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Abstract — Syngas can be used as raw material for chemical and fuel production. Currently, many studies on syngas
production from gasification of biomass have been conducted. Kenaf is a promising renewable resource with high
productivity and CO, immobilization. This study developed a large-scale kenaf gasification process based on the experimental
data, and evaluated the techno-economic feasibility, which consists of three steps (integrated process design, heat exchanger
network design, techno-economic assessment). The minimum selling price of syngas is US$ 9.55/GJ, and it is lower than

current market price of syngas.
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&334 o]%F AR chare 713 07 £ o] AT
272 AZATE Char 1g 0.05 m/min®] ~go] F91%v, 7} g
3k Ao AR Eo] AojR charZ 800 °C, 900 °C, 1000 °CollA]
712238} A1Z1 A3= Table 28} 2t}

20] 'lE S AR chard 55 7148 Ball oA &
’g7r2m0) egol S7¥et, C4 &9 charg 71~3) 3 o total A
A= 7EA el co, T7HE 18l BT ghol Fhaste A
& gholek 5= QIu}, IEE C1 Alo|AE A Q)3 L A] Alo| Aol =
7t2glg A o] st S e ) Bh g ST kA
FE2 A AIGE Holn, 900 °C o] Foll= Aol = &
JeFS T4 Pom & ashs AS F1E 5= Qi
, 7FskE ol AR B P70 8
9l Aol FS 1, char 1g'F 0.1 ml/min2] ~8o] F31E uj,

Table 3. Effect of steam supply rate on syngas yield and composition [1].
Carbonization and gasification are performed at 800 °C and

900 °C
&8-2 F Aoh Wk el o] £kl whek chare] &9t 24 Steam supply (ml/min-g of char) 0.05 0.10 0.15
o] M s}sl, 400-1000 °C H S ol 3] Ao AEE HHSEEE HHYV of syngas (MJ/m°) 13.07 11.82 11.77
200 °C A WgtAl7]m WhSAIZ wf, 360+-2] WHE-AIRE o] 5 470 Al Gas yield, m¥kg 4.83 4.95 4.84
0] (C1, C2, C3, C4)°llA] char] =& W 242 Table 13} 2t} H, 2.75 2.87 2.82
Wood gas®] < ZF(higher heating value (HHV)) H] & §3l| & Cco 1.60 1.24 1.21
sl gola 2] Bfze] Bal o2 shalek 4 9irk. C1 o] 2ol A CH, 000 000 000
wood gas®] WA eFo] Lk} 2] Alo] ~(C2, €3, C4)9h ¥l < ) €0, 049 084 081
Table 1. Results of carbonization of kenaf [1]. Reaction time was fixed at 360 min
Case Cl1 C2 C3 C4
Carbonization temperature (°C) 400 600 800 1000
Char yield (wWt%) 63.29 37.08 31.37 29.73
Char composition (wt%)
Volatile matter 32.48 15.36 10.58 8.6
Fixed carbon 63.77 78.16 81.68 83.12
Ash 3.75 6.48 7.74 8.28
C 61.71 86.97 92.86 94.31
H 491 2.86 1.97 1.83
Wood gas yield (Nm?/kg) 0.138 0.308 0.308 0.412
HHYV of wood gas 7.54 12.36 13.59 13.84
Wood gas composition (%)
H, 0.00 19.80 26.80 30.89
CO 36.08 23.38 24.47 24.90
CH, 2.79 13.41 13.61 12.81
CO, 61.13 43.71 35.12 31.40
Table 2. Effect of gasification temperature on syngas yield and composition [1]
Case Cl1 C2 C3 C4
Gasification temperature (°C) 800 900 1000 800 900 1000 800 900 1000 800 900 1000
HHYV of syngas (MJ/m?) 1212 1339 1331 11.74  13.09 1331 11.55 13.07 13.58 1069 1272 13.05
Total gas yield (m°/kg of char) 3.06 3.20 3.33 5.11 4.92 4.72 543 4.83 491 6.21 6.13 6.06
H, 1.81 1.80 1.92 3.23 2.83 2.79 337 2.75 2.80 3.90 322 292
CO 0.59 0.94 0.95 0.96 1.50 1.55 1.12 1.60 1.66 1.14 1.60 1.49
CH, 0.07 0.08 0.07 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CO, 0.57 0.39 0.40 0.87 0.56 0.38 0.94 0.49 0.32 1.42 0.62 0.45
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Fig. 1. Process flow diagram of the integrated process.

Table 4. Detailed stream data of the integrated process (1)

H : Heat exchanger

Sx 9 & dolH e A gk 7S Al e
A7 AP PR Y] 9IS o] 85 RS FEl A
A ENE R 7] 2AL-GS A AAATER 74 BAE
< AAel 7S BAksh] Sl A1 A7u A, 29x3
S0 AAA AerEE stk A2l B9 vk
T eb WA 22 AAG Rl AW ] reitet, @ wekat
o] &l S v F s WFES st 74 4A e A

”374] 0]’9151'. 7274] 5 o‘xé% OI*Ji}E&i iﬂr 2L o e
‘32 71A| = o] FolR ok SA4 8] E3The] EFo] AuljE o]y,
gasification¥} combustion 5 1L 2] HF-5-FAFS 93l PR (Peng
Robinson) 228 o]-&-ic}, 7l 372 dehydration, carbonization,
gasification, combustion®] 47l A A B A~ 0 2 JHAJ Tt
A AL = dehydrations 53l 712531, ©]F carbonization©. %
HUiA, A1) char®l 71A41P49] wood gase) Wak2] wood vinegar®=
ABLATH 1], ©]F AR gasification A BA| AElo A ~E& o]&
g FA7IAE ket S8 LY 200082 AVEE A

SP1

C : Compressor B : Boilor (combustor)

Stream 1 2 4 5 7 9 10 11 12 13
Mass Flows [t/d]
H,0 - 826.4 - - - 1480.9 - 0.0 0.0 0.0
Cco - - - 423.0 - - 990.3 198.1 243.0 180.0
Cco, - - - 954.0 - - 1030.8 206.2 548.0 406.0
0, - - - 0.0 - - - - - -
H, - - - 33.1 - - 165.7 33.1 19.0 14.1
CH, - - - 1344 - - - - 77.2 572
CHAR - - - 706.0 706.0 - - - - -
KENAF 3076.9 2250.5 2250.5 - - - - - - -
N, - - - - - - - - - -
Total Flows [t/d] 3076.9 3076.9 2250.5 2250.5 706.0 1480.9 2186.8 4374 887.2 6573
Temperature [C] 25.0 104.4 104.4 800.0 800.0 900.0 900.0 900.0 800.0 800.0
Pressure [bar] 1.0 1.0 1.0 23 2.3 2.0 2.0 2.0 2.3 2.3
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Table 5. Detailed stream data of the integrated process (2)
Stream 14 15 16 18 19 10 20 21
Mass Flows [t/d]
H,O - - - 893.8 893.8 - - -
CO - - - - - 990.3 792.2 792.2
CO, - - - 2504.7 2504.7 1030.8 824.7 824.7
0, 27533 27533 27533 27533 1336.6 1336.6 - - -
H, - - - - - 165.7 132.6 132.6
CH, - - - - - - - -
CHAR - - - - - - - -
KENAF - - - - - - - -
N, 41122 41122 4112.2 4112.2 4112.2 411222 - - -
Total Flows [t/d] 6865.5 6865.5 6865.5 6865.5 8847.4 8847.4 2186.8 1749.5 1749.5
Temperature [C] 25.0 133.5 530.2 683.2 910.0 810.0 900.0 900.0 150.0
Pressure [bar]| 1.0 23 23 23 23 23 2.0 2.0 2.0

T o =
U3} 2T}, Fig. 1= ASPEN Process Simulators ©]-2-3] A7 gk
Lolth. 7} s&of et AlFAFE-S Table 48} 50f] A|A|

AU = dehydration 4] H A A~E(DRYER)°l| 4 combustion®]| 4]
WA= flue gas (8847.4 d)E ©]-83l A M, H % 35 wt%2
T 10 wi%7FA] AH2agtth{10,11]. 71528 AY2Z4= carbonization]
BAI2~E(CARBOND)| A charZ ##k=] 0], o] u] wood gas®}t wood
vinegar®] FAHERE A AT, gl ol - char®t wood gas®]
& 9 2R dlolHE ae{sto], 800 °C, 33 psiE w0 E
2178151 ©.1, carbonization ©]F AV A EF O]H] 31.4 wt%
4= char (706.0 t/d)7} A3/ ©t}. wood gas®} wood vinegar®] =

A E1S- 0]-8-51= indirect gasification (GASFIER)S &3l $Hd71~5
T}, Gasification =52 A1t &= A7k 0] 6 W 24

P2 T, 900 °Co] L1531 AFBISATH1]. Gasification©] -

o=
2
o

¢

b2

Elo] B8 E2 A A5 O 1, Char (706.0 vd)SF A% (1480.9 t/d) .
2HE 4 3.2 million Nm? (2186.8 t/d)S] g 7}~7}F AArE L),
AR gAY F4HE2] wood gas, wood vine combustion
(COMB)2.2 HU|A &7 elx 2] GelvA & FF3at, AA &7
of| X2 Q5= FeluA & Ahash] H138l 7122 LH-(20%,
4374 ¢dyS combustion® = H 1 HoUX| & M3t} HFH o7
B3 3 e 4 2,00082] AR, BrdRo] 10.6 MJ/
Nm?¢l EA7FA2 A< 2.5 million Nm? (1749.5 t/d) A3},

3-2. € wEy g

7NEEl 37 2] dehydration, carbonization, gasification®l| <] Z+2}
24.8 MW, 62.0 MW, 156.4 MW2| Gellux|7} 5t 71 5, 7}
23S W EREPSollA 2184 MW & o|UA|7) @750, o=
AA FAel g douA (2432 MW)F 90%E 24| gtk
(Table 6). & F7dolM= 2 E DeluA] T3] gl 3782
AA3}7] 913l carbonizationoll Al A EH= F-42HEQ wood gas2t
wood vinegarg A4:A1717] 918t combustion A HA| &) A7 5]
ST}, Combustionol| 4] @A sz A of| LX) = olivine sand (calcined

magnesium silicate)®] =8-S -3l carbonization, gasification,

Table 6. Heating requirements for the integrated process

Equipment Operating temperature [°C] Load [MW]
Dryer 104.4 24.8
Carbonization 800 62.0
Gasification 900 156.4
Total - 2432

dehydration, ~72] 3 Heat exchangerl,2¢] &% ™[12], AALNH-S
of|A o= o] HAF Y elA] tif-te] deluixE QR ah= &
P8 7kA3) WGl 35 7 A =F AAISHA T Dehydration
9] 749~ combustion®f| 4] 2HAYE= flue gas?} gasification©]F L] 4]
= 20 A7~ HE I Q3 HelUAE 53} combustion
ol X 2] Goli=] ABrkE F7HA1717] 3l combustionol| A 2] A
3= flue gasS} gasification®] & GoJ =)= 1-29] FA 7t AT HE]
Q35E 913 u|(H3, HH)S AAISHL, $49712) DH7-(20%)
£ combustion® & R AAhAIFICZH FHY BE x| E
AA A 0 &2 FH e 5 ATh Combustion & 2 AR 2204
MW2] U] R]3= olivineS -3l carbonization¥} gasification ©- =2, flue
gas U A (85 MW) % 24.8 MW dehydration®. 2 &%, A
Al F7gelM ] delu=] a7-o] 00] & s d wdhgs
AT A 3ol st A7]AUR] = 8.6 MWO| 1L, ©]+=
R-ZRE TP A FAM Y oA &L YA dF
AU 421.3 MW[9], A7]lUA] B35 1% AakelldA] 26.0
MW[13]) @ ZZEA 7 312 MW)] B2 A 5] 2324
A &L 69.7%C]ct.

3-3. 71&ZHlY "ot
B =EelAlE e 3792 714 BAK B7EE 9130 o plant
AHE o]&3tglon, 7|E vto] QA Fhast ATE FUE
A W Y 7S aejste] 7l AA B st
[12,14]. & &1 2 Y]+ chemical engineering plant cost
index2} producer price indexs €83l 201845 7= 0= AALSH
At

55 372l A1 (total installed cost (TIC))= 578 FAF A=
EE9 B2 X8 P = A% =|w, ASPEN Economic Analyzer}
7| AgelA Barg ] Alo]= gl H|E- dlo|E| & &3l 244
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Fig. 2. Grid diagram for the integrated process.

Table 7. Details of heat exchangers of the integrated process

Heat exchanger Equipment Load [kJ/hr] Area [m?] LMTD [°C] Overall U [kJ/h-m”°C]

E-1 H5 223733448 664 494 684

E-2 H4 48690488 559 252 360

E-3 H5/D1 82281527 1885 141 360

E-4 B1/HI1 8691625 566 43 360

E-5 B1/R2 289644832 73214 11 360

E-6 H6 4422366 57 114 684

E-7 H3 118894224 3565 114 360

E-8 B1/R1 223246496 1772 350 360

E-9 B1/D1 6919743 23 845 360

E-10 B1/H2 264798134 3696 199 360
Table 8. Equipment size for the integrated process AA) £-31] US$ 67.9 million/yr & U89l AL 1] &
Equipment scatlll(l)‘l‘%(stjl;;am NE‘;V;?;;)HI Size ratio (US$ 51.7 million/yr)°] 7F& & B]%(76.1%)= 2HA8kaL, 17 H]
Dryer 2857 2857 1.00 £(USS$ 5.0 million/yr)©] Thx 0 2 & HF(7.4%)S XA gt o
Carbonization 1338 2250 170 A A7 EAm) gl 2-gnlE ahgow FARe] A3 ek At
Gasification 5.44 10.89 2.00 A7) @rell A F AR (total capital investment (TCI))
Combustion 58961 8847 0.15 ¢} o)z}9] RS xp7tsto] £ A7FX ) A on|el= AHEE
Compressor 4686 6865 1.50 ole Bgsto] YAHEE Skl dlal 2 /AL 0]

=S}, Table 89li= &gl AHg-H A wehdS g8k 432
Ato] =5 e ATH # =wollA= A7 Axnlel] 1hdn gk
working capital S 1.8 3}0], & AL 5 Z|(total capital investment
(TCI)E Aol om, AlFARS Table 97} 2}, A FA]H]=
US$ 92.0 million©_=, gasifier (US$ 49.7 million)7} A= 2=]u] = 7}
7 01F(54.0%)S 2R3

+gn1e] A B4 Y olyA] FAF 7Rk Z AR = v
@ E, FEEE )9 T PR AR FA; ] E-S 7Nt
o7 ARHE 1 ST, FART, 1Y TR TEY,
2H] AFAFE-E Table 103} 72t}
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¥ a7 S Aol e Sl 37k A
237122 GIY US$ 9.55% o= &A §d 719 213714
US$ 16.48-27.87/GIE.T 52 71 & HRITH15,16]. B35 92+
IS A4S Faste] A adu]el Fako] & 2RI 7] vl
A B89} IGARRTEAN]E-S F20%HE SUAA 712
FH A7 HA& ARXkslitt. 17] 744 Q1stel] wE A7k H A
H|7F22 US$ 9.09 million/yrz 5% 748k 1L, AUFE 714 <1
stol] whE T4 7k 2 29 7FA S USS 8.44 million/yr® 12%
el om, AR EARR] & Q1ste]] mE Mg 7EA H A b
7FA2 US$ 9.44 million/yr=. 1% 7HA3FSAT). whehA] Ak vlg-
o] A -du]e] 7H T vlSg AA Sk A v A R H A
duj7tA el gFo] & & FRIEHI)
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Table 9. Detailed project costs for the integrated process Unit: US$ million
Total installed cost (TIC) 92.0
Other direct cost
Land 1.8
Site development 4% of ISBL 3.7
Total direct cost (TDC) 97.5
Indirect cost
Prorated expenses 10% of TDC (without land) 9.6
Home office and construction fees 20% 19.1
Field expenses 10% 9.6
Project contingency 10% 9.6
Other costs (start-up and permits) 10% 9.6
Total indirect cost 574
Fixed capital investment (FCI) 154.9
Working capital 5% of FCI 7.7
Total capital investment (TCI) 162.7
Table 10. Detailed operating costs for the integrated process 4. 7E=l =2
Unit: US$ million/yr
Variable operating AT A 1Bk el SRS AN S
oot i A 714 73A A EF S A E ST A A 8ug el
ivine . _
Water 02 carbonization 2 gasification= =l W} T 714 48 W @A
Electricity 5-0 &Fo] GE}X]™ | carbonization %! gasification®] Z}Z}+ 800 °C 2! 900 °C
Fixed operating oA FHEEE FHES AAZ 4 2,0008 2] AR E
Salaries 2.7 A= 37k A 2.5 million Nm? o]m, AJAks] = $4 7}
Benefits and general overhead 24 229 AL 10.6 MI/NmPo]th, WA g oA o] dellgx] 2+
Maintenance 3% of FCI 4.39 F 2432 MWE carbonization®] 4] 9] F-4HEQl wood gas$}
Insurance ar_ld taxes 0.7% of FCI 1.02 wood vinegarZl AJAFE] = A 2 Qo] ALE Ea) U
Total operating cost o2 o, 4719) A% rwne A dAndy) 442 B
Combustion®]§- 11-22] flue gas®} gasification ©]F 1-22] &4
9.55
Electricity
-20% : 0 : +20% 9.08 10.00
Kenaf 844 10.65
-20% : 0: +20%
Capital Cost 9.44 9.65
-20% : 0: +20%
M-20% ™ +20%

Fig. 3. The MSP (Minimum selling price) sensitivity analysis of syngas depending on electricity price, kenaf price, capital cost.
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7hnmAE FoUAE 353t omM, A 37 A g olvA] &
£ol] 718.3%7HA] STt HEA O Ve AAN B7HE S A
A FelA L] F8 u8-As gfrgstar, k= 7S] H A
o 7HA S A7stelek. A AAv] F 7P 2 8l 2 she
R ga51ﬁcat10n (54.0%)°1H, A Q4] F 7S E8lE5S 2t

2h= 2 G5 AL H]8(76.1%)°0 k. & g of|A] AAtE=
$H37F2 ) H a7 kAL USS 9.55/GI= FA 37k A1
72 (US$ 16.48-27.87/GHELE W55 g1ttt 7k~ ot
oFt ghelraAlEe] duE 48 5 glom, 5 AV E
g shetAlEs Aitehs S8 LS Eal ﬂMJA &g 7t

54 S7h ks ol
4 A

o] A= 20199 @S] Ao s AT A Ee] A
A& who} 8 7|2 AT AFY Y (No. 2019R111A3A01061118).

Nomenclature
FCI : Fixed capital investment
HHV : Higher heating value
ISBL : Inside battery limit
LMTD  : Logarithmic mean temperature difference
MSP : Minimum selling price
NPV : Net present value
TDC : Total direct cost
TIC : Total installed cost
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