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2.1 MEZQA/FOMEZRA Hi|

IrAER A Ho|ujALE A MERZQ
&, duAgEes Jen dadew A
EABHANN ABROAL Hlol2 ARE A
7] Slal AHREIT AnaERe s 13 Heel
& AAsl) Sla) AT F RS 7t e
5718 AA AgHER o]5S EedlTe 340l
2 a5}

AE2 XN/ nAER A Fe] W2 R-10]4
0.1 M9 &2 3HXK(sulfuric acid, SA)S Zj&2 AR

Table 1. Main reactions considered in this study

Reactor Reaction Yield (%)
R-1*" Hemicellulos + H,O — Xylose 60.2
R-2"* | Xylose — Furfural + 3 H,0 89.1
R-4**7  |Furfural — Furan + CO 93.1
R-5% Furan + 2 H, — THF 100.0
R-6'*"  |THF — 1,3-BD + H,0 65.2
R-7" Cellulose — FA + LA 61.0
o™ LA +H, — GVL+H,0 99.0
FA — H, + CO, 100.0
R-10%7 GVL — Butene + CO; 99.0
R-11% n x Butene — BO 99.0
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3} o] o] At} o]ujl, fufj= y-valelolactone (GVL)-
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Fig. 1. Conversion pathway of main components
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A5ttt S35 9] e R u](capital cost)2} 2
JH|(operating cost)= 2016 =S 7|F 02 AFESIS
t}. ZFx|H|(equipment cost)+= Aspen Process Economic
Analyzer (Aspen Technology, Bedford, MA, USA)2}t
A% G WS AT B 349 B
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A: Absorption column

C: Condenser
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Fig. 2. Process flow diagram of the proposed process
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© 8210 35 Y48 B H0I2 HR

Htk (1) Biomass fractionation; (2) FF pro-
duction; (3) 1,3-BD production; (4) BO production;
(5) Wastewater treatment (WWT); (6) Heat and power
generation (HPG); (7) Utility; (8) Storage. 3|3 374
9] 39 FE9| tgt A X = Appendix Table 1] Lt
ER s

3.2.1 Biomass fractionation

{2 AYALEE] YA F o] HE|(F-1, F-2)
7} AREE Q) o1 AlE 2 @ A= BO production
Ao BRIy ZF Aol A HelElo] AN
GVL2 V-10] o], o]i= R-1& FFHTh R-19]
A FAME 2R AJ7]= LA7} FF production 441 o] A]
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3.2.3 1,3—-BD production
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power generation AAS2 7} Ao Hast it
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AHA 715 AA|AL o] o)A THFE #A

13- o] Hek 13-Feh] Y] 2EE ol u
O AR RS 95 Hel B ety
oh WA S48 B BEEES AT BeEE
° U579 BAL PHHEE 45712 71945
Aol AARI BoZe] AAE NASE Ao
F YA BEBGE THES B)E sl
0858 ol BEEE VAN BAGE 13-
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2L FHUADE FHH 5L SE99.5%)
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3.2.4 BO production

Biomass fractionation Ao Ead AEZQ
2 R794 LA (254E0 2 Fafjdnh ojnf %
2 AREE FH2 SR BEE oo 3} v
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=& AFskaL, dEHE ol8s] 2] FrlE AAT
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8

TATAY 2R 2E WSS fleliA, B
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349 olyA Hags Fol7] fleiA d s
st @ 53] dik= of#i 9] Fig. 3of Uret
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g Y o= F 1955 MW dofy|7t Zda
stk 7 @2 EolvAIZE et A4S BO
production Al oJTHAA] Qo R 2] 47.5%). 1 ©|
= BO production A9} 79 ofe] Hh3HAS
AX=H 2 ¥R 20E W] siA B ol
A7 AGEAL, ZF Bk & A EE RS
AAsL7] 3t SREIA ELF B FodAIE A
g317] wjo|cy. F HAR W2 HoUAE A
Sh= 342 AA Fol|A| 9] 39.1%5 ARE-Sh+= FF
production AlAdojct. o Ao Y= FFE
w57 SeiA W2 SRE 9 LI ARE S
7] wizol] Befl|A] Axtzh Aok shARE 4 T $
o= AA Zagt dofluA|7F 69.9 MW=, L a7o]
64% 7+23+Ich BO production 442 71.1 MWE)
Ao R 7} 7+4x(76.5% 7+42)8F HHH, FF production
A 0] H-ofl= 322 MW FolU A7} 7H4(42.1%
A3y o5 &3 BO production A4 A&
gto] FF production MR} 2 E|9-5-S & 4= Qlrh

¥ =3 A Wzboy A 875K cooling requirement)
< 2102 MWolaL, Yzt gz @ =Fe dofy X
QF=F} o] BO production®} FF production A4
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Fig. 3. Heating and cooling energy comparison diagram
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2E P8l 7% Tl(functional unit)E 1 GJo] ¢4 perspectiveS A28}

&&@H(net heating value) 0.2 AT Fig. 4= z+

7490 tigt A]~HEl ZA|(system boundary)S .o

=t A F7) e A F7) Bk vixjet g, o]

3.44 ™ 7| iy

Table 2. Process input/output values for 1 kg of BO

Name Unit Amount
U= AE WE B S RERY R AN EY Lo
9l EHL F= FEehs Aol o A9 Vs Feedstock ke/hr 18.999
4= ofluA] TEgjo)7] e Vs T9E 4 A= SA kg/hr 1.616
o] &= hdRFO B Lo g ARRS 7|0 R vl Ammonia ke/hr 0381
Shich Hlol @ AR o] &= HrakS 10,443.8 kealkg H, kg/hr 0.105
o|a, 3urfo] = HIFLS US Environmental NaCl kg/hr 0.662
Protection Agency©l|A] A|A|gt 7,594.0 keal/LE 717 Lime kg/hr 0.306
Slolrt”. Table 2= BEBH) T R A gy

BO kg/hr 1.000

% g HAES R, 1,3-BD kir 1.583
343 ™ F7| I EIt €O, kg/hr 2205
FF ke/hr 0.046

o] %74101]/‘1% 7} SHA|S] 24 gk BrFslSIth Water ke/hr 6.077
g3 kS B71sk7] 184l SimaPro 9.1 (PR, Gypsum kg/hr 0.701
Amersfoort, Netherlands)l—} Ecoinvent 3.6 database Ash kg/hr 1.548
(Ecoinvent, Zurich, Switzerland)S ARE-3} T} ESH Electricity MJ 31.096
7} v o3 ReCipe V1.13 with the Hierarchist BO kg/hr 1.000

(a) Cradle Gate -
Biomass -: “““““““““““““““ :- BO

(White birch) Cellulose )[ BO production route ]

.- 1,3-BD

'mmp Electricity
Lignin }[Heat and power generatlon] 1

Raw materials q Biomass
(Solvents, Catalysts, etc.)

Utilities -|

Xylose }[ THF production route ]

fractionation

(Steam, Cooling water) "L o - C e mmmmmm—mm - - - Emission
(CO,, etc.)
(b) ‘Cradle Gate R
Crude oil Gasoline
Raw materials Crude oil plE Cride ol ren | Other oil
(Process fuels, etc.) production - en e ey (Diesel, etc.)
Utilities Emission
(Steam, Cooling water) (CO, etc.)

Fig. 4. System boundaries for (a) BO production and (b) gasoline production
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AN = A F7] FF B7F AoE viEger o
Aol GRS wlAE AASE Yo 874 o
3F QRS Zof|A 7|3 H3}(climate change)®?} S}
A J 7 (fossil depletion)7} TtHEA Q] QlA}2 118
Ao, 71 IR 1 SAAE oS o
ZHkg CO, equivalent) o2 AAFSI I, s AR

072 A3 3 AR kg oil equivalent) S
2 2ERE of|A| 9 g Antshitt

4. Zu}
4.1 7I&-8M8

gt gut

AR 58 B9 A% RsAE Thershy] 913

H 1A WS AN 7163 %
Me Ry SO gt 994 Sol B B4

o) A el A G 8 S,
A Tl AR 744 9] vlEE 4A Hlwa}|
8l the A W HE Eake) gk A
(annualized capital cost)@} --GH|Z AARFATE A

B o7} AHu]e) SoJu| o] A5 AR 247} Table 3
¥} Table 40 YERHSITHF8 H]H]= Appendix
Table 20f LER.).

E3la Aol 2 A7F AHH] 472 MM$/yearo]th,
o] & 7} wo u|ES 2A|FH= AL heat and

power generation Al O &2 A3 AEH| Q] 27.8%E

Table 3. Annualized capital cost per section (plant capacity:
2,000 ton-biomass per day)

OHZ - STl - 2IYR 62
—_—

At 1 chge wgo] Bo] Bz AL bi-
omass fractionation A 07 A ZHEH| 9] 22.0%
£ AAg} MAE Sof| A heat and power gen-
eration} wastewater treatment A2 Z 2] Z}EH|
9] 46.4%5 AASHAI, FEg2] w9l Aol of
Uzt FAE-S Aglsk= Hx AlHo|t) o] H|&E
S AL AR AR k3l QE BALE x| A4
Hes A 4= Utk Biomass fractionation A4
oA B Blg] WA ol Rl w05 o
o M 9] 79%E ZFR|kTE R-19] 28 74| 7]9]
Sh= A2 =LA 27FA]ook WA, ‘E%% o] ol
of goflo] o uholc). W ool HlolnjAg
usl] 9i5) e il AMgale, ol oI
HES-719] Fu]7F AXA Fof 74 o] AssHAl =
O TR0, R19) Mol AE S0l S AL
517] wie] SAro R QI HALS WA|s|ok it
whebA U5 Aol 4] k2 ThE Rhe7IRY =
L 7}4& 7RI
$-n]o] Ao ujy 128.5 MMS$7} HHAYSITE
of TolA 7MY B e AAshe A2 f=el
white birchth, ¥&9] 71A8L& AA| &49H|9] 72.3%
2 A3t oj} 2ol 71Zo] &2 o]z white
birch®] 7142 & 9 HA 29 e IS 23
3 7ol7] tgolt), theoR Be 2Re 2
Sh= HEOS 714 9-ofu|(fixed operating cost)T}. o]

Table 4. ltemized operating cost (plant capacity: 2,000 ton-bio-
mass per day)

Operating cost (MM$/year)

Annualized capital cost (MM$/year) White birch (feedstock) 92.9
Biomass fractionation 10.4 Hydrogen 5.8
FF production 44 Surfuric acid 5.3
1,3-BD production 43 NaCl 4.2
BO production 4.8 Other raw materials 5.8
Wastewater treatment 8.8 Fixed operating cost 11.0
Storage 0.8 Catalyst replacement 0.6
Heat and power generation 13.1 Waste disposal 2.0
Utilities 0.5 Utilities usage 0.8
Total 47.2 Total 128.5
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Table 5. Parameters and equations for the calculation of plant
performance and cost growth

Parameter Probable case |Pessimistic case
Newsteps 5 5
Balegs 0 0
Waste 3 4
Solid 0 0
Plant performance (%) 25.0 20.8
Pctnew (%) 23 23
Impurities 4 5
Complexity 9 9
Inclusiveness (%) 100 100
Project definition 8 8
Cost growth 0.43 0.40

Plant performance=85.77-9.69xNewsteps+0.33xBaleqs-
4.12xWaste-17.91xSolids (Eq. 1).

Cost growth=1.12196-0.00297xPctnew-0.02125xImpurities-
0.01137xComplexity+0.00111xInclusiveness-0.06361x
Project definition (Eq. 2).
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Table 6. Total capital investment and operating cost for the
n"-plant and pioneer plant.

Total capital investment (MM$)

N®_plant 370.9
Probable case 939.2
Pessimistic case 1,032.9
Operating cost (MM$/year)

N‘h-plant 14.5
Probable case 14.8
Pessimistic case 18.9
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Appendix

Appendix Table 1. Major stream information for Fig. 2

1 6 7 12 17 18 23 26 30 32

Temperature () 250 | 1596 | 1170 | 1169 | 2198 | 2219 | 150 | 600 | 97.0 | 100.0
Pressure (atm) 1.0 3.4 204 1.0 13 345 | 355 54 1.0 22
Mass flows 119,047 | 133,444 | 311,343 | 11,622 | 32,112 | 1469 | 11,559 | 725 | 1535 | 7.382
(kg/hr)

1,3-BD 0 0 0 0 0 0 0 0 0 0
Acetate 5,000 0 0 0 0 0 0 0 0 0
Acetic acid 0 322 | 4678 | 215 0 0 0 0 12 0
Ash 250 0 0 0 0 0 0 0 0 0
BO 0 0 0 0 0 0 0 0
Butene 0 0 0 0 0 0 0 0
CaSO, 0 607 0 0 0 0 0 0 0 0
Cellulose 37,500 | 30,637 | 0 0 0 0 0 0 0 0
co 0 0 0 0 0 0 3373 | 220 0 43
O, 0 0 0 0 0 0 0 0 0 0
Extract 583 38 546 0 546 0 0 0 0 0
FA 0 2 319 26 0 0 0 0 10 0
FF 0 488 | 4,032 | 1099 | 0 0 0 0 622 0
FFA 0 0 0 0 0 0 0 5 0
Formaldehyde 0 0 0 0 0 0 0 0 0
Furan 0 0 0 0 0 0 7687 | 24 8 7,325
Glucose 0 203 | 4249 0 1,062 0 0 0 0 0
GVL 0 | 88789 | 208831 | 0 1,644 | 458 0 0 0 0
H, 0 0 0 0 0 0 485 481 0 0
H,0 35,714 | 4379 | 51,509 | 384 0 0 13 0 878 13
HMF 0 26 382 0 382 0 0 0 0 0
HUMIN-C5 0 736 0 0 1,258 0 0 0 0 0
HUMIN-C6 0 1,167 0 0 2,390 0 0 0 0 0
LA 0 358 | 1,516 0 4 1,011 0 0 0 0
Lignin 18,083 | 1,165 | 16918 | 0 16918 | 0 0 0 0 0
NaCl 0 0 0 0 2,902 0 0 0 0 0
Propene 0 0 0 0 0 0 0 0 0 0
Protein 833 833 0 0 0 0 0 0 0 0
SA 0 335 | 4871 0 4,871 0 0 0 0 0
THF 0 0 0 0 0 0 0 0 0 0
Xylan 21,083 | 2319 0 0 0 0 0 0 0 0
Xylose 0 929 | 13493 0 135 0 0 0 0 0
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Appendix Table 1. Continued

34 37 39 42 48 53 60 65 69 72
Temperature (C) 63.2 15.7 25.0 25.0 220.0 154.2 170.0 375.0 170.0 153.6
Pressure (atm) 1.0 1.0 1.8 1.0 345 1.0 15.8 355 355 1.0
XZ/SEI?OWS 7,816 2,497 5,309 4386 | 193,034 | 159,239 | 1,871 | 27,435 | 10,943 | 6,048
1,3-BD 0 456 4,507 4,363 0 0 0 0 0 0
Acetate 0 0 0 0 0 0 0 0 0
Acetic acid 0 0 0 322 187 0 0 0 0
Ash 0 0 0 0 0 0 0 0 0
BO 0 0 0 0 0 0 0 0 0 5,996
Butene 0 419 253 13 0 0 0 0 6,063 0
CaSO4 0 0 0 0 0 0 0 0 0 0
Cellulose 0 0 0 0 0 0 0 0 0 0
Co 43 0 43 4 0 0 0 0 0 0
CO, 0 0 0 0 0 0 0 0 4,760 0
Extract 0 0 0 0 38 38 0 0 0 0
FA 0 0 0 0 5,327 0 0 0 0 0
FF 0 0 0 0 1,694 1,077 0 89 54 52
FFA 0 0 0 0 0 0 0 0 0
Formaldehyde 0 44 43 4 0 0 0 0 0
Furan 0 0 0 0 0 0 0 0 0
Glucose 0 0 293 293 0 0 0 0
GVL 0 0 122,341 | 134,071 | 1,337 10,938 0 0
H, 0 0 4 0 0 0 0 0 0 0
HO 13 96 29 2 30,403 | 4,692 534 16,408 66 0
HMF 0 0 0 0 26 26 0 0 0 0
HUMIN-C5 0 0 0 0 1,478 1,478 0 0 0 0
HUMIN-C6 0 0 0 0 14,443 | 14,443 0 0 0 0
LA 0 0 0 0 13,742 0 0 0 0 0
Lignin 0 0 0 0 1,165 1,165 0 0 0 0
NaCl 0 0 0 0 0 0 0 0 0 0
Propene 0 27 61 0 0 0 0 0 0 0
Protein 0 0 0 0 833 833 0 0 0 0
SA 0 0 0 0 0 0 0
THF 7,759 1,456 367 0 0 0 0 0
Xylan 0 0 0 0 0 0 0
Xylose 0 0 0 0 929 929 0 0 0 0
> otmp AN UK =2 X323 H6z 20214 12



Appendix Table 2. Major equipment information for Fig. 2

Section Equipment Total equipment cost Reference
Biomass F-1 4,622,683 ¥
fractionation F-2 4,531,962 34)
R-1 35,021,485 )
V-1 137,700 Aspen”
FF D-1 10,123,200 Aspen”
production D-2 1,359,930 Aspen”
F-3 356,652 ¥
R-2 543,320 Aspen”
R-3 78,370 Aspen”
S-1 5,293,047 i
1,3-BD CP-1 1,469,663 ¥
production A-1 1,662,517 16)
D-3 236,135 Aspen”
D-4 156,020 Aspen”
D-5 167,627 Aspen”
R-4 3,184,636 )
R-5 3,227,650 16)
R-6 5,653,082 )
S-2 44,820 Aspen”
S-3 1,066,527 16)
S-4 32,400 Aspen”
BO D-6 3,053,040 Aspen”
production D-7 814,320 Aspen”
D-8 856,320 Aspen”
F-4 220,276 ¥
R-10 3,852,386 =
R-11 3,585,279 =
R-7 422,280 Aspen”
R-8 1,061,029 40
R-9 505,580 Aspen”
S-5 4,108,288 ¥

a)Aspen: aspen process economic analyzer.
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