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Dry biorefining production of straw sugar from wheat straw feedstock and
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Abstract: Sugar serves as the core raw material and material foundation of the biomanufacturing industry, and also
constitutes the essential carbon source and energy supply for the growth of downstream cell factories in synthetic
biology and their conversion to target products. Starch-derived sugars from corn-based feedstocks are far from
sufficient to meet the demand for sugar feedstocks required by future large-scale biomanufacturing and the
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industrialization of synthetic biology. The production of straw sugar from lignocellulosic non-food biomass (e.g., crop
straw) via biorefinery technologies represents one of the most promising pathways forward. However, current
conventional biorefinery technologies face major technical obstacles, including the discharge of large volumes of toxic
wastewater, low conversion performance, and high fossil energy consumption. Aiming to overcome these key technical
barriers, this study employs a dry biorefining technology platform consisting of dry pretreatment, low-enzyme
saccharification, and liquid-phase biodetoxification steps to conduct an in-depth investigation into the process
technology and techno-economics of straw sugar production under the constraints of zero wastewater/inhibitor
discharge, process energy self-sufficiency, low water consumption, low corrosiveness, and long-term storage.
Experimental studies were carried out on the conversion, emission, and energy consumption metrics, as well as the
fermentation performance, stability, and transportability of straw sugar produced via the dry biorefining technology
using wheat straw as the feedstock. A techno-economic analysis was performed based on a case study of a dry
biorefining process with an annual processing capacity of 50,000 metric tons (dry weight) of wheat straw for straw
sugar production. The results show that all quantifiable metrics—including conversion, emissions, energy consumption,
and cost—of straw sugar production via dry biorefining are essentially consistent with those of glucose production via
dry corn processing, while the production cost is only half that of starch sugars. This study establishes a scalable sugar
feedstock platform for the low-carbon production of bulk bio-based chemicals from non-food biomass. In addition, it

raises a wealth of scientific questions for synthetic biology research and significantly expands the frontiers of this field.
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EH . AR TIRK. FEFEMH Y. o
FRRE R 4, O BAR/KHFE . KR Tk A S kL AT 4
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variotii ZW70 (CCTCC M 20241863) 7., % &
TE 1 < P SR 0 30 155 T 48 3ok K B U 3 7 4 g 4K B
3, HAIRSRM ISR AE ). 1 JofE PDA [
PR35 FE B MR B X5F Povariotii ZW70 BE4T 4125 154k,
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R 25 gL () WiAkR: IR A (KH,PO, 2 g/L,
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MgSO,-7H,0 1 g/L, —/KF&ikE22 g/L).
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RS R R o LR K T () b 855 9% i R0 R I 8 9% 2
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0.25 g/L.

TG B TR PR N Rz AR 22 f0 B B Trichosporon
cutaneum YYS52E (CCTCC M 20222050), £l
JEL YR 25 0 77 Wl 3B 5 £ 4 RIS N AL BT T
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Fo M-80°CUKFEIUH T, H YPD [H {455 77 2k~
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t) A2 1 (wiw)o fEIRAENESHHEA 1.6 MPa
PRI ZE VR RIA 2] 175 °C (JE /18~1.0 Mpa) J&
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F LC-20AD 458 (H A HEGIEN) . Aminex
HPX-87H (. ili A (EE AT RAmE S (R
HIRAFD FMRID-10A R Z 6kl gs (HA 5
HIVERT . WBhA NS mM H,SO,, % 0.6 mL/min,
FEi#E 65 °C.
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SO % A (HPLC) #EAT &, 1# F LC-
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P HAEA 2 F 16.67 Gl/ton) .

111 REEH

K H Aspen Plus V11 (3 [H AspenTech #i R
R AT X RS0 A 7= 120 4 1 F2 1R A7 58 FE A1 Ak
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TR ROR G o A I B R 7 A2 Uit 9 7K AH B
BV, SEELT A R EOK B EHE P Y [
FEPRHE I B 2% P94 3 mIW,  TEAT ) 90 k4 2k o
[FIIE, BT AR B KA B B B VA, i
TP AL BT 304 ANEE AW BT 1) FIUAL B 52 B 25 1) JE
PP AR AR 2 2 2 20 0 PR TAL B S ) TAL 3
FEPRL 9 [ RORDIR , [ 3 508 53.40%  (wiw),
F ENREL [ 25 B ik (TP-510-42618) ™ il 2
HETTEMNHASTE, 50l NT 4K 34847 +
9.38 mg/g, A BB 28.03 + 2.91 mg/g, T B
4.50 +3.30 mg/g, AZEHE 1533 +7.71 mg/g, Hi%
BE BAOBE 63.94 £ 0.21 mg/g, A BEEOBE 123.90 +
0.56 mg/g, . 1226.95+3.91 mg/g. 5-F& F FEpERE
4.17 £ 0.13 mg/g, HEEE 11.47 £0.29 mg/g. TiET
Ab BH JE R R B SRR AR, A A S R A
N99.7%;:  FB I A TR WE AL E [ A Sy 1ok e 1 AN £ R A
F, KFESRLNT0.5%; HFEEFEN89.5%.
Bl 2(b) R 7 ik A 3 5 22 FF 78 A [F) [
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Dry acid
retreatment

Raw wheat straw
Solid content: ~86%

Dilute Sulfuric acid

-38 mg/g dry wheat

Detoxlf cation seed

FEMRAMG CHEATZ0E) Mar4e T, Sel 7 X ik
P FT PORRIE . S5- R JEORR I AR L R S A A A P PR
M AR BT IRPLE B ZWT0 MU RS AR
) P AT AR, 34 B R A 2 50 P A
file AR B AT K, T AR UK R R B TR
A B AT R i pH ARk Sz i 0 6 4 B
fRZ . SRR, BE K AT 4% i 78 AR K K P
(1%-4%) , A BUEP T AP Hr ) i A2 Hh 0 6147 i
B AR B AG T

MRS, TR HG A =R AR
PRE, ETACTE. BEMEMELL . VM BESRTH
RUREDE T VBRI ER AT A OB, 564
WG T A B KHEG FEAEARRE R T A
WRPA BB T ZERBEMH Y OFEE . HMF
Jo TR H5% B AR T HPLC A H FRD .

2.2 SHEREZTERIET

AT R 5 AR W o o 3R A5 1 22 K R
22 [ Wy B R 2R T R AR IS, R K e I
R R RAT m B R FE AP = (3D

[#] Y 73 25 T B R FH S o 43 o 1 7 O 288 e Ak
RV KRR AT 0 8, 15 B T R R A
KRB . %P BAE20% (w/w) [ 5 2%
AT T RS, DL AR AL A R ]
M NS R W 3@ TR, B EE AR
JR R TR 54.1%-64.6% KRR . BAR K

Yol AT (el IS R B, (EL R R AR SR IR K RE ) A

Solid/liquid Sugar
separation concentrating

JLLLLL [

Pre leatdwh at straw

Solid particle: form
Zero wastewater gen
Zero materials loss
Zero inhibitor release

Ze owastewate ge er: at on
tion

A1
Fig. 1

hyd olysate

Ethanol
Chiral lactic
Microbial lipi d

__, Steam
Electr icity

(

High Iowe heating value (LHV)

High s
Exct II tf rment bility
Long-term storage
Easy transportation

ntrations

TR AR A REAT R S T R B

Schematic diagram of dry biorefining for producing straw sugar and its upgrading and transformation process
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Mass balance Sulfuric acid solution: 279.7 g (liquid)
H,SO,: 42.6 g
H,0: 237.1¢g
Steam: 405.5 aseous
Dry Acid 8\0,
Wheat straw: 1400.0 g (solid) |_Pretreatment | afier pretreatment: E
H,0: 280.2 g 1973.3 +68.5 g (solid >
Glucan: 434.3g H,0:919.5g S
Xylan: 227.9g Glucan+0-Glu: 372.0g a
Lignin: 199.3g Glucose: 67.4g
Ash: 85.2g Xylan+O-Xyl: 45.7 g
Others: 173.1g Xylose: 130.6 g
Acetic acid: 28.4 g
Furfural: 12.1 g
HMF: 449
Lignin: 199.3 g
Others: 193.9g
\olatile gases: 111.9 g
(a) TETIALHE TR
(a) Dry pretreatment section
Mass balance Cellulase: 21.0 Total
H,0: 1200.0g
20%Ca(OH),slurry: 82.9g 100%
Enzymatic N _. 90%
Pretreated: 752.1 + 26.1 g | Saccharification | after saccharification: &
(solid) 20295 £ 2659 (slurry) = 80%
H,0:35059 H,0: 1595.9 g = o
Glucan+O-Glu: 141.8g Glucose: 178.9g § 70%
Glucose: 25.7g Xylose: 64.7 g 3 o
Xylan+O-Xyl: 17.4g Acetic acid: 12.2 g 60%
Xylose: 49.8 g Furfural: 2.2 g
Acetic acid: 10.8 g HMF: 1.3g 50%
Furfural: 4.6 g Lignin: 76.0 g
HMF: 1.7¢g Others: 98.3 g
Lignin: 76.0 g

Others: 73.8 g

(b) B fERE AL T B

(b) Enzymatic saccharification section

Detoxification seed: 223.5¢g
Mass balance l Total
— 100%
Biological
Saccharified: 20295 + 26.5 g | Detoxification | after detoxification: 90%
(slurry) 22271+ 259g (slurry) §
H,0: 1595.9 g H,0: 179759 < 80%
Glucose: 183.0g Glucose: 172.7g ?;i
Xylose: 66.6 g Xylose: 62.6 g 5 70%
Acetic acid: 12.5g Acetic acid: 0.0 g 2
Furfural: 2.3 g Furfural: 0.0 g L 60%
HMF:1.3g HMF:0.0g
Lignin: 76.0 g Lignin: 76.0 g 50%

Others: 91.9g

2

Others: 118.3 g

(o) A=Vl T B

Sugar yield
, 99.7%
100% -~ 89.5%
80% - 70.5%
60%
40% -
20% A
0% -
Glucose Xylose  Total sugars
Sugar yield
] 954%  96.4% 9550 9529
15% 20% 25% 30%
Solids loading (w/w)
Sugar yield
0,
S 96.1% 966% 97.0% 2%
15% 20% 25% 30%

Solids loading (w/w)

(c) Biological detoxification section

FEADRE VL TAC . BRI . AR I BRI o S A A S R

(&R RIS RO 145 (T A R R I . T3 AL TR SR FH 20L S 1 88, 3t U 4 FF BORHR (B T 30) 9~1200 o, B 9 38 me/g T
FEFF o WA AU 02 00 5 25 5 T 206 (w/w) [ 5 B 28

Fig.2 Mass balance and total sugar yield calculation of dry biorefining process in dry pretreatment, enzymatic saccharification and

biodetoxification sections

(The process procedures and parameters for each step are described in Section 1.4 (Dry biorefining operation). Dry pretreatment was conducted in a

20-L reactor with a batch feedstock loading of approximately 1200 g (dry weight) of wheat straw and a sulfuric acid loading of 38 mg per gram of

dry wheat straw. Enzymatic saccharification and biodetoxification were carried out based on 20% (w/w) solid loading data)
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Mass balance Lignin residue: Total Sugar yield
> 576.7 3.1 g (solid)
H,0: 361.6 g 100% -
Glucose: 36.89 1 83.1%
Xylose: 13.5g < 80% 1 o 737% 67.8%
Aceticacid: 0.0g £ ] .
.| Solid/Liquid Furfural: 0.0 g 3 60% ]
Detoxified: 2227.1 + 259 ~|__Separation HMF: 0.0g > ]
(slurry) Lignin: 76.0 g S 40% 1
Glucose: 172.7g > Hydrolysate: 0 1
Xylose: 62.6 g 1647.3 + 3.1 g (liquid) 0% 1
Acetic acid: 0.0 g H,0:14335¢ ' ' '
Furfural: 0.0 g Glucose: 135.3g 15% ,20% . 25% 30%
HMF: 0.0 g Xylose: 47.1 ¢ Solids loading (w/w)
Lignin: 76.0g Acetic acid: 0.0 g
Others: 118.3 g Furfural: 0.0 g
HMF: 0.0 g
Others: 31.4 g
(a) B4 B LR

(a) Solid-liquid separation section

Water vapor:
Mass balance > B

> 1251.0 £ 6.2 g (gas) Total Sugar yield
gf&olsze‘?%‘%g 1009 - 984% 97.9% 981%  97.6%
Xylose: 0.0 g
Aceticacid: 009 o 90%
Evaporation Furfural: 0.0 g S
Hydrolysate: 1647.3 + 3.1 g| & Concentration HMF: 0.0 g T 80%
(liquid) Others: 0.0 g 5
H,0: 14335 g g 0%
Glucose: 135.3¢ > Sugarsyrup: 3
Xylose: 47.1 g 390.1 * 6.2 g (liquid) 60%
Acetic acid: 0.0 g H,0:179.99
Furfural: 0.0 g Glucose: 132.7 g 50%
HMF: 0.0 g Xylose: 45.8 g 15%  20%  25% = 30%
Others: 31.4 g Acetic acid: 0.0 g Solids loading (w/w)
Furfural: 0.0 g
HMF:0.0g
Others: 31.7 g
(b) WEHEIR T

(b) Vacuum concentration section

BI3 kAR MR 0 IV 20 5 0 93 B S IR 1 B 118 o P 48 A BB A
CIER Sy B W B 1A 0T B~ AT 4 T 20%  Cw/w) A R 125 2 1) AR - 00 0 - TV 2 25 S 0 50t SR P 3 o WL X I 25 5 22 PP A LA [
TWAY B, B LF AN 6] 43 3 8,000 rpm A1 15 mine I8¢ 3K T B0 &P A7 3k 17 20%  Cw/w) A R B 55 58 10 B A 1 - 25 400 I 2 - [0 ViR 4>
5 -0 VR 4 SE I B
Fig. 3 Mass balance and sugar yield of dry biorefining process in solid/liquid separation and vacuum concentration stages

(The mass balance for the solid-liquid separation stage was established based on experimental data from enzymatic saccharification,
biodetoxification, and solid-liquid separation at a solids loading of 20% (w/w). The detoxified wheat straw hydrolysate slurry was subjected to
centrifugation at 8,000 rpm for 15 min to separate the liquid fraction from the lignin-rich solid residue. The mass balance for the vacuum
concentration stage was determined based on experimental data from enzymatic saccharification, biodetoxification, solid-liquid separation, and
vacuum concentration, also at a solids loading of 20% (w/w))

AR FEAERE L 2K, IFHHRER D S5 FUE R b5k B A W 032 R Hh 45 1F REFEAN 1%
PMRIKEZ W, HAamARRRKEIEARREE SBRGMIra ROEA . B, BB 248
W Z OAREA R . NETFEAEEE, BIOR  RETEAS R AR&SKN T, JF AR RHKL
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I 5 A A A R L B T v T K. 4 AR
RSN 15% (wiw) B, B85 B B AR
() B A % AL BT S SRR 16.9%; 4 [E &
B A 30% (wiw) B, ZHR RIS 32.2%. AL
L 20% (wiw) (1B B A0 4 & 8 5 B AR R e 42
JoR 1 S

B 3 (b)) J 7 1) 2 B VR 43 25 5 R AL TS T4 2 3

7R R U R 3R AT v W AR P 22 R 2 %) I 1 B AL
PEAREE o AR SO o 728 B 4R AR R IR 28 AN
XS [ BB A R R ] 5 6 4% 1 TR SR AT 0 22 AT RE AL IS
WAT PR, 1S RBEIR B 29 600 g/L) 2 FF
WS . R AT A RN, AR RIRGE R B
RAUN 2% A7 o

B4R 7T RETuBmMB T M (FE b

Sulfuric acid solution

Wheat straw: 1.000 ton

(dry base)
Glucan: 0.388 tons
Xylan: 0.204 tons

Lignin: 0.178 tons
Ash: 0.076 tons

Others: 0.155 tons

Y
Steam > Dry Acid
Pretreatment
Pretreated: 1.762%0.061 tons
Cellulase (solid)
Hzo Y
20%(w/w) Ca(OH) ,slurry Enzymatic

Detoxification seed

Saccharification

Saccharified: 4.755%0.062 tons
(slurry)

Y
Biological

Detoxification

Detoxified: 5.218+0.061 tons

> Lignin residue: 1.351+0.007 tons

Hydrolysate: 3.860+0.007 tons

(slurry)
A4
Solid/Liquid
Separation (solid)

H,0: 0.847 tons
Glucose: 0.086 tons

(liquid)

H,0: 3.359 tons
Glucose: 0.317 tons

Xylose: 0.032 tons

Lignin: 0.178 tons
Others: 0.208 tons

Y
Evaporation

Xylose: 0.110 tons
Others: 0.074 tons

> Water vapor: 2.931+0.015 tons

& Concentration

1gas!
H,0: 2.931 tons

Sugar syrup: 0.914+0.015 ton

(liquid)

Glucose: 0.311 tons

\4

Xylose: 0.107 tons
Other sugars & impurities: 0.074 tons

Water: 0.422 tons

(a) T 1A (FH MR EMHE

(a) Mass balance based on 1 metric ton of wheat straw (dry base)
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Wheat straw: 2.030 tons

(dry base)
Glucan: 0.787 tons
Xylan: 0.413 tons

Lignin: 0.362 tons
Ash: 0.154 tons

Sulfuric acid solution y Others: 0.314 tons
Steam > Dry Acid
Pretreatment
Pretreated: 3.578%0.124 tons
Cellulase (solid)
H,0 \4

20%(w/w) Ca(OH) , slurry Enzymatic
”| saccharification

Saccharified: 9.655£0.126 tons
(slurry)
Y

Detoxification seed o Biological
Detoxification

Detoxified: 10.595%0.123 tons

(slurry)
A4
Solid/Liquid > Lignin residue: 2.744+0.015 tons
Separation (solid)

H,0: 1.720 tons

Y

Hydrolysate: 7.837%0.015 tons

Glucose: 0.175 tons

(liquid)
H,0: 6.820 tons
Glucose: 0.644 tons

Xylose: 0.224 tons
Others: 0.149 tons

Evapor

& Concentration

ation

Xylose: 0.064 tons

Lignin: 0.362 tons
Others: 0.422 tons

» Water vapor: 5.951+0.029 tons

Y

Sugar syrup: 1.856+0.029 tons
(liguid)

Glucose: 0.631 tons

Xylose: 0.218 tons

(gas)
H,0: 5.951 tons

Other sugars & impurities: 0.151 tons

Water: 0.856 tons

(b) ET 1REZFEHRK (T B EaH
(b) Mass balance based on 1 metric ton of wheat straw sugar syrup (dry base)
B4 IRV 2R N R R A
AR A L BLR i 2R 8 & BR T 20%  (wiw))
Fig.4 Whole-process mass balance of wheat straw sugar syrup production via dry biorefining

(The solid loading in the enzymatic saccharification section was set at 20% (w/w))

38.4 ton T AT) W TIEAEMIRBIBOR A AT Wi, 195 5.218 ton [t 7 2 AT K B
(ZEARERD R EME AR 1.0 ton/NZEREAT o 9146 22 FF IR} 215 25 22 FF 7K A 0 00 7 26 4 A
(3 Wk, KA., BEEEAESE  KRBERERD BN 93.9% 1 63.4%. 2 AT Kl 4
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[i5] ¥ 47 25 45 3] 3.860 ton 77 FF /K i I ¥ #11 0.504 ton
KIFRFRE ETTE). HFAZRATREE S
Jear i, WA EERE (&) BEER
0.386 ton/ton T 2 #F, i Ik A/ SC#R o 1) H ¥
(0.355 ton/ton T2 FF) "7 HEN A 5 25 5k 5 140 4
BT AR R R H R T AT R, D RS AR
RN 21.4%;  ZEFF /K AR T 28 ok 78 R ik 45 45 2]
0.914 ton ZZATHE I, Hrp 244 0.492 ton, [FIIf
5 3 ] UG PR R (1 2.931 ton 284K s A E 5%
N 1.351 tons/ton T ZFF, Horb B AR B & AR
N 0.504 ton. # PAZEFZ 1.0 ton T-HE N FEHE, 55
2.03 ton FZFF AL, ZTAbH . ML, WS
AR RSy B R 2 R R 4R 45 21 1.000 ton
BEFD1.024 ton A RFRE (FHE).,

T2 AR W BRI AR 7 ) 2 R RE SR ORGSR IR A
WAk, HEL1.3 glem’, BREMA1.S, BKD &
bb 2 5.0% (& FE A K 3 1) € 2 18 [ bk QB/T
2684-2024) . & FTHE I AT EHE 5 BN 46%-52%
(w/w, 6 Hl 550-700 g/L), 41 29 95%-98%
(IR N AT ¥ M T ML AR A0 s B R 25 ), 781 48 BB R
B0 51 o B 1) 66%-70% A1 22%-25%, Bl S AP 4
H B A LB A e R R 2 SO ) 5%-10%,
NG CIR HRIE . P2 R I .

T P00 S 0O RE R B2 4l o v % FH A b [ 5 =
Bl e A 22, R VR 23 S R BB R R R
17 [, ¥ 2 DR R 2 A 1 0 A ] e % B DL K
R 2 1= (10 B8 IR 46 Be FE ORI A B & &tk %
AR R R B & & BT DA Rk, H
[F] I A, B0 % ] # B 4 0 AN 2K kUK 4 B
BTt BB, RAERAREA R E S E EEE A
SHE BT 1= W 15 6 UK BRA (1 &0 P 1 i . AR S0k
T 20% (wiw) [ 2 5 E B ARE Ak B, & [
TEEGZAEHAE. PEREESBITRAEN
ek T

2.3 FiEREMGHEFEFTENEBINAEEE

RO = A REE B A PR, A SR H T
AR R P AR R R R (AR AL #
B4 16.67 GI/ton) AF 9 4= 5 B e R Ak ik 47 7= 4
FURFE, DU A B4R T2 R i 28V R FEL RS T A

K H Aspen Plus X 4K T Z i F2 Y0 RLHR A BE
BT TR (B2 . o, R AT AL E
(A100, EFEFERFE. M. BRADD. FIEEY
il (A200, GLFETVLATALEE . BEMEFEIL . WS
YR BB LA REEE (A400)
IR 22 7 AT I A T e AR SCEE it
TR 2 R R AL I LE Y R BR  (A600)
DL BRI 28 R BRI FE (AS00) FI#R . 52
Ui B AL, 7R AR 5 B o R AR R 2R B T R
WMATRE R A RFERL (A600) H [FFEI2(b) ],
W] Y 8 T B AR IR R T R AR B N R
JRERAT Y, R A I R (903 °C) JHIE S AE
B 22 130 °Cad #2 HH Fr B Il A F e (% I8 #4
REA1S), AT AS00 I B ok H A200 1B
PIREAL AT R, 28 TR 28 IR 45 5 3R A5 =
BRVR B R BE 2 7= i, 3R AT T4 Bh AR P2 A200 Tt
oAb BRI BT 75 1 2595

i TR A2 77 T2 Hp 4% 32 B T B ) LR R 29K
A FE 285 R DL R A JoT 2 B TS 8k o 44 8 1 40 T 15 o
SHic. B5S@RM, T S50 H4E A Aspen
Plus i PRI EHE , DA AT KL (F3%) Ayt
e, TRV BRI A P AR S R R, R R AR
WEAELEYIRBIE (A600) HRKE 7 #h 8.22 GJ;
R R A FE LG %7K 4.49 GI. FHL71.90 kWh. L
i, RTAREE (A100) FEHL27.11 kWhs TiEAEDA
#l (A200) ¥ € 7275 0.63 GJ. FH Hi 41.56 kWh
(FRAL AL H 33.44 KWh F1 7895 0.63 GJ, HEALFE
0.44 kWh, fit % FE 1 4.89 kWh, [H W 7> B #E H
2.79 kWh); Z37& Kk (A500) JHFE#£753.86 GJ.
FHL3.23 kWh™ . B 5(b)F M, T 5256 5dE
A1 Aspen Plus Jit FEBLAEHR ,  DLAE 7= 1 M2 A1 B
(5D RNEEME, RBTRKRE R #18.45 GJ,
MEEFEALFE 475 10.07 GJ. FIH161.32 kWhe.

BIS(eORBH, AT 28 5k i MR 8 7 A 1) i A e
H TR (5 0 20 5 R FARE N 47.0%, F
T4 Bh AR T T A B B B 75 VAR 1 2 1.6 MPa BT R 1)
PORE 25 B HBE 1 0.8%,  FARE 1 Ok 1 R BRI
20% vHAE, FIARIAEEL) 5 32.2%.

FRE B A 2 5, 1 kWh R LR 275 2
3.6 MJ#AEE 0 ORI 3R R LR 4% I 35%
FIBARBERTH 5L 7, 1 GIHI#VE AT & H 97.22 kWh
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Overall electricity consumption: 71.90 kWh /ton Straw (dry base); Overall steam consumption: 4.49 GJ/ton Straw (dry base)

Electricity: 27.11 kWh /ton

A100
(Pre-handling)

H 1

Electricity: 33.44 kWh /ton : Dry Acid 1 Steam: 0,63 GJlton
| Pretreatment !
1

Electricity: 0.44 kWh /ton

A200
(Dry biorefining)

Electricity: 4.89 kWh /ton

Electricity: 2.79 kWh/ton

Electricity: 3.23 kWh/ton

A500
(Sugar refining)

Wheat straw

Feed
Prehandling

2
Solid/liquid
Separation

1
1
1
i
1 Submerged Liquid
! Biodetoxification
i
1
1
1
i
1

1
1
1
1
1
1
1
1
1
1
1
1
N4 !
1
1
1
1
1
1
1
1
1
i
1
1

Straw syrup

Lignin
residue

[

AB00
(Biomass boiler)

Heat loss: 1.64 GJ/ton
A
1
1
1 1

PSP
1
1

1
\4
Surplus heat: 2.09 GJ/ton

\4
Transformable electricity: 203.19 kWh/ton

(a) ZET 1A (FE) MRSATRE R A i e

(a) Straw syrup production process based on 1 metric ton of wheat straw (dry base)

Overall electricity consumption: 161.32 kWh /ton Syrup (dry base); Overall steam consumption: 10.07 GJ/ton Syrup (dry base)

Electricity: 60.83 kWh /ton

A100
(Pre-handling)

Wheat straw

] 1

Electricity: 75.03 kWh /ton H Dry Acid :
| Pretreatment !
1

Electricity: 0.99 kWh /ton

A200
(Dry biorefining)

Y

Enzymatic
Saccharification

Electricity: 10.96 kWh /ton Submerged Liquid
Biodetoxification

Electricity: 6.26 kWh/ton

Electricity: 7.25 kWh/ton

A500
(Sugar refining)

1

1

1

! A\ 4

| Solid/liquid l 3
i Separation !

Multi-effect
evaporation

1
1
1
1
1
1
1
1
1
1
1
1
\ 2 !
1
1
1
1
1
1
1
1
1
1
1
1

Straw syrup

Lignin
residue

1
1 1
i ! Heat: 18.45 GJiton - == ==~~~ ¢
1 ! 1
1

A600

(Biomass boiler) !

Heat loss: 3.69 GJ/ton
A

| Sy ——— 1

1
A\
Surplus heat: 4.69 GJ/ton

A\
Transformable electricity: 455.96 kWh/ton

(b) T 1M ATHESE (P2 BORSATRER A4 7 1 A

(b) Straw syrup production process based on 1 metric ton of wheat straw syrup (dry base)
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Heat for selling to grid _ 32.2%

Heat used for high pressure steam | 0.8%

Heat used for sugar concentration _ 47.0%

Heat loss 20.0%

Total heat generation from lignin |
combustion

100%

0% 20% 40% 60% 80% 100%
(c) ARJ5 R BRI R JoE T FE 10 3 i

(c) Distribution of thermal energy generated from lignin residue combustion

BI5 kAR AR 7 RS R TS SR 1 L RE AN 28 FE DU ROR BT 3R AR A e P B 1) 20 TiT

CHEIRAE = T2 P B R AL B & B0 20% (wiw), RTALER. THALEE. WAL, JLEEANE 4 8 TBMARSC BAE T H 2% T Wang S5 1) 41
8 DY R 2 M RIOMERS 1 LB (AS00) 0 MFETHH 2% 7 F Mt Xk Y, BN MR R 1 MUKAE D 1.2 kWhe T 5250 44
A Aspen Vit FEAS AL B4R, 1 W (¥ 2 AT AT LAZE 7= 0.446 W FFHESE GHET T4 . SB[ BRI du T 7E 2875 /1 170 bar f1 570 °C %41 T iz
AT 16 A LB AL RO A 35% - 38%., 3 BLIG HAAE B 16 9 B IO BOR 2 35% 1. Heat for selling to grid: AE 5 H 45 5 Rl & W & LG (T
FFAEP= B 77K ); Heat used for high pressure steam: §ifj B #2 FF 75 4b 22 BL 2575 71 &5 1.6 MPa fiT 75 I #4 A% ;  Heat used for sugar concen-
tration: HH VR R IR 45 B B T 7 A fE; Heat loss: #WAERIH K ; Total heat generation from lignin combustion: ¥ 3¢ £E p= i F v BB 7 K Ji 41
Y TR IR IR P e

Fig. 5 Electricity consumption, steam consumption and the distribution of thermal energy from the combustion of lignin residue in

dry biorefining for the straw syrup production

(The enzymatic saccharification step in the syrup production process was conducted at a solid loading of 20% (w/w). Electricity consumption
calculations for the feedstock handling, pretreatment, saccharification, detoxification, and solid-liquid separation sections were referenced from
Wang et al. ®°). The electricity consumption for the sugar refining section using multi-effect evaporation (A500) was calculated based on data
from Qi et al. ¥, i.e., 1.2 kWh per ton of water evaporated. According to experimental data and Aspen Plus simulation results, 1 ton of dry
wheat straw can produce 0.446 tons of wheat straw syrup (on a dry sugar basis). Typical coal-fired power plants operating at 170 bar and 570 °C
achieve thermal-to-electricity conversion efficiencies of 35% - 38%; here, a conservative efficiency of 35% was adopted for converting thermal
energy to electricity **!. Heat for selling to grid: surplus thermal energy available for sale after meeting process energy demand (can be used for
electricity or steam generation); Heat used for high pressure steam: thermal energy required to assist in raising the steam pressure to 1.6 MPa in
the pretreatment stage; Heat used for sugar concentration: thermal energy consumed in the evaporation and concentration of the sugar solution;
Heat loss: unrecovered thermal energy; Total heat generation from lignin combustion: thermal energy released by combustion of the

lignocellulosic residue co-produced during syrup production)

(1GJ + 3.6 MI/kWh x 35%) . [Rltt, %MEFEE 2.4 EFFERIARERMERE. IREMAIZMIERETM
TR PR A= 1R (R W, WA T
LR I )OS FE B RE B 48 S BT R AR 4.69 G
(18.45 GJ-1.40 GJ-8.67 GJ-(20% x 18.45 GI)) 7%
IR ARE AT B4k 9 455.96 kWh [ HLAE . 763 2 4 it
FEHAE (161.32 kWh) Z )5, {3%I 4 294.64 kWh

TR LR P RS AR O e R AR, TR
LA RCE ) A AR IR R TR E R AR AIE
BB B A Tl B D g A AR AR
R A N VE BEAL S T B, M R T,
R Bl e ALy AR dhe SRTID, AT R REAS

BT IR ‘ L T BBk 11 2 0t e it kT, 478 B
PR PR, IR ARSI ERENIRRE g g e s S B OK T BEALS RO E R

PORRRTRRILAS, FRERETE ST AR FURIRIENE e b o s v P RIS L B, RFERERE
FRRGI AL, JCH O FRE RE N FLAT I S ANEE gt i 2 B R BB R VRO, R
SRR, PRI R TAEVIERIBOR IR R BT ol R A8 75 B IE SR RE W Pl Ak I %
W, RSB E KN IOEE . A B —F,

IR BT 2K A PR ) A 9 T VAT VA o T R FE R (2 AT
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O TR, ABFFEIT OB, L-FLER A
A g = ANARRME A A 27, o
LA PR RL A SRR A A R = KT 1Al
PLREE B (g/L). #FE (gL/h) FER (gi”
/g B, ANTE R AT R ORI 0 R AT R AR A
FRARIEAT TVl o R B B KK A 3R A5 00 25 B A
Sk B HRE B S5 00 H R RS AR O AR K ) R
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Fig. 6 Fermentability evaluation of wheat straw sugar syrup for production of ethanol, L-lactic acid, and microbial lipid with

sugarcane molasses, and glucose as control

(For ethanol fermentation, the strain used was S. cerevisiae Z100, with an inoculum size of 10% (v/v), fermentation temperature of 30 °C, pH of 5.5,

and a total fermentation time of 72 h. For L-lactic acid fermentation, the strain used was P. acidilactici HT150, with an inoculum size of 10% (v/v),

fermentation temperature of 42 °C, pH of 5.5, and a total fermentation time of 72 h. For microbial lipid fermentation, the strain used was 7. cutaneum

YYS52E, with an inoculum size of 10% (v/v), fermentation temperature of 30 °C, pH of 5.0, and a total fermentation time of 120 h)
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Fig. 7 Evaluation of the stability and transportability of wheat straw syrup during long-term storage

o

(The straw syrup used for the long-term storage test (total sugar concentration ~600 g/L) was produced from a saccharification system with a solid
loading of 20% (w/w). The obtained syrup was aliquoted into plastic containers and stored statically at room temperature for 6 months. Samples were
taken before and after storage to determine the concentrations of glucose and xylose, pH, density, and apparent viscosity at various temperatures)
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Table 1 Techno-economic analysis of dry biorefining process for straw sugar production
(a) EEBRIESH

(a) Main Operation parameters

Operation Parameter Value
Feedstock consumption (ton/year, 20% moisture content) 62,500.000
Dry feedstock consumption (ton/year) 50,000.000
Syrup production (ton/year) 46,429.680
Dry sugar syrup production (ton/year) 22,286.250
Lignin residue production (dry ton/year) 25,952.960
Dry sugar yield (ton dry sugar/ton dry feedstock) 0.446
Lignin residue yield (ton dry lignin/ton dry feedstock) 0.519
Annual operating time (h) 8,000.000
Plant operating life (years) 10.000

T REFPHER TS R0 48%,  Aspen B o A FHE A3 304 0.446 ton/ton FAEFT, 5 SLUaEE (0.418 ton/ton TZAT) HA
W6 o BEPLECHE 1) 1S S o T S A B (0 SR IR A T e 3R AT Aspen BEABLIN 8 25 18 7 RE K b A B bl DL K A4 R AR CSRBG RS &
HEIREAIARNE), BOE FHEAEE H 98% (h MEMTERAEARIT & 2%), FLrP il e WA R KEIL 5 BT HE K 92%, H EebE. Bl fEop A = 3L bk 45
AE R BRI 5T RN 6%, O TR R 1) f 4 SR BB 205 0.437 ton/ton TREFT

Note: The dry sugar content of the straw syrup is 48%. The Aspen simulation shows a total dry sugar yield of 0.446 ton per ton of dry straw,
which is in good agreement with the experimental data (0.428 ton per ton of dry wheat straw). The slightly higher total dry sugar yield in the
simulation is because the Aspen model also accounts for the presence of other monosaccharides and impurities in the syrup, whereas the experimental
data consider only glucose and xylose. In the simulation, the dry sugar purity is set to 98% (with salts, fatty acids, and other impurities accounting for
the remaining 2%), among which glucose and xylose together represent 92% of the total dry sugars, and minor monosaccharides such as mannose,

arabinose, and galactose represent 6%. Therefore, the actual total sugar yield based on the simulation is 0.437 ton per ton of dry straw.

(b) B AL 5
(b) Total Cost Estimation

Capital cost (CNY/ton dry basis sugar) 343.77

Operating cost (CNY/ton dry basis sugar) 1,299.92

Total cost (CNY/ton dry basis sugar) 1,643.69

Glucose price (CNY/ton) 3,200.00

Selling price of dry sugars (CNY/ton) 3,200.00

Profit of dry syrup (CNY/ton) 1,556.31
Annual profit of dry syrup (CNY/year) 34,684,408.60

Payback period (year) (generic model) 2.21

VR REFPREK L TR M SR T 2026 45 LK E P TE K L 45 R AR (3200-3500 S0/, 4R K YE: https: //tangye.mysteel.
com/dft)), FEIEAFEATH (3200 TT/M) R RERTHE™ e A R v S8R RO . REAT R 2L 7 1) BEVHEAT 1048, SRARELS, 000 T4
o AEERAEIS TR 8, 000 /i

Note: The pricing of the straw sugar syrup (on a dry sugar basis) was set with reference to the average domestic price of starch-derived
crystalline glucose since 2026 (ranging from 3,200 to 3,500 CNY/ton; data source: https://tangye. mysteel.com/dft/). The lower bound of this price
range (3,200 CNY/ton) was adopted as the selling price of the straw sugar product for the calculation of the payback period. The straw sugar
production plant was designed for an operational lifetime of 10 years, with an annual processing capacity of 5,000 tons of dry straw and an annual

operating time of 8,000 hours.

FRITTHE N, IR MR (B NEE  REEE LIRS RN, ZHEKNE
Ko FRZEMER CBRERT 600 g/L) ML PR (ET TR, 201,644 J0/M0) 452305 Ve # b
BE. FLEZ. W RBEVERE S EKRTIVEM AR A CRIEMIERA N EN 1 90% it 5, 48
WA Y, JFEAMR RO EERE. FREME. 30150/ ¥, ZHARNEGRAEY R T
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Supplementary Figure 1 Design of dry pretreatment reactor and actual picture of pretreatment equipment
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(c) Aspen Plus simulation of the mass and energy flows for the
straw syrup refining process.
M2 FEFFHER AP T2 K Aspen Plus iR

Supplementary Figure 2 Process Simulation of Straw Syrup Production Using Aspen Plus
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Supplementary Table 1 Techno-economic analysis
(a) BHEREBN

(a) Total capital investment

Equipment Technical parameters Unit Price (10 CNY) Quantity Total Price (10* CNY)
Pre-handling Unit
Forklift truck 6.25 ton/h 20 1 24.00
Bag breaker 6.25 ton/h 10 1 12.00
Grinder 6.25 ton/h 100 1 120.00
Vibrating screen 6.25 ton/h 20 1 24.00
Conveyor belt 6.25 ton/h 50 1 60.00
Cyclone separator 6.25 ton/h 20 1 24.00
Subtotal 228.00
Pretreatment Unit
Pretreatment Reactor 10 m’ 60 5 360.00
Plug Screw Feeder 10 ton/h 10 5 60.00
Sulfuric acid tank 500 L 5 1 6.00
Sulfuric acid metering pump 5m’/h 5 5 30.00
Subtotal 456.00
Saccharification and detoxification units
Pretreated feedstock tank 20m’ 20 1 24.00
Liquefaction reactor 15 ton/h 30 1 36.00
Saccharification reactor 200 m’ 120 8 1152.00
Detoxification reactor 150 m’ 100 8 960.00
Detoxification seed expansion package 10 m’ 30 4 144.00
Vertical conveyor 12.5 ton/h 20 1 22.00
Neutralizer storage tank 500 L 10 1 12.00
Metering pump 5m’/h 5 8 48.00
Subtotal 2398.00
Sugar refining unit
Saccharified hydrolysate tank 200 m’ 20 2 48.00
Plate and frame system 40 ton/h 80 1 96.00
Multi-effect evaporation 20 ton/h 100 1 120.00
Syrup storage tank 250 m’ 30 1 36.00
Subtotal 300.00
Biomass boiler unit 400.00
Cellulase production unit 300.00
Inside boundary limits (ISBL) Equipment and installation cost 4082.00
Utilities
Sterile air system 100 Nm’*/min 40 2 120.00
Weighbridge 40t 10 1 12.00
Subtotal 132.00
Total equipment and installation cost 4214.00
Warehouse 5% of equipment and installation Cost 204.10
Piping system 5% of equipment and installation Cost 204.10
Total direct costs (TDC) 4622.20
Indirect costs
Maintenance 2% of the total direct cost (TDC) 92.44
Total fixed capital investment (TFCI) 4714.64
Plant buildings 20% of the total fixed capital investment (TFCI) 942.93
Working capital 5% of the total fixed capital investment (TFCI) 235.73
Initial total capital investment 5893.31
Loan interest (10 years) 3% of annual interest rate 1767.99
Initial total capital including interest 7661.30
Capital cost (CNY/ton dry basis sugar) 343.77

T REATHE R A O BERE AL AR 2R AE 20% (wiw) HITEI S BT IS

T SRR ) 25 R 5N 1.2,

The enzymatic saccharification system selected for straw syrup production operated at a solid content of 20% (w/w). The installation factor was

consistently calculated as 1.2 for all relevant equipment.



024 GRENE 75

(b) AR AR A
(b) Variable Operating Costs

Stream Mass flow rate (kg/h) Price(CNY /ton) Cost(CNY /h) Cost(CNY /ton dry sugars)
Wheat straw (Dry)* 6250.00 300.00 1875.00 673.06
Cellulase enzyme
Protein * 25.00 57500.00 1437.50 516.01
Sulfuric acid © 191.33 360.00 68.88 24.72
Calcium hydroxide ¢ 141.77 400.00 56.71 20.36
Process water ° 7017.50 1.50 10.53 3.78
Lignin residue 1044.61 -400.00 -417.84 -149.99
Wastewater treatment © 0.00 40.00 0.00 0.00
Blectricity " Hourly electricity consumption  Unit electricity price (CNY/  Electricity cost Production cost (CNY /ton of dry
(kWh/h) kWh) (CNY/h) syrup)
449.40 0.59 266.77 95.76
Total variable 1183.70

operating cost

ARG R T AR ELEL S IR (LT ET) A8, 000 higfrm(al, XfMALEERE 1M 6, 250 kg/h.

O BT Yk R I I A A AR AR, LA PR 75% . BEINE AR RS T B 4 mg B AR (1. W0 B R T 23 TG AR
M, G AR 10%.

CTRALFE T, B B N TR 30 22 v (BRIP4 3%, 3 Ik FRRR 5T B 4 4 98% IRV IR AT e i o

AR (400 J0/0ED) ORI TIAR B S I PRE . T2 K A2 BESRUE T AR AT W 2 A P A P AR IR, IR TR D BB K

¢ TR it il i Aspen Plus #4515 H .

TR AR AR B IR AR S T AR 80% . AL, FLAT BN AE IR IEARELE A5 1K1 80% TH AL . b4k, MESLIMTZAGREFEEY (FEH
I JB, RFRBREFHE 32.2% FHREEE & Bk, TEIFFIZE AN, W8I 32.2% AN 3 5RIE IR 4 FH T 5o oA

SREFFRE AR P RN PR A R K, TR R K A B AR 2

MR IR R A 161.32 TR GEFE S FRHRLE S . B e AT R 0.59 st AR .

* The techno-economic assessment is based on an annual processing capacity of 50,000 tons of wheat straw (dry weight basis) and 8,000 hours

of operating time, corresponding to a handling rate of 6,250 kg/h.

® Cellulase was assumed to be supplied via an on-site production model, reducing its cost by 75%. The enzyme loading standard was 4 mg of
enzyme protein per gram of dry matter. The unit price of the enzyme preparation was CNY 23 per kg, with an enzyme protein concentration of 10%.

¢ For pretreatment, sulfuric acid dosage was set at 30 mg per gram of dry matter (i.e., 3% of the dry matter), prepared by diluting concentrated
sulfuric acid with a mass fraction of 98%.

¢ Calcium hydroxide (price: CNY 400 per ton) was used to neutralize the pretreated slurry. Process water was primarily sourced from internal
recycling within the syrup production process, supplemented with a minimal amount of fresh water.

¢ Mass flow rate of process water was calculated by Aspen Plus simulation.

" The heating value of the residual lignin was equivalent to 80% of that of standard coal. Therefore, its selling price was calculated based on 80%
of the standard coal price. Furthermore, after achieving energy self-sufficiency (primarily in steam) for the process, 32.2% of the thermal energy from
the lignin residue remained surplus. Consequently, when calculating operating costs, the profit from selling this remaining 32.2% of the lignin residue
was used to offset a portion of the costs.

¢ The straw syrup production process generates no wastewater, resulting in a wastewater treatment cost of zero.

" The electricity consumption was 161.32 kWh per ton of dry sugar (based on the calculation results shown in Figure 5(b)). The electricity price

was set at 0.59 CNY/kWh.
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(e)  [HEHRAE A
(¢) Fixed Operating Costs

Positions Number Salary (CNY/Year) Total Salary (CNY/Year)
Plant Manager 1 200,000 200,000.00
Workshop Manager 1 150,000 150,000.00
Process Engineer 3 150,000 450,000.00
Facilities Engineer 3 150,000 450,000.00
Analysis Engineer 2 120,000 240,000.00
Process Operators 10 100,000 1,000,000.00
Clerks & Secretaries 1 100,000 100,000.00
Total Fixed Operating Costs (CNY/year) 2,590,000.00
Fixed Operating Costs (CNY/ ton of dry sugar syrup) 116.22
Total Operating Costs (CNY/ ton of dry sugar syrup) 1299.92




