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Abstract The value-added of lignocellulosic biomass is one of the key paths to achieve sustainable

development and circular economy. This review summarizes the major technological advances and
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research results in the field of value-added lignocellulosic biomass in recent years, including
innovative technologies such as biorefinery optimization, synthetic biology, additive manufacturing,
and electrochemical conversion. By analyzing its life cycle assessment, the sustainability
performance of the technology in terms of greenhouse gas reduction, water use, soil health,
biodiversity conservation and socio-economic impacts are further explored. In addition, key
challenges to technology commercialization, such as high-value utilization of lignin, process
integration, and scale-up, are outlined, and the importance of multi-scale modeling and policy support
to drive technology development is highlighted. Looking ahead, with the integration of artificial
intelligence, the Internet of Things and closed-loop design concepts, lignocellulosic biomass value-
added technology is expected to be widely used by 2050, making significant contributions to the
transformation of the global energy landscape, resource conservation and climate change response.
This review provides a strategic perspective for driving development in this area and suggests key
directions for achieving industrialization and sustainability goals.

Keywords lignocellulosic biomass, bio-refining, fractionation, catalytic conversion.
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Table 1 Comparison between traditional and emerging separation technologies for lignocellulosic biomass
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Table 2 Key chemicals derived from lignocellulosic biomass: yield and application
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Fig.1 Circular economy model for a biorefinery

3 HEYEARE T EKE S (Integration of biotechnology and engineering)
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4  TMPALI F B 22 4 BEPEAL (Multi—dimensional evaluation of industrial app]ications)
4.1 HARZTEE

NS5 56 2 R 114 4 B 380 Tl RS A 7 A e 8 S AR SBT3 AR ) B (0 ) AR OB — 20 AR
O T ARSI T2 T ARG A PR AR Rl B S MR SR AT 5

PR G TS A Wy g (0 Tl AL B0 S TE R, 9 BB S (CAPEX) | 185 32 i (OPEX) FlIZE
PR, A3 3 B, AT R AL A MR TR TS SRR TR S B S RO B3
SR, LLELVY Raizen T A ), H 55 H RERE Ml 44908 B2 3 [A) ff £ 1% OPEX IR 2 471 0.53 £ JT, MK #i
/NZEFEFFY Beta Renewables 1.) [A 5B 4b PR BEFE &, CAPEX 35 262 | 7 LI (HASER IS, E L
Pt A e i) Cn AW B AR 7 ) B BB AT BR (B 4F 5.54 T ), H 7™ i A0 ] &8 43 HK3H =5 OPEX (% Ft
1.04 3270), 1™ 3k =y EL AR B Y 1%y b B R T, DR 21 P 3L 07 0 20 45 i G 25 ) LAV o 240 I B 2
P R I 2 R R A BOR | PR R B BOR AN (g (5 AL ), ZR GEME R A= By ol A,
G AT LML B 5 4

R 3 FDAEMBOR B 4E R ARV AR 25 2R
Table 3 Technical—economic parameters of a commercial—scale lignocellulosic biorefinery

PRI/ (E T 3E00) iZE AR

iﬁiﬁ:j ﬁﬁjé /(ML-a™) Capital expenditure (FETL ER R Sk

Y P2 (i1 millions of US dollars)  Operating cost Main products  Raw materials  References
(IEns’> TN 82 190 0.91 i H A RS [86]
Raizen 82 395 0.53 LB Tk [86]
CZLTA.UL 120 420 0.72 LI R [87]
Synata Bio 95 485 0.58 LB RIRE Y (88]
EE YRR 6.11% 50.5 1.04 FEARH B e 9 [89]
BSEEX Y 5.54% 50.5 1.04 A BHEERE [89]
ESEEX Y 38.5% 50.5 1.04 ABANLT 4 TEERE [89]

AR Z AR B RELL TR/ (kt-a™ ) A B

4.2 Pr{as(E AR i AR i A TEAL

AR S5 £ 2 2 A= 0 o A BE (B DAR 7S 12 XAk A B U A T RS A B 7R SR IR Bl . AT IR AR
TR £ 2 ZE A 0 0BG (R ) BB RN AT RS T T, SR R LR X AR AL . B A A A S R R A
S AR R O TH A OCEEAE .

N3 4 PR, A2 fb e 4 A A R L & SR DRy TR R B2 1 DA 2R — W iR S 1), LA 5
HE PR R A BR AR B TR (0.5 kg COLeq L) 884k A1 3 (3.85 kg CO,eq- L) FEAE 87%, ™ i T A W il 76 /=5 (H
A2 S U v 7. S BIHE, AR W R IR AR R IHE R 58%, SR T TR AR SR R T B UL S
SR AT AT PR, SR, 1,4-T RS 3007 b A D HE R A TR (26% ), 36 WL T 20 RERL 5 IR A FH 58 ik 15
Tt BB A AL T AR B E R A BRSO S, oo O 5 Jr m DRUHE TS 7 AR AL TR AR R
KW 585 45 & 2 4L FEH8 b (WK BERTEAE . A 2R PE2 ), 4 8 08 A 11 9 W] RE S PEPPAR HEZR, DIt
AR T 10 R 3R R Gk
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Table 4 Comparison of environmental impacts: bio—based vs. fossil—based products

TBHER /% ERITHES

i AW B HE A B HE o . . . S 30k
. L . L. Emission reduction Main environmental
Product Biobased emissions Fossil—based emissions . References
rate indicators

A 1.57 kgCOseq-L! 3.14 kgCO,eq-L™ 50% IR WV [90]
PBAT 3.72 kgCO,eq-L™ 5.89kgCOeq-L™ 37% A BRAS TR [91]
1,4-T_f%  0.41kgCOseq-L! 0.55kgCO,eq L™ 26% ERAS I T [91]
MW 0.5 kgCO,eq- L™ 3.85 kgCO,eq-L™ 87% SRR R A [91]
o 2.01 kgCOeq-L™ 6.28 kgCOeq L™ 68% LBRARRE [91]
RN 0.75 kgCOeq-L™ 1.8 kgCOseq-L" 58% T E AR [92]

A TR PEARL (LCA) S AR B 41 4 25 A W S Y4 41 ) PR 85 AV ZE s i 1L 1 iy e T 5. 7F
MR BB PG v, S 48R LB S5 10 A R L, TR SR HER & T8> 60%—80%, HLARIR LT
Al S AR Py i T . A o B I PEAS B 9T W, R BT 3R BRI AT 4E 1 BT REAR R AL 58 T N A I R
TR HEREAR 30%—50%, X —PL3 25 T H A W) ot JrORHE B S Ak T 22 A B R A0, Bt 5E 2R W, I
R Py AR SR AR 5 R T & ) X SR PR 85 5 HLA B 3 s i, i o R e VR IR AR AL A
TR ¥ PR B 0 2 Tk B OCHEVE .

42.1 %4 LCA MRS

RITLAEZ AP T Z 77 R R LCA S3Hrais & T IRER K, FRNE 7E FRBE 20 43 e . R X}
X[, BT 0 T BT ik, £ 578 A 1 S A T ) T2 5 e o, i A, SRR 3 B %o e AR i
DB 22 55 10 2% 18 2 OG22, A Bl TR 0 52 el 7 DG B B 3l PR 25014 SO0k I 1)

422 FiREmA

IR ST RN A= W) Z2 R S LCA H ST 1) 3 403 AiF 7 ¢ B, 3 8 PR /K IelUSC R T A Ak, mT LR 35 0k
YR LA T R KR IR FEAE ) Z2 REVE T T, AW A AT e SR B S A Y R e, LA R R
T A BSR4, A PR 2R AR AR T LA A SR, T A — P AR AT BE S B Ak A
BRGNS TR
43 SIEARBHEEN Y LR

RITEF Y 2 AW ™ i SRS A BB FUAE PR 8% e L3RI S 25 O 3. DA 21 48 19 70 At
FW, 8 R BT 25 4 R A BB AR, TR E SARHECE AT D 60%—120%, X — i EEZ R A
Jo Tl A7 | 2 A 30 TRORT v ik A A A e AR B8 110 5 i O, A oy ] 30T DA e B, AR W 3 9kt (3R 7L
1% . 224 PET) AR T A I BL b J 8 ] AR 25%—75%, FusiHE e B 5 15 35 o B i b 8 05 =X (Chn
T DB R A ) LR OCP,

43.1 REIE

BRI i B A o A A AR £ 32 Bk U5 A 0 0T 19 Al [ 47 LA B v 55 i) e A ask A 4, R o £ 24 R R
R AR Bl o A% v e Ak A BOREIS, R & AR ISHE RO JE 135 SR, B 8 ), T Bk
PEACIA R A I A, I 7 (b niy B v it DR AR i A X
432 HOEHRESE S

A W) EE A A= i JE 3 3R 0 5 L PR RN D e B DDA DG 9, K5 A A ) MU R
R A2 38, A R 3 Ao FE A 7 o A i S 0D S B [ A7), A, A= 0 b Rk %) AT R R A W R A A
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Bisliai.

433 RGN

FRAR B b A A A0S T A0l 5 BA W i R SE i AN, B R USSR A ) B AR ) ] g Sk (]
F2 4 MR ARk, — I 2 BRI 5% e B, BT 2% p ) B2 52 i, AR BT 27 48 2= VR PR A g 5 IR &= A0
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4.4.1 AP FBGIFH]
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YOl KRR EEADRHFTRE IR, AL T B A HIR AR T 40%, 30 38 o8 Z A [ A i A2 b 1 iR =
SUARHER . 33X — IR XL A A PR AR R e B SR UK.

442 WL RN E

A EE T S AT A ) I A AR R L, (O LR IR B AL A M T A a2k T KL — TR
IR AT I, 55 5 SAEEAR L, Tl 3 A0 s Ak 2 [l mT $ 4 5 vy (R SR B 25 10, BeAb, 2% 1k
S TSR A, 8] Gk i 55 2R R A9 [T, AN R 00 35 A AP A 56l D, 30 B S 3 P ) o, 013 G 1E PO
PRGN,

443 AP Tk A R

T Tl A K AR MR S LA AT M B G, PT AK 4 B URALCR O B AR PR S S e 51 4
P22 AR R I A 2 38 1k BE IS A AL R A8 He, SEBL T RE VR FH A CO, HERI () 35 s > 10, BERUAE 57 3
B, 72 DL R e i 3R 2R R e, Tolk i == SURHER T 80 5%—10%, BR T Tl & VEXHE R
LT R e,

ARSI EF 4 25 A W B (B R AR ) A A R P AL 2R B, DR R A 7= L Wi L R R VR R R R
SR T BT R 0 OCHE. 75 S5 A BORMAY LL B, AR W J5 7 o 7 ik 2 AR D RN 5% U AT R S M T
FEI B OB, T A L AR A ORI A E— 2B e B T AR IR AT 1. KOk
(A BIF 5% IO 4 25 3R A 1 22 7 il AR WD R L ) LCA Dy vk ele it TR o 55 2 B 5 1 LAE s M E R B T 31
ESlipuR
4.5  SrBr S RS TS bR M R PR

&5 BEE T ORJRET 4 Z A T M 0 nT RS MR AR PR 5 R B, 48 Y TP A R RS IR E R
PRHEC . KR . b b A AR A0 S5 A% O A8 A, BT T s [ 4225 i) s A PRI . IR vEALAS 2 L AE S 2 0%
PR 28 48 i 55 S B AR, iR T T % sl A AR AR 5 20 2 3 D R HE S DS THIEAT Ay 4 i 1 5 52 s e 1k

RS ORTTE YR AW G (R AT 4 S 8 A AR 0 Ry B 4

Table 5 Sustainability indicators for lignocellulosic biomass value addition: status and limitations

IS ik A B WAL o i
Evaluation index Description Current status Constraints im(;arsovf:renenf References
SR H AN A A B . - 7R A _ " e
AR ””g;%%%;@; P M, B T ‘*ﬁ'ﬂ”ﬁﬁfmmm HEAHEBEIHA (107
PN N R S I e e T L BT TEEZ
o e i PP
e TROLRRABAT  ERERE ARE PR AEDERERAS
R I frh FERS At
e TG R DFEE o RS AGIAN FE Y SR
AW Z RPN R P N BR, $abrAs e & e En [110]
ahﬁjﬁfﬁw% @Imﬂﬁ?ﬁﬁgﬁfﬁﬂﬁﬁa I — ﬁﬁnﬁzﬁgrmmm r‘ﬂaifsi?@ﬂ%%ﬁ@ .
daseits O T BORREIOL IR i cmm VR TRIE )
T WW%@E%M BT, SARIETE R RS SIALCARERIER  [113]

HARETAME  PHMh&@B AT S
(TEA) el

W SHEAR ST TEASSEA&

TTZ AR T i LCAHH 2 [114]
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BRGNS BEAZAYIBE 00 28 H 2R, TRIER SRS RGNS RN BulE 54 Y Y Bsminy s
VA 91 25 AR 5 M A5 4 £ 1% A B B [113]
A S RS AL, AT S , o S Sl S 1 LCSAHEZLIbRIESLAN
FAE(LCSA) i DL 7 =CH B S IR M RN i B il [116]
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Jo 3 AR U5 W . 53T 1) 2 T A0 45 45 3 T I 110 7 5 R AT R RO A LCA HEZR, LUH s B4k
KGR R FHXT A58 () 08 A 5 i 1,
4.63 TIE{ERES AV ZHE
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Fig.2 Socio—economic impacts of lignocellulosic biomass value—added
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5 F¥EEE5%Z5 (Future outlook and conclusions)
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