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YA 33.6813 1y Tulnsiau 28.9080 mL/min gaungil 339.225 °C 1ian 52.2639
Wil Wirausauasan 19.4937 Ml/kg lunisviuneianuseugegamenisiseus
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KEYWORDS ABSTRACT

Biomass This research investigates the effects of torrefaction on the higher heating
Torrification process value (HHV) of bamboo biomass. The process involves heating biomass at
Bamboo

temperatures ranging from 200 to 400 °C under oxygen-limited or inert

SVM algorithm model atmospheric conditions. Agricultural bamboo residues were sun-dried

KRR algorithm model (average temperature 35.27 °C), ground, and sieved through mesh sizes of 20,
60, and 100. A custom-designed torrefaction system was developed,
consisting of a horizontal tubular furnace, a vapor condensation unit, and a
biomass feed chamber. The process was simulated and optimized using
Aspen Plus V12.1 and Design Expert V13.0 to evaluate the HHV in megajoules
per kilogram (MJ/kg). Proximate analysis of the bamboo biomass yielded
values of 60.45% volatile matter, 6.73% moisture, 32.05% fixed carbon, and
1.84% ash. Under optimal experimental conditions—60 mesh particle size,
25 mL/min nitrogen flow rate, 340 °C temperature, and 90 minutes duration—
the maximum HHV obtained was 19.3945 MJ/kg, with a mean prediction error
of only 3.143%. Further optimization showed that the ideal conditions were
a particle size of 33.6813 mesh, nitrogen flow rate of 28.9080 mL/min,
temperature of 339.225 °C, and residence time of 52.2639 minutes, yielding
an HHV of 19.4937 MJ/kg. Machine learning models were also applied to
predict HHV based on 279 experimental data sets. Kernel Ridge Regression
(KRR) demonstrated superior performance, achieving a prediction accuracy of
87.64% during training and 81.16% in testing, outperforming Support Vector
Machine (SVM), which showed 60.60% and 57.85% accuracy, respectively.
Therefore, KRR is identified as a more effective model for predicting the HHV

of torrefied bamboo biomass.
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A1519 1 NS98ALUUNITNAABLAYIS BBD

Parameter Symbol Unit Min. Mean Max.
Particle size X4 mesh 20 60 100
N, flow rate X, ml/min 20 25 30
Temperature X3 °C 220 280 340
Time Xa min 30 60 90

A1519 2 WaulueanszuIUNTNESSWNNTuTIavinlille

Run Particle size Flow N, Temperature Time HHV
No. (mesh) (mU/min) (°Q) (min) (MJ/kg)
1 60 20 340 60 18.3721
2 60 20 280 30 16.2315
3 20 25 280 30 16.6232
4 60 20 280 90 17.1936
5 100 25 280 90 16.0123
6 60 30 340 60 19.1345
7 100 25 280 30 16.7124
8 20 25 220 60 16.6232
9 60 30 280 90 17.1936
10 100 25 220 60 16.0123
11 100 25 340 60 18.7315
12 60 25 220 30 15.4272
13 20 30 280 60 18.1238
14 60 25 340 90 19.3945
15 60 25 220 90 15.6371
16 60 25 280 60 17.7234
17 60 25 280 60 16.8214
18 60 30 280 30 17.1936
19 100 30 280 60 17.3455
20 100 20 280 60 17.8725
21 20 25 280 90 18.2134
22 60 25 280 60 16.8747
23 60 25 280 60 16.2315
24 60 25 280 60 16.4312
25 60 20 220 60 16.3456
26 20 20 280 60 16.8321
27 20 25 340 60 18.9315
28 60 30 220 60 16.9213
29 60 25 340 30 18.8837
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3. Namiwﬂaa\iLLaﬁLﬂiﬂxﬁNamswmaaa

WARINANTTILASIEILAETTUTEUI N1TNAABINTEUIUNITNDT S WNATU mi‘mf\;mﬁmmzauﬁw%’umzmu
nsnessunatuvesditavlialdli nan1svegeuAIAUToUgEn WaEHAN1INAARUUTEAVEAINTENINAWIIUY Wag
93 Feiisneazidon fadl

A543 MTIATIEAALITUSEU (Wt %, d.b.)

Proximate composition Before torrefaction (%) After torrefaction (%)
Volatile matter 77.31 60.45
Moisture 8.43 6.73
Fixed carbon 12.05 32.05
Ash 2.21 1.84

57197 3 wansslAsesilagiBuuuyssnavesdialiflineutasvdsnszuiunismessunady (muinsgu
ASTM D3173) (Zaman and Ghosh, 2021) Wui1n1sviausinetas 14 (VunYNIA, gnsnsiviaved N, PaunuaLIAN
A9 60 1w, 25 fiaddns/unf, 340 °C wag 90 writ MudFy) asfiuldleile UsuaamssEmEgnN Tnrutugauay
USmandngs dewalienanufous uenaint Taunaldiligafiensuoush Ssdsnaliianeuiousdng dmsutanalsild
gnvessurladurilianssemeanasann 77.31 wWesidud (Ju 60.45 1Wesidud Usunandanasann 2.21 wWesdud 1Ju 1.84
Woesidud Tuvaediusinumsvounsiufiuduain 12.05 wWesifud (Ju 32,05 Wedidud dwaliaeuouiuiy
\leaanmsaanemvensiiwagladlunszuiunsvesiunadudugaEuvesmsanUiunaasszive uazifiuaiueunah
Feanesduszneuilimdnusiuazifinesdusznouilindanugs dmalnonssienisifiuvesainiuiouesdmaiiiiu
NITUIUNTS

A1519 4 NSNAABINTTUIUNTNBSIHINTUN 4 1Houly

Run Particle size N, flow rate Temperature Time HHV (MJ/kg) HHV (MJ/keg) Error
No. (mesh) (mU/min) (°Q) (min) Simulation Experiment (%)
14 60 25 340 90 19.3945 20.1924 3.951
6 60 30 340 60 19.1345 19.4375 1.558
15 60 25 220 90 15.6371 16.2268 3.634
12 60 25 220 30 15.4272 15.9754 3.431

NARINTEUIUNTNETIUNNTUAUAI0E19TmITIUI 4 F9E 1aNIZANEIER 2 SIMULIN ADVINEIATTY 14
uay 6 LLathi"’]qm 2 d1giuganing Aevianeiay 15 uay 12 aufiosueliludnd 4 HARNSUDIAIAINNANTBUVDINGY
Freghamatunanslilumsd 4 %qL‘i‘JumsL‘U'%EJULﬁ&JUmm'ma;m'm%aumﬂmi‘mﬂaa‘umiﬁwaamwmumwa%’%uﬂm
°Z°JJ‘ULLaxNaﬁWS{ﬁ]’]ﬂﬂ’]iVIﬂaaﬁéf’JﬁlLﬂ%‘lEN Bomb calorimeter Calorimeter C1 (IKA) mmm%auqvﬁuwé’dmﬁwaﬁ‘%LLWﬂﬁfj’u
sz USinaEssTneanas Usinaansusunsiaiiuiy anuiuanasiofinussans ammnnswnlusivinldaianu feud

ISP 44'

galunarUssAvanmilowdantu wuilifanueainndiewads 3.143 Wesidud

v
[

nmsmaanvnzadlunuldeddmiunszuiunvessuatuvesdiunaviialili lnglilusunsy Design Expert
v13.0 a1unsaagulananini 8 anefimanzaunigadnsunseuiunmessunatuvesdnialdli @) Particle size (X,)
Wiy 33.6813 W, (b) N, flow rate (X,) 1W1AU 28.9080 ladnsnaundl, (c) Temperature (X;) 111U 339.225 °c wag (d)

AN (X,) Wiy 52.2639 wnil wazyilvilaaanuiouasande 19.4937 M/kg
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) L

20 100 20 30
A:Particle size = 33.6813 B:FlowN2 = 28.908
(a) Particle size (X;) (b) N, flow rate (X))
T— ’
220 340 30 90
C:Temperature = 339,225 D:Time = 52.2639
(c) Temperature (X) (d) w381 (X,)
154272 193945
HHV = 19.4937

(e) A1AUTUGIEA

Desirability = 1.000
Solution 1 out of 100
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31NNT 9 iBuanIANLLINEIvBIULTIRBINITAIANISAlAIAN TR ugIERTesTalll Inensiueuiiey

ldnnuuuinasiuatinliase wnu X dranusougeaniiinlaasa (Actual HHY) ntae: Ml/kg wnu Y Anaanusaugs

A
gamansailaainiuea (Predicted HHV), niie: MJ/kg

HANSVAARUANAINTBUEERYDIR LU TVO Al A

HANINAABUAIAILTOUG AR ﬁgqﬁwudflmmwu%'auqaq@ (HHV) figaunadl 340 ssawaiBoa nalunisvess
wiadu 90 wit Sasnsinavedlulnsiau 25 faddnseundt uaswuinouna 60 e TrArwougeand 19.3945 wny

asienlansu lnenisuannsifinvemansenusanvesanzlunszuiunisnessuradu \uauduiusvesiaudssening

a

aamgdl (°C) waziaan () sierrmnuseuganuesliii Fulunisuansanuduiusuuu 3 IR wnu X gamadl (°C) wnu Y
v (W9 wagnu Z (Anfiwansmedvionnugs) Anufouasan (MJ/ke) dsandlunmi 10
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15.4272 [ 193945
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A =60
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30 220
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HANINAADUAIAINTBUGIEA LAUNTUAAINTITNYBINANTENUVDIANNENTEUIUM DT IWNATUAUF LS

sgningangil (°0) uarruinvestinia (uy) vasldld Fadumsuansauduiusuuy 3 IR wnw X gamgll (°C) unu Y

YUIAVBITINIA (%) UaTUNY Z (ANLansiedvsen1uge) Aanusougen (MJ/ke) Asandluning 12

Factor Coding: Actual

3D Surface
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Design Points:
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@ Above Surface | “‘@:ttitt\
() Below Surface S SASR RS
\\\\\33‘“\};

15.4272 [ 193945 ““:}n‘m\

X1=A
X2=C

Actual Factors

B=25
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HHY (Mi/kg)

C: Temperature (c)

s 1 1
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N13158U31A3 833NN TEUIUNTNOS ST Tneni1sasrayadeyadimiunisifeusanuiu 279 yadoya

Y Y 9 Y

Usgnaumedeyaridi uavdeyavioen wethluueamaudfisg q uasnandalagliniseuditdn ldsuniswmn

Wrunwlnneu Ingldlaiue3 Scikit-learn (Pedregosa et al., 2011) visdlanunsanusdeyasandu 2 dw Aedayaiild

= o . v A o ° o v A o = vy X a a ° a
Sows (Train) wazdayamilunaaeu (Test) dmsudayamiluSeuivsimmaaeuuszansamlunisvihneiansaain

A1 R? lngdanesiunuiunseus Usenaunie 2 tnaila Ao Support Vector Machine (SVM) wag35 Kernel ridge

regression (KRR) Aua1su

NAN1INAABUUTEANS AINTTNINAYIIUIBLAZAI93I989Y19 2 75 ABIT Support Vector Machine (SVM)

(Chen et al., 2009) wui1An R? dw§udeyaiivluiEeus (Train) Windu 60.06 Wesidud uazdeyatiilunageu (Test)

Wity 57.65 wWosiliud uaneaguil 13 uagds Kernel ridge regression (KRR) wu31pn R? dmsudeyaiithluBeus (Train)

wiritu 87.64 Westud uazdayaiiilunaaeu (Test) Wiy 81.16 wWesidud uansiannd 14 aueadiv

Actual

x10! Support Vector Machine R-square plot

327 @ Train R-squared = 60.06%

@ Test R-squared = 57.65% e
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224
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1.8 1
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16 18 20 22 24 26 28 30 32
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%x10! Kernel Ridge R-square plot

3271 @ Train R-squared = 87.64%

55 © Test R-squared = 81.16%
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Design Expert v13.0 lagdl@auusau 4 62 Usenounae X, - 1u1nv038219a (1uw), X, : onsinistdeundalulnsiau
@addns/uil), X, : gungll (esmwalies) wag X, : a1 (W) daufLUTnUYBINITNAGDY AR Y, : ANAIINTEUGIEATDS
Fanalumize (unggaronlaniy) nansinsginui dorhunszuiunimesiunadu Yiinaassame anudu was
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