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FF 22|23k A 255%0]m | FFZRE THFAR S &2 63.2~67.9 mol%e]th Ze37d0] el & 53-8 Fa43}0d
71 QTS Fx Un] 14.4~164% A 5 St HFH o2 AV 715 T8l A 342 T2 veds
A1EEL THFAS FHAhil714-& A skt /e 37dollA] Ak THFAS] HAdhi7h4 2 189 2,120~2,340
I, A THFAS] A1 7F2 ol i,

Abstract — Lignocellulosic biomass is a renewable resource for production of biofuels and biochemicals. Furfural (FF)
is an important platform chemical catalytically derived from the hemicellulose fraction of biomass. Tetrahydrofurfuryl
alcohol (THFA) is a FF derivative and can be used as an eco-friendly solvent with thermal and chemical stability. Despite
large numbers of experimental studies for catalytic conversion of FF to THFA, few research have conducted on the economic
feasibility for large-scale THFA production from FF. At the stage of assessment of the potential for commercialization of
conversion technology, a large-scale process study is required to identify technological bottleneck and to obtain infor-
mation for solving scale-up problems. In this study, process simulation and technoeconomic evaluation for catalytic con-
version of FF to THFA are performed, as the following three steps: integrated process design, heat integration, and
economic evaluation. First, a large-scale process including conversion and separation processes is designed based on
experimental results. When the FF processing rate is 255 tonnes per day, the FF-to-THFA yields are 63.2~67.9 mol%.
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After heat integration, the heating requirements are reduced by 14.4~16.4%. Finally, we analyze the cost drivers and cal-
culate minimum selling price of THFA by economic evaluation. The minimum selling price of THFA for the developed
process are $2,120~2,340 per tonne, which are close to the current THFA market price.
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Table 1. Reaction conditions and results
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Solvent  Concentration (wt%)  Conversion (mol%)  Selectivity (mol%)

Reaction Catalyst T(K) P(bar) Time (h)
(D FF-to-FFA conversion Cu-MgO 453 1 -
333 30 12
() FFA-to-THFA conversion Ruw/MnO,
’ 393 30 4

- - 98.0 98.0
Water 10 913 99.8
Water 10 100 73.7
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Fig. 1< ASPEN Plus Process SimulatorE ©]-&3| A gt Tz}
3 19] 37 EE=oItt 374 EEES] EASA U o 5A]=
Table 26 YEFAITE. FFE= Cu-MgO ZlE o] g3l &% 453K
gl b9 1bar 22712 AT HFS7IR-DE Bl A FA0E91 7] ellA
FFAR A%kt 4k o] 5 Z3=olli= FFAS) vNke- 27t &4
stH, AR AS- D& B3l Z2E Feleth vRkg 49
99%%= R-12.2 A<=84%] 31 FFAYE RwMnO, S5 o] §-8h= &%
333K 9 942 30 bared Q] QEF o] B -7 |(R-2)% Hjich
R-2ZH-E] THFA (9.6 wt%)2} #IHH-g- FFA (0.9 wt%) 5 XE3sh=
Fgdo] dojxw o|F A7 dFY oht THES T e
52| THFA(99 wt%)E 3]st} E3tE2 W] 24 E 4% 3
7Ne) 40 SFH(D-1, D-2, D-3)22 FYIFH, 99%2] Bo] & A
Kol AAEC 4ol dojA]= SEelli= vWke FFAS
45%7}F EA8H, o] & &E-s7] f18l T T 5E2] 80%E R2%
A<=k A 71T} & 3FEol A= THFA (93.1 wt%) 9} 7] ¥+-8- FFA
(4.7 wi%)E 3t E5EC] dojAH, 401 SHE(D-4)7 50
G SRE(D-5)S B3l nukS FFA7) AlAR Y. 55 53 o] %
99 wt%2] THFA7} & 7ol A 3]575]w, o]w THFA 3]5&-2>
70%0]1tk. 23927 ol Al THFAS} FFAS3HE2 31 (451 K)=

e B EFREN, SHEYUOL THFAZHE FFAS 2]
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Fig. 1. Process flow diagram for the design 1 (flowsheet snapshot of ASPEN Plus Process Simulator).
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Table 2. Detailed mass and energy balance of the design 1

Streams 1 2 4 5 7 11 13 16 17 20 22 24 31 33 THFA
Mass Flow [t/d]
H,O - - - - - - 468 2,339 2,339 936 561 1 1 - 1
FF 255 - 257 5 3 - - 16 16 - - - - - -
FFA - - 77 330 252 - - 260 23 17 15 12 1 - 1
H, - 5 13 8 - 10 - 10 - - - - - - -
Humins - - - 5 5 - - 8 9 7 6 5 - - -
THFA - - - - - - - 6 253 250 248 245 147 25 171
Total Flow [t/d] 255 5 348 348 261 10 468 2,639 2,639 1,210 831 263 148 25 173
Temperature [K] 435 298 453 453 393 298 298 331 333 374 374 445 440 451 441
Pressure [bar] 1 1 1 1 1 30 1 20 30 1 1 1 1 1 1
Enthalpy [MW] 4 0 5 7 8 - 86 435 439 181 113 11 7 1 8

BT

"i

Fig. 2. Process flow diagram for the design 2 (flowsheet snapshot of ASPEN Plus Process Simulator).

shA e ¢ glvk. 21 A3 3 vEgellx] A4k THFAS] 30%
7} FFAS} §7] & sHollx] 4 %] 31 THFAS] 35782 70%= Al
ShATE & 3HollA dojA= F4HE 552 boiler/turbogenerator®
HuUjA] A4S B8l 3A a5 d 9 A7y AE FF¢t
th 44 1739 THFAZF AAAEE v, &3 37 4 9 FF= -
THFAZIA| €] 2] 582 63.2 mol%°| .

3-1-2. YA 2 — 1.2 % Wk

Fig. 2= ASPEN Plus Process SimulatorE ©]-4-3f A 7| &+ t] =}
A 29 FAHTFEC|L 34 ZEEL EAGTA Y oyAFA)=
Table 3¢l YERASITE. TIAIQL 12} FY Al FFE Cu-MgO FHlE
o]-gsh= 1% WS 7|(R-D)E BUA|H, =45-9)7| o4 FFAR
gt ZHARAS-DE 3l 1S 549} FFAE w25t
kS 4:2] 99%E R-12.2 A=k A]7]3L FFA= Ru/MnO, =
ujE o] 8ok 25 393K 2 $FE 30 bar 32719 QESHo]H HE
$71(R2)% KWt} R2ZHE] THFA (7.6 wt%)2} 1,2-PeD (2.6 wt%)
Fgdlo] dojxn], TRl 12} @] vlRkS FFAE &
AsA] geth EFES AR Jdd9 3719 209 SHE(D-1,

=2 37 5=
A
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D-2, D-3)2.2 F91=H, 99%2] Fo] & Aol AAH. & 3t
ol K= THFA (71.1 wi%)S} 1,2-PeD (24.7 wi%) & 313t &
§heol fojAI™, 1,2-PeDE AIASE ] 913t 137 7 5HD-4) 2=
BRItk 55 53 o]3 99 wi%2] THFAZ} & Aol 34
v, 28 34S Tl doiRl= THFAS 3582 95%°|th &
ol A dojx]= FAHE 352 boiler/turbogenerator® R U #]
ALE T3l TN L7EE E U A7euAE Fa3ih
A< 186= 2] THFAZ} AALE W, T3 374 ol 4 &) FFEH-E]
THFAZ}A| 9] 423 82 67.9 mol%o|th. A8 82 739 tA}
¢l 2 (70.8 mol%)7} t1AS1 1 (87.5 mol%) K.t} 2k 19.1% W o}
FA & A9 1 A7 GAE ] YAl 2 (67.9 mol%)7} T
2}l 1 (63.2 mol%) X.th oF 7.4% =2 £X 2 Kot} o] tix}
Q1 1041 THFA % FFA E£3-E=25E] THFAS 1552 34351
4ol 4 FFAZRE] 3% THFAS 30%7} £215)7] wjio|t}.

3-2. 9 wEF M|
7MakE F oA FFAS] THFAZ Q] A%k w8 o] gl o
2 F5(7.6~9.6Wt%)E EASH= THFAE &|<=317] 918l o<
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Table 3. Detailed mass and energy balance of the design 2

ofl

Streams 1 2 4 5 7 11 13 16 17 22 25 28 THFA
Mass Flow [t/d]
H,0 - - - - - - 2,269 2,269 2,269 1,361 136 1 1
FF 255 - 257 5 3 - - 3 3 - - - -
FFA - - 77 329 252 - - 252 - - - - -
H, - 5 13 8 - 12 - 12 - - - - -
Humins - - - 5 5 - - 5 75 75 75 75 1
THFA - - - - - - - - 193 192 190 188 184
Total Flow [t/d] 255 5 348 348 260 12 2,269 2,541 2,541 1,628 401 264 186
Temperature [K] 435 298 453 453 393 298 298 393 393 374 377 451 440
Pressure [bar] 1 1 1 1 1 30 1 30 30 1 1 1 1
Enthalpy [MW] 4 0 5 7 8 0 416 413 419 258 37 12 8
2000 3 T T
E Ciline strearms Inlet T Outlet T Cp & )
00 é Ny Ctlity streams K] [}\] (kI kg K] . <: QHII]iIl E
§ Cooling water A t9S 2 308.2 4<_ " ( 114 7MW) __]'—
3 HPsteam ¥ 5414 463.0 276 ]
18003 \1psteam K 3894 3884 206.0
~ 14003
Q E
o E
S 12003
©
S 10003 |
e ER
(5] 3 /
= so00 |
60.00 3~
: QCmin
40003 (122.3MW)
2000 3 : : , . , . : , : .
0.00 100e+08 200e+08 300e+08 400e+08 500e+08 6 00e+08  700e+08 8 00e+08 9.00e+08 1.00e+09
Enthalpy (kJ/h)

Fig. 3. Composite curve of the design 1.

o] Tt Z5EHS o] 31T} o) A BN A Q7B
S A7, E Ao A= ASPEN Energy Analyzers ©]&3l &
5 v

st ZA oA LBl W 7ke] o wkS £ R RRE T
= FEEE H4s) she o wihds AR
tARel 19 7k e R A7k e e 22 1372 Mwek

1447 MWo | A 719 2 72] 86.3% (118.4 MW)7} &1l
& HEehr] 913 vhd FEHD-1, D-2, D-3)°lA 2 19

Mol 4 w5 E3shs d W AA o]F V& 7HE o7
thH] 16.4% (22.5 MW7t & w3ks E8f 3l5E | 71 Q ek
1147 MW= 74381t} Fig, 32 TR 19] B34 =0]9, Table 4]
A WS TR d 23V)E YERIQITE 30l sk
FAHE 9] oY X] g2 26.3 MW boiler/turbogenerator 1|4 2]
AAE B3l 141 MWE] 71 freelElel 28 MW 717 Ak e,
| goll 5 T Utk HFA O YARI 1014 S FZHH

W= fEEEE 100.6 MW 7HE S E] 9 1223 MW
7} el Eloltt. T elX 9] 7] Q7%0.1 MW) A A4k
| A7)l o8l F5Em, 27 Ak 17127 MW)E o= #
ieia=

H

o
1-’0

U l-

o of
N

el 29] 7+ Q7% 9 ¥ 8 %S 27 1413 MW
148.0 MWO 2 TIRR1 1ThH] 718 Q50| 3% F7138F =45 K.
Qlct. gARQl 13} iR 2 E-& w2leh] 8l ok 7+ o
UA7t Q75w o] AA 719 Q752 89.8% (127.0 MW)E
A EE 21709 4 wE S E3eRs A wdw A o] % 7
7tE Q% ﬂlﬂl 14.4% (203 MW)7} 4 W 3-S T3] 355,
719 Q7SS 121.0MWE gt
Flg 4= UIX]-O 28] E3A o], Table 59l & w3HES T8k
4 w715 HEpisleh. 3ol A sk A= (27.4 MW) 4]
Ax %— &3l 14.8 MWl 7+ FEEE gl 3.5 Mwe] A7|7F At
=, o]& Tl T T vk HETA o= Y] 27} 2R E
I 7k SeEEE 1062 MW, B2 S22 ElE 127.7 MW
7R 72k, 3ol Q) 7] 0.1 MW) tiRIel 13} 5
A AA| AYAE = A7 2RY BF sy, 239 ke A
71%(3.4 MW) 932 st

33 71& 2R =}
B ol e 99 714 A B7HE A9 o plant
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Table 4. Heat exchanger network of the design 1

Heat exchanger Equipment Load [kl/hr] Area [m?] LMTD [K] Overall U [kJ/h-m?-K]
E-1 R-1/D-3 reboiler 7,071,208 87 9 9,186
E-2 HE-2/D-2 reboiler 7,370,474 90 42 1,938
E-3 D-3 condenser/HE-5 2,627,622 56 29,370
E-4 D-4 condenser / D-2 reboiler 42,040,915 6 66 111,683
E-5 D-5 condenser /D-3 reboiler 21,368,707 20 7 155,570
E-6 HE-3 1,341,471 3 58 7,878
E-7 HE-6 13,728,911 17 50 17,065
E-8 R-2 16,135,714 21 31 24,284
E-9 D-1 condenser 253,515913 129 67 29,401
E-10 D-2 condenser 61,236,536 29 71 29,379
E-11 D-3 condenser 89,913,118 46 66 29,415
E-12 HE-7 4,724,461 9 34 16,936
E-13 HE-1 1,368,714 17 110 721
E-14 HE-4 203,961 1 72 5,253
E-15 D-1 reboiler 271,043,459 3,218 15 5,532
E-16 D-2 reboiler 11,875,545 146 15 5,487
E-17 D-3 reboiler 65,479,108 363 97 1,866
E-18 D-4 reboiler 42,048,733 252 89 1,866
E-19 D-5 reboiler 21,368,222 128 89 1,865
2200 T 1
E i< >S!
200.0 _é Utllity streams I’E]]?]T OT}]\E][ & [klirg’ K] E QHlIlill
3 Cooling water A 2982 3082 42 ] (121.0MW)
18003  HPsteam Y 5414 463.0 27.6
3  vLPsteam K 3394 3834 206.0
160.0 3
g 1400 E
o 3
3 3
© 12004
[ E
Q 3
£ 10004 s
(3} 3
= 3
80.00 3
60.00 3
QCmin
40.00 3 (127.7MW)
Je N
20,00 3= : : : : e . . ; :
0.00 100e+08 2.00e+08 3.00e+08 4.00e+08 500e+08 6.00e+08 7.00e+08 8.00e+08 9.00e+08 1.00e+09
Enthalpy (kJ/h)

Fig. 4. Composite curve of the design 2.

A4S o] &elgl or, 7|E no] eul| A Agk A5 FUT 73
A Wl 7HS arsto] 71 A 871 eiSiTH16,18).
& 3o e 34 B A9 E 2E2E BE FAE Y

3
2 AgHct, B35 3792 MlH A E-A|AE F FFA production,
FFA recovery, THFA production, THFA recoverys= ASPEN Economic
Analyzers ©]83|| AX|8]E A7 skar, WPHA] Wastewater treatment,
Storage, Boiler/turbogenerator2] 79~ 71 Aol A BarE A X
H]E 7|RES 2 six-tenth rules 483l AX|u]E 273} Th{16].
2 =relXE AR E Aol i 1AI81E vletal AR PEES
28 AAHE AE AN R (AC) Bttt 9112 (0C) 7
& 27 EA Y F w3 A AR =5 2 Y oyA F

_1
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A& v o E A=, Az A8} 28] Table 601 K.
E=

txiQl 18] F AzF AXn)E 1,8007 Y & AatElon, 1
% THFA production (7205} &2]), THFA recovery (5407 &),
boiler/turbogenerator (310%F 221)7F M A A%k A 20| 5 38.2%,
28.7%, 16.4%%E 71 & HlE& AA &k T #9112 A 19
2,4805F Y2 WA £98] F A=) FF B]4(8,930%F E&l)e] 7}
2 HF(71.6%)ye AAe, A F-2HE FFE= S b
£(1,5505+ Zeo] F AR 8IS (12.4%)S 2|8, AgF A
2u) 9} 9015 gal AlatE = A7 HE-2 19 43707 2

oJt}.
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Table 5. Heat exchanger network of the design 2
Heat exchanger Equipment Load [kJ/hr] Area [m?] LMTD [K] Overall U [kJ/h-m?K]
E-1 R-1/HE-1 914,627 37 25 960
E-2 R-1/HE-5 6,167,168 12 71 7,025
E-3 HE-2/D-2 reboiler 7,381,501 104 39 1,849
E-4 R-2/D-2 reboiler 20,450,641 13 16 95,801
E-5 HE-6/HE-5 8,779,467 14 24 25,557
E-6 D-1 condenser/HE-5 19,437,406 174 23 4,812
E-7 D-4 condenser/D-2 reboiler 8,653,204 2 63 84,691
E-8 D-4 condenser/HE-5 3,232,986 2 58 24,702
E-9 HE-4 37,970 0 92 7,649
E-10 D-1 condenser 84,663,067 266 66 4,800
E-11 HE-6 94,598,867 2,336 39 1,105
E-12 D-2 condenser 127,667,383 384 71 4,677
E-13 HE-7 127,536,512 3,146 39 1,106
E-14 D-3 condenser 9,242,584 31 71 4,127
E-15 HE-8 14,149,002 350 39 1,102
E-16 HE-1 150,043 2 117 683
E-17 HE-1 306,095 5 94 683
E-18 HE-3 655,298 9 82 887
E-19 D-1 reboiler 189,912,901 2,247 15 5,517
E-20 D-2 reboiler 207,121,277 3,168 12 5,524
E-21 D-3 reboiler 23,590,162 141 90 1,860
E-22 D-4 reboiler 12,010,764 114 56 1,866
Table 6. Comparison of annualized capital costs and operating costs for 3.00 4 -
each design ($ million per year) =2 THFA Market Price
= = z ($1.5~2.0 perkg)
Design 1 Design 2 o 2.50 -
AC oC AC oC p
Subsystem costs by
FFA production 1.7 3.8 1.7 3.8 § 200 -
FFA recovery 0.01 - 0.01 - g
THFA production 7.2 8.7 5.2 8.9 E 1.50 -
THFA recovery 5.4 - 2.7 - b=}
Boiler/turbogenerator 3.1 0.2 32 0.2 z 1.00 4
Wastewater treatment 0.4 0.1 1.1 0.3 3
Storage 0.5 - 0.5 - ©
Utility 0.6 15.5 1.1 15.3 0.50 -
Fixed operating costs - 7.2 - 6.5
Feedstock cost - 89.3 - 89.3 0.00 - . o (I .
Total capital / operating cost 18.9 124.8 15.5 1244 Revenues Costs Revenues ‘ Costs
Total cost 143.7 139.8 Design 1 Design 2

*AC: Annualized capital costs

*QOC: Operating costs

tjz}el 29] = A7F A8 1,550 D 2 AXE oW, 1

m THFA income
m Feedstock cost

W Other raw material cost
® Capital cost

mElectricity income
mUtility cost
mFixed operating cost

Fig. 5. Comparison of the costs and revenues for each design.

% THFA production (5205} &), boiler/turbogenerator (3205 &
&), THFA recovery 2705+ &) 7} HA| 17 AXJ1] F 33.7%,
17.3%, 20.8%% 71¢ & lF-S A Sk TR 2= & AZE 2]
= gatel 19 B8 18.3% 743533 21, o]+ THFA production
of| X FFA HEGAIXE Aol b RES7] 74 ghaxellA] 7]Q1gltt.
=gu)2] A4 19 24400 D2 TRl 19 HlE) 0.3% A
stk Tkl 13} np7A 2 9891 FF H]-8(8,930% E&)o)
AA &Gu] F 7P 2 5 (71.8%)S xHX8H, A2 RE 35
= S BE(1,5305 2] F HAZ & HF(12.3%)=

A g}, TIARR] 29] AAZE F HE= 19] 3,9808F Ee = TIAR] 1
o] Az F 1 o] 2.7% FAd X5 Bl

obx A Ao} LSl o R AFE NS &
£3t0] 7} tiARRlel| A Ak = THFAS] dis) <= &A1 7Fx 7} 00]
S A7 EARl Al HA S A7 S9iTt. Fig. 50l THFAS]
272 Gl THFA 1kgs A8 918l @i ulg- gl =03}
A THFAS] A1 371 (1 kgD 1.5-2.022])S VrERf 9ok vl Akel
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25 F3l AAE = THFAS] # A7 A-2 1 kgt 2.12€ 21031,
o= YAl 18 B3 AatE = THFAS] & 237142l 1 kgD
2342 of] W3l 9.4% gt x| o)t). ZF tjaRIZEe] A%t F 1)
& afole] vlal & Zo] HAgn|7}2 2jo]7} igsh, o= tiAel
29] THFA 2L Y 186% )l Hal] TIAF] 104]1€] THFA A4t
ZFHEY 1738)0] 7.0% 7] wlizolt}.

N
N

=

B Aol Z4A) vlo] Qmi AR R E 5% FFZHE] THFAS
Arkehe shehA] S sk 348 dskal 7173414 erdA = A
Skt

FFAS] THFAR 2] A8 W30l A W-3-& o] w2} Hh-g-& %
THFAS] A8l 9l =5o] gepa]n], A& A% -] AR1 )7
- A3k R (A1 2)el] tisl 3 AlEElol A B 7= Al
H7E Sk A oM E Y 255% 2] FFRRE o
A 1732 AR DY LY 186E(HAF] 2)2] THFAZ| AJAtE T,
Tzl 19] A3 F80] TR 29] Y & B} ool B
3kal THFAS| 2ol A o] hobeh 4 2 (30%) Q13 TRl 21
Tf U AARES 1ol FAgollA 27-E] = offu A= tiato]
71 o= (137.2~141.3 MW) 9} WZtol U %] (144.7~148.0 MW)© T}
SIF-ERE ke 71 fEEEe] S HAslelr] S8 4 wk
W& A0, o)F Bl 71 71 Q75 UH] 14.4~16.4%2)]
A AR E 3R HFH 07 Ve FAA S S 7
YRRl 8 1]-&-AE g etal AJAkE = THFAS] #A-vm)7}
A& ARt AAl A2 F 7 S-S A A
THFA production (33.7~38.2%)0|™, A4 31| T 714 & ¥]5S
AABR= AL 982 FF H]-8(71.6~71.8%)°]t}h. @A THFAS] A
7ML 1 kg 1.5~2.02 800, @555 S &-83to] 2
¥ THFAS HA71EL | kg 2.34222HT)RIS1 1) 2128
Y Z (A1 2) A7 3RS ERIEHIT

#? A

o = 2016 L) AP o Syt A wke] A
A& o} =awl 917 (No. 2016R1D1A3B03934107).

Nomenclature
FF : Furfural
FFA : Furfuryl alcohol
THFA  : Tetrahydrofurfuryl alcohol
1,2-PeD : 1,2-Pentanediol
GHSV  : Gas Hourly Space Velocity
NRTL  : Non-Random-Two-Liquid
AC : Annualized capital costs
oC : Operating costs
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