR .
4.2.1 3 AR ST

Al B Py 5 i ) PR Al A ) A (FE
a7 SR T) 2R R A N G — R R R
BE KR HiERERBFELHSHLE LSS
PR 3% (14 5% i), A5S80S P e I R Pk . b4, ok
e ) 2 — L () B ) R R, ARG RS B B T 2
ARA G W20 2 40, T WAE 19 1% 58 55 50 % 43 B U7
W E R EIEAE A B e

T D bR )RR P RO AR A R G A
BRI T H AL U SR S R A bR
A5 JEORE RN R 5 AL B B A% SR AR A P SR
S A R B 7 52, LA S I R W a6 S RIPE B R 2s O
Ivi) s, 355 AN [ £t A7 2% A2 1) 0% BB 35k 7 ' 3% — 4 i
BHnAE o R P KR B R A O A Y A AR Dy B
R 0 0 28 4 SRR L mT A ) I 2R W O S 4 BT
PG B .
4.2.2 7RIS R AR5 A0 P RIS BR

ARl A= 1y S50 IR 3 B A 0 v R 0 TET I 7)1 O
A B — YR T 2 Rk 3 S TR A B S R A
SRR KAy BRI /N HEFR B B R A R 25 R s
OSSR W IR B AT ORI R T U
BT 5| AR G R AR RS i N TR A 5 K R
EONAVE ALY DN Y) N SRS ey AR
FOLSR I AT AL . JC IR TR 2 75 3 ik
(S AT JOURL AL 2 T S5 AR 35 TRk, JR ¥ R A X
DAAR F B R R R

A TR I J5 ik 45 HLam I o 0 A
KA AR, AT R AN S 80 226 (EPO) | 1 He b
f6(DS) (43 B H bR Ak (PDS) K ¥4 58 78 o g =
B4y i, Horp EPO B9k 1 T [ i i1 55 25 4 S5 T



Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i

15

/ ﬁzmﬁ%:mmﬁzﬁgmﬁ

1

1

1

|

: Rl A T ([ RAGRERS h
! (s P a) SRR S AR B B (R

. B A FeE T A R

! ﬁfﬁggﬁ) >

i SRR AL H » TR HRSE

: SHHEEH ) AR SR

\ iy fe v T A, SR A -2 B B

1 5 M xﬁzu“‘ .

. ) T )
: s 4 B I I TR R %

i [ )

-
@ |
: FARH M
HAEZLEAMERS(NIR) 2 i (Raman)  HhZLA1 i (MIR) LIBSOL )
| OEEERGE YRR ERAGEEER ETLENT
¥ ZERUGERE D
i NIR/MIR ,{ Q\/\ s @ i ‘
: Raman A AR R ¢\
! LIBS g Y /\ '\ A6 ‘
: L ZENES  FOREAS SRS
i AR ER FRHEFEHL T
e

& 7
Fig.7

B
7

FZK 5348 A% P48 NIR T90 00 455 780 (9 5% il %o
B FORL A2 22 52, MSC SNV Kz 5550 %55l 3% 191 4k 21
RS 75 — 5 P JBE L 1 555 IS 2800, (LT X 22 e o A
IR A HE R AL A S Wk 2 R AR 2 B I AR I
REJIATIAFAE DT SRy BR o [RTIKG , N7 A 72 A o B 1 4
AN [A) R AR ORAR Gl A RDIR A

TEREAFJZ AT, LA 38 PR A R BT R
TR WPV RS2 e = 7 A (P < L T B e
MEIEAE Y B R B TR A A KA SO 2 R
R 22 MBI 56 B W) 5 S5 N A4 A A T U ] SR AR
RS GRS G E N Rk 7 X 2 VT A
TG Qe ) N PR RS . A DF TSR, RSk A
15 e 23 BLHE OG22 , NI i i 4 4 5 B
WA Jay L im RSP B R R A s A7 i 2
PR

TRV 2 T8, W58 5 TE i A5 G806 3% Ak 2R i
T A ST B S T W R B A T B o B XA R AR
o il BE K B PR B 5 R C T A A2 A BRI
B2 o3 ORI R A O R AR T 1, LR
R RSO0 T R AR 5 5RO £ 1 B 8 L 6 P 05 110 T
e

g5 L AR AR A Wy 5 ' 1 N A ST R A
] — e A IE — A B AT RS — R A I 54 b [ AL
]« 308 2 SR 4 R P ) A T R e G

/T FHRRERR O\ SRR !
VRS BRI |

O Ko — :
: [ ERAPEREEF{IL J ;
208 MikAt » TELRI S R |
° i
& WAL, RIS TS AN !
Hre T -l b 5 :
& T !
BTG TR T )]

B it )

i
1
1
|
1
|
1
|
1
|
I
I
I
I
|
I
1
I
1
I

V| ETE B GORRE STE A SR R AR e B RO e ik

T A S TRIEE T WS

ARG
-l - N o= D
FFFIEES RPN DGR SO (LS

AT 7k 500
CNNEBUHZ ML) - U-Ne(E{R50E004%)  CANCEBXHTR %)

e,

30 7l 2 P2 > PRI I3 SR SR T
v TEEESESHTHRAMST TIALUKT Rl (B REEEE )

A ) 50 B A D i R B R B IER

[llustration of spectroscopic technology challenges and prospects in high-value utilization of biomass

TOAL BRAN SRS B TE 11 B AR 58 i 2, 3l 5 i 7 o
> TS R R B A B i T 00 o AT AR AL, IR A S
AN E DAL S BB L B I . RUA R AL AR T
PRI 5 Hod UK 8l 505 P R R, A RE i i Ol B A
RITE FLSC T 00T B DI A2 1 AT 2 7 1 3 30
T Ny S A g 1) Tl B AT
4.2.3  ZHORREE 5RO A SR

B — T B B £ S R XE L 4 TR AR AR W)
A S A LR 25 ) o B, 30 20 A0 Ol 335 3 5 2
VA BB , 7 2 S % Xk 55 7 45 44 fURK, LIBS W) X 4275
RAEAT T, 0BG AT LG B A ] A5 R R . R
Z MOt B AR B AR Bl A R 3R BOE 4T AR Y RS
JSO A I EPR AW ST A\ 0N SN AR B ih
FEBLE REMIE BRI b 8T £0 81 635 9 A A2 5 i
SOLIE 5 HOLE Tl OIS A5 5 R [R] FSRHCE B
B or T 8UfE B2 n R 15 B, A F T 2 A
A ) T ) 2H SR PR A B85 XU

SR, 15 20 158 A% TR A B8 A7 28 AT T AT T
e DR Bk A, I HE R A B [ 20 5 R H X 5 R T
il G BAME B R EE E A LR HOR A %
TR LAAS 5 19 73 H R 5 R R R AE AT, AR 57 R
Ui 14 B[] R 2 i) P 7 L A7 7 S B B A, BRA Rl 5K
WA X L FE 0 IO X o oA R F) B PF A J L e F
B g A WL 2 e 71 1) B A% AR 4 1, B30k F 5



16 Y S ]}

L

2026 4

7 KA T B8 A LB TA) A 58 4 0 5% B0 o Bk 2k 1Y
3 NV Rl A
4.2.4 ANTHRESRES M H]

UEARR, LR B 27 2] AR N TR BEH AR TE
A 3 B Ul I iR K T o TR A S Bk ]
BHHMEIRGIE b | 3h 2% 2 R AR, R AL Ak
T 2 v B 0 T A RN AR AL O 8 20 TR, HL7E Ak B
AELE O R IR R R I T Ar iy PERE

% FU s 2 K 2% ( Convolutional neural network ,
CNN) i IR 2 I A 2 — BFsE R W,
CNN TEJT£LA1 56 1% 5 £ 3 A b i 28 30 mT 5 4 dic />
o m] A AR 56 A T AL, 0 AR b PR AR MO
M 57 6 R AR A 508k I A 34 D S, mJ A R0 RO 3
fiE o X T LG EEEE , U — Net 55 MR 43 3] k) 2% 7]
T A sh U EAZR B A [6] 2 211Xk, I 32 B X
SR 2 0 3, S B A W 5 A UK B Ry BT
{4, F U — Net n] {2l 43 I 5 K R A 10 1 141 45
TR AR A BN JRERE ZH R RE 2H 2 DI, ) i A
IR A6 S, BT A IR 20 U Ak 2 i 43 22 5, Ay S i
A= W) 5 2H 2R S Ve A A AT S AR IR R

A, e HCHE 1S 5 AN R I B Oy T, TR 2 )
JR B A RRAN M, A0 AR BT B N 4 Bk o R A A AR
A FE AT BBAOGEE , il A &) sl 2R g | B s A
RIS B3 BR B3 0 B i) vk o B T X UM I A
MRS RL L RS RO | T T b MEFE BV AT 8 BROAS 6] X %
[ 119 O 1% 22 S, Ay Ao 48 2 18 4 3k 2 S0 00 5 v AR
TSR AL TR B o RO IR 27 ) 1Y R SR H RN 2 1]
B T FIUIORG B2, T J2 A DR 5 DX B2 2 5 R B 8
AT REALZ AR T 7 R AR A B AT A R
4.2.5 0 [a) A A ) o v A R A R R A O 9 B

HUESZZ

O B e A AT A A8 T AR Ml A= ) 5 e (R AL
AR TR BE S A JEURE TR B SN A% AL
JOL 7 A0 it JBT A A A G BT R B S N A T 5 B
PR, O A v AR e A i R U0 1k B R
SCHE o B ATTARR R 5 7 Ak 52 ORI A I

HoR SHE R T 2L R G Ak T % R B,
AW 3 T 00 5 TP L O A A S M R AR
8575 WA AE 3 AR . 45 G A A= W B e (AL i
H AR BEAL B AL 77l Al e R e, R ROk
TN AR SRR G M T A RS Bk, N R
e FH A F A B R0 5 3 L Al R BE 9 4% T 5
Jr i

(1) BIF 2 B o T 00 365 TRC 1) % PO 3% A6 0 2 5
TR Tk IR RS M o BT XTI 5K AL S5 e
U L TS g O, T T Rl T
b TS U A RHT R B DS B IR ZE L
P ZOETE K 5 — IR B 25 M B i, SE B
DA A S ) S A B 1 2208 AT o HEESEIEAS I B0
5 R g K FR T A RE T A B B B Al AR A, T
ANEIAL B EAL AR B T 2 T 2 A, ol IEE
BEAL TR 5K

(2) ¥y 2 ML 2 3K 5 114 2 A6 25 Ol 18 00 A8 Y, 4
THE R HIE S AT e R R AR W B AR LRl
SN #8125 8l 3 A AL ST A 1 i b o e,
SECHUBR A + B T RE ™ B0 5 LI ASE 2R o R AL
TR oF R AR TE AR AS B, 38 713 2 b 2R AE W) i %
TA G5 B S IR RE ) o bR AL Z B
bl 4 SRS N R A N -2 X AR\
TR B A M TR 9 A IE SRR AR RS R, S 3
FHIE B () A 2 s 7 ) B A 2L ) | A AR R
HERG I

G)HFELERIIm S ZRAAREME, L2
AR REP PR R 1% o ARIERCTF AR N TR RS 0
P ST HR S T SR O % ARG T B 4 2 25
-, MG AR 5 S B U P e 3l L T
T A% 5 7 Wy il A2 Ak, 52 B i A7 IR 245 5 F 2 I
B o LRI o MR R S AR A B T
BLH 5 6% B TR i A — 30—k <5 22 R A
ARG, s A HER BRSO E DG iR
AETC LU 25 A0 2 8, 52 L 2 B A U v 2 P [F) 5 B Ak
T2 R sl o

& % x Wt

[1] El-azazy M, Bashir S, Liu J L, et al. Lignin and lignocellulosic materials: a glance on the current opportunities for energy and

sustainability[ M/OL] // Advances in sustainable energy: policy, materials and devices. Cham: Springer International
Publishing, 2021 621 - 652. https; // doi. org/10. 1007/978-3-030-74406-9-22.

[2] Rk, ZEE. GOEME S TREBEREFEEY R ARETFEST]. seE L ,2025,45(6) :92 - 98.
Wu Helai, Li Wangfan. Techno-economic analysis of co-firing for coal and energy crops under the background of carbon pricing
[J]. Energy Engineering, 2025,45(6) :92 -98. (in Chinese)

(3] L3E, A, T, . IR B EDRET AR & 2R A HUL BT IR SR S AL 1 204 (1], v RO A2, 2024,

57(4) .721 - 739.

Ma Ronghui, Yang Wujie, Yu Lei, et al. Current status of organic fertilizer resources from crop straw and livestock manure and

their potential for replacing chemical fertilizers[ J]. Scientia Agricultura Sinica, 2024 ,57(4) :721 -=739. (in Chinese)



21 1) Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 17

[4]

[9]

[10]

[12]

[13]

[14]

[15]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

TRBEPR , EFEFL, ALK, 55 h EARAE RS FE 7= R g R BUIR AT [T ]t FE Rl 2 241k ,2021,26(9) 230 - 41.
Zhang Xiaoqing, Wang Zifan, Can Muyou, et al. Output and comprehensive utilization status of crop straws in China[J].
Journal of China Agricultural University, 2021,26(9) :30 —41. (in Chinese)
FAT YL RV E F 9 A=W B (A R AL BOR AT [T ] RRIR 519 Ak ,2025 (4§ 1) 1) :67 - 70.
Wang Dingkai. Research on high-value conversion technology of agricultural waste biomass [ J]. Energy and Energy
Conservation, 2025(S1) :67 =70. (in Chinese)
A 3CHR . B RAEYREAT BB FIRE VA W [ D] dbst: th Rl k5 ,2015.
Niu Wenjuan. Composition and energy utilization potential of major crop straws[ D]. Beijing: China Agricultural University,
2015. (in Chinese)
BB IR R /NS A X R SO D 1 AR T R A RS [T ], R Tl R 2241 ,2022,36(3) .1 - 7.
Lv Tengteng, Xu Pengfei, Zhu Xiaoling, et al. Effects of tank aerobic composting of chicken manure on heavy metal availability
[J]. Journal of Qilu University of Technology, 2022,36(3) :1 —7. (in Chinese)
JAIE L BRIGET , R AE 45 AL ZLA L I BORTE AR Y A AL B S rh RO B [T ] Ot 2% 50635 43 47, 2025,45 (10) 2701 -
2710.
Lu Si, Chen Xiaoli, Liang Zheng, et al. Application of in-situ infrared spectroscopy in biomass conversion research[J].
Spectroscopy and Spectral Analysis, 2025,45(10) :2701 —2710. (in Chinese)
Skvaril J, Kyprianidis K G, Dahlquist E. Applications of near-infrared spectroscopy ( NIRS) in biomass energy conversion
processes: a review[ J]. Applied Spectroscopy Reviews, 2017,52(8) : 675 —728.
Ewanick S M, Thompson W J, Marquardt B J, et al. Real-time understanding of lignocellulosic bioethanol fermentation by
raman spectroscopy[ J]. Biotechnology for Biofuels, 2013,6: 28.
Klaverdijk M, Ottens M, Klijn M E. Single compound data supplementation to enhance transferability of fermentation specific
raman spectroscopy models[ J]. Analytical and Bioanalytical Chemistry, 2025,417. 1873 - 1884.
Sepman A, Wennebro J, Fernberg J, et al. Following fuel conversion during biomass gasification using tunable diode laser
absorption spectroscopy diagnostics[ J]. Fuel, 2024 ,374. 132374.
JRIRRAR  BUSE R, U U, SF. A SRR T M T B R AT S R R S R I [T Wk BH ARk KA AR 4R, 2017,
48(4):505 -512.
Zhou Chengcheng, Zhao Lixin, Meng Haibo, et al. Research progress and development trend of online monitoring technology
for biomass pyrolysis products[ J]. Journal of Shenyang Agricultural University, 2017 ,48(4) :505 —512. (in Chinese)
Rk BB, TR )TOME, AR TR0 IO 20 Ah S N FE TS IR R MR R MR iR A R [T ] ROk TR % e, 2020,
36(10) :220 -226.
Liang Hao, Huang Yuanping, Shen Guanghui, et al. Real-time online bypass near infrared monitoring of volatile fatty acid
content in anaerobic fermentation of manure[ J]. Transactions of the CSAE, 2020,36(10) ;220 —226. (in Chinese)
X 4 B, SR bObK B, A5 R T 20 AN O3 0 TE R HE P R T R AR A I [T ] Rk TR 24, 2020,36 (18) ¢
188 - 196.
Liu Jinming, Guo Kunlin, Zhen Feng, et al. Rapid detection of volatile fatty acid content in biogas slurry based on near
infrared spectroscopy[ J]. Transactions of the CSAE, 2020,36(18) :188 —196. (in Chinese)
Putra . A, Kostler M, Grundwurmer M, et al. State estimation of a biogas plant based on spectral analysis using a combination
of machine learning and metaheuristic algorithms[ J]. Applied Energy, 2025,377 . 124762.
Dhal S B, Kar D, Capareda S. Intelligent valorization: integrating Al, imaging, and sustainability for next-generation biofuel
systems[ J]. Global Energy Interconnection, 2026.
Del Hierro A G, Checa-barrera J L, Moreno-cid J A, et al. Real-time biomass estimation in high-density yeast fermentations
using soft sensor modeling[ J]. Biotechnology and Bioengineering, 2026,123.2389 - 2405.
Ahmed M W, Singh V, Kamruzzaman M. Near-infrared spectroscopy as a green analytical tool for sustainable biomass
characterization for biofuels and bioproducts: an overview[ J]. Bioresource Technology, 2025 ,433 . 132722.
FIE AR WA AN E ARG M A AR R R RO RT]. Jeik 2 5054 47,2013,33(12) 13207 -
3211.
Du Juan, An Dong, Xia Tian, et al. Research progress on detection of plant lignin and cellulose by near infrared spectroscopy
[J]. Spectroscopy and Spectral Analysis, 2013,33(12) :3207 —3211. (in Chinese)
WhoR L, 5 i e, SR, 4 L 2R AR BRSO 1% 78 K J0T 27 4k 200 i B TUAR 1 b i B Y R (T ] Dl 2 5065 43 17, 2022,
42(1):15-19.
Chen Fushan, Wang Gaomin, Wu Yue, et al. Application progress of confocal micro-raman spectroscopy in pretreatment of
lignocellulosic cell walls[ J]. Spectroscopy and Spectral Analysis, 2022,42(1) :15 -19. (in Chinese)
T BRI B A 5. BN AT 2T 5 A R T S5 R0 ST A 2022, 41(9) (1301 — 1313,
Huo Xuesong, Chen Pu, Dai Jiawei, et al. Application progress and prospect of miniature near infrared spectrometers| J].
Journal of Instrumental Analysis, 2022,41(9) :1301 —1313. (in Chinese)

Bai J, Dong D. Observing and analyzing living plants using handheld and miniaturized raman spectrometers: a review[ J].



18 P S 1 R = I 20264
TrAC Trends in Analytical Chemistry, 2025,193; 118437.

[24] Punia P, Kumar S. A critical review on enhanced bioethanol production from sweet sorghum using nanotechnology[ J]. Energy
Nexus, 2025,17 . 100339.

[25] Ahmad Dar R, Ahmad Dar E, Kaur A, et al. Sweet sorghum: a promising alternative feedstock for biofuel production|[ ] ].
Renewable and Sustainable Energy Reviews, 2018,82 . 4070 —4090.

[26] Z=44, 5k, UER I, 55 B RFEF A W AALAL 2 2R Se P IR A8 40 BT [ T] . b [t 402 41,2023 ,38(2) :92 - 97.

Li Mengyang, Zhang Tao, Xiang Yuzhou, et al. Chemical composition and fiber morphology analysis of different parts of corn
straw[ J]. Transactions of China Pulp and Paper, 2023,38(2) :92 -97. (in Chinese)

[27] BXSCER, BRI, X, &5 . s R VR WA FF A SR Be 3 D0 2 o i [T ] R PR R 22 41 ,2019,38 (4) 1921 - 927.
Zhao Wenxia, Yang Chaoxu, Liu Shuai, et al. Composition and combustion kinetic analysis of typical crop straws[ J]. Journal
of Agro-Environment Science, 2019,38(4) :921 —927. (in Chinese)

[28] Bhardwaj A K, Thakur B, Tripathi S K, et al. Recent advances in valorizing agricultural waste: a sustainable approach[J].
Waste and Biomass Valorization, 2026 ,17 ;. 6429 — 6456.

[29] Nezafat Z, Dong Y, Nasrollahzadeh M, et al. Recent progress in energy conversion and storage of agricultural waste-derived
(carbon/nano ) materials; a review[ J]. Green Chemistry, 2024 ,26(21) ; 10687 - 10717.

[30] 248,20, R, 4. Gl R T8 & R 0 2815 o il iy X st e [T ). v 548 ,2024(3) 250 - 55.

Liang Shuang, Li Bin, Zhu Jun, et al. Research progress on spectral analysis technology for component detection of livestock
breeding manure[ J]. China Dairy Cattle, 2024(3) ;50 —55. (in Chinese)

[31] BABeA, Wl ARRIEE SIEM R0 M R Ak [J]. hEESR S ,2012,20(1) :80 - 86.

Shan Yingjie, Zhang Mingkui. Nutrient and pollutant composition of livestock manures from different sources[J]. Chinese
Journal of Eco-Agriculture, 2012,20(1) :80 —86. (in Chinese)

[32]  RAUE IR o0, ESE8, 5. A K 79 58 BAL R B 9 S0 B 58 B R R R S A i [ T] . v o 25l 4R, 2024,
40(8) :148 - 156.

Wu Shaobo, Xing Liyuan, Wang Jinchao, et al. Analysis of domestic and international research hotspots and development
trends of agricultural waste resource utilization[ J]. Chinese Agricultural Science Bulletin, 2024,40 (8):148 - 156. (in
Chinese)

[33] XUBE, s &, Hages, % L0l Pl o0 M 35 AR pH E AL R W [T]. 2 Hr k24,2007 (9) 11285 - 1289.

Liu Xian, Han Lujia, Yang Zengling, et al. Rapid analysis of pH and fermentation products of silage by near infrared
spectroscopy[ J]. Chinese Journal of Analytical Chemistry, 2007 (9) :1285 - 1289. (in Chinese)

[34] ARARH:, SRASTN, SR IE , 5. L0 MG BRI 8 ERAE R M BT ()], Aol TR 2441 ,2009,25(12) :151 - 155.

Tai Shujing, Zhang Renhe, Shi Juntong, et al. Determination of feeding quality of corn straw by near infrared spectroscopy
[J]. Transactions of the CSAE, 2009,25(12) :151 —=155. (in Chinese)

[35] BERA,wh&M4 B, 5. FRFEFEENE IR M NIRS 7R KM [T]. ROV HU 2 ,2016,47(7) :216 -223.

Xue Junjie, Han Lujia, Yang Zengling, et al. Online detection of nutritional components in corn straw feed by nirs[ J].
Transactions of the Chinese Society for Agricultural Machinery, 2016,47(7) :216 —223. (in Chinese)

[36] HAN,ZZE0 B, 5. O R Gk SURE AR OB A AR I 204 R A R A (2 [T ). B W8 35 %4 410, 2023,35(7 )«
4643 - 4658.

Hu Jie, Li Juntao, Sui Li, et al. Construction of near infrared calibration models for effective energy of 9 common feed
ingredients for growing pigs[ J]. Acta Animal Nutrition Sinica, 2023,35(7) :4643 - 4658. (in Chinese)

[37]  B&sL, PN, IR, 4. BET NIRS MRME S ENCARIAT St JR [J]. b E ARk R 272441 ,2024,29(8 ) :179 ~ 189.

Luo Li, Sun Huiqi, Shi Suan, et al. Research progress on agricultural waste compost detection based on NIRS[ J]. Journal of
China Agricultural University, 2024 ,29(8) :179 —189. (in Chinese)

[38]  E MM, wOURE, o & 4E. B T LM £ 28 F5 0 & L 204 B A AR X [T, il 2 5 0% 4 47, 2010,
30(3) :677 - 680.

Wang Xiaoyan, Huang Guangqun, Han Lujia. Near infrared spectral analysis of main nutrient contents in industrial chicken
manure compost[ J|. Spectroscopy and Spectral Analysis, 2010,30(3) :677 —680. (in Chinese)

[39]  ZfEwy, %hon, 200, 5. 25T PLSR WYL 404N 635 VA W & 28 3% il o3 SE P E R A 5 vk wh e [T ). s S,
2023,35(5) :1089 - 1094.

Li Jiarui, Zhong Yuan, Li Yue, et al. Real-time online detection method of main nutrients in biogas slurry by near infrared
spectroscopy based on PLSR[J]. Chemical Research and Application, 2023,35(5) :1089 - 1094. (in Chinese)

[40]  ZEfEp. VB WCRZEK 3R 43 P Jr 2k A AT RS [ D ] bt . v Bl ) 2 B, 2023.

Li Jiarui. Study on rapid detection methods of nutrients in biogas slurry and manure wastewater [ D ]. Beijing: Chinese
Academy of Agricultural Sciences, 2023. (in Chinese)
[41] Wozniak A, Kuligowski K, Swierczek L, et al. Review of lignocellulosic biomass pretreatment using physical, thermal and

[42]

chemical methods for higher yields in bioethanol production[ J]. Sustainability,2025,17(1) . 287.
PREF B, Ak 5. RIE L4 2 2B b R & R # [ T]. L TaF & 2025 ,44(5) :2541 - 2562.



21 1) Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 19

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[58]

[61]

[62]

[63]

[64]

Chen Yanjun, Dai Jie, Shan Junqiang, et al. Research progress and development trend of cellulosic ethanol in China[ J].
Chemical Industry and Engineering Progress, 2025,44(5) :2541 —2562. (in Chinese)

Bose L, Chanukya C R, Prabha Lakra C S, et al. Anaerobic digestion of agro and agro-industrial waste for bio-methane
production[ J]. Journal of the Indian Chemical Society, 2025,102(10) ;: 101966.

Mehdizadeh M, Omidi A, Matindike R, et al. Agri-waste valorization: pathways to sustainable bioenergy and biochemical
innovation[ J]. Circular Economy and Sustainability, 2025,5(6) ; 5247 - 5277.

El-Fawal E M, El Naggar A M A, El-Zahhar A A, et al. Biofuel production from waste residuals: comprehensive insights into
biomass conversion technologies and engineered biochar applications[ J]. RSC Advances, 2025,15(15); 11942 - 11974.
Saadon S Z A H, Abdullah N H, Patrick D O, et al. A review on oxidative pyrolysis and oxidative torrefaction: mechanisms,
products, kinetics and future directions[ J]. Journal of Analytical and Applied Pyrolysis, 2026,195; 107609.

Raj T, Chandrasekhar K, Naresh Kumar A, et al. Lignocellulosic biomass as renewable feedstock for biodegradable and
recyclable plastics production: a sustainable approach[ J]. Renewable and Sustainable Energy Reviews, 2022,158. 112130.
BT B AN, 28 SO, A5 A W T R A £ L MR A BT R [T ] RS 44K T, 2025,42(6) (1211 - 1220.

Hu Yulong, Zhang Rugiang, Li Wenjun, et al. Research progress of biodegradable food packaging materials [ J]. Fine
Chemicals, 2025,42(6) ;1211 - 1220. (in Chinese)

B, B B E AR Y OB Bl B B R R R B[ T . k% Tk ,2025,43(4) 1 - 6.

Yang Zheng, Liu Siming, Xing Lei. Current situation and development prospect of biofuel ethanol industry in China[]J].
Chemical Industry, 2025,43(4) :1 =6. (in Chinese)

FEWI 8, Tl A, i B 4, 55 R 4E R ROHATAE WA v A TR S sl o # P sE itk R ()] A Lk J,2022,41(7) -
3519 —3533.

Zhuang Yuting, Wang Jianhua, Xiang Zhiyan, et al. Research progress on conversion of hemicellulose and its derivatives to
y-valerolactone and its kinetics[ J]. Chemical Industry and Engineering Progress, 2022,41(7) :3519 —3533. (in Chinese)
E LI EREAF - F RS RS YRR RS TR LT, B4 ,2023,81(11) 1590 - 1608.
Gao Yang, Zhang Xuexin, Yu Jinsheng, et al. Recent advances in asymmetric catalytic synthesis of a-chiral tertiary azides
[J]. Acta Chimica Sinica, 2023,81(11) :1590 — 1608. (in Chinese)

A SCO, SR e, o AR B A A E AL S R R R [T]. P E R A% ,2025,55(1) 150 - 68.

Zhu Wenqing, Guo Tenglong, Zhang Bo. Research progress on preparation of nitrogen-containing compounds via biomass
conversion[ J]. Science China Chemistry, 2025,55(1) ;50 —68. (in Chinese)

Gonzalez C, locoli G A, Cuestas J] M, et al. Rapid prediction of pleurotus pulmonarius cultivation performance from
lignocellulosic spectral fingerprints using machine learning[ J]. Biomass and Bioenergy, 2026,211: 109110.

Sharma H S S, Kilpatrick M, Burns L. C. Determination of phase ii mushroom (Agaricus bisporus) compost quality parameters
by near infrared spectroscopy[ J]. Journal of Near Infrared Spectroscopy, 2000,8; 11 —19.

K G W i 5. ROCR IR S iR IR S SRR A L R G WFFE [ T]. RPHBE 4L ,2020,41(4) ;243 - 248.

Song Yang, Zeng Kuo, Yang Haiping, et al. Research on combined cycle power generation system driven by concentrated solar
gasification of carbon-containing materials[ J]. Acta Energiae Solaris Sinica, 2020,41(4) :243 - 248. (in Chinese)

PR XA, 2t 55 BT AW B KRR AL 2B RGBS A [T]. P E AL TR 4 ,2015,35(1) :
112 - 118.

Bai Zhang, Liu Qibin, Li Honggiang, et al. Simulation and analysis of polygeneration system based on biomass-solar
gasification[ J]. Proceedings of the CSEE, 2015,35(1) :112 - 118. (in Chinese)

Yu J H, Wang S, Guo M Y, et al. New concept of solar-driven biomass gasification; an eulerian-lagrangian study[ J].
Energy, 2025,318 . 134876.

Soria J, Mazza G. Solar pyro-gasification of biomass: modelling the influence of moisture content and sample height[ J].
Energy Conversion and Management, 2026 ,348 . 120641.

SR RVEEAE , X R . KB RE IR S AE W PR A 2B R G5 [ ], RIARE“# 4 ,2022,43(1) :465 - 470.

Wu Haifeng, Liu Jiawei, Liu Qibin. Research on solar-driven biomass gasification polygeneration system[ J]. Acta Energiae
Solaris Sinica, 2022,43(1) :465 —470. (in Chinese)

Zuo H'Y, Zeng K, Lin M, et al. Design of an advanced packed bed reactor for solar-driven biomass gasification[ J]. Energy,
2025,339: 139035.

Abdallah T, Dincer I. A solar thermal system integrated with biomass gasification for clean hydrogen production[ J]. Renewable
Energy, 2026,271; 125909.

A NI 0 958 B A8 W o A A S R AR BPLBRAF S LD ] 4RI T B K, 2025,

She Hui. Study on reaction characteristics and mechanism of molten salt assisted biomass pyrolysis/gasification [ D ].
Yinchuan; Ningxia University, 2025. (in Chinese)

Chuayboon S, Abanades S. Impact of different agricultural biomass residues on the performance of continuous solar-steam
gasification[ J]. Industrial Crops & Products, 2025,236; 122048.

SREVER , DRAICHS . A FH R 5% £8 3 i A 9 BB Il FLK B AL R AT st e [T ] W R 4e A 8k, 2013,37(1)



20 P S 1 R = I 20264
38 -46.
Guo Liejin, Chen Jingwei. Research progress of hydrogen production via biomass supercritical water thermochemical
gasification with concentrated solar heat supply [ J]. Automation of Electric Power Systems, 2013,37 (1):38 - 46. (in
Chinese)

[65] B, 5WFUR, AT, % ZHBRMAERM S AW B I TR E R A [T]. KBTAES 4k ,2011,32(5) :750 - 755.
Liao Bo, Guo Liejin, Lv Youjun, et al. Hydrogen production coupled with multi-dish solar heat collection and biomass
supercritical water gasification[ J]. Acta Energiae Solaris Sinica, 2011,32(5) :750 —755. (in Chinese)

[66] FRBEM, ¥, BRATAR, 4. K FHAE 5 A 9 DO IR K AR S BN R AT [T]. W B R ,2025,31(11)
11 -23.

Zhang Wanlin, Xin Yu, Chen Fujie, et al. Analysis of coal-fired unit system coupled with solar energy and biomass
supercritical water gasification[ J]. Clean Coal Technology, 2025,31(11) :11 —=23. (in Chinese)

[67] Yao Y, Zhang J Q, Shi L, et al. Solar fuels production from plastics and biomass photoreforming[ J]. Energy & Fuels, 2025,
39 14455 —14482.

[68] Chen G Y, FuC F, Zhang W H, et al. Solar-driven production of renewable chemicals via biomass hydrogenation with green
methanol[ J]. Nature Communications, 2025,16: 665.

[69] Wang L, Yaniv A, Alirahmi S M. Optimizing a dispatchable solar-biomass hybrid system for sustainable polygeneration[ J].
Energy Conversion and Management: X, 2026,31. 102002.

[70] EME,EH, X058, % ETREOAE %N RMGESEY RGN CCHP REL ARMATRT]. S LRER,
2024 ,44(5) :735 - 744.

Wang Yaochen, Wang Xi, Liu Qi, et al. Multi-objective optimization of solar-biomass complementary CCHP system based on
improved beluga whale algorithm[ J]. Journal of Power Engineering, 2024 ,44(5) :735 - 744. (in Chinese)

[71] gkl B A A S0 A AR SR S AL - & B RGBT [ D], Kt RER,2021.

Gao Weidi. Comprehensive evaluation of biomass anaerobic digestion-gasification coupled power generation system based on life
cycle assessment[ D]. Tianjin: Tianjin University, 2021. (in Chinese)

[72]  BWAR, 24 505F 55 AW PR SR B SAC & b B i PR S B A P A [T ). Btk ,2025,31(9) 1122 - 130.

Ge Yadong, Yuan Zhuang, Zhang Rui, et al. Process simulation and carbon benefit evaluation of biomass anaerobic
fermentation — gasification coupled treatment[ J]. Clean Coal Technology, 2025,31(9) :122 - 130. (in Chinese)

[73] NSRBI 2 RS2 SO e AR BRI 2 i SRR B FE [ D ] bM)W IR 4%, 2023.

Sun Haoran. Evaluation of liquid fuel routes via biological, chemical, thermochemical and cross-coupled conversion of biomass
[D]. Hangzhou: Zhejiang University, 2023. (in Chinese)

[74] Fatokun V O, Inuwa A M, Tetteh E K, et al. Bioeconomy of integrated anaerobic digestion-hydrothermal carbonization for
agricultural waste conversion[ J]. Biomass and Bioenergy, 2026,210: 109062.

[75] BT EYRHES SOFC & 7 R EMI LTI [ D], dbat Aedtl Jr k2 ,2022.

Chen Yutong. Research on coupling scheme and thermal characteristics of biomass hydrogen production and SOFC [ D ].
Beijing: North China Electric Power University, 2022. (in Chinese)

[76] B, 20k, 1 4. AW B UAR A & TR S Ak W ARk vl BIF 58 BRAR R AT SR 20 BT [ T] . RE IR BRI AR 47,2023 ,37(6) 11 ~ 11.
Xu Yue, Li Tao, Xiao Rui. Research status and prospect analysis of biomass gasification coupled solid oxide fuel cell[ J].
Energy and Environmental Protection, 2023,37(6) :1 —11. (in Chinese)

[77] W5, SN, M, 5 ZRENBRVERYRE LM ARG RS R T]. KHAEY R ,2019,40(4) .
936 —941.

Yang Xuemei, Zhang Zhiping, Wang Yanjin, et al. Energy flow process of multi-energy complementary anaerobic fermentation
system for agricultural waste[ J]. Acta Energiae Solaris Sinica, 2019,40(4) :936 —941. (in Chinese)

[78] Tsuchikawa S, Kobori H. A review of recent application of near infrared spectroscopy to wood science and technology[ J].
Journal of Wood Science, 2015,61(3) : 213 —220.

[79]  E5 KBS, 5. H0 Y 40 M BE 2 5 G0 g5 S 7 i B R RG TR Ao B AR IS R O s [T, A 24 4R, 2025,60(5) -
773 -1785.

Wang Xiao, Xu Changwen, Qian Hongping, et al. Mechanism of plant cell walls involved in immune response and its in-situ
label-free imaging method[ J]. Chinese Bulletin of Botany, 2025,60(5) :773 —=785. (in Chinese)

[80] Agarwal U P. 1064 nm ft-raman spectroscopy for investigations of plant cell walls and other biomass materials[ J]. Frontiers in
Plant Science, 2014 ,5.490.

[81] Gierlinger N, Schwanninger M. The potential of raman microscopy and raman imaging in plant research [ J]. Journal of
Spectroscopy, 2007,21: 498206.

[82] Santos D, Nunes L. C, De Carvalno G G A, et al. Laser-induced breakdown spectroscopy for analysis of plant materials: a
review[ J]. Spectrochimica Acta Part B: Atomic Spectroscopy, 2012,71 =72 3 - 13.

[83] Mishra P, Asaari M S M, Herrero-Langreo A, et al. Close range hyperspectral imaging of plants: a review[ J]. Biosystems

Engineering, 2017,164 . 49 - 67.



21 1) W3l ¥ 2 AR A W) I e (A T Al BCHE R 0 P D T T 0 R 15 2 5 F e 21

[84]

[85]

[93]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Raghav M, Dubey A, Singh J. Hyperspectral imaging for detection and classification of plant primary and secondary
metabolites: a review[ J]. Phytochemical Analysis, 2026,37(1): 4 -27.
BN BGE M E A, S T 20 A0 3 SR B R B AR W PR A [T e R R A R (B AR D
2024,50(2) :113 - 119.
Li Jie, Li Meng, Fu Tongcheng, et al. Rapid analysis of miscanthus lutarioriparius biomass quality based on near infrared
spectroscopy[ J]. Journal of Hunan Agricultural University ( Natural Sciences) , 2024,50(2) :113 = 119. (in Chinese)
Ahmed M W, Esquerre C A, Eilts K, et al. Rapid and high-throughput determination of sorghum ( sorghum bicolor) biomass
composition using near infrared spectroscopy and chemometrics[ J]. Biomass and Bioenergy, 2024 ,186: 107276.
Liu J, Jin S, Bao C, et al. Rapid determination of lignocellulose in corn stover based on near-infrared reflectance spectroscopy
and chemometrics methods[ J]. Bioresource Technology, 2021,321 . 124449,
Tang C, Li M, Jiang B, et al. High-throughput profiling of sweet potato vine biomass for cellulosic ethanol production using
near-infrared spectroscopy and chemometrics[ J]. Microchemical Journal, 2025,213. 113679.
Kong D, Liang J, Ma Y, et al. Multi-target active component detection of panax notoginseng based on ATR — FTIR combined
with machine learning[ J]. Industrial Crops and Products, 2025,237 . 122273.
LiJ, Ma Y, Zhang J, et al. Rapid detection of fertilizer information based on raman spectroscopy and machine learning[ J].
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2025,324 . 124985.
Zhao Y, Zhu Y, Li C, et al. Fast analysis of straw proximates based on partial least squares using near-infrared spectroscopy
[J]. Spectrochimica Acta Part A; Molecular and Biomolecular gpectroscopy, 2024,309 . 123855.
RESET BT R E I A 5T 0l A B/ JT 3R 43 AT L= 21 80 Ol 1% B R AR M S A R AL IREL LT ] i 5Ok
34341 ,2017,37(5) :1609 - 1614.
Xiong Xianqging, Qian Shaoping, Sheng Kuichuan, et al. Prediction of higher heating value of crop straw based on proximate/
elemental analysis and visible-near infrared spectroscopy[ J]. Spectroscopy and Spectral Analysis, 2017,37(5) :1609 - 1614.
(in Chinese)
XA U ZLAME S R P RE RS AT RN B i [T]. ek 56T ,2006,26(11) :2016 - 2020.
Liu Xian, Han Lujia. Rapid determination of components in straw silage by near-infrared diffuse reflectance spectroscopy[J].
Spectroscopy and Spectral Analysis, 2006,26(11) :2016 —2020. (in Chinese)
Qaswar M, Mouazen A M. Precision application of combined manure, compost and nitrogen fertilizer in potato cultivation using
online vis-nir and remote sensing data fusion[ J]. Smart Agricultural Technology, 2025,12. 101328.
LU, b, B SN A5 IR LLAMEOR PRI i ARG FEE RS S 1 [T]. ARl T AR 2412 ,2004,20(6) :251 - 254.
Kong Yuan, Han Lujia, Jia Guiru, et al. Rapid determination of main fertilizer components in broiler manure by near infrared
spectroscopy[ J]. Transactions of the CSAE, 2004,20(6) :251 —254. (in Chinese)
Tangorra F M, Buoio E, Finzi A, et al. Nutrient quantification of livestock slurry and digestate using a low-cost handheld NIR
spectrometer and multi-biomass calibration models[ J]. Biosystems Engineering, 2024 ,240. 100 - 106.
Panchbhai K G, Shetgaonkar S, Morajkar P P, et al. Artificial intelligence with wrapper multioutput regression to identify
chemical contents of fresh and dried manure samples using NIR spectroscopy[ J]. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 2025,330; 125697.
B R MRS W, 5. T AAOEIE NN A RIEDRETEARAR TR ERRIELT]. Rl TR HR,2018,34(19) .
219 -224.
Yang Zengling, Mei Jiaqi, Cao Cong, et al. Characterization of milled wood lignin differences of different crop straws based on
infrared spectrum[ J]. Transactions of the CSAE, 2018,34(19) :219 —224. (in Chinese)
Gao W, Jiang Q, Guan Y, et al. Transfer learning improves predictions in lignin content of Chinese FIR based on Raman
spectra[ J]. International Journal of Biological Macromolecules, 2024 ,269 . 132147.
Li C, Lu Z, Chen J, et al. Determination of alkali metal elements in solid biomass fuel by laser-induced breakdown
spectroscopy : analysis and reduction of chemical matrix effects J]. Analytica Chimica Acta, 2025,1337; 343568.
Huang Y, Yang Z, Ge C, et al. Quantitative approach for simultaneous in situ profiling of lignin, cellulose, and
hemicellulose using confocal Raman microscopy[ J]. Analytical Chemistry, 2026.
Huang Y, Yang Z, Ge C, et al. In-situ visual delignification and cell-scale kinetics modeling using confocal Raman
microscopy[ J]. Bioresource Technology, 2025,437. 133098.
Baum A, Agger J, Meyer A S, et al. Rapid near infrared spectroscopy for prediction of enzymatic hydrolysis of corn bran after
various pretreatments[ J]. New Biotechnology, 2012,29(3) . 293 -301.
TR, X FE i, VLN, S BT IE LA R B BRI A R B S HCE A [T]. Mot S ot d T R, 2017,
54(2):320 -326.
Zhang Hang, Liu Guohai, Jiang Hui, et al. Quantitative detection of ethanol solid-state fermentation process parameters based
on near infrared spectroscopy[ J]. Laser & Optoelectronics Progress, 2017,54(2) :320 —326. (in Chinese)
Ji K, Yu X, Chen L, et al. Data-augmented deep learning algorithm for accurate control of bioethanol fermentation using an

online raman analyzer[ J]. Biotechnology and Bioengineering, 2025,122 . 2366 —2376.



22 P S 1 R = I 2026 4

[106] Ou H, Zhang P, Wang X, et al. Gaining insights into the responses of individual yeast cells to ethanol fermentation using
Raman tweezers and chemometrics[J]. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 2024 ,319 .
124584.

[107] Bie N, Wang J, Lv P, et al. In-situ release characteristic of alkali metals during co-pyrolysis of coal and biomass in a visual
fixed bed combined with laser-induced breakdown spectroscopy[ J]. Fuel, 2023,331: 125868.

[108] Viljanen J, Zhao H, Zhang Z, et al. Real-time release of Na, K and Ca during thermal conversion of biomass using
quantitative microwave-assisted laser-induced breakdown spectroscopy [ J ]. Spectrochimica Acta Part B: Atomic
Spectroscopy, 2018,149: 76 - 83.

[109] Chen S, Zhang X, Xu F. Study on cell wall deconstruction of pinus massoniana during dilute acid pretreatment with confocal
raman microscopy|[ J]. Spectroscopy and Spectral Analysis, 2018,38(7);: 2136 -2141.

[110] ZouJ, Tang S, Chen C, et al. Machine learning assisted-hyperspectral imaging for in-situ evaluation of compost maturity[ J].
Waste Management, 2026,217.115496.

[111] Rueda M P, Deryck A, Stevens F, et al. Pixel-wise assessment of industrial compost transformation by NIR hyperspectral
imaging and chemometrics: an early-warning tool for process monitoring[ J]. Talanta, 2027,311: 130201.

[112] W EERAS, =K, 5. A EPO I /)N 22 5 FF & K i i B0 BE T 4R35 2050638 Oy vk [T ] Aol TAR =4, 2026,
42(6) :291 -298.

Tian Hongqian, Xue Junjie, Wu Ruoyu, et al. Anti-temperature-interference near-infrared spectroscopy method for
determining the moisture content of wheat straw using EPO[ J]. Transactions of the CSAE, 2026, 42(6): 291 - 298. (in
Chinese)

[113] Jal & 3R, AR, 5. I L0 A0 e 3% S sl AR A I 5 i PR R 5 A IE D7 ik b e il J [T Mot 5ot 72 1R R, 2024,
61(4):39 -48.

Zhou Yu, Zhang Ruijia, Yuan Weidong, et al. Research progress on influencing factors and correction methods of near-
infrared spectroscopy and imaging detection[ J]. Laser & Optoelectronics Progress, 2024 ,61(4) :39 —48. (in Chinese)

[114]  RALER, SE A%, I FY 5. B T IR AMEIE R LS 5 MRS PR B IE s T [T ] Al LB 2% 4R ,2025,56 (12) .
460 —469.

Zhu Liqiang, Guo Jiantao, Yang Zengling, et al. Research on straw particle size correction method based on characteristic
signals of near-infrared spectrum[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2025,56(12) :460 —
469. (in Chinese)

[115] Ahmed M W, Esquerre C A, Eilts K, et al. Influence of particle size on nir spectroscopic characterization of sorghum biomass
for the biofuel industry[ J]. Results in Chemistry, 2025, 13. 102016.

[116] TFeng X, Yu C, Liu X, et al. Rapid and non-destructive measurement of biofuel pellet quality indices based on two-
dimensional near infrared spectroscopic imaging[ J]. Fuel, 2018,228 . 197 -205.

[117] Posom J, Maraphum K. Fast prediction of the combustion properties of biomass pellets using hyperspectral imaging[ J].
Biomass and Bioenergy, 2024 ,183; 107134.

[118]  widg, 5kil, o3 A 45 35 R AL AR W e A5 M A L 48 BACBOR R [T] . B BRI AL % ,2022,42(7) 3210 - 3218.

Huang Ting, Zhang Shan, Su Mingxue, et al. Application of confocal micro-raman technology on the structure of sludge-
derived biochar[ J]. China Environmental Science, 2022 ,42(7) :3210 - 3218. (in Chinese)

[119] Hu X, Chen D, Zhou S, et al. Interpretable machine learning prediction of biochar characteristics based on laser-Raman
spectroscopy[ J]. Spectrochimica Acta Part A; Molecular and Biomolecular Spectroscopy, 2026,351; 127474.

[120] Prochazka D, Mazura M, Samek O, et al. Combination of laser-induced breakdown spectroscopy and raman spectroscopy for
multivariate classification of bacteria[ J]. Spectrochimica Acta Part B: Atomic Spectroscopy, 2018,139. 6 —12.

[121] Pitak L, Laloon K, Wongpichet S, et al. Machine learning-based prediction of selected parameters of commercial biomass
pellets using line scan near infrared-hyperspectral image[ J]. Processes, 2021,9. 316.

[122] Pitak L, Sirisomboon P, Saengprachanarug K, et al. Rapid elemental composition measurement of commercial pellets using
line-scan hyperspectral imaging analysis[ J]. Energy, 2021,220. 119698.

[123] Karellas S, Karl J. Analysis of the product gas from biomass gasification by means of laser spectroscopy[J]. Optics and
Lasers in Engineering, 2007, 45(9) : 935 —946.

[124] W5, AWM, 2 & 8, 55, 0 5 Ak 7= 2 i B A7 JBOR S A I B B B0 [T ] Al AL AR A2 4R, 2024, 55 (1S 7 2) .
310 - 318.

Pan Yuxuan, Li Fupeng, Jiang Hanlu, et al. Design of straw raw material component detection module for carbonization
production line[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2024 ,55(S2) ;310 —318. (in Chinese)

[125] Bao Z, Guo H, LiJ, et al. Detection of volatile fatty acids in anaerobic digestion system by near infrared spectroscopy[ J].
Biomass and Bioenergy, 2023, 175, 106842.

[126] Krapf L C, Heuwinkel H, Schmidhalter U, et al. The potential for online monitoring of short-term process dynamics in
anaerobic digestion using near-infrared spectroscopy[J]. Biomass and Bioenergy, 2013, 48, 224 —230.

[127] Pinkard B R, Gorman D J, Tiwari K, et al. Supercritical water gasification; practical design strategies and operational



%21

Ws ¥ 2 AR A W) IR (A TR A B L A Y i i PR 5 5 5 O I i 23

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145)]

[146]

[147]

challenges for lab-scale, continuous flow reactors[ J]. Heliyon, 2019, 5(2): e01269.

Cheng H, Wu S B, Liu C. Study on the mechanism of the pyrolysis of a lignin monometric model compound by in situ FTIR
[J]. Bio Resources, 2018,13(4) 8246 —8262.

Karadut O, Aliyev J, Romero C E, et al. Online libs-ml framework for dynamic characterization of heterogeneous waste-
derived gasification feedstocks[ J]. ACS Omega, 2026, 11(21): 31729 —31743.

E&ES, S, g 5, 5. AL B U7 1 %0 S YR T £ A0 A FF B IR AR B e [T ] ROl AR %A 4R, 2025,
41(9) :216 -226.

Wang Xinlei, Han Lujia, Yang Zengling, et al. Effects of pretreatment methods on heterogeneous NIRS rapid detection model
for straw nutritional components[ J]. Transactions of the CSAE, 2025,41(9) :216 —226. (in Chinese)

TIHOK, JE 8 VR L0810 MO IR A BT R A0 M BRI S T [T ] D24 506k 4047 ,2015,35(12) 13393 - 3396.

Ding Dayong, Zhou Xia, Xu Feng. Application of infrared microspectroscopy in lignocellulosic cell wall research [ ]J].
Spectroscopy and Spectral Analysis, 2015,35(12) :3393 -3396. (in Chinese)

Duan H W, Han L J, Huang G Q. Quantitative analysis of major metals in agricultural biochar using laser-induced breakdown
spectroscopy with an adaboost artificial neural network algorithm[ J]. Molecules, 2019,24(20) : 3753.

Wang X, Yu L, Wang J, et al. Construction and optimization of rapid quantitative models for crop straw proximate
compositions based on miniature portable nirs devices and machine learning[ J]. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 2026,359; 127957.

e, S RLAR VAR, S5 R T E AR AL o AL SR W 2 FEK BB NTR U3 [J]. el A2 2% 42 ,2022,38 (10) -
208 -215.

Liang Hao, Shi Zhuolin, Fan Yapeng, et al. On-site rapid detection system of dairy manure slurry based on cloud sharing of
calibration model by miniature NIR spectrometer[ J]. Transactions of the CSAE, 2022,38(10) ;208 —215. (in Chinese)
S VR R SF L BE T DS - PDS BT RS SR T PR R M LLAME R S B [T ] B R4 ,2025,46(8)
34 - 40.

Cheng Ye, Huang Haoran, Wang Ying, et al. Near-infrared model transfer method for apple soluble solids based on combined
DS — PDS algorithm[ J]. Food Science, 2025,46(8) :34 —40. (in Chinese)

Shaw A D, Kaderbhai N, Jones A, et al. Noninvasive, on-line monitoring of the biotransformation by yeast of glucose to
ethanol using dispersive raman spectroscopy and chemometrics[ J]. Applied Spectroscopy, 1999,53(11) : 1419 - 1428.
Lednev V N, Sdvizhenskii P A, Grishin M Y, et al. Improving the libs analysis of heavy metals in heterogeneous agricultural
samples utilizing large laser spotting[ J]. Journal of Analytical Atomic Spectrometry, 2022,37; 2563 —2572.

Yan H, Dong C Q, Zhang J J, et al. Moisture prediction of biomass fuel based on near-infrared spectroscopy and deep
learning algorithm[ J]. Energy & Fuels, 2024, 38(7) : 6062 - 6071.

Posom J, Phuphaphud A, Saengprachanarug K, et al. Real-time measuring energy characteristics of cane bagasse using NIR
spectroscopy[ J]. Sensing and Bio-Sensing Research, 2022,38. 100519.

Corro-Herrera V. A, Gomez-Rodriguez J, Hayward-Jones P M, et al. In-situ monitoring of saccharomyces cerevisiae ITVO1
bioethanol process using near-infrared spectroscopy NIRS and chemometrics[J]. Biotechnology Progress, 2016,32(2): 510 -517.
ZESCH B8R AR LD, S TR A T W G B A B T 20 A B AR AL B i Sr S5 [T]. 2 R4E 10,2023,52(9) <2192 -
2195,2213.

Li Wenzhao, Guo Cui, Li Hongbo, et al. Establishment and evaluation of near-infrared prediction model for key indicators of
alcohol fermentation broth[ J]. Contemporary Chemical Industry, 2023,52(9) :2192 -2195,2213. (in Chinese)

G Fe BB, T SF . B TELGE L AMGIE MR IE A B O S B I A I [T ] Ak MLAR 2 42 ,2019,50(5) -
248 —256.

Yang Zengling, Huang Yuanping, Shen Guanghui, et al. Rapid detection of key parameters in whole composting process
based on online near infrared spectroscopy[ J]. Transactions of the Chinese Society for Agricultural Machinery, 2019,50(5) .
248 —256. (in Chinese)

Lindstrom S W, Nilsson D, Nordwaeger M, et al. Quality assurance of torrefied biomass using RGB, visual and near infrared
(hyper) spectral image data[ J]. Journal of Near Infrared Spectroscopy, 2014 ,22: 129 - 139.

Miiller D H, Borger M, Thien J, et al. Bioprocess in-line monitoring and control using raman spectroscopy and indirect hard
modeling(ihm) [ J]. Biotechnology and Bioengineering, 2024 ,121(7) ;2225 -2233.

Huang T, Bi W, Song Y, et al. Dmc-libsas: a laser-induced breakdown spectroscopy analysis system with double-multi
convolutional neural network for accurate traceability of chinese medicinal materials[ J]. Sensors, 2025,25(7) : 2104.

XUMG 2L, 0 S, S BRI AR 2L AN G U TAE W BRI [ T]. D63 5 0635 4347 ,2015,35(9) :2654 —2659.

Liu Peng, Li Kai, Zeng Libo, et al. Hadamard transform near-infrared spectrometer for biological process detection[ J].
Spectroscopy and Spectral Analysis, 2015,35(9) ;2654 —2659. (in Chinese)

IR, ThIGE T, 208 S T AMDEIE T BORTE R R AR P RN [T]. AR i fkae 2024 ,44(7) (1178 - 1183,

Li Haoyuan, Ma Xiaobo, Li Lian, et al. Application of near infrared spectroscopy in fermentation engineering[ J]. Chemistry
of Life, 2024 ,44(7) :1178 = 1183. (in Chinese)



