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A7 e 5 X, 35, el §5, vleleed AN, AL, AgAElE ek
2719] Hlol 2 29 i =l st AR Bl dE Brkshs Aoltk. AR 378 A IARS 9138 steam-methane
reforming (SMR)S X3Feh= vlo] 2 2 A7 olth(Case 1). THA 3742 SMRE XE8eHA] ¢hal 745 F-E
FE FFol FHMNAE ek Hlo] e e Aot (Case 2). -85 EAEIR] ASPEN PlusE ©]-8-310] ©]
T 24 tigt THTEEE FESIN, B 9 duA] X4 ARSIt 9EEA 40%Y] TS Eiehs &

100 t/d, 30% AP7|ARZH]E, A7 | AR Ag-ah= AHEA S, =4 07} $1,050/0n, SAAZE dEH] 58
B 58 20% (Case 1) @ 25% (Case 2) 2 7P9ata, 497 AAA E271HS1 4-level EPS AMgslo] 7|47 Al
28 FYSATE FFAM|(TC, FAYAM|(TPC), A7EAFA(ASR), 18112 7] vle] 2 2 U o] H w712
(MFSP)& Case 191 th3lod $22.2 million, $3.98 million/yr, $4.64 million/yr, 22|31 $1.56/1 ©]1L, Case 2°1 t]3}d
$16.1 million, $5.20 million/yr, $5.55 million/yr, $1.18/1% AREE ULt 405 A BABRE= Case 13} 405 H-2

% 4

M 2 o

HE] FER=Case 28] FAEFERODEE FAEGIRHPBP)S 2 AO0]E HOIFA] 9F3kaL, Case 13} Case 29] €
T FHES 1,500 vd2 S7FE 35, RORE 15% o3 o= 4 Z10= o=t

Abstract — The objective of this study is to evaluate the economic feasibility of two fast pyrolysis and biooil upgrad-
ing (FPBU) plants including feed drying, fast pyrolysis by fluidized-bed, biooil recovery, hydro-processing for biooil
upgrading, electricity generation, and wastewater treatment. The two FPBU plants are Case 1 of an FPBU plant with steam
methane reforming (SMR) for H, generation (FPBU-HG, 20% yield), and Case 2 of an FPBU with external H, supply (FPBU-
EH, 25% yield). The process flow diagrams (PFDs) for the two plants were constructed, and the mass and energy balances
were calculated, using a commercial process simulator (ASPEN Plus). A four-level economic potential approach (4-level EP)
was used for techno-economic analysis (TEA) under the assumption of sawdust 100 t//d containing 40% water, 30% equity,
capital expenditure equal to the equity, H, price of $1050/ton, and hydrocarbon yield from dried sawdust equal to 20 and
25 % for Case 1 and 2, respectively. TCI (total capital investment), TPC (total production cost), ASR (annual sales revenue),
and MFSP (minimum fuel selling price) of Case 1 were $22.2 million, $3.98 million/yr, $4.64 million/yr, and $1.56/1,
respectively. Those of Case 2 were $16.1 million, $5.20 million/yr, $5.55 million/yr, and $1.18/1, respectively. Both ROI
(return on investment) and PBP (payback period) of Case 1(FPBU-HG) and Case 2(FPBU-EH) were the almost same. If
the plant capacity increases into 1,500 t/d for Case 1 and Case 2, ROI would be improved into 15%/yr.
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1. Introduction

B4 vpo] Qull A F12 AYE-318HA] AT W o) dxshehA]
2] WS o] gato] oUx 2 AT 1]. B3 Az W
Moz Wi s B3 ulo] Qofekg AJato] Qla, Ax3ketA 2z
WO ® = 7kAstE Bt QYR 8o 35 EElE
3 ulo] 2 0 gk o) 3tH2-6]. vlo] eolgke 3] FES
o] @ w4 o] A 2] g 7} ol wheh A7 ¥ 3[4, vho] 2
f 0] 7hAdl FS WA = 2% 800~900 °C oflA] F-ak
sk gato] A7IAE AASTHe). W& R 2 Sulglel
LAl B9 7)o 23<ke] 500 °CR 5310 Hlo] 9 0 Y Z7|=
Arketes,7].

Do and Lim (2016 527 wlo] euljx 52 shuel 52.2%
-8 ¥8ksl= A4 (EFB: empty fruit bunches) 400 t/dell thaled
Hpo] @ ofjehg XY, 7kt 9l g M7, 18] a HEGE
3] nfol e @9l ArkE 919k 37 Be] V=AY H e et
k. o] Aol A= o] e el N 9 oJoid o] M7k
o] E3hyl F&ARa uio] 9 0 A WA A4 o] thE 27)
AR =5 T Ues B3], Shemfe ef al. (20155 1}

|omj20] ofe] AslelA] A W Foll w&5dial] 0] oy
| AEEEAA $-2l0l S FBIATHI].

J7RkAg) slite] v A wo] 3 EFBO vlo] 2 .Y 45
AAZE B8] 2k 43%Z B oJFQuH5]. 3]F0] v F
B4 nfo] e mj 28] f55 HEAEHE Sk vfoje e
AAZE A8 thn] F8-E Choi er al. (2010)°114 Hh 60%][8],
Dutta et al. (2015)°114] 64%Z[9] 2.1 Atk v er al. (2016)S
FZFo] SR ETE AAYE vle] 2.9 57] NREE-
S B8l A AAkehs AT HESISITH10]. ©] Aol
2 FEE A 70%% HaE ik
FEHEEEH 2 $FS 5810 L& nto] 2 2 A(crude biooil)
SMGT 7| B o R ST E, gto] Bl AtshE f714d%
Q AFS 7ty FaA o) A RS ek, 3t
SFCH1]. ©] 213t crude biooil> =3 Zujl 7] &
(hydroprocessing) 2! &3l (hydrocracking)s &3t 52 1591
7Ky} O AR ASETH1,3,9,11]. 3R, F5988 =
o] 2] FHNZE Fato] 7H-E AR T
S W AAA el o) wlgoz obA AFg-slE]A] i1
o]t Hlo] 2. 2. AYArkago] A Ao R A7 SlEiA =
%73 #7424 (TEA: techno-economic analysis)¥} #-2 75
sto] 71524, BAA] BF S gisljof gt

71 AL 3N GACNA 71ed 1E]a AAA e
AL HES F e o R H WS Aot WaEo] gt
TH3-6,12-14]. BF3 A ef al. (2009) 100 MW, 23 Z e Eo)
t|5to] ASPEN Plus 834 FA 5 o] &38to] TARANE 38
shaz, g=u] o 48] 88 71E2] FUE AA5E vE R At
Fom, A7 ATHE FHSATHIS5]. ©1 A et al. (2011)
CO, XA & o] 4% 500 MW, M gtsledbd o] AA Hrks
E310] CO, B AZME-S $43.30% FAHIITH16). o] Aol
A= FA oL S5 AR, A B7F A EEA A
ZFAI(NPV: net present value)$} WSl E(IRR: internal rate of
returnye &35 0H16]. A5 er al. 2011y 45T 5] 1F
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ZAAR] WS FAlel e ekA] Kgk ol Qlrt.

5 016y COREEIE 3t 271#] FA o tiet 3 2L}
TR EAb) A2 AL o] gsto] A B RE AHESIG]
TH14]. Do et al. (2015)y =24 A vio] Quj ~ZF-E vio] Q ol
A 57gol tiste] A RARE S8kl 1, 4] 717 A1
F7F 7181 4-level-EPE AXBIATH4). 37 BAL Ak # 43
a8 3 FAA BARIAE 483 FFA]-E(TCL total capital
investment)¥} FAJ2H]8-(TPC: total production cost) AF&S X3t
SH= 4-level-EP7 ' 7|57 41/ 7Fe Slste] the =E5ellA
o] &H3UTh3,13].

AAF 52016y Ae7EAsE 9 AR AR Bk o] B A
HE to] 3t RQAS AESRIAE o] gato] FFAM|
|(TCH= AH=3H3l o, A3 7H2 W E el & =3 A 71|
(NPV)&] W17 A5 alsk T 18], RIANE) h4]%(2017)>
L2 vlo] Qi ARFE AL furfural: tetrahydrofurfuryl alcohol 2
Agket= 3o tigh 35, sy 243t 9 713414
B7He I 19]. o] ATtellA = FAZ AN g} &
AbEste] & 23 71 (minimum selling price)S AlAHSFAX] TE,
3470l wE HAavr1A ] IS aeekA] kit

Do et al. (2014)= 9.6% & XE§5H= EFB 1 kt/yr (=3 t/d)<]
Az, FEER, 55 X8k vfol e ArkE el 3R
AFe e, B A A B AFESISIT) o] o
TolA= dode] A7) B vl @ e Y RV S5 Edekal
AR Ao, 9.6% Tio EFHSH= EFB 20 kton/yr (AW
EFB 54 t/d)el] th3alo] ulo] 2 9 Ay} $0.47/kg S #AIBHA
o} 7| vlo] @ . RIS Edkehs 38l A
£ A8 WA= 25% - E3Feh= UEE2) 72 vd (@
Z UE%7 54 yd)oll thdte] Shemfe 5 (2015)°14] $3.2/kg[1],
52.5% G--& L 8Fel= EFB 400 vd (98 A 2 VEE2) 190 vd)yel
ti3ko] Do er al. (2016)°114] $0.48/kg, 18] 1 $FAAZ Y%7t
2,000 t/doll tH3}o] Dutta ef al. (2015)°14 $1.2/kg= K 118} T}
ol gt xjol= 2t Z7PE AR A 7o) RN, AR & AAA
TES AHE3I97] wliEolth BEEh o] & Aol BT 4
£ A3 ks Agoln, FAE N-ENE Faet =3 Tl
A& sk A kA sttt

A= 40% S 3 B9 100 vdE A
U 5L vtole e de] FHMNA FHE AR
(FPBU)°ll thake] S=2A4to] E3he F7 (Case 1)T} 5+
FTEHE 374 (Case 2)9] 2714 ¥ P EFE(PFD)E AlAIEHL,
AEALE Foto] 7t 354 vtk &%, o, S etk =
SEAAAR 71271 B7F I F2] shRl 4-level EP 7H-&
o]g-3taL, §=r2] A4 ool vt 7P e 248-8te] Case 13}
Case 298] A B7ARE AbEstaL, FAV 717952 4dia W
slof| b AAGH7E AR MEE FA G HFHoRE, F
Z}<=2]&-(ROL: return on investment) 15%% B4 4= = H 4
3715 A58k, FPBURNO| 2. A 37go] A4 el
e FRal) 93t 20 ES AN
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2. Process description

40% T-ﬁr% SEER= FH 100 vde) %%"é el e A=
H}Olii ?@ M S0l 8] Fa7d =l w2709
X AR 2L L (Case 1) FarAto] E3kE HF
%9 ﬂ"WH H]'Olii T3 /M- F7 o) Al (fast pyrolysis and biooil
upgrading with H, generation: FPBU-HG), -7 "4 2-%-2(Case 2)
B FAE FEdoh vl e e US T AN shs 37 ol th(fast
pyrolysis and biooil upgrading with external H, supply: FPBU-EH).
T Aol AR ] A Bl QA A Y= Table 190
A BojEtt 12F AxE AR Fke] RS, S, e,
2|3l 312 747} 12.4, 733, 13.5, 18] 3L 0.8 wi%s ZHEth
Hre] iAol vzl vt ke e Fk6,9, 1112
}\].o].x]u]— Bl 9l s defo] okl ubyg ARAEEEO okr) o 9
F21 5] ¢l T}, A ¢ 2HLHV: lower heating value)<>- 16.5
MJ/kgj AT 3Eo] 3io] wE Hlo] Qu (5] Hik= 5
s Hojsrt
wEAEd vel 2 2 3 71 S (FPBU)O| 3t Case 1
(FPBU-HG)Z} Case 2 (FPBU-EH)?] 335w+ B 8/l J¥o g
TEET: A8 2 A2H A (A100), FE5AEENE A (A200), vF

0] 2 2 349 9 (A300), 3 712 F = (A400), HFH 2GS
(A500), F-TA1A 321 (A600), F7]482F3 9 (A700), 18] 31 A=
Z17d 21 (A800).

A2009 o4 F&5LE3 * A% crude biooil °ll tfdt 24
2 532 Table 2004 H.¢J5=t}. Crude biooil vHlo] 2 @ ¢ &
| A A8k (char), 3132, 18] 3 1]-§5 kA0 ol 2H 56.6,
22.2,8.8,0.8, 18] 1 11.6 wt%2] ZA3S ZF=T}. Crude biooil
=2 9 22% X3 910, o] 11.7 wt% (327.8 kg/hr)> 71

d

Table 1. Proximate and ultimate analysis of sawdust after preliminary

drying
Ultimate Analysis (wt%, daf™®) Proximate analysis (wt%)

C 433 Moisture 124
H 5.47 Volatiles 733
O 50.3 Fixed carbon 13.5
N 0.03 Ash 0.8

Others (ash) 0.9
Total 100 100

LHV (MJ/kg)® 16.5

“daf: dry and ash-free
bLHV: Lower heating value

0.9.

o]

E9F Ul =281 12.4 wi% (Table 1 =)ol adsla,
10.6 wt% (300 kg/hr)y> F5EE38l vEgollA F7k= g
th 27322 Al 2leh vle] 2.2 A (1,600.8 kg/hr)2] &2 ¢4
A E(2,500 kg/hr) HHH] 64.0 wt% S BHolF1 glon, o] v}
2 92¢ 482 NREL (2013) 2124 [11] & Shemfe et al. (2015)
(1701 &= At

Table 31= 40% -2 X 33H= 100 v/d FHFoll tisko] A400
FRME G DN ArtEE HE ABAEQ] gasoline ) diesel
H& HOJFT) Case 19|41 dry feed tiH] 20%2] 4=&, Case 291
M= 25% &2 71330 Table 32 1 vd FH-2 &g 4 3l
pilot-scale §5Gal] 37 olA A 02 T8k ATk 100 vd=
Sabsto] gt Ao B FAHRAL AT V& HolHE E-8Y
AUk AT S 8= Case 1 ollM= vl @ 2. le] -5

P G807 R FZRE FAE FFdhs Case 2 ©ll

H80] 5% S &= 7PGSISIT i 170 AFA S FEs]
Slate] ol et 72 &5 A o= HFo] Hojof dth NREL
(2013) K314 9} Shemfe er al. (2015) w=5-2 ¥ =5-9] Case 1]
33, NREL (2013) H.114 9] =82 $Hd A= s oiH] 28 wite
[11], Shemfe et al. (2015)8] &2 24 wi% [1]ZA] & =9 %k
B 52 ks ARSI

Case 1 (FPBU-HG)<> 471l WH-8-7(fast pyrolysis reactor, hydrotreating
reactor, SMR reactor, “12] 17 cracker), Case 2 (FPBU-EH)= 371 H1-3-7]
(fast pyrolysis reactor, hydrotreating reactor, “12] 3 cracker)&
sholtt, 54 E w3l HES-7] (fast pyrolysis reactor)i= A 312 ¥} 2 F-E]
A& HEHE-S 483t yield-based reactor (Ryjer) = g =Sl
- E5mHES-7] (hydrotreating reactor)9711 2] WE-S-2] 0.2 4] &
stoichiometric reactor (R, )2 ZR2HEUTHI). o] ¥h3-& 548}
crude biooil®] BH-51] B3} Ak47} AIAH biooil < A/d8kL, 971 K
£ WEgel tiato] Case 1: 0.498 ~12] 31 Case 2= 0.61 2] X1 8H&0]
28 3le} ol gt @@%9_ Table 30114 H3t 758 A5 HF +
5 WF7] flsto] A2 gholth. ARAMES71(SMR reactor)=
327) SEPEE-& Fakal R % RAREITHI] 23 584
Hjo] &0 Qlo] wkg-alo] ik, o) Akskel, WAt A I, 7.
© Wl thisko] 0.959] A ghEo] A& ¥ St Aial w7l
(crackery= 270€] SFEESA 02 FAE R, 2 FAFHET[9],
A ki aAek vheele] B A 'islea® ke
2.3%40l|A Hlo] 2 @ A} 58 AT ﬁ“‘“w 4l /o] 7lsE,

o XN

O g Z RN
BN

N

\1}

[‘

2-1. FPBU-HG (Case 1)

87 o= Fi% Case 18] A ¥ 55 X (process flow

Table 2. Composition and mass flow rated of crude biooil after pyrolysis from 100 t/d sawdust containing 40 wt% water

Biooil Water Char Ash Non-condensable Gas Total (%)
Weight percentage (wt%) 56.6 222 8.8 0.8 11.6 100
Mass flow rate (kg/hr) 1,600.8 627.8 (=300.0+327.8) 249.1 22.8 3272 2,827.8
Table 3. Yield of final fuels (gasoline and diesel) from crude biooil for Cases 1 and 2 for 100 t/d sawdust plant
Feedstock Dry feed Crude biooil Gasoline Diesel Total fuel Yield"
(Vd) (d) (kg/hr) (kg/hr) (kg/hr) (kg/hr) (kg/hr) (%)
Case 1 (FPBU-HG) 100 60 2500 2242 346 154 500 20
Case 2 (FPBU-EH) 100 60 2500 2242 447 178 625 25

*Yield = 100*(total fuel)/(dry feed)
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{50 e
R [MI0 —
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‘[ Hydrocarbons to combustor
() Temperatuee © = ‘
() Pressure (o) Air
) { Mass Flow Rate (ghn) rra——
D Duty (W) Excess heat
p———— : TR
e !
™
&
A500 Ash [5}us{ A600 - A700
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{355} D)
(1)
21687
< Hot water I
A100: Pretreatment A200: Fast pyrolysis A300: Biooil recove A400: Hydroprocessin
A500: Wastewater treatment A600: Utilities A700: Steam turbine A800: Storage

Fig. 1. Process flow diagram (PFD) of FPBU-HG (Case 1).

diagram: PFD)E Fig. 104 HojFt}, 2 354042 2L (T, °C),
(P, bar), F(Q, kg/hr), FH-8k(q, kW)ol BAIE ] 91, =2
FE B0l WAalEo] glth A700 (3 712 % °1) NREL
(2015) R.a1A[9]1&

al. (2016)[3]& %3
aste] HEAEsel Hastd
Al=ghsto] Adet= =
25 Table 29 7k}

A100 9859 9

[e2]
=
A20001 3 dFoz A

311 [e]
ot &
6]__

KX
=
RS T

13k 2™, A600 (17]284EE )2 Do et
AT S EARE v AAERE A

FEA o= 7%

LA = b=t

I

oM 40% S E3ehe Bito]
ZH L, 12.4% T8-S 36 BY

© 2 A20000 FYECE A200 5E5E T3 G HolM= 553l

T4 F Y charZ 3719}

Baw AL T 99

gl

S s, 7173 A

[e]
AES

A300 5P o ¥t 2

@ AudrE AR F, SFHA G VAT 7o R

.

A200° % A= o] AA4EH, 359 npo] @ 9 9lL- 3 JHE
2l A400°.Z F-2ETh A400% Aol A FAAAES 913 steam
methane reforming (SMR) ZulHH-5-0] o] FJX| 31, o] 424 Hlo]
Q@YU A9} S AASH= =a* 2 (hydrotreating) TRk
5719} vlo] 2 2 catalytic hydrocracker (F7 =3 -3l)oll AF
S-# TH1,11]. Hydrotreating Z 1| RE-S- 3, Hl0] @ @ & =448 2=

gt RFY F1BYOR TR,

pressure swing adsorption (PSA)YE 14 99%

EE THERS R

Avsha, B AT
HeRsTto R Aead.
A40093°19] =GOl SMR IS T, §7)4 B2 SEo]

7

A500 @5=A 2l g0z et 591 7]
A A7) A GFECE A2009 S 0lA = Hlo]

=~
Eal
2 o]83tal, A7009 ollM= A7 1A e Wil

o A~
AEE

T8N SMR 1S

TaE AR
I HASFEE AA 7R vAS A
229} 9 ol AR E AA

A600 FFTiAE ) 3H8 FaAERE TSI o] FE
T WzEel A7 A" Ele] F e g B2 ARS-ETH A700
G718 el = 2, T, A 2FEREE o] 88 A7),

2 9 L5 R
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2L
>
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(=)
X
o
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3
>
rlr
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fj‘i

ZFE Aol S5 Ztett

Fig. 2= A1009 9 2] PFDE Kot} 34943 A2009 49
A Fo| A BAE 1,000 °C HIZ 71 A8} AL 9] B Eigsl
550 °C BF2 40% Tos Edshe 5o AdxE Ssto] Ake-d
o} Fiell £3E =17-2] 70% o)/de] 150 °CollA th7] T o= Hj
Z5 30, 124 wt%2] S X3k I A2009 9 0= F-9)

g},

Fig. 3> A2009 %1 9] PFDE RoFth 5454983 o] w8+
Fod B 3RARIAN FE5AEE w9 A4 27 A Z
TEato] ALt 500 °C T AEalel B2 gk AL AxT A
1,000 °CE 7}d ¥ 27} 500 °CE F2re WA Hye g2 35

Al HHE71 = T EITE 1,000 °C2) A WlE 7R A100
ole] Az AF o R ARG A300 G ellx ] vgHA 71A9}
A4009 9] Srjdal|ol A BAE TP Belra, 81 55
23l = AAE chare A7)0l Y= F7)9F A AdHET)
Hlo] Q49 chars 97% AAsh= Z1 0.7 7Pg s3It

Fig. 45 vo] 2.9.% 3|59 92l A3009] PFDE HoFT) 7]
Z 717 (ESP: electro-static precipitator)s &3}sHaA], WA S =] A
831, crude biooil- 2719] WZt71s} 270 9] Ed S AA
o sEh v$E71A19) 5wkt AU FAEE e
A|517] Y5ted WiEE 1, 65 wi%s A200 FA7]olA daEH,
2] 30 wi%= A200 §E5EBINES 7|2 Al gkt

Fig. 5% A/ W vlo] 2 9. 9] $5/1E 53k A=A Ak
delQl A4002] PFDE HojFt}, o] 99 3% RAN= NREL X
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Fig. 3. PFD of A200 (fast pyrolysis by circulating fluidized-bed)-Case 1.
34 (2015) & FZ23F 0w, A A =4 2] 57 (hydrotreating 2, T3 A200 147104 AaEE W7 FEETE A
process), 5,:&0—‘1”}}01] otk SMR G4~ 2FE A (reformer), PSA 5= = W S AAKR 5 20 %E Y Yow A= A
23AE, 73 S EiE3l (hydro- cracker) 09 SRR 718 e ZVE 7Lt
A=t} Table 2014 HolF5o] AR H29 82 A% gy Fig. 6 A4009 S ollA DA E H45 A2 = AS009 9 1
H] 20%2 7HY 8kl Ek. Reformerel &= T%"”*“ﬂ W =ol B ot @714 9 3714 AENRSTIE AR f71d Hlae Y
el Bofhis A0 AT, A0TA iz AR Rell Balo] R ZelA R wigehe slow e,
S0 AS00 FFAL GO R b f7 B, AR Al £ FARARIAE GRS 02 TAHNT, f9E 714
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oF 40% g S=rte] 11 /Adto] A A o7 FEo] FrH11]. Table 4= Hio] @ @ AL =5 XFeh= 1071 A2 e 2 sigitt
nfo] @ @91, 7R, t]Ale] A3 Ul 20 HolEtt i Aol A= Hpo] @ @19 F/dES = 28%, oM EAT 33%, Fi5 23% Folth.
Table 4. Model components and compositions of biooil, gasoline, and diesel
Case 1 Case 2
Component (?(fg(;(l:;l) Fraction (zisg(/)}l?)e Fraction (z:/;?l) Fraction (ilisg(/)ll]lr];e Fraction Dlesl;crl)(kg/ Fraction
WATER 628.0 0.28
DILACTIC-ACID 69.0 0.03
FURFURAL 6.3 0.00
ACETIC-ACID 736.4 0.33
ACETOL 21.1 0.01
4-HYDROXYBUTYRALDEHYDE 69.2 0.03
ALLYL-ACRYLATE 534 0.02
PHENOL 509.1 0.23
GUAIACOL 47.8 0.02
ETHYLBENZENE-HYDROPEROXIDE 101.0 0.05
N-BUTANE 5.7 0.02 7.3 0.02
N-PENTANE 6.9 0.02 8.54 0.02
N-HEXANE 11.6 0.03 13.98 0.03
BENZENE 67.5 0.20 81.31 0.18
TOLUENE 27.9 0.08 0.6 0.00 34.08 0.08 0.02 0.00
CYCLOHEXANE 36.0 0.10 0.0 0.00 43.28 0.10 0 0.00
METHYLCYCLOHEXANE 26.9 0.08 0.3 0.00 32.49 0.07 0 0.00
2-METHYLHEXANE 12.6 0.04 0.0 0.00 15.11 0.03 0.01 0.00
O-XYLENE 10.1 0.03 9.6 0.06 16.85 0.04 6.59 0.04
ETHYLBENZENE 1.6 0.00 0.7 0.00 247 0.01 0.22 0.00
CIS-1,2-DIMETHYLCYCLOHEXANE 572 0.17 15.4 0.10 81.83 0.18 448 0.03
TRANS-1,2-DIMETHYLCYCLOHEXANE 71.6 0.21 10.3 0.07 95.96 0.21 1.44 0.01
ETHYLCYCLOHEXANE 4.9 0.01 1.6 0.01 7.24 0.02 0.55 0.00
4-METHYLHEPTANE 49 0.01 0.2 0.00 6.11 0.01 0.01 0.00
NAPHTHALENE 18.7 0.12 22.26 0.13
1,2,3,4-TETRAHYDRONAPHTHALENE 50.7 0.33 60.29 0.34
CIS-DECALIN 0.0 0.00 0 0.00
1-METHYLNAPHTHALENE 6.5 0.04 10.84 0.06
1-UNDECENE 36.8 0.24 43.68 0.25
DIAMANTANE 2.7 0.02 27.52 0.15
Total 2241.3 1.00 345.4 1.00 154.2 1.00 446.6 1.00 177.9 1.00
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3-1. Level 1: input and output structures
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Py, =Pg,x(1-B) for P;,>0

Py, =P, for P;,<0 (12)

{rololFo] SRl Aol HQAE WAl o= Algkz
Qoi et 4474]94 Z3ANA O1RK(E,, $/yry>, L, SR &

o]
<]
7] AHIE B F B Py O H SIS

AlOo.

Ne
] 3
<o)

By=Pu = 1 LZ( sz ) (13)
4=YNavg — T a1
Mg LPnZl (1+'Y) !
01 2ellA] yi= ojztott, i AtelA B A AHA d=e] 4
4 Rk A I 509k ek Lo s 7dslsin

3-4-3. Economic values (ROI, PBP, and IRR)
ROR= TCI tR] et 371 =o]o) 8] ul&=A 7o) diti6,24].
0/ — A av

ROI(%) = 100 x JT I (14)
vihd BFEE(CF, ) v B71e010] (Py,)0l 7H A Fated
APt 27 PENE A AEEE v)8o] opfdo® 718 dn
O 7 Argstar, T At FAE el F=0lsks AREA] S (capital
expenditure, C,,, > A=SFoIA 2T 24].

CFn = PN,n+Cdep,n7Ccap.n (15)

AREAZFHC,f )& A AR Bl AT ek 28 5
9o, Ho] AHFEE W 3 shbs AR FAE 457
7 ek 5 Rste] Hshs Zoleh,

TCI-(1-1)

Cogpn = =12 (16)

PBPE= FCIE B AREF(P g O VRE #hOITF

’
(1 +C)Z [(Cgp)-(a;+b)]
pp= LS 7] a7

Pcuxh,avg _1_ §:|: CF :|
Ly Slay™

U2 E(IRR) net present value NPV} 378"8717F F<t

ol 02 REsh= oA ()= F ol

NPV—-FCHLZ‘[ }—o (18)
n=1

(1+1)n 1
THAZHI (NPT 3357 713F U] @A) 7] ske BE dEE
o] & 271 W FARIE(FCHRE] Afelgtoltt. FARsAE A
slee Ulelge] EAIE W, o] el Eellr das sl &
HA7Fx) 9] g FCI B} Aok gt} dukd o pRPE 31 o
Q1 A58 Az 24N A] el iste] PBP= 54 ©]
Y], ROR= 10% ©)d-s A ok 7)o =2 ARS-3olTh4]

Ak 58 Ad5° HA Al E7Hminimum fuel selling
price: MFSP)i= @A 71|38k AJata] 4] g3k, Azt 72
H](C )y LB IL 71055 (TCIE 15%)2] FHC, e 710 %
ARYEEH9,11].

1 (TPC + Cdebt n + Ctax,n)

wll[$/yr = L g (1+y) +Cdep+0.15~TCI
C
MEFSP[$/1] = ,MF“” (19)

O] /40“/\-1 Ctax ($/yl‘), rfuel (kg/l), j—‘j/]l Ffuel (kg/yl‘)‘i‘ Z]—Zl]— 7\3}]\_]—0]
ofof] w2 WA, A8 WE, 1Al 58 AR AREES o]
o} 2 Aol g 0.754 kg/lE APYE QT

3-4-4. Economic assumptions

4tA oA BAA BV S 7] AEiA = o] BRI T
JE0] 27T Table 5= & A4 AMHEE 7MY ES HolE
o} TCIQ) 30%E AP7|ARE O 2 FEx3ttlar 71g6he | A7t 34
SAIZEE 8000413, Z12]aL BdTE 200E AE-etet Al IRk
19, 2213 Al $ A5 972 821 a7kl YAt
22 50%5F AT 7P ettt EVRRIGE (o) 2.5%, O1AHE:
5%, 18] 31 FQUAIE-S 22% [4,6,28)% A A3t o1 7]0A B}

QIAFE (a) 2004358 2013 d7F4] 10:d7F2] CEPCI (chemical

FN

\I
-

ro

engineering plant cost index) [29]5 7122 AlFIITH20].
_ (TCEPCI(2013)7"" )
o1 = 1= 9
a[%] 100([C—————————)EPCI(2004)} 1)22.5% (20)

o) AHE-S o] “g3te]] upet thEA| R, B Aol M= E71e] ok
gt TAAe] AAYL WO R She s%E AT $E
< 12 el 1,1009.0.2 g skgiet. shA, 2 Aol A= TCl
G715 Al A F-4] 32273 8] 2F 44 AR (location factor) & Z‘l]ﬂ
SFlth. BEgh, 30 =7 (V) + Sle A o' Mgt <
Z1H]= 1 8000417l tiste] LRt7]1&4 7 $/hr, 7= 4 10
Bihr 2 7PYEIIC BH 330 V1E0 R BHER 9 FHE
% 22} 7= Table 62 2t} Q17181 (C,yp,, )= Table 62 J‘ix}
rof] AZFZE A1ZH(8,000 hriyr), 18] 31 &) Q1Av] S Fatod A
)\].o].oﬂ;]_ Case 2= _/’:i/\g}\}ixio] J.tflﬁo-] 011] oj—&oi :L;d—
TR} 5 75, Case 19] JIYFHT} 22 1AFE 288130t}

oluA] 7HA2 271, A%, 2] al Wzl tisto] 24z o1 A
ek Foll 2 F2A 7142 3750 $/kg otk Fhke] 98 7}
A2 LE0E 2] 50 $kgO = AL, A THAE o
ZF7 71E 024 SMREG S B8 T 110%E A
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Table 5. Economic assumptions for techno-economic analysis (TEA) of the fast pyrolysis and biooil upgrading (FPBU) process

Parameter Assumption
Debt ratio (1) 0.7
Plant availability 8000 h/yr
Construction period 1yr
Startup time (50% plant performance) 4 months
Plant life (L,) 20 yr
Inflation rate (@)* 2.5%
Corporation tax rate (5)* 22%
Interest rate (y)* 5.0%
Labors salary (3 shifts/day, total 9 labors and 1 supervisor) $7/hr (labor) & $10/hr (supervisor)
Desired ROI to determine a minimum plant size 15%
Capital expenditure (C,,) 30% of FCI
Purchased equipment cost (reformer in Case 1) 22 $M
Currency?® 1,100 Korea Won/$
Electricity price 0.0980 $/kWh
Heating price 0.0268 $/kWh
Cooling water price 0.273 $/m’
Utility & catalyst prices Adsorbent (PSA for Case 1)° 50 $/kg
Catalyst (hydrotreating)® 37 $/kg
Catalyst (hydrocracking)* 37 $/kg
Catalyst (reformer for Case 1)? 50 $/kg
Biomass (sawdust, 40% water) 50 $/t
H,* 1,050 $/t
Cooling tower chemicals 5.5 $/kg
. . Gasoline 927 $it
Raw material & Product prices X
Diesel 927 $it
HP steam 45 $it
MP steam 45 $/t
Hot water 11 $t
Cooling water loss’ 2%
Catalyst life time (in reformer)? 1yr
Catalyst life time (in hydrotreating/hydrocracking)® 2yr
Adsorbent life time (in PSA) 2yr

“Data in Korea in 2017.
bAdsorbent price and life time [14]

“Hydrotreating/hydrocracking catalyses in 2007 [11] is converted into a price in 2017.

dreformer catalyst [11,31]
“Hydrogen price in bulk from a company in Korea.

9% of cooling water was assumed to be evaporated in the cooling tower [30]

fHydrotreating catalyst were assumed to have a target 2-year life before complete replacement [11]

Table 6. Number of laborers and supervisors according to plant type
and plant capacity

Plant capacity (t/d)
Plant Worki
anttype  Worker 507200 500 1000 2000
Laborer 9 12 24 36 54
Case 1 R
Supervisor 1 1 2 3 4
Laborer 9 12 21 33 51
Case 2 R
Supervisor 1 1 2 3 4
etk 558 AR 7Hews) A B 50272 7HgH L,
Ao Sk I S 242 45 80, 11 S A ESITt

W2k A 2% 203012 7HISla, AAE SR 19, &
) 9 o S e 2d o Fssint.

i
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3-4-5. Sensitivity analysis

ROI®} PBPO] HIZF = 207 I
28 Qo] QIAIRE, FEE A=
TPC, ZA|14 SHolA ASR, oA 5-9] B3F2lAdo|
TCI, TPC, 712] 1. ASR-2 Table 5914 AAE 7SS v
gratar vk, B3k, SRSk FAu]E () TCIS TPCO & 9
g 7] el BAVS Bkl T8t AkEo|t
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AT-ellA= TCI, TPC, ASR, =714, HFA8E 7H,

T

Z7HA el thstod £50%8] AFth 2 WstEES #-8she] e
S AalgiTh 3] Ael fe AAA FrrelA vj$- &
Qxko]H [3,14], 342 A717} Skl whek RO AR AL
Z7¥ska, PBPE AR A0 72 7hasks A8S Helth ROI 18] 1
PBPY] 7]tiite whEas A 345715 He] $14) 40% TS
s3kah= Fu Ae] gkl oigt 571 =171(100, 200, 500, 1000, 1
)31 2000 vdyZ L3t

1=}
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4. Results and discussion

40% -2 3 3ER= 100 t/d BRI 2 HE FAAARS Folh=
FEGE nlo] 2 9 AT (FPBU-HG) T 9% 4 355
Fo HEAEs) vlo] 2.2 YA (FPBU-EH)S] 4-level EP 2
HE FAsta, o] 7 39 oA RS v wEth =8 A
#/d A ZFEQ] TCI, TPC, ROI, PBP, IRR 2¥}= 43511, AAA
71y ARES] B8 ol e ROIE] IS E Al gt

ML

X 511

3.0
—&—Case 1 (FPBU-HG)
20 4+ —£&-Case 2 (FPBU-EH)
&
=
£ 1.0 A
N
0.0 I - W f
Level 1 - Level4
-1.0

Fig. 17. Variation of economic potentials in 4-level EP (30% equity)
for the plant size of 100 t/d sawdust containing 40% water.

4-1. Results of 4-level EP for 100 t/d plant
45100 vdE A2l 3lk= FPBUS ol tf$t 4-level-EP 2 2H=
Fig. 17614 HojEt. S5 45 3 Case 27} Case 150
OIAF 0 & o7t =& o]o)E HolF 1 Stk Y= A8 W A
12288 F$-(Level 1), Case 1> A7t ©F $2.6 million2] ©] 2]
o] AFEAIRE, Level 2914 27154 & 118fshd 0]2)2 Case 1=
-$0.4 million/yr ©]t}. Level 3914 G wshHs £3}0] o]e]Fo] kgt

%]

o
Z7181L, Level 49llM= & 1 AA|EE A4 3719} 87 Case 13}

Table 7. Results of 4-level EP (30% equity) for FPBU plant with 100 t/d sawdust containing 40% water

Level 1: Input - output structure

Input Raw material cost ($/kg) Amount required (kg/kg-gasoline) Price ($/kg)
Sawdust 0.602 12.049 0.050
Hydrotreating catalyst 0.030 0.00081 37.00
Cracking catalyst 0.003 0.00008 37.00
Reforming catalyst 0.064 0.00129 50.00
Adsorbent 0.057 0.00113 50.00
Total raw material cost 0.756*

Case 1 Output Product profit ($/kg) Amount required (kg or kWh/kg-gasoline) Price ($/kg or $/kWh)
Diesel 0.413 0.446 0.927
Electricity (kWh) 0.175 1.781 0.098
Steam 0.163 3.619 0.045
Hot water 0.001 0.057 0.011
Gasoline 0.927 1.0 0.927
Total product selling 1.678°
(b-a) 0.922 Gasoline capacity (t/yr) 2,766
E, ($M/yr) 2.55
Input Raw material cost ($/kg) Amount required (kg/kg-gasoline) Price ($/kg)
Sawdust 0.466 9.319 0.050
Hydrogen 0.399 0.380 1.050
Hydrotreating catalyst 0.023 0.00063 37.00
Cracking catalyst 0.003 0.00007 37.00
Total raw material cost 0.891°¢
Output Product profit ($/kg) Amount required (kg or kWh/kg-gasoline) Price ($/kg or $/kWh)

Case 2 Diesel 0.369 0.398 0.927
Electricity (kWh) 0.132 1.352 0.098
Steam 0.123 2.722 0.045
Hot water 0.000 0.042 0.011
Gasoline 0.927 1.0 0.927
Total product selling 1.5514
(d-c) 0.660 Gasoline capacity (t/yr) 3,577
E, ($M/yr) 2.36
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Table 7. (continued)

Level 2: Flowsheet structure

Total installed cost ($M, TIC) Utilities Cost ($M/yr)
Area Case 1 Case 2 Case 1 Case 2
A100 0.20 0.20 Electricity 0.16 0.58
A200 1.37 1.37 Heating 0.36 0.10
A300 0.78 0.78 Cooling water 0.00 0.01
A400 8.91 5.57 Total utilities cost 0.53 0.69
A500 0.16 0.22
A600 0.09 0.09
A700 0.28 0.28
A800 0.33 0.38
Total installed cost 12.13 8.89
E, ($M/yr) (Capital charge factor of 0.20) -0.40 -0.11
Level 3: Heat integration
Saving on utilities Case 1 ($M/yr) Case 2 ($M/yr)
Hot utilities 0.13 0.06
Cold utilities 0.00 0.00
Total saving 0.13 0.06
E; ($M/yr) -0.27 -0.05
Level 4: Economic feasibility evaluation
Case 1 Case 2
TCI (Total capital investment, $M) 22.24 16.09
TPC,,,, (Average total production cost, $M/yr) 5.21 6.80
ASR,,,, (Average annual sales revenue, $M/yr) 6.04 7.22
Economic values Cp (Depreciation cost, $M/yr) 1.06 0.77
P g (Average gross profit, SM/yr) -1.42 -1.21
Income tax ($M/yr) 0.00 0.00
F g (Average cash flow, $M/yr) -0.49 -0.47
E4 ($M/yr) -0.95 -0.81
ROI (return on investment, %/yr) -4.3 -5.0
Economic criteria PBP (payback period, yr) ©) -)
IRR (Internal rate of return, %/yr) -) ©)
Case 2014 B 2] 0] gk& HLlth 100 t/d &7t EellA] Ik Eolojo] S 02, ROIE 2570] 1L, PBPS} IRRS -2]w] gk
wHEAR 342 ols Vg o gl Zlo® Ak o= ARH NG, A7 whE AA B v 1301]*1

Table 7 4-level-EP2] ZHA| sk A 35 HofET Level 1914+
7M1 kg Atel Dost A 9 PR 7HA (p, $ke)Tt A
(f, ke/kg) 02 FHH ATHEq. (1) Z ). Level 22] E,&= E, ol A
ANAA B G(Cp) T & FHAEAHE AL B L 02 Fakst gk
(Ch& AFFRTHEq. (3) ). TAAM] 9] A §- Skl A=
022 73T Level 3= A3ty # 2 31E F3ato] oly=A] vl
L& Atshr] vl By R sttt udhd 243} e
AHE-E 712 Qw3 pinch analysis & E8F0] A2 24 A
3P Case 13} Case 290 tI3ted Appendix AolA AA| =] ATt
Pinch analysis £ §31%] 9+ Case 17} Case 28] w37 |= 7=
Aol 212t 37, 17) 2719l (Fig. A2, Fig. A4 2%). Case 1

L FAAAE A3t reformer’| ESHE O] Q150 F Case 250}
W2 A8 3578 4= Qlrt. Case 22 =01 7k(E O] Case 1 FHHE =
OF7F =AWt Case 22] TCI7} Case 12] TCIH.C} W7 w&o]] Case

22] ROE= Case 1 XU} o7t v}
Level 4= 207 24 B8l 45 4

(E)& AAtste), w3t 2144 & 93k 2

PBP, IRR 5& AF=Estt}. 100 vd X 2] &%

Korean Chem. Eng. Res., Vol. 56, No. 4, August, 2018

4-2. Effect of plant capacity on economic values
Fig. 18 Case 13} Case 201 thsto] ¥4=7] w& TCI, TPC,
ROI, 718]3. PBPE Hol&t}h TCE 342 I7)7F AXHA Ax
o7 ZF7FstARE, TPCE A A2 0% Frheitt. x| Z7]7}k
7kl whet A 7HA 9] S50l EEHE O ® TCh= AxIA o=
Z7}3t) Case 29] TClx= FAAA TS 3514 402
Case 12] TCIE.T} U] A th(Fig. 18a &%), 34271 weh A44
o5 F7Fshs fE]In ek oA &H]H]7E TPCO] 60~85%% 2T
]o]-:ﬂ_ x%;qx—l o7 w_7]_0},_ 01741:]] _Q_oﬂu] = _Lal ﬁxh;]],‘—_
15~40% Y 0.2 TPC= AIZ 0.2 A7 o' SrRit, 48
JHF-ZHE] F-9)8k= Case 22] TPC7} Case 18] TPCR.U} &
Ch(Fig. 18b #3). ROIE= F7] 019 TCIE UF 4 © % (Eq.
(14) =), TCIS} ¥]S5:3t T/ B S Zh=t).
AREARI At Aaket 37 Toll thato] Al 27 FAfell o
it b ROI 25~35%, PBP 3 o7} ARE-E It} 32]. &
15, A AA] 3782] 789 71+ H A Aot 5

TS

N
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Fig. 18. Variation of TCI, TPC, ROI, and PBP according to the plant capacity from 100 to 2,000 t/d sawdust.

oo} o] Bt} k& ROI 10%, PBP 5 ou)7} AA 2 A tH3,4,13].
£ FPBUT A= ROT 15% ©)/d-S 79l & 71digh e 2 g3l 1,
Case 13} Case 22| 4 5327+ 1,500 t/d ©]/Fo] o] oF gtr}
(Fig. 18c #x2). PBP= FAHS] G712 342717} S7FahdA
ARA 07 HA4dh= AEE Btk 100 vd 27471914 PBP7E
0] #hE RO Tae) JERhA] oith HAFZATE
Asl7] 95l PBP 592 71tigtol2tal & i, Case 13} Case 2=
2000 t/dE FAI3lloF ErkFig. 18d Fx0).

3718 Eq. (19)°] w2t AlAbe 3 A2 59l 7HMFSP)=
Table 8014 HoAFETE 58 AR YANHEF,, ) 7HE- 3 14
AArEe] gto|v]| 2 4gklju)8-(C,,,)S TPC, 2R)F 8114, 1
Q1A F7P32), 1831 TCI] 15%0]] Bk o] 938 £33l
SFE7F ARl Wl MFSPi= - 2okA]H | 2000 t/d2] 739
Case 12 $0.66/1, Case 2= $0.64/1 ©|T}. =58 A8 7149
$0.70/1 (=$0.927/kg)= 7Hg3IR P2, A7 div] A H S

73Ad 24 513
100
(b) TPC
80 + xai
60 + -~ !
40 +
20 1 —8— Case 1
- -/ - Case 2
0 : f t t :
0 500 1000 1500 2000
Plant capacity (t/d)
50
(d) PBP —3—Case 1
--A- Case2
0 t t t {
0 500 1000 1500 2000
Plant capacity (t/d)
Zk7] 918} Case 13} Case 2 5 1,500 t/d )2 33=71= 2+
Zrolof & 7 o & wehet}, o] Fig. 1804 #4198 343719}
LA, 40% s EHThs R 90 vd 57 v e

Shemfe % (2015)2] MFSP= $2.4/1°1M[1], ¥ A5-2] 100 vd &
23712 MFSPS} Hl 3o oF 50% 32 7}zo]t), o] 2013 =
G=r2] A oJ7elA 8 TCILF TPCO) 7]Q13tth NREL (2015)
RIXxeE b Aze F49F 2,000 vd 3z

TC =
s

40% FHE-S EF3HE
F5 3,333 vd) O ZHE] ApA| AabE A9 ] S A

AAFEH= 3 (Case 1)0ll Tidke] 40% A7 AREZ-S 719 &

NREL (2015) B oA = FA 205 23 TCI7F $550
million O] & A" AVFRHE 3,333 vd= AT 7o o] 49
olAto] 11, TPCE $114 million/yr S&2A] B AFA TR} 20% ©|
2ol o] A 8% 71813 © L2 NREL (2015)2] MFSP [9]&=
2 A0 MFSPRU} oF 40% =L}

Table 8. Minimum fuel selling price (MFSP) of FPBU plant according to the plant capacity

Plant capacity (t/d)
Plant type
100 200 500 1000 2000
Total fuel (Fy,;, kg/hr) 500 1,000 2,500 5,000 10,000
Case 1 Minimum selling cost (C,,;;, $/hr) 1,037 1,528 2,918 5,019 8,763
MFSP ($/1) 1.56 1.15 0.88 0.76 0.66
Case 2 Total fuel (Fy,;, kg/hr) 625 1,250 3,125 6,250 12,500
Minimum selling cost (C,,;;, $/hr) 977 1,508 3,130 5,682 10,545
MFSP ($/1) 1.18 091 0.76 0.69 0.64
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Table 9. Total capital investment (TCI) details for 100 t/d FPBU plant

] Amount
TCI Details

Casel Case2
Total purchased equipment cost (Cg, $M) 793 5.58
Indirect cost (C;= 0.89C, $M) 7.06 497
Total installed cost (Cr; = a-Cg, $M) 12.13 8.89
Total direct and indirect cost (Cyp; = C4+Cqyp $M) 19.18  13.86
Project contingency (Cpo= 0.1Cp, $M) 1.92 1.39

Extra heat exchanger capital investment (C,;;, $M) 0.08 0.07
Fixed capital investment (FCI = C;,Cp+Cpy, SM) 2118 16.32
Working capital (C,- = 0.05-FCI, $M) 1.06 0.77
Total capital investment (TCI = FCI+Cy;,, $M) 2224 16.09

4-3. TCI, TPC, and ASR details for 100 t/d plant capacity

48 A& 100 vd &l g TCI1e] AAle AkE a4 2
Table 9914 HoEth FEATUB(Cpe FaATS A%
reformer”} Q1= Case 10] Case 201 B8} T Atk Cp8l 89%+=
indirect cost (C)& 7Hd 33 0™, x]u] e} A X|u| & Z3tsl=
total installed cost (Cr)= 2} “&=|wic} A3zl AAH] QIZHa)E +
stof gHatato] FakQitt. kA oln] 7] sielite] 7t A -l
H](Cp) ek &=1"8 A ] 8] 1 2}(a,)i= ASPEN Economic Analyzer
(ASPEN Tech, USA)ZH-E] -3} T} Appendix B+ 100 t/d plant®]]
tatol Cp, a, BA TR AN (Cpy, BA A HRINC,)E
Case 17} Case 2¢1| t3}o] BRIt Table 9041 AAIH F42] T+
A8 (Cp), FAEA] FZHH|(C)) 5= Table B1¥} B2E F35}o] 4t
=¥k

U] H](Cpp)i= total direct and indirect cost (Cop) 2] 10%= 7+
A3k Level 32 ARN ATHE Amage] F7bol ek
A== A dy) FAH|(Cy)s LFAR](FC FAksto] Alat
BT AR (Cp) = FCIY 5% 7F 3R 1, F 52
(TCI)i= FCIS} Cps FAFSHTE TCI= 38 1,100 won/$E 4

Table 10. Total production cost (TPC) details for 100 t/d FPBU plant

435} Case 17} Case 20 ths}ed 232} 24599 3} 1779 o)t}
40% -5 E8Sh= 90 vd W22l tisked 20139 % g =rollA]
AFEE Case 19] TCE= $25.6 million (2F 2802190 & K. 115 $)
O[], ¥ A7) 100 t/d TCIET} 2k 15% T},

Table 10 100 tvd 37l gt Z82H]-8(TPC)S] AHAlgt 4AH=
gL BojFr) TPCE A D870, olUR 2], 721
IR E TR, Case 2= S5 FAE FHYY] Wl FAaT
Jnlgo] 3Tk Fu AR 9l o)) B]8-2 Eq. 2)F °]8-3t
o] At YQE Q)= 4|80 7 21810] Case 27} Case 1
of wlate] b A7, 4, T8 YIS L8R oA 4n]H]
$2 T2 4F U kst B s A7) BrhE Case 271
Case 1Rt W} 31 0)(Cyi= Eq. (8)°l] whet AbE3FG o,
Case 17} Case 29| Q171M]= FYU3HAI T, FCIol vl |21 -4 K
U E Q13}o] Case 12] 1717} Case 2 B} okgF Ao}, A= &
AAH]E TPCE 2 470 Z ¢131e] Case 27} Case 19 H]
wate] k. ¢ Az 120 FiE Aesl] flste] AouE
A28 Case 12] 735 <F $200, Case 22] 735 $236°]T}. Shemfe
5(2015) =0l A A1 = o] TPCE= 2F $9.8 million/yr
[11724] ¥ - Case 12] TPC K.t} 2vl] o]Ako 2 A% 9]t}

Table 1104 RoJF0] AZFgvlFA(ASR)S AT
Az R gA), 47, 28, 183 24 fulFds X3
ol 7129 545 O] Case 17} Case 29 748 A5 &2 47
20%2} 25%% © 2 (Table 3 %) Case 22] ASR®] Case 12] ASR
Hr} =)

S8

A~

— T <]
PN
___ﬁL_B‘]—?l—
SO

P

Y 12

4-4. Energy consumption for 100 t/d plant capacity

FYEE oA ) Ak o= 9] v]E-S- A5 9)8ke]
Table 129} 2o] &S] AHAE ARTeiith. 51, 4, 784,
o] Al o] A 9]k (lower heating value: LHV)> 22} 16.5, 120,
434, 42.6 Ml/kg® =2 3830t}

Case 298] oA = &5 749 T 2.2 Q130 Case 19]

Case 1 Case 2
Type Price ($/unit) Rate (unit/yr) Cost ($M/yr) Rate (unit/yr) Cost ($M/yr)
Sawdust (t) 50 33,334 1.67 33,334 1.67
Hydrogen (t) 1,050 1,360 143
Hydrotreating catalyst (kg) 37 2,240 0.08 2,240 0.08
Cracking catalyst (kg) 37 230 0.01 250 0.01
Reforming catalyst (kg) 50 3,560 0.18
Adsorbent (kg) 50 3,128 0.16
Total raw material costs (§M/yr) 2.09 3.19
Electricity (MWh) 98.0 1,647 0.16 5,963 0.58
Heating (MWh) 26.8 8,536 0.23 1,657 0.04
Cooling water (10° x m?) 273.0 10.4 0.00 17.1 0.00
Total utilities cost 0.39 0.63
Labor Cost 0.58 0.58
Maintenance Cost 0.42 0.31
Operating Charges 0.15 0.15
Plant Overhead 0.29 0.29
General and Administrative Cost 0.05 0.05
Fixed cost 1.49 1.38
Total production cost (TPC) ($M/yr) 3.98 5.20
TPC per dry sawdust ($/t-dry feed) 198.9 259.8
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Table 11. Annual sales revenue (ASR) details for 100 t/d FPBU plant
Type Case 1 Case 2
Price ($/unit) Rate (unit/yr) Amount ($M/yr) Rate (unit/yr) Amount ($M/yr)
Diesel (t) 927 1,234 1.14 1,423 1.32
Gasoline (t) 927 2,766 2.56 3,577 3.32
Electricity (MWh) 98 4,928 0.48 4,835 0.47
Steam (t) 45 10,010 0.45 9,738 0.44
Hot water (t) 11 157 0.00 152 0.00
Annual sales revenue (ASR, $M/yr) 4.64 5.55
Table 12. Energy conversion efficiency () of three energy conversion pathways from 100 t/d sawdust containing 40% water
Case study Case 1 Case 2
Input energy Biomass (kW) 11,458 11,458
Hydrogen (kW) 0 5,667
Hot utility (kW) 1,067 207
Electricity (kW) 206 745
Total (kW) 12,731 18,078
Output energy Gasoline 4,169 5,390
Diesel 1,825 2,105
Electricity 616 604
HP steam 329 355
MP steam 800 862
Hot water 18 19
Total (kW) 7,756 9,336
Energy conversion efficiency (%) 60.9 51.6

FLATR Kt Tt AakE AUA = 7", O A, 7], A-,
1831 2570] ™, Case 2+
Case 11T} 352 olUA] AAEFS ZH=t) 1A RE A4 oju]R] 3

F2 FEE AR P ER Qo]

FEL Case 19] 61%, Case 27} 52%= ZH=r}, =215 oF 40% 2

50% ollU == Aol 40%
TR ANEQIL, 3% WA ©a W 2% A7) 711t

oA N

Case 29| 45, §JF= ¥
R} A3, hydrodreating

4-5. Sensitivity analysis

TCI, TPC, ASR, 95714, 7HER/H A 714, T12) 4L 24714
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Table 13. Absolute values of factors used in sensitivity analysis for the plant capacity of 100 t/d sawdust
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o]t} Table 132 FPBU Case 13} Case 29 tha}] 671 21&1e] tf
2 AUkES RolEt)h 713k (base value)
Table 701141 o]u] A= S},
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ZbetE Wako Zuk vIEE A 3kS Bl FE . Fig. 19a:TCl,
TPC, 12] 3L ASRO] 2|4 W 3lef & ROIZEHS: H.oJF T} TCI9}
TPC?] 749}, ASRQ| F71= ROIZ S7HA 71t} 7] & 3kell A
Case 1 (FPBU-HG)3-3 K.THCase 2 (FPBU-EH) &g o] 7155kl
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Relative changes (%)

Factors
-50 -30 -20 -10 0 10 20 30 50
Case 1 11.1 15.6 17.8 20.0 222 24.5 26.7 28.9 334
TCI ($M)
Case 2 8.0 11.3 12.9 14.5 16.1 17.7 19.3 20.9 24.1
Case 1 2.0 2.8 32 3.6 4.0 44 4.8 52 6.0
TPC ($M/yr)
Case 2 2.6 3.6 42 4.7 52 5.7 6.2 6.8 7.8
Case 1 23 33 3.7 42 4.6 5.1 5.6 6.0 7.0
ASR ($M/yr)
Case 2 2.7 39 44 5.0 55 6.1 6.7 72 8.3
Sawdust price ($/t) 25 35 40 45 50 55 60 65 75
Gasoline/diesel price ($/t) 463.5 648.9 741.6 834.3 927 1019.7 11124 1205.1 1390.5
H, price ($/t) 525 735 840 945 1050 1155 1260 1365 1575
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Fig. 19. Plot of sensitivities (PoS) for the 100 t/d FPBU process.
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] 7
S A0 Bsk: SHEPBUP] R /1E A Wk
5 o) oo FaAc A5 8 o



FARORRE] A A Hlol .0 TR FHRAL A A B4 517

AP, ArA G, For G, 7SS, 281 A=
A, & A9 H2E FAa8AE £3sHE FPBU-HGE
(Case 1)} S]FEFE F45 Fuol 734 /ARR-E 28sh=
FPBU-EH&(Case 2)2] 7|&3 A1 H71E Fato] o g0
v BAVE 2=A] getsli= Zlolt.
7= A B 7 A 7121 S AR SHo R U
Fol & 7 itk 714 SHoAE= PFD)E ©]-8-3to]
7} AAE Alekar, 271FA8|(TCD), 18] 3L 4] 8(TPCy&
@71 fI8te] 3 EARE st AAA ] Sl = oA et
TCI¢} TPCE AHE-3to] 213 5=&(ROI), 7413|571 7HPBP), “1
23 WFFEIRR)E AXtsta, o] 59 RIZHEE ofe] B84
QIAFES WIBIAIZHA] 43} B Aol A= AAIE ] 7147
AE7VE ] flate] 4dAIZ 52 4-level EP 7S A
F3IITE. o] W 19ACNA Foinl Tl U f2Y g
FABHL, 2 AN T BARE ek, 3T Aol D ste
HAgap, 4adA ol M= ofe] A A EE A

100 t/d FPBU &gl thate] Case 13} Case 22] TCIE= 22} oF
245999, 1779)Qo] 11, TPCE 22} 57999/, 7599/ 0.2 o5
Atk RS F3E= Case 13-40] 45 H2 FF=
Case 253K 375 7F 500 t/d ©]/dell 4] ROIZ} Wil PBP7}+
7] WiTell, Case 2378°] A1 EFgAlo] ¥ rhal de=]A)u
FaFw7H 0] 27] Wil F 342 BAVY A& Aol A4
Foitt AE #4835k ASRe] TCI®} TPCE.t} ROIC H
T TS T, 7FEERYA 7HH o] A AT 1o
ROIOY O] 2 J3kS = 710 7 gk At} ROI 15% ©]43} PBP
5 0]5E Pl -‘.’4’?} Ha 3] FEE Case 17} Case 2 &
T 1,500 vd o]0 2 AkkE STt

B Aol = obF] A Aol 9l
Akl tigk ofn] 21 A B7HE Tff B3, 74 Aol
diste] IElekA] sttt F Y EEE(PFD)E A AR SHAA
= O] 8] T sl ofof 3z, Hlo]l 2 2] 3 Nk 5l o
Eaflof] gt A4 HFo] Q7). wekA, =22 7= A
57 Ao, skl A EA] G-g-Eoj o) gt}

¢

1w
A FEC
SEER

rlr
Jl~>‘
Q ne
M
:oé
sl
=)
e
o
to
e
o

Acknowledgements

This research was financially supported by the collaboration project
between Daekyong Eso and Hankyong National University (Grant
number: HKNU-2017-063). Much appreciation goes to Dr. Truong
X. Do for the first effort to the process simulation.

Nomenclature
a : installed cost factor
ASR  :annual sales revenue [$/yr]
b : purchased equipment cost factor
c : project contingency factor
Cy : annualized installed equipment cost [$/yr]
Ceap : capital expenditure [$/yr]
Ceu : catalyst cost [$/yr]
Caep : depreciation cost [$/yr]

Cy : purchased equipment cost [$]

CF : cash flow [$/yr]

Cp : fixed cost [$/yr]

Coy : general and administrative cost [$/yr]

Cuy : Extra heat exchanger cost after heat integration [$]

Cipor - labor cost [$/yr]
: maintenance cost [$/yr]
Coy  :overheat cost [$/yr]

Cpe : project contingency [$]

C,.  :raw material cost [$/yr]

C,;  :minimum selling cost [$/yr]
Ciu : tax cost [$/yr]

Cyp - total direct and indirect cost [$]
Cy : total installed cost [$]

Cry  :total utility cost [$/yr]
Crys - total utility saving cost [$/yr]

Cye  :working capital cost [$]

d : working capital factor

E : economic potential [$/yr]
EFB  :empty fruit bunches

FCI : fixed capital investment [$]

Fliel : fuel mass flow rate [t/yr]
i : interest rate in NPV

I : price index

Cp : indirect cost [$]

IRR : internal rate of return [%]
| : catalyst life [yr]

L, : plant life [yr]

M : number of equipment

MFSP  : minimum fuel selling price [$/1]
n : year index

NPV :net present value [$/yr]

p : price [$/kg]

PBP : payback period [yr]

PFD : process flow diagram

Pg : gross profit [$/yr]

Py : net profit [$/yr]

PoS : plot of sensitivity

PSA : pressure swing adsorption
ROI : return on investment [%]
S : sensitivity

TCI : total capital investment [$]
TEA  :techno-economic analysis
TPC  :total production cost [$/yr]
V, : salvage value [$]

A : space velocity [1/hr]
X : uncertain variable
y

: targeted variable

Greek letters
o : inflation rate
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a o > e < ™

10.

11.

12.

: corporation tax rate

: interest rate

: equipment capacity exponent
: debt ratio

: density [g/1]

: annualizing factor [yr]
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Appendix

A. Heat integration by pinch analysis
Al. Case 1 (FPBU-HG)

Fig. Al. Heat exchanger network before heat integration of FPBU with H, generation (FPBU-HG).

Fig. A2. Heat exchanger network after heat integration of FPBU with H, generation (FPBU-HG).
Korean Chem. Eng. Res., Vol. 56, No. 4, August, 2018
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A2. Case 2 (FPBU-EH)

Fig. A3. Heat exchanger network before heat integration of FPBU with external H, supply (FPBU-EH).

Fig. A4. Heat exchanger network after heat integration of FPBU with external H, supply (FPBU-EH).
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B. Equipment purchased cost (C;) and installation factor (a;)

B1. Case 1 (FPBU-HG)

Table Bl. Total installed cost (Cy;;), equipment purchased cost (C)), indirect cost (C;;) and equipment installation factor (a;) of 100 t/d FPBU-

HG plant
Area Equipment Equipment type Cr(®) Cg; ($) C, (%) 2,
A100 A100.Dryer ERD DIRECT 110,100 72,900 64,881 1.51
A100.Belt conveyor DCO OPEN BELT 93,000 50,600 45,034 1.84
A200.Pyrolysis unit EFU PYROLYSIS 383,100 265,700 236,473 1.44
A200.Cyclone EDC CYCLONE 135,900 75,200 66,928 1.81
A200 A200.Combustor EFU BOX 812,700 614,400 546,816 1.32
A200.Fan EFN CENTRIF 18,100 6,900 6,141 2.62
A200.Feeder EFE ROTARY 23,200 19,200 17,088 1.21
A300.ESP DDC ELC H VOLT 225,300 106,900 95,141 2.11
A300.Heat exchanger 1 DHE TEMA EXCH 89,300 12,100 10,769 738
A300.Flash 1 DVT CYLINDER 107,800 17,600 15,664 6.13
A300 A300.Heat exchanger 2 DHE TEMA EXCH 61,000 11,100 9,879 5.50
A300.Flash 2 DVT CYLINDER 114,000 17,700 15,753 6.44
A300.Biooil tank DVT CYLINDER 133,800 22,100 19,669 6.05
A300.Gas blower EFN CENTRIF 16,900 6,500 5,785 2.60
A300.Pump DCP CENTRIF 31,100 3,800 3,382 8.18
A400.HydrotreatingReactor EFU VERTICAL 270,600 163,500 145,515 1.66
A400.Decanter DHT HORIZ DRUM 283,600 64,000 56,960 443
A400.Reformer EFU REFORMER 2,882,000 2,200,000 1,958,000 1.31
A400.Cracker EFU VERTICAL 156,500 63,000 56,070 248
A400.Aqueous cooler DHE TEMA EXCH 176,200 44300 39,427 3.98
A400.Flash DVT CYLINDER 97,900 18,700 16,643 5.24
A400.PSA DVT CYLINDER 195,900 37,400 33,286 5.24
A400.Compressor 1 DGC CENTRIF 1,845,100 1,725,000 1,535,250 1.07
A400.Compressor 2 DGC CENTRIF 1,916,100 1,792,900 1,595,681 1.07
A400.GasoColum-condenser DHE TEMA EXCH 59,600 9,800 8,722 6.08
A400 A400.GasoColum-drum DHT HORIZ DRUM 92,500 13,800 12,282 6.70
A400.GasoColum-reboiler DRB U TUBE 92,600 12,500 11,125 741
A400.GasoColu-reflux pump DCP CENTRIF 8,800 4,400 3,916 2.00
A400.GasoColum-tower DTW TRAYED 192,700 45,600 40,584 4.23
A400.DieselCo-condenser DHE TEMA EXCH 45,600 8,000 7,120 5.70
A400.DieselCo-drum DHT HORIZ DRUM 103,800 13,800 12,282 7.52
A400.DieselCo-reboiler DRB U TUBE 66,700 13,000 11,570 5.13
A400.DieselCo-reflux pump DCP CENTRIF 9,200 4,400 3,916 2.09
A400.DieselCo-tower DTW TRAYED 246,700 45,800 40,762 5.39
A400.Gasoline cooler DHE TEMA EXCH 44,500 8,000 7,120 5.56
A400.Diesel cooler DHE TEMA EXCH 45,600 8,000 7,120 5.70
A400.CrackingProd cooler DHE TEMA EXCH 80,800 23,900 21,271 338
A500.AnaerReactor DVT CONE BTM 85,700 49,100 43,699 1.75
A500 A500.Aerobic Reactor DWTSAERATOR 38,700 22,200 19,758 1.74
A500.Pressure filter EF LEAF WET 40,200 29,000 25,810 1.39
A600 A600.Cooling tower ECTWPACKAGED 89,600 6,000 5,340 14.93
AT00 A700.Steam turbine ETURCONDENSING 168,700 58,600 52,154 6.28
A700.Deaerator DVT CYLINDER 109,200 17,600 15,664 1.25
A800.Ash storage DVT CONE BTM 46,100 20,500 18,245 2.25
A800 A800.Gasoline storage DVT STORAGE 173,100 64,200 57,138 2.70
A800.Diesel storage DVT STORAGE 106,200 39,800 35,422 2.67
Total 12,125,800 7,929,500 7,057,255 1.53
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B2. Case 2 (FPBU-EH)

Table B2. Total installed cost (Cy;), equipment purchased cost (Cp,), indirect cost (C;;) and equipment installation factor (a) of 100 /d FPBU-EH plant

Area Equipment Equipment type Crs(9) Cp; (9 C. (%) a
AL00 A100.Dryer ERD DIRECT 110,100 72,900 64,881 1.51
A100.Belt conveyor DCO OPEN BELT 93,000 50,600 45,034 1.84
A200.Pyrolysis unit EFU PYROLYSIS 387,800 270,100 240,389 1.44
A200.Cyclone EDC CYCLONE 135,900 75,200 66,928 1.81
A200 A200.Combustor EFU BOX 802,500 604,300 538,272 1.33
A200.Fan EFN CENTRIF 18,400 6,900 6,141 2.67
A200.Feeder EFE ROTARY 23,200 19,200 17,088 1.21
A300.ESP DDC ELC H VOLT 225,300 106,900 95,141 2.11
A300.Heat exchanger 1 DHE TEMA EXCH 89,300 12,100 10,769 7.38
A300.Flash 1 DVT CYLINDER 107,800 17,600 15,664 6.13
A300 A300.Heat exchanger 2 DHE TEMA EXCH 61,000 11,100 9,879 5.50
A300.Flash 2 DVT CYLINDER 114,000 17,700 15,753 6.44
A300.Biooil tank DVT CYLINDER 133,800 22,100 19,669 6.05
A300.Gas blower EFN CENTRIF 16,900 6,500 5,785 2.60
A300.Pump DCP CENTRIF 31,100 3,800 3,382 8.18
A400.HydrotreatingReactor EFU VERTICAL 191,300 93,600 83,304 2.04
A400.Decanter DHT HORIZ DRUM 283,600 64,000 56,960 443
A400.Cracker EFU VERTICAL 169,800 76,100 67,729 223
A400.Aqueous cooler DHE TEMA EXCH 132,500 17,500 15,575 7.57
A400.Compressor 1 DGC CENTRIF 1,221,200 1,205,600 1,072,984 1.01
A400.Compressor 2 DGC CENTRIF 2,403,100 2,266,300 2,017,452 1.06
A400.GasoColum-condenser DHE TEMA EXCH 59,800 10,000 8,900 5.98
A400.GasoColum-drum DHT HORIZ DRUM 92,500 13,800 12,282 6.70
A400.GasoColum-reboiler DRB U TUBE 94,000 13,300 11,837 7.07
A400 A400.GasoColu-reflux pump DCP CENTRIF 8,800 4,400 3,916 2.00
A400.GasoColum-tower DTW TRAYED 192,700 45,600 40,584 423
A400.DieselCo-condenser DHE TEMA EXCH 45,600 8,000 7,120 5.70
A400.DieselCo-drum DHT HORIZ DRUM 103,800 13,800 12,282 7.52
A400.DieselCo-reboiler DRB U TUBE 68,700 14,500 12,905 4.74
A400.DieselCo-reflux pump DCP CENTRIF 9,200 4,400 3,916 2.09
A400.DieselCo-tower DTW TRAYED 246,700 45,800 40,762 5.39
A400.Gasoline cooler DHE TEMA EXCH 45,100 8,500 7,565 5.31
A400.Diesel cooler DHE TEMA EXCH 46,300 8,500 7,565 5.45
A400.CrackingPro cooler DHE TEMA EXCH 155,300 24,000 21,360 6.47
AS500.AnaerReactor DVT CONE BTM 128,700 57,400 51,086 2.24
A500 A500.Aerobic Reactor DWTSAERATOR 52,600 36,000 32,040 1.46
AS500.Pressure filter EF LEAF WET 40,200 29,000 25,810 1.39
A600 A600.Cooling tower ECTWPACKAGED 89,600 6,000 5,340 14.93
A700 A700.Steam turbine ETURCONDENSING 169,900 59,400 52,866 6.28
A700.Deaerator DVT CYLINDER 109,200 17,600 15,664 1.25
A800.Ash storage DVT CONE BTM 46,100 20,500 18,245 225
A800 A800.Gasoline storage DVT STORAGE 205,700 76,900 68,441 2.67
A800.Diesel storage DVT STORAGE 127,400 45,700 40,673 2.79
Total 8,889,500 5,584,200 4,969,938 1.59
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