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ABSTRACT

Nearly 40 % of organic fibers in urban waste in Taiwan, contains unrecoverable
paper waste and garden waste. In this study, urban waste and waste straw were used as
materials. Organic fibers were taken out by autoclaving, then made to fiberboards. On the
other hand, the energy density was increased by torrefaction. Waste straw also enhances
its energy density through autoclaving, and mixes the fermented straw with the organic
fibers taken out from urban waste to make fiberboards. In addition, this study also uses
the Kissinger method, Ozawa method and the Arrhenius equation to investigate the
difference in activation energy after autoclaving of waste straw to understand the thermal
stability of the product.

The torrefection is taken at temperatures of 250 to 290 °C, and maintaine the
temperature for 60 to 90 minutes. The biomass can be regarded as raw coal after
torrefection, and subsequent experiment with ultimate analysis, high heating value and
thermogravimetric analysis. The pellets were manufactured by ring die pellet mill, and
the fiberboards is made according to CNS11212 which is the method of preparation of
handsheets for physical testing. The fiberboards were mixed with different proportions of
urban waste and fermented straw, and the physical strength of them were detected.

The results showed that the cellulose content in the waste fiber is nearly 70 %, and

the lignin content was below then 10 %. Such composition affected the pelletization,
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resulting in the pellet durability index did not meet the general needs. According to the

results of elemental analysis, the carbon content increased while the hydrogen and oxygen

content decreased after torrefection, and the properties of biomass were approached to

coal, especially at 270 °C that remains 60 to 75 minutes, and the energy density was

improved as well. Also it was the best condition for cost-saving. The activation energy

was calculated by three methods, Kissinger method, Ozawa method and Arrhenius

equation. The results of first two were almost the same, but the results of Arrhenius

equation were significantly different. The mechanical properties like bending strength,

screw holding capacity and tensile strength decreased as the amount of straw fibers

increase, only internal bond strength shows the opposite way.

Keywords: autoclaving, torrefaction, pelletization, fiberboard, activation energy,
Kissinger method, Ozawa method
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FREAZESFZHEL T
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iR e k) o
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52 et 2B > deB 1o 4395 TE Y 0 2030 £ 2k 2 AL ¥ M4 1 108E] - 2
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Fig.1 The bioenergy demand situation in 2030.
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Fig.2 The bioenergy needs of countries in 2030.
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Fig. 3 The bioenergy needs of all areas in 2030.
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Table 1 Case of bioenergy industry in Taiwan.
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> B 7 (Autoclaving) 3t 12 4e B 3 Vg 7 e MHT $ojse MHT Prdp B 4
Fowe 5 AP T A LT A2 A AR E 0 2011) ¢

- -

(1) #+=x F J& & ¥i(Batchprocesses): & BEH 4 si - W d 24 - HEFEF X

o

,k

AF L EFALrRPOE AN - SEFFREARFLER 160 °C -

R4 Sbar> T34 45min 11+ o
(2) :& 4 ;¢ & & % ¥e(Continuous-flow processes) : ¥ E B BT (7 » KA
PR AR ETAAFTOBFMBRIIGFATOEPEFEL FBR
FARR 2P F T EG LS T AR I SRR 2R R £ <

g% b

A RS AN § R F £ (Autoclave)t FF F R 7R i & L 4T
£t RGN BB B B P ATOE B E e R E TSR 0 F IR
BROZFFEPIEF PR LETH o IR FTHI A~z Rag X
AR AT A KIRF B @ TRAE Y PRSIl A AT R Y AT B
SARREL > IR R 2 T4 SR > 7§ 2k 3457 (Roberto ef al., 2014) -
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SRL A FL I S LR R FleSA el T kT A3 A
B AR R G O S LI AU ¢ B R e R
AL E R B AT AFDT R R f BRI REY R W
FdZ N o] 4 T o REBR AL GRMA LIS SR ERAS  FkF
N AFEE REG O EAMEIRER o R LR o2 3E £ f2(Mild pyrolysis) 2t # % f
2. # ¥ §7% $ike(High temperature drying) » H &% RIZ L #-4 FH 0¥ R ~ 44§
B2 Tkt g 0 AR <50 °C /min > 2 {8 BFFE & 200-300 °C > 5:iE 5 30
min-Shr Ag2 > @ B § URIHF 2 R > 7 F 2R S A TR MM kA2 4L
BTG WP T FMH/C W E O/C M B FEZ gk FHEE S i H 4 20-

25 % (Bergman et al., 2005) °

Size reduction
Combustion / Gasification

Green biomass

Friable and less fibrous Logistic operations (transport)
19 to 22 MJ/kg (LHV, ar) Feedstock bandwidth
fsophobic . | Biofuel standardisation
Preserved
Reduced contaminations x o H
Homogeneous x
l o
. +
+
+
A Demolition Py,
| wood w
Tough and fibrous "4
10 to 17 MJ/kg (LHV, an) TOP fuel powder
Hygroscopic, Hydrophilic 750-850 kg/m®
Vulnerable to biodegradation 15-20 GJ/m?
Contaminated
Heterogeneous TOP fuel pellets

Bl 4~ 22 B = 512 (Bergman et al., 2006)

Fig.4 Product quality of torrefied biomass. (Bergman et al., 2006)
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2.3.1 "R RAIE ik B

B EEL RS At L GBS 5L AR AR 2 ¢ TR R T grE

SRR 3 T 90 %L AEA TS EREET ko 5 S AL

T

QERAZFFD0%HFE > 2 A4 930%2E5 W a7t f WAL RAL
* *

FreaBag 10 % TR ReAKS 5 138« hA ATy g & o

A e T 0 SHBURYEAIR L gk s o T F A) & 93 ehd F4(Biochar) i 7 &

BUE T TR A R s BRI et T AR S F (s 7 T 7 (Bergman

et al.,2005) -

S A
0.3M | 0.1E
e s CE RN 2
200-300 C
IM | 1E 0.7M | 0.9E

RS 2irrz FEELETHRE: n £E = M: FEH =)Bergman e al.,

2005)
Fig.5 A typical mass-and energy balance of the torrefaction process on as received basis.

(E:energy unit; M: mass unit.) (Bergman et al., 2005)
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RIS R R LB > 4.200-300°C s latm P AR F TRE AR IT 0 P oA F
W ¥ R (<50°C/min) ~ 58 FF R K (>1hr) > BT A 55 B L A~ R
E R GRS FME A A FRI SN ARSI R AS A RS ST

AR R R R AR R &G AR o R YR AR B R kA
AFPL M BEEHAAHFET 7 FARMATFE S AL H R D
B2 GNRUER SO R S RN AL R SRR T o dert TR G
k5 o K A(Char)*t § v bkt - HARERF A7 A 5 CH;COOH ~ CH;0H
CO2 CO % - S Autis » REAS § EMT I 5 MPEITARILDE Fh 0 975
E2EMF RS T RE T F R o T RS TP h O/C 2 BIR T AR
FedR A B el B o gt WRAES BT 4% B 2 R Fl(Bergman et al., 2005) -

233 RS 1R H]

ARfeX AL FHFALd 3 BREF SRS Ay REF  LRat
AEE AL ATREE B 6T REEARY EFAFSF R T A

v

E RS o B F RRIEV A 5 SRR Ok R FEE(Bergman ef al., 2005) o
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Fig. 6 Main physico-chemical phenomena during heating of lignocellulosic materials at

pre-pyrolytic conditions (torrefaction). (Bergman et al., 2005)
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Hefpodgd it 3 2ENRLEH SHEAPFPTRBEET 3 JI-B6ER
B2 ER RO A = MU (<250 °C)fe B i (> 250 °C) i (Bergman et al., 2005) -

S ENT LR E AL R R S L L AT A 0 i E L
ftfi e ARMATRUER R T A R eand T Ak p LREF 5 Lo fopt
o gt A A foghiad T RS i F R 2 RIT L s R
EAEFTHFOTREFL - RFOVBERT LREF A EL R A2 LH S
PR A ERM A AR oA R B A LRI fopl T > F AR R
TeAR R 2] o A 2 0 R Rk i g AR nE s AR 0 A a0
I A frp (b 1 RARAR 5 B B e B AR o R R R B A T e Al e
PR AR LR R i A0 3 G Y PN T R E AN R
FACER AP L e - AL R F T BB A R e 1 A TR o

AE a3 0 R aF 2 Plip¥iere - 2 § 5 L% 5] (Bergman ef al., 2005) -
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FAS BMAASLE AL T A B e RP KSR R
FARRGRCEE S PNATE o BB E R T T DL A

CEEREE S R S ks T REE Lo (FRGE A 2011) -
BT FORRF o EMEHE TG A A o @R R B RS A 3
ERIT > BB E SN PAFFERRGH > §F RIREELITEI FER
TR CRY CRBIME S RUASFRRE AFLEA T AATRL -
o BHHLIFAR BRI EZ R A A 5 B T0-110°C B B 4
it A4 3 200°C M FFA R > BT AT R EES 4 B RRH 4 S
BREATARLI-ATHAR O SEERPEUEAR P IRFIAIRE A
B RITA AL FRIS0°C L R E o RAFTREN 0 TR A AR R DN

T AR B R TRERR | GFRIZE A 5 2012) 0 4o T o

B 7~ A AR

Fig.7 Wood pellets.
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F ¥ Bk hp ARl Ink $HE R B UT (T > (B - 2R o FiFt o Ink (&
logh)¥t UT ¥ > fZ PRl A LBl o PEf R LRI ensEh 7 45 5 ¢
Ink=1n4 - C/T (1)

Cidlice sl m FALN B R 7 Miph PSP M ey 5

Ink =In4 - E,/RT (2)
&~
k=Ae Ea/RT (3)

d R g S& AT 2 e() AR L i M G 0 2R 2 BER Sk
AfrEe iw2 B 3Bl fLFagr L fdce 27 S8 AFS A FF &5 51+ (pre-
exponential factor) » &2 F ¥ ek F AR E > v K p Py LB ORFE - [P 3y
fdid BlPAFED DN EFF EfLimit 8o & kg H é),?’“iﬁ;% oo ke
1E R cRRREH R 55 L ¢ (International Union of Pure and
Applied Chemistry, [UPAC ) gk » E, By 3 A P RA LBl % AR A

T © el &
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E,=-R N 4)
d(7)
BT E@F  F BEAR T8 S ¥ BkAp 4> E i E 3§

* S denit B 5 R RS R R (g 2 E 1 0 2010)
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2523 FHBEA
W T A RGBS S RS N H Y e RO R T R
4 B ¥ # 2 (Pyrolysis) FASTHN 5 @ wdF A T4 R ¢ TGA 53 & ok
FeP RO AP REREATSABOM GO BT NS fENT DR
feig v ipfAR A R RTE G AR Ao 2 FH A RE - kA seas o X D2 R
BEERESRA CBEFEF SRR AL LS Bk % | £ T4 8258 - Katarzyna
(2011)% % 41* TGA * % 34§ B4 (Populusspp.) 2 ~5~10~ 15Kmin"' % 4 f&

AR R ERT B ARG i B SF AL 3 BRER KR A

“-ki

# #4 2 (Active pyrolysis) 2 4% # #1 f#(Passive pyrolysis) > m H 4 f#iE 42~ % F| A 412

RS ER S . L F A 478 % 4ok 2(Katarzyna et al., 2011) -

L 2 RS & 4 1745 5% (Katarzyna et al., 2011)

Table 2 Characteristic of poplar wood (Katarzyna ef al., 2011).

Ultimate analysis (wt %)

C 45.5
H 6.26
N 1.04
O* 47.2

*calculate by difference
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13 BFFE r2 el gas o 22 B @ (Katarzyna ef al., 2011) o

10

I

g | active ,"\, —— 2 K/min
-E' pyl‘olysis f ,‘ ,,,,,,,,,,,,,,,,, 5 K/min
g= N — — — - 10 K/min
;\5 6T _-!,’\\_ — = 15K/min
— T\
E 4 water ,'/ \ m
A evaporation IR \ \ passive

2 F / } \\ \ pyrolysis

AN\ S
0 /) s . e oW P
280 380 480 580 680 780 880 980
Temperature [K]
B8- P2 paBEFT 2 pRE e ki I A% ;L
A B #4 fi7)(Katarzyna et al., 2011)

Fig. 8 DTG of a poplar wood recorded in nitrogen at different heating rates(I:

dehydration; II: active pyrolysis; III: passive pyrolysis)(Katarzyna et al., 2011).
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Fig.9 Pyrolytic decomposition at the heating rate 5 K min™': hemicelluloses

(H)cellulose (C) and lignin (L) (Gasparovic et al., 2010).
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Fig.10 Pyrolytic decomposition at the heating rate 5 K min™!' (Gasparovic et al., 2010).
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Fig.11 The DTG curves of poplar wood recorded in nitrogen at different heating rates

(Katarzyna et al., 2011).

iP5 Lv (2010)% * 2 Katarzyna(2011)% A &= 3 > #F R T, € S8 F 2 B F 3
dvdm AR B EL R RS BFH TG e lhdl - TN A:\ﬁ’4=1§

FELF AR ESF AR JH 1127 FREREDTG R & Eor =@ DTG
WP do] BT B FEF A R F ) A a LR R e B GBI feds

F13t #u i 45 '] (Heat transfer limitation) » f i 4e g 5T > % Sudf IR & g pF
N A A ?E%Qf&%mfﬁﬂgﬁjfﬁi\‘fi%m,ﬂ&i T from - FE?F'&'fr'm_
BRfEEP R B 55 RRFFRE RS A fETE R R R S ERY

Mo+ 245 o
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Bl 12~ Rt &3 283 5T 2 TG ¢ % (Katarzyna et al., 2011)
Fig.12 TG of weight loss curves of poplar wood recorded in nitrogen at 4 heating rates

(Katarzyna et al., 2011).

ARE T AENNAYD) JIF Ty ad RARREFT T RIS

BY —n(AR) _ £
ln<ﬁ> —ln(E) r (11)

Tp: #EFAFTERE S A 222 R R K)

D 1 ¥ Bic(d/mol K)

E: 3% i it (KJ/mol)
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fmt,

Yo 130 R (11) Y sn(B/T2) (1T, (FH » 7 B3] — (52 80 d 1A%

(BR)FT7 Fi@E i B ig- % d AR EE ] A(min') - & 2587 @4 F i

AR Y1 B FI JO0

In(B/T?)

-10.2

-10.5

y =-25.6555%10°x+36.0256

1 1 1 1 1 1 1
1.74 175 176 177 178 179 180 1.81

1/T(10%)

B 13~ A3 fi it o S(Lv et al., 2010)

1.82

Fig.13 Linearization curve of Kissinger method (Lv ef al., 2010).
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235 Lv(2010)E A 3 E A3 RERETER 2 e o HY X 24
(1/Tp)x 107 o
%3~ A3H% 28ce (Lveral,2010)

Table 3 Parameter values in Kissinger formula (Lv et al., 2010)

B(°C /min) Ty(K) X X2 X2 In(BX?)
10 552.9 1.8086 3.2712 32.71 -10.33
20 562.4 1.7783 3.1622 63.24 -9.67
30 567.0 1.7636 3.1104 93.31 -9.28
40 569.6 1.7557 3.0824 123.30 -9.00
50 571.7 1.7492 3.0596 152.98 -8.79

SRR (120 B (o) E 0 R B4 Bl efh A Sl pH A S i
<R AR A A R R B S %N (12)7 dhin(B)$H(1/Ty) (T B
FHRT AT - 53R d BAFER)TT REE N Eoo2- Hd BARET

3l A(Lvetal,?2010) -

AE
Inp = 1n(Rg(a)

)—5&1—3— (12)

RT,

BfEF U Y EUEFLFRPF T AP AL 084 > ZWLEEF FRZT
Pl @ B S B RE et K § AATRET DERET R AF RS
IR IR A F o ff oA AR ERY o TR AR KRR A E i dliE e
RSk AR T Rk E o BE Y 63T 10 %R L o 5
S EARMAR 0 EFREHRE L 05-10Kmin' 2 A REFHFET 0 £ Rk kv

48 B & 5% ot £ (Roger et al., 2012) -
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2.6 F T P

Aue (2003) % 4 {1 * E—?ﬁ WrRILZ S B 3 3t d B4 A 3 £ (Municipal solid
waste, MSW) » £ 35 8 ~ g3 ~ $pF - R R B S@ A 4 FleS A WD
@'Jﬁﬁv\‘]\%\"*'}ﬁﬁ;&\’-— ﬁr’ﬂodf“f’iff:lpf{?em’g’ﬁ’{i_l_"%i-’,,b
Foo & dpimE) 0 B A E o REARY A2 b T SR TlieE £
Mg B 0423 g/em® 2 B X5 448 R > FRBRLEAS Z2 B FIr 2@
- HIEL o

Bt Wk%i#%%ﬂﬁﬁiéﬁﬁ”’;a%%&%%.wﬁ?uﬁ
HEAF L2 R oY 2 HDPE~PET PP & 994> & £ 8 AFHR &
AT &R L ORIRE IR

Mengeloglu(2008) & + * f 3 B~{8 2 % 3745 (WF)& = j HDPE ~ PP =47 &
#F o B B - MOR ~ MOE 44 40 3385 2 4v » B & & o B22R 7 o if 23847

ﬁ&éﬂZ*’Eﬁﬁﬁﬂ$$%@a—iﬁ&j%ﬁ?Mmb

B 14~ 383 FH AR+ 1) M (Aue et al., 2003)

Fig. 14 Handsheets of municipal solid waste. (Aue et al., 2003)
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# 4~ & ¥ 454 %o v {c HDPE £ PP 2_ % #*2 F (Mengeloglu ef al., 2008)
Table 4 Mechanical properties of the wheat straw flour filled recycled HDPE and PP

thermoplastic composites (Mengeloglu ef al., 2008).

o R st R R Fg R

EE]
(MPa) (MPa) (MPa)
70 % HDPE+30 % WF 8.11 13.16 802.9
70 % PP+30 % WF 6.42 17.76 703.2
35 % HDPE+35 % PP+30 % WF 6.17 13.25 969.6

Eshraghi (2011)% % B A %] %75 % ~ 50 %2 25 Y% S G L7 A HEEf
BB &2 E Kk ¥4 > 2 MOR MOE % IB 4r# 5°MOR ~ MOE 14 31 ¢
TR F SRR E R EH S EL P o KA 428 50 %18 » MOR ~ MOE
Bold 'y T OEARE (T IR RO S O HOR R R ot B R AZiE 50
%PE G 24303 = MOR ~ MOE ;5 2 3 4r & £33 Bt A FHEd it o g b 54246 50 %
6 X RARTE IBAFHFIPANEE L FIEI 2 - > BEETHEEFR
ol hl A A g T s B Yl E 50 %2 55 B 0.550 MPa & & g R 2 K
B R N AL P B BT AR RS A kR T
PHRAEF W AMIERIBNE e RS RES R E 4 E MO R

R TR T
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# 5~ MOR ~ MOE £ p % 3 & # 8 (Eshraghi et al., 2011)

Table 5 values of MOR, MOE and internal bond strength. (Eshraghi et al., 2011)

1 MOR(MPa)  MOE(MPa) IB(MPa)
25 % AAF+T5 Y% h 24.823 2665.00 0.703
50 % A4 +50 % A 26.083 2677.33 0.550
75 %A +25 %k 21.417 2435.33 0.390

T E(1998) % A R ASBAR AAPRMARE A P G ARYSY BR
e  TRRIE R ek 60 L BF R ER  BRMT
FRIA Y HFE >MOR & T ApREAEF > ¥ W E A 5] 90 %PFF i+ ; IB~ SHC 4 3R

- PR

BARRL A A S H AR R & p A1 R AS906 2 R4 -

26 ALY RARKAFLT(E MG S > 1998)

Table 6 The properties of composite medium density fiberboards.

#=H MOR(MPa)  MOE(MPa) IB(MPa)  SHC(N)
100 %4p 2 & 4 a5 13.132 3136 0.382 40
50 %A G AHS50 %E A 19.502 3430 0.441 45
40 %~ 5 60 % A 19.110 2940 0.441 46
30 %k 4 H+T70 %E A 19.796 3234 0.441 50
20 %k 80 %R E 22344 3136 0.451 47
10 %k 5 4+90 % E & 24.108 3626 0.510 44
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AFPTARERATHENEREFISISLY 2 B2 TAAP SEREZ G
RESZ R BE BAT RFH G2 Thama e » SHpRY 26
LEEFRERS P ERBEATT RS -

A EHACH 15 7 0 A T RAPTRED L EEF AL ST A F AR
BELFTE IR BE S AN RFREF LI EREVE L LR R AR
17 250 ~ 270 2 290 °C 2 ' %EAST » ¥ 4 WFE 60 75 2 90 min ; FHE AR b
PliE {7 270 ~ 280 2 290°C 2 ‘2% AJT » 3 60min © 2 fE2 F o R EAIE (5 7
RAZAFTF TR T EFREAPFHEHRED S E VN AR FERBERELS,
RS HERERPEFER > BRBFERFEZRL AR T - S5 0 K
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FISREE | g amm Rk
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K
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Fig. 15 Framework of this study.
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3.2 #EHH
321 BB EEF
R T 155°C ~30min F ¥ ASLB A P BR EEY O KER TS - 4L

2EEE O 4R 16 -

Bl 16~ 7 ™ - 2 B

Fig. 16 Municipal solid waste of Yilan city.

322 f48% ~ FRESE 2 FRCLY
W F PP ARG LR P LAY AR Y 2 B

FE L (S A% > o] 17-19 -

B 17~ fo%

Fig.17 Straw.
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B 18 ~ ZREAEY

Fig.18 Straw processed with steam explosion.

Bl 19 ~ 2 is fo3

Fig.19 Straw after fermentation.
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33 E BB RIPRK

AFT TR KPR L R HSGE R YMHP-15, 47 * BRB02 3L F £ 40 mm~
B/ 6mm £ TV 5 6.7 4ol 20 B AR A 4o 21 fror 0 BE AT B Er2
BEXPAFE LRSI 20% 2+ AR s r 2R TRl erdor B
WIR LG HRAEEVF A 40mm -~ BT 6 mm o F R RIR 0N FRELS  RPE o
T I RS L T SRR @R TIRAT N A0A 0 F

ERER  PINE S ERERE PR -

B 20 ~ 3% * R fod P8 (a)E # % #5(b)(YMHP-15)

Fig.20 Ring die pellet mill (a) and the ring die (b) of experiment.(YMHP-15)
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B 21~ e (@ s ERE R, (7 kF<10%) DI gk (OB &
(i is = &
Fig.21 Procedure of pelleting. (a) Autoclaved municipal solid waste before

pelleting(MC < 10 %) (b) Pelleting (c) Product of pelleting (d) Pellets after drying

3.4 BBEAEIE

B2 5 2@ g "2 Fh4#F % s T 3FFEERGT AP FRF
o RYEBAZE P 1S g 4 TR R RGP BN LB EH TS 2 &
Ko Tyt pp i e F RN IVER €5 BT BRI EF TR
R F i) A 6-8 °C /min » RFFRF AL 0 (84 # T 200-300 °C 0 #IE 60-120
min $FR AL A FTHEDIFE REAS §RAFEE EHAIL > K o B

T FES042mm s 0 H A R R
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W22 F %

Fig.22 Torrefaction equipment.
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3.5 R
3.5.1 & A

Fl gy B e RN E PN 0 EREEAELE R 0 R A% > 1000°C 2

WEMEE N o AR RT R RS 2V TR AR F B2 S Nor SO~ COz 2

HOzZREH Ld A3 iESA g S BETREBRETN-S-C-H

2FOEAZ2ZEE A B2 AEHRTRR Y 2 AZLATR o

B 23 - ~ % & {7 ik (Heraeus, variollI-NCS)

Fig.23 Elemental analyzer (Heraeus, vario III-NCS).
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353 #E

* REBL A L4 HP w2 #F 2 PARR-1261 (B 24 2 B 25) » HFZ% 4%

-

BRSPS g E MM o RS AT THEERS §
2B BACHE S T gl s J R BRI IR AT e g R R o
A AR NEEE FRAL B WM B Rt e B26 54

AR N

Bl 24 ~ 4+ > (PARR-1261)

Fig.24 Hot card meter (PARR-1261).
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B 25+ ok 0

Fig. 25 Equipment of water cycle.

e # PR ERY
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Bl 26 ~ # @R 2T & B

Fig.26 Schematic of measuring calorific value.
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354 %L L
i * A8 5 TA Instrument 5100 (] 27) » 5o 2 i i dept 2 #1340t g
BENLREFEATEIMAL AL 2R o BBH R Smg i 0 o

g FF R 5~ 10°Cmin £ > w ¥ (25-30°C) 5§ RE L T

44

2]

AR F i 5 50 mLmin! > 2% 600 °C # 4 Fi = 2430 #TGA 5§

- X s 8oTiE 2 DTG B » 7 5 3N H|$TRER R A S 4 g it o

B 27 ~ # £ & 47 & (TA instrument 5100)

Fig.27 Equipment of TGA (TA instrument 5100).
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EFIETE A FRA LI Bpl- TR 2B BLFEEAF Y 4dhr 2t
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Bl 28 ~ At

Fig.28 Pulper.

B 29 - fi’%%&iiﬁ.ﬁé&?&

Fig.29 Waste fiber after pulping.
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27 AP THFRBE AW 28R S feY)

Table 7 Symbol of the papers (W: Waste; S: Straw).

(%) W10 WOS1 W8S2 W5S5
BBk (W) 100 90 80 50
I (S) 0 10 20 50
356 BB AEFRLY

BiB(T 4 F % 0 % S CNS9909 » g ¥ 3 f il b U4 eng p
PRI FaokE -
3.5.6.1% B #5%

% P CNS9909 2_ & %P8 H % & > 4038 (16) -

m
% & (g/em’) = — (16)
v

m 3 E(Q)
v R A (em?)
3.5.6.2 A% R A&
% P& CNS9909 2_ 152 > 4o] 30 #77m 2 4k S 4EH. F B LA 3R 5 30K £ 3
G b WP L RIAGER AR AP EP) PP LERZ 2mmmin

SR RBA -

P
N R 58 B (N/mm?) = Bl (17)

I L ROE 3:¥ T3 N 5 1)
b 3% T A& (mm)
138 £ & (mm)
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l 50 Unit: mm
| | -©
| e
RS HEDH
I i
fimE |aEie - B *“,
52
y | 55 |
B 64
R A 2 5 ~— 5
o 13 38 13 50
= ] v S | NG
4 ¥

Bl 30 - F38 R 3RS 2 BI(CNS9909)

Fig.30 Schematic of internal bond strength test (CNS9909).

3.5.6.35L% % B 5%
%P CNS9909 2 %> 4@ 31 2. A% »d P £ 0 % TIHFAR A Y
10mmm1n1’§\'é‘ v R T H Bk i\’é‘(P)’1“1;'<;?\(18)“lg EEE 0 o0 A

H P A EkEL MOR ¥ 7n3- 85 3 MOE o

45 B (N/mm?) = i 18
Fu%* 9% & (N/mm”) = >bhZ (18)
Pi&~FEN)
1 : i EE(mm)

b % A (mm)
h: 5% 5 & (mm)
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25 * FEL10 25

’ a’
| !'l
| 'h
A
1/2 = B 1/2
_FESI0 /1 — EEH10
Unit: mm

Bl 31~ $% % B 3% 7 A B(CNS9909)

Fig. 31Schematic of bending test (CNS9909).

3.5.6.48% 47 iR dF 4 5%
%% CNS9909 » B~ /& 2.7mm~ & 16mm 2 8% 4w > 3+ 3 A53x 44 ¢ ¢ & -
RO BEER 0 o] 320 FRGER S I BB LD A Al e p W

iR G 2mmmin’ o PlEE AT LB FE o

25

50

25

\

50
B UE Unit: mm

Bl 32~ M4 if45 4 % L)

Fig. 32 Screw holding capacity test.
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3.5.6.55u % B 5k
%% CNS456 2_ 3¢ 3K 37 3 BB HE 4o B 33 Bl 234 £ B 5 125
mm ~ F A& 15.6mm > F538A £ & 5 9.375mm > & F LT % 46.8 mm o iE 4
RIEARA 2.3 oo GlIT S B ¢ 8 2 ARl RINA P & 2 A5k o B RGEH S 0 )
PR A o 20 PR AR TS 2mmmin » ip T SEF 2 A
FOF(P) 0 Fde s & S (19)3 3 o
k55 & (MPa) = % "
PidAfEM

At EHR RARA 2 #76 f (mm?)

/
| |
100 [1:2.5 I I
40 Unit: mm

Bl 33 ~ ideds RiFH T X W

Fig.33 Test material of tensile strength test.

49

doi:10.6342/NTU201803454



doi:10.6342/NTU201803454



¥4F RE2HG
4.1 E R

B AH AL ES DTSR kA 2 B AR R R Lk
AAERRE RBRAEFAL2-25% % o FkAZRER 0 RS E FL K
A5 RS BHEC R K B BB A kA R § 7]

SokA R K Akka A E XA gk FAcB 34

S

B

B 34~ sk BB E P

Fig.34 Pellet of waste.
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42 A1 A4

AL AR R AR 8 R AKA(W)Z RaE 3

10 %M T > A REFREY e b K AfeY g

15~ ek

BT 70% 0 A4 7RG

iy
e

A FEE(S)E HRISFLE(SS) e P+ LR 32 PR LR AE(FS)Y 2 A4

SEAB  RESO0O% FREE S

RS EELP

L8 AL AR

S S T A AR BARRT -

Table 8 Results of wood chemical analysis.

BRI A& BT BEF R R T

x4y i THREE a-cellulose N A A
(7o) (%0) (%) (%) (%0)
W 5.59 67.84 37.37 8.59 16.67
S 6.10 67.00 45.70 25.50 10.81
SS 13.70 67.40 50.10 19.95 10.11
FS 14.70 39.20 23.40 53.6 11.12
43 ~ % £ 7

R E A R

R 270°C iR te pt 7

—E'_j_’aj%&'—ég ' & &
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H/C

%9~ RIEDIOC AT ~F A7 8%

Table 9 Conclusion of elemental analysis of 270 °C torrefied straw.

#HH N(%) C(%) S(%) H®%) O®%) OI/C HIC
S 0.88 4183 076 582 5072 091 1.67
TS 0.85 4320 044 571 49.80 0.86 1.58
SS 1.05 41.80 1.09 552 5055 091 1.58
TSS 1.07 4205 1.00 505 50.84 091 1.44
FS 1.86 4557 045 527 4685 0.77 139
TFS 202 4580 040 526 4652 0.76 138

RO R HRSCEI(R 35 SRR 2T AR FHE RS

R S G BN AR o

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

Biomass

2 .CNS #WE 12

arleyi @ restraws
RErley cense hagasse

+ corn stalks

Peat

r-huske

Wood g # WP 8
CeNS™
.
MLE
< corn cob

* & CcN-coir

| Antracite

0 0.2 0.4 0.6 0.8 1.0 1.2

0/C
B35~ 5 < @ (Alberto, 2008)

Fig.35 Van Krevelen diagram for different solid fuels (Alberto, 2008).
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44 % B ¥
U R R B E B R Rk 10 97 0 £ 250°C 2 RMEIE T
HE PR 60min £ T 90 min v Rk 307 A B BRI A Lo b

270°C 2 iE 2T > W 2 B AT A KRIT 5% o 290°C 202 'EIFET 5 B

— 1

d)

T BAE j'rsql i o R R B MEAER "'\"g —?‘I% Ao R~ 0 K

AR 270°C 24 0 #FF 60 2 T5min HEBR B2 RETE R BEHR S

~

g B o

10 2ES ARG as BEELE DA

Table 10 Calorific values and energy densities of torrefied waste fibers.

77 #E Mass yield(M)  Energy yield(E)  Energy density
(kcal/g) (%) (%) (E/M)
rawl55 °C 4,176 NA NA NA
250°C -60 min 4,167 90 89.81 0.99
270°C -60 min 4,303 85 87.60 1.03
290°C -60 min 4,194 85 85.37 1.00
250°C -75 min 3,666 90 79.02 0.88
270°C -75 min 4,337 85 88.29 1.04
290°C -75 min 4,281 85 87.15 1.03
250°C -90 min 4,127 90 88.95 0.99
270°C -90 min 4,260 90 91.82 1.02
290°C -90 min 4,384 85 89.24 1.05
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4.5 2%
FURMENE {8 2 A3 (TS) ~ 7 B 18 #23(TSS) % # A%t 423 (TFS) » & # fm 22 iy
ERASRIoA 1o HEMAETERS B AR X0 AR AE280°C

PR ARG E AV A FREST AR ATERE kDT oom i

ek

BRI RF R AT RS MR R %R G 200 °C PE o 4

AR R FM R R ek 3 L o

U~ RECHEI2ZHEELETR

Table 11 Calorific values and energy densities of torrefied straw.

BB Mass yield(M) Energy yield(E) Energy density

e (kcal/g) (%) (%) (E/M)
S 4,166 NA NA NA
TS 270 °C -60 min 4,084 93 94.87 1.02
TS 280 °C -60 min 4,185 83 82.62 0.99
TS 290 °C -60 min 4,738 74 65.07 0.88
SS 3,943 NA NA NA
TSS 270 °C -60 min 3,945 87 86.96 0.99
TSS 280 °C -60 min 4,011 89 87.49 0.98
TSS 290 °C -60 min 4,149 91 86.48 0.95
FS 4,465 NA NA NA
TFS 270 °C -60 min 4,425 85 85.77 1.01
TFS 280 °C -60 min 4,401 89 90.29 1.01
TFS 290 °C -60 min 4,578 81 79.00 0.98
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Fig.36 Regression graph of straw fiber by Kissinger method.
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Table 12 Regression equations of straw fiber by Kissinger method.

5 At R &

S y=-23.521x +29.482 0.9594

ss y = -19.473x +20.847 0.9998

FS y =-22.663x +27.059 0.9676
55

doi:10.6342/NTU201803454



KR (TS g Y R S L I

R8s o3 (TS) » 2 A

4oB) 37 0 3 §F 7 ARV Ae & 13 0 2IE 270 °C 22 290 °C 53 S4B 1‘43"31‘}3 e
T

R? 5>0.95 » 2 '2% 280 °C 2% R?E 5§ 0.7204

-9.20

-9.40

-9.60 =

-9.80 O
-10.00
-10.20
-10.40
-10.60
-10.80
-11.00
-11.20
-11.40

In(B/T?)

B — TS-270°C
[] --- TS-280°C
TS-290 °C

1.64 1.66

1.68 1.70

1/T(10%)

1.72 1.74 1.76

B 37 2Efer ez AFRizw ET%FEJ

Fig.37 Regression graph of torrefied straw fiber by Kissinger method.
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Table 13 Regression equations of torrefied straw fiber by Kissinger method.

7P i R? &
TS -270 °C y =-24.285x +31.052 0.9540
TS -280 °C y=-16.659x + 17.925 0.7204
TS -290 °C y =-16.445x + 17.680 0.9510
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Fig.38 Regression graph of torrefied straw processed with steam explosion by Kissinger

method.
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Table 14 Regression equations of torrefied straw processed with steam explosion by

Kissinger method.
%P W EF AR R? &
TSS -270 °C y=-23.636x + 27.820 0.9931
TSS -280 °C y =-22.244x + 26.066 0.9436
TSS -290 °C y=-19.22x +21.064 0.8144
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Fig.39 Regression graph of torrefied straw after fermentation by Kissinger method.
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Table 15 Regression equations of torrefied straw after fermentation by Kissinger

method.
wp i RF AR R? &
TFS -270 °C y=-21.575x + 25.236 0.9504
TFS -280°C y =-30.996x + 40.643 0.9085
TFS -290 °C y=-25.859x + 32.342 0.9879
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Fig.40 Regression graph of straw fiber by Ozawa method.
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Table 16 Regression equations of straw fiber by Ozawa method.

5 At R &

S y = -24.699x + 44.241 0.9630

sS y=-20.717x +35.714 0.9998

FS y=-23.873x +41.870 0.9707
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Fig. 41 Regression graph of torrefied straw fiber by Ozawa method.
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Table 17 Regression equations of torrefied straw fiber by Ozawa method.

WP LA A2 3¢ R* &
TS -270 °C y =-25.462x + 45.807 0.9581
TS -280 °C y =-17.846x + 32.698 0.7475
TS -290 °C y=-17.624x + 32.439 0.9573
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Fig. 42 Regression graph of torrefied straw fiber processed with steam explosion by

Ozawa method.
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Table 18 Regression equations of torrefied straw fiber processed with steam explosion

by Ozawa method.
i) W EF AR R? i&
TSS -270°C y =-24.870x +42.671 0.9937
TSS -280 °C y =-23.468x + 40.900 0.9491
TSS -290°C y=-20.450x + 35.908 0.8326
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Fig. 43Regression graph of torrefied straw after fermentation by Ozawa method.
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Table 19 Regression equations of torrefied straw after fermentation by Ozawa method.

5 At R &
TFS -270°C y = -22.785x +40.046 0.9553
TFS -280°C y =-32.207x + 55.455 0.9147
TFS -290°C y =-27.069x + 47.154 0.9890
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Table 20 Activation energy of Kissinger method, Ozawa method and Arrhenius

equation.
H > iz ok B e
bR i P 1 L i
WP A A
(kJ/mol)
(kJ/mol) (kJ/mol)
g B
) NA 5 0o 15 20 25
(°C /min) =2
S 195.6 195.2 324 345 309 274 26.6 304
TS 270°C 201.9 201.2 342 30.1 29.1 287 283 30.1
TS 280°C 147.9 141.0 244 29.7 29.1 332 282 309
TS 290°C 136.7 139.3 31.1 28.1 273 29.7 314 295
SS 161.9 163.7 59.9 735 339 488 58.1 54.8
TSS 270°C 196.5 196.6 58.6 59.5 347 36.6 465 47.2
TSS 280 °C 184.9 185.5 36.8 32.8 78.0 32.0 31.7 423
TSS 290°C 159.8 161.6 29.5 31.1 27.8 34.0 31.8 309
ES 188.4 188.7 16.6 347 29.8 32.8 27.5 283
TFS 270°C 196.3 180.1 333 339 325 29.8 33.0 325
TFS 280°C 257.7 254.5 344 345 315 306 309 324
TFS 290°C 215.0 213.9 32.8 313 294 299 29.7 30.6
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Fig. 44 Fiberboards made through urban waste (A: web side; B: blanket side).

66

d0i:10.6342/NTU201803454



B 45~ REpefer 2 BB aE AR ZTETA100%:B:90%;C:80%:
D : 50 %)
Fig. 45 Fiberboards mixed with urban waste and straw after fermentation (waste content

A: 100 %; B: 90 %; C: 80 %; D: 50 %).
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Fig. 46Internal bond strength of waste fiberboard.
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Table 21 Comparison of mechanical performances in this study with literature results.

ot o U 47 b
NER AR R A
J %) %R CERER S 19 gz 4 W R
(MPa) (MPa)
(MPa) N) (MPa)
W10 0.038 7.049 134.00 66.642 3.560
WOS1 0.045 6.657 115.00 57.320 3.263
i
W8S2 0.052 6.421 129.00 51.093 2.247
W5S5 0.046 5.162 083.00 45.307 1.515
CNS9909 5 7| 4%# 0.2 5.000 800.00 200 NA
G
CNS9911 S-IB #- & NA 3.000 NA NA NA
70 % HDPE+30 % WF NA 13.16 802.90 NA 8.110
70 % PP+30 % WF NA 17.76 703.20 NA 6.420
35 % HDPE+35 %
NA 13.25 969.60 NA 6.170
PP+30 % WF
25 %847 +T5 % Ak 0.703 24.823 2665.00 NA NA
iv 50 %845 +50 % * f 0.550 26.083 2677.33 NA NA
75 %AAE+25 Y%~ 0.390 21.417 2435.33 NA NA
100 %4p & A 4 i 0.382 13.132 3136.00 40.000 NA
50 % & 4 m+50 % R 0.441 19.502 3430.00 45.000 NA
40 % * 5 a+60 %R A 0.441 19.110 2940.00 46.000 NA
v
30 %~ B a+70 %R A 0.441 19.796 3234.00 50.000 NA
20 % » 5 2+80 % & 0.451 22.344 3136.00 47.000 NA
10 %A 4 2 +90 % & & 0.510 24.108 3626.00 44.000 NA
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N 5 T

R

- R FREF R 2 B

() fexgn:

B(°C /min) TH(K) X X2 pX2 In(BX?2)

3 (S)

10 578.63 1.7282 2.9867 14.93 -11.11
20 592.01 1.6892 2.8533 28.53 -10.46
30 593.62 1.6846 2.8378 42.57 -10.06
40 598.05 1.6721 2.7959 55.92 -9.79
50 601.64 1.6621 2.7627 69.07 -9.58

7 RASF(SS)
10 607.53 1.6460 2.7093 13.55 -11.21
20 619.84 1.6133 2.6028 26.03 -10.56
30 627.87 1.5927 2.5366 38.05 -10.18
40 633.22 1.5792 2.4940 49.88 -9.91
50 637.50 1.5686 2.4606 61.51 -9.70

¥ pEASE (FS)
10 593.08 1.6861 2.8430 14.21 -11.16
20 605.39 1.6518 2.7285 27.29 -10.51
30 607.00 1.6474 2.7141 40.71 -10.11
40 613.95 1.6288 2.6530 53.06 -9.84
50 618.23 1.6175 2.6164 65.41 -9.63
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(=) Bwfei s

B(°C /min) Ty(K) X X2 X2 In(BX2)
REFSE 270 °C (TS-270 °C)
10 577.56 1.7314 2.9978 14.99 -11.11
20 584.52 1.7108 2.9269 29.27 -10.44
30 590.04 1.6948 2.8723 43.09 -10.05
40 592.55 1.6876 2.8481 56.96 -9.77
50 600.04 1.6666 2.7774 69.44 -9.58
2EFS3 280 °C (TS-280 °C)
10 581.31 1.7203 2.9593 14.80 -11.12
20 583.98 1.7124 2.9323 29.32 -10.44
30 589.87 1.6953 2.8740 43.11 -10.05
40 607.00 1.6474 2.7141 54.28 -9.82
50 600.04 1.6666 2.7774 69.44 -9.58
2,4 425 290 °C (TS-290 °C)
10 574.35 1.7411 3.0314 15.16 -11.10
20 582.91 1.7155 2.9430 29.43 -10.43
30 589.34 1.6968 2.8792 43.19 -10.05
40 600.04 1.6666 2.7774 55.55 -9.80
50 604.32 1.6548 2.7382 68.46 -9.59
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(2) ‘R RIET fa

B(°C /min) Ty(K) X X2 BX? n(pX)

o4 SR A 270 °C (TSS-270 °C)

10 607.53 1.6460 2.7093 13.55 -11.21
20 619.84 1.6133 2.6028 26.03 -10.56
30 627.87 1.5927 2.5366 38.05 -10.18
40 633.22 1.5792 2.4940 49.88 -9.91
50 637.50 1.5686 2.4606 61.51 -9.70

27 ORASE 280 °C (TSS-280 °C)

10 605.39 1.6518 2.7285 13.64 -11.20
20 617.16 1.6203 2.6255 26.25 -10.55
30 621.44 1.6092 2.5894 38.84 -10.16
40 627.33 1.5941 2.5410 50.82 -9.89
50 630.01 1.5873 2.5194 62.99 -9.67

2 7R AL T 290°C (TSS-290 °C)

10 600.04 1.6666 2.7774 13.89 -11.18

20 605.39 1.6518 2.7285 27.29 -10.51

30 612.88 1.6316 2.6623 39.93 -10.13

40 618.77 1.6161 2.6118 52.24 -9.86

50 624.57 1.6011 2.5635 64.09 -9.66
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() 3% pfey s

B(°C /min) Ty(K) X X2 X2 In(BX2)
e g g A3 270 °C (TFS-270 °C)
10 592.55 1.6876 2.8481 14.24 -11.16
20 605.39 1.6518 2.7285 27.29 -10.51
30 611.81 1.6345 2.6716 40.07 -10.12
40 611.28 1.6359 2.6762 53.52 -9.84
50 619.30 1.6147 2.6073 65.18 -9.64
2 g e A5 280 °C (TFS-280 °C)
10 597.36 1.6740 2.8024 14.01 -11.18
20 609.67 1.6402 2.6904 26.90 -10.52
30 610.21 1.6388 2.6856 40.28 -10.12
40 612.35 1.6331 2.6669 53.34 -9.84
50 615.56 1.6245 2.6391 65.98 -9.63
e FEASE 290 °C (TFS-290 °C)
10 594.69 1.6815 2.8276 14.14 -11.17
20 603.78 1.6562 2.7431 27.43 -10.50
30 607.53 1.6460 2.7093 40.64 -10.11
40 613.95 1.6288 2.6530 53.06 -9.84
50 616.09 1.6231 2.6346 65.86 -9.63
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- LR ok oL L s 2Ll B g2 s
e . IRl e

9

i

o
=R

(- ) feX g
B(°C /min) Ty(K) X In(B)
F&3(S)
10 578.63 1.7282 1.6094
20 592.01 1.6892 2.3026
30 593.62 1.6846 2.7081
40 598.05 1.6721 2.9957
50 601.64 1.6621 3.2189
7 RALE(SS)
10 607.53 1.6460 1.6094
20 619.84 1.6133 2.3026
30 627.87 1.5927 2.7081
40 633.22 1.5792 2.9957
50 637.50 1.5686 3.2189
# pEASE (FS)
10 593.08 1.6861 1.6094
20 605.39 1.6518 2.3026
30 607.00 1.6474 2.7081
40 613.95 1.6288 2.9957
50 618.23 1.6175 3.2189
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(=) Bwfei s

B(°C /min) TH(K) X In(B)
443 270 °C (TS-270 °C)
10 577.56 17314 1.6094
20 584.52 1.7108  2.3026
30 590.04 1.6948  2.7081
40 592.55 1.6876  2.9957
50 600.04 1.6666  3.2189
24453 280 °C (TS-280 °C)
10 581.31 17203  1.6094
20 583.98 17124 2.3026
30 589.87 1.6953  2.7081
40 607.00 1.6474  2.9957
50 600.04 1.6666  3.2189
=63 290 °C (TS-290 °C)
10 574.35 17411 1.6094
20 582.91 17155 2.3026
30 589.34 1.6968  2.7081
40 600.04 1.6666  2.9957
50 604.32 1.6548  3.2189
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(2) ‘R RIET fa

B(°C /min) Ty(K) X In(B)

s 4 SR A 270 °C (TSS-270 °C)

10 607.53 1.6460 1.6094
20 619.84 1.6133 2.3026
30 627.87 1.5927 2.7081
40 633.22 1.5792 2.9957
50 637.50 1.5686 3.2189

s s R AT 280 °C (TSS-280 °C)

10 605.39 1.6518 1.6094
20 617.16 1.6203 2.3026
30 621.44 1.6092 2.7081
40 627.33 1.5941 2.9957
50 630.01 1.5873 3.2189

24 7 ORASE 290 °C (TSS-290 °C)

10 600.04 1.6666 1.6094
20 605.39 1.6518 2.3026
30 612.88 1.6316 2.7081
40 618.77 1.6161 2.9957
50 624.57 1.6011 3.2189
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() 3% pfey s

B(°C /min) Ty(K) X In(B)

e pE A5 E 270 °C (TSS-270 °C)

10 592.55 1.6876 1.6094
20 605.39 1.6518 2.3026
30 611.81 1.6345 2.7081
40 611.28 1.6359 2.9957
50 619.30 1.6147 3.2189

R pE S 280 °C (TFS-280 °C)

10 597.36 1.6740 1.6094
20 609.67 1.6402 2.3026
30 610.21 1.6388 2.7081
40 612.35 1.6331 2.9957
50 615.56 1.6245 3.2189

s 58 463 290 °C (TFS-290 °C)

10 594.69 1.6815 1.6094
20 603.78 1.6562 2.3026
30 607.53 1.6460 2.7081
40 613.95 1.6288 2.9957
50 616.09 1.6231 3.2189
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