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Abstract: Biomass molding fuel has developed rapidly in recent years due to clean and renewable characteristics, and the
study of its compression mechanism is also increasingly intensive. In this review, the research situation of “solid bridge”
structure between particles, lignin heat transformation characteristics and bonding function, raw material composition,
processing parameters in the process of biomass molding were summarized. The mixed molding technology, raw material
heat transformation characteristics, the influence of lignin structure and types, the building condition and morphology of
“solid bridge”, the structure of functional groups and chemical bond were put forward as main directions for the
compression mechanism study in the future. This work may shed some light on the further investigation of biomass
molding fuel compression mechanism.
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Fig. 1 Force and particle combination mechanism in the molding

AREBCRFEAEA . BB MRS EEF TR process

* WIS HHA: 2017-05-15 &iTHEA: 2017-06-28
E®WME: EFRAKBEEETE (51661145022)
+ BIEEE: 2% ¥, E-mail: jangyang@ms.giec.ac.cn




55 4 3]

PR AW BORBIR R AR LR A [ N ST IR 287

1 AR

AR, MR ECREIE IR, Al o puA~ By
BB UL 20 a SWANELETBE, DS sORHE] 2S B
NE, R E—E R LR, RS
FERANERR, BUNAIEIIH K ARG BCR AT
Wi b MR ERTBL, TR, KRR
Kig, KAEFIEASIEI G AL, KT N RS B
Pelrgh, ISR R . ¢ WIRERBIBL, i
PSR A BIVEASIY R AEATE P W R B A
M. EETENHTT0, RFIEERE, FEniE T
Rsias PATERM AT, KA, SENG T
XS o RHEAR, 515 OB B P
AR dAHEREHIBL, R A AL IR TEASIE
PASRERMEAZIE 32 IOk A IV A st A5 7 25 B
%, WhaBE TR,

77/ kN

a

AFTE ) mm
2 A ARG B )

Fig. 2 Stage division of biomass compression process
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Fig. 3 Optical microscope images of biomass pellets with
different fiber intertwining actions: (a) wheat straw, (b) rice
straw, (c) rubber leaf and (d) nylon
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Fig. 4 DSC thermograms of IN-MS lignin: (a) conventional
DSC without annealing, (b) conventional DSC with annealing,
(c) reversible heat flow from MTDSC
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Table 1 Glass transition temperature of corn stover, switchgrass and lignin
R b KA EHE %
LA C TR T, /C ZLiRE/C
7.9 51.4 79.6 102.1
FRFAT 14.1 55.0 7.5 101.2
19.8 54.0 74.7 100.0
10.9 57.8 78.7 113.2
LY 145 54.6 75.3 100.7
20.2 50.2 63.4 91.6
ENEN 9.7 61.5 81.7 100.7
2 ORPBUR AP AR D
Table 2 T, of the various lignin samples determined by DSC, MTDSC, TMA and rheometry
AL ) DSC T/C
ENDiE I
Tg/ °C AT/ C Cp/(Jg 'K TMDSC TMA Rheology
IN 147 13 0.35 143 157 180
IN-MS 117 14 0.56 118 123 143
IN-MI 200 18 0.21 202 203 nd
PB 162 14 0.39 163 164 179
PB-MS 132 13 0.54 138 143 161
PB-MI 186 20 0.22 210 205 nd
CS nd nd nd 199 218 nd
CS-MS 131 8 0.51 133 137 160
CS-MI nd nd nd 200 219 nd
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Fig. 5 Roles of the chemical composition in molding process

41 HFHfEE

Y p-1,4 BRI HA £ L T4 D-
AP R B A LR m A T REY, /b
IR LE N (CeHioOs)no HHPIANMIN, £F
Y ZI AR AR ET 4, AT AR E TR T 4
Fl, P40 TFA 45 MK RAESS X, 4R 5

PR ES FAN UAEAS A R O RBAE B
S50, (MG SERECNRK . A EE R
LR LZAERRRR T2 A VER, BUORRE
() “BPERY . o R R S POWIF S T 4 4 200 AR B i 7Y
PR, R —Ea B RS S KR . RN,
AR ORLAL BT, SKFN 14% ~29% ., EJ1R 3 ~
AKN. TREEHR 100°CHT A R R I
42 FAHER

LT Y R IR AR RS SO AR SR A I AL 2
B, HRAHE SRR HAT B . FEREA A,
N LFUEF FHE AR OCER p-1,4 BEH S RE
B, SCEEFR B-1,2 MEFHERN 4-O-FP I HE R iR i
PEULA . ORGP 2 8 A M S B
R Ve 0 A BT ok b e o B 2ot
R, FEEJIRUKARILRIVE R R R aF 4l R mT ik
KRIEE, RBIFSEFIERM.

43 KR=E

KRIFFEEHRBAIARRE, LT HRL. SEILIEN
AT ot B TR T R LA — 4 22 W I 45 4544
35 EIAED . RS, =Rk do R
R AR AIARBELS I E, AR LIS T
FLEEF BT . AR R S A L —
FEWFIER, VAN DAM 28 BURBE = T 140°CHE
BRI RNFhLE9E ; CASTELLANO %5215 Bt
JEURFL A3 SR I 0RO SG SR R, KRR R &
AR AR SRR R ) R AT BT Y
YIFR S  ; LEHTIKANGASPO BT Xl 57 e 11t i
FEIGIRE L . B . SRAREIAR WL, RITR &
o B R ELAT A A R A s HOLML 28 BUY A iR
RO, ORI A AR, TR TR
AEARREE, BURHLMGR S K ; {H BRADFIELD
LB R AT N IR B A 2 BRI R, —
S I L PN AT 7E AR 25 4 1) AR S5 3R B W 1) e 8 245 4
L B R FE, AR R B
FEFBARIE] , BEAR T 000 058 B S A ; WILSONE?!
BB, X FREARFRA, A2 AIURL A iR A
PERRARNIE
44 EMH

TEME D-HEREREY, 2 i 5 S S E
RN 73 S BLAEVERY , W N AN K. R
AR, W K RS RUESERS VR R,
BRI IE NG (RT3 ), B 202570 At v 7



290 Eon

&b
He

i

pia BS54

ERBY, FIFRB MR HE . SRR
P OEKSSEEAIERT, IRSHZ0R;
QFEZ T, B Y] 55 A A VE R b e
TERBIIL R R, BhASVE R, RO ALAR
SHR AT,
45 EAR

TE—E MR RUK S SAEERTT , TR i &
HR SRR, AR, IR S e
RGP, A BTSRRI RE . AR
BRIGGS Z8PGWFFE, IRk b i) 28 1 5 & it
AT AR S P S AR AP, HLARASYE A 26 1 5 L AR
PR A2 5 R T A B B . TABILB7HA K
RS RS TR E A R, RRASHR S AN
FHEEFIMVE . SOKHANSANI Z5EB81G 3, i ie
KRR 5 s A JORE R 20 4 2R 1 ORI 75
77 SR A PEBLLT, W T RS A e e R i sk
AEIK TR 8% ~ 12%, T v A1 AR [0 7 A = 1)
5, HAR K AT IRE] 20%, MKE., /N, 5B
32 T K SR U 2 1 O ORI SR, R
KA SRR 2 SO AR S . WOODPF5 T 85 11 i
SIERm xR SRR, DO PR AR TR
BRI, SURINTEM AR, AR AR TER
WSRO SEE AT
4.6 BgRR

JEURE Hh B4 I I A R el R e R R i T A
L RBP4 RE b ik AR
FEZ IR R i, R RN WMPER, $EE
fif At Hat Z R SRR A&, B R
S A 1 IR = W Qi =40 11 X M= W @722
By (AR E . ek . BOASE ) MEZEM,
R ATCORE 7 [B] 14 45 A 5 B2 B0, CAVALCANTINOX) 3
Ky BB R AR HIAE 13 FhEOR R R ERSSYEREIE T T
WF5E, SR ENRNT &R KT 6.5%, 7= it At
25, MR F B Ve M SR R B 80R

5 MBI

E7

Fe R B s 26 F, A —RE i A
JEOREA RERT 4 Y o AE— RE RIR) 46 R I LA,
FE SR b FEA LR AN R, i % 17,
FE SR b AR RO R, TR I1ik 3] —E i m

5.1

7 i R B B OR B g Y RPN IR &
B, FEREIAIR AT, MR S PRNaA 2
FRBOCER, [, IR e SR M RO R .
STELTE Z5WW5E &P, &5 W0k K B s 406
R, WE TR TR T .
52 K4

IR Gy R ) AR v T A 0 — A E SR
TUMULURUMY IR EE R R, 7K 5 BRI 3, 5
AR fEdE A" S5HTE R, Bk T
(B B Al TR o 7K A AR P BhE R i 1), —
FE TR 7K A3 AT AERLF [T GRS , B4 Ok~ [al # A
TFRRAHE AR D) (JEFEAE DT ), RSEA AT el N ok
VR L[] B SRR T 8] A EE 382 7, s/ REAREL4),
AL Z B KA SRR = i i BT, PR Z2 B K AN
RERL I T B e R L, R AR5 R
AN R B e K o & A A RN, RFak
INFAAEAE, 77 S TR S A o LI AE WX R
KB ETE TS, BRI & 5 8% .
MANIMHE 2R 458 0B I B A K o & i
8% ~ 12%., OBEMBERGER ZE"Iyffi5 K, FEFT
KPR 8% ~ 12%HF 77 S b Sl A b . AR
W T EKFEFF . O PEERK S S SR
IFR, IR SRR 12% ~ 18%58 Ml H -
53 HfE

PAREZ AU R 2 —, RN,
GRRAR, 77 R, RS TR
SERSPARBERISFE WL | SREERL,
FETFN N TR LE 244, HARUNA 26505tk . A
R R R SEB, R BRI, RR UR 2
R, MANI WFGR LB, R ieadi ™ B 3.2 mm 2 81
/NE 0.8 mm B, AR EEEREZ AR R . FEL L, Kekr
BA—WEEHE A A, 7= 5 S e, BEoAk
T s i B T A s, R4
BT EAHZESE, TR A" 25600, k™
it T4
54 BE

R, SRR TR B R A,
FIFEEEAERT, R o w] i 5B AR B AR 81, ) T %
a4 o RN R, A EOR AR, R
P o A TR DL i 2R st 1 e A VL B — ik 80 ~
150°C 1531 3y 5% SR AR B ) g 1 35 F 5 B oK



544

PAIREE . A TOSROR R AR LB [ P SN ST BLAR 291

FEFF AR, R BK o3 il B A A7 R 28 HAR
I FE AT 100°C I REMRK 3 7, R T 100°C
52 Rk o> i, BEASIRIFILREAE AN, 72 100C
I RERE AR AR A

6 e EIL

(1) TR B AR A R SR BAL R
Ze5r, fE—E LRI R, SEBLEORHZE 23 HoAR |
Sk R BIVERE, P MORROR, Rk
B — ORGP E SR A REOR T-BL, N
ARMIFTERY FE Ty 22—

(2) ARZEFERAARII L, AR
B PEE AR R, 1B AIPT T4 R A S8 2 —E
DL, A b B0 U I AL AR R PR EA T IR AT
A BRURRL A 7 A BRI R XA L AR A 7 e
FESR LIRS .

(3) RBTRFEMI SRR FEAEEH, 2
HATER A PEE IR A BAT AR S . KRR
TEAN TR JFURHSCRL 1 A BB A P AN e 4 — 2, RS
R BN IR RIS RA G —IANH, RBCREH
X EEFERAR D, PRI, A ARSI
SRR PR SRR b, S MR IE S 5 i AN [
JSORL B R SE M A 50 2SI, 3K Al ol A 7 SO
[N e (i R N R et S L g R

(4) “FARE" S5 RERS W] 0™ i Y
ah BT, (ERET XA A PRI i e P R BOUE
SURHERFSE IR AR GETRA , I 5 THI A RIS AT Sy e B
TG T EOMGERR S W 7 16

(5) JRCELIORE ity 5 2035 9 MR AR D DR 2 B R ek
R R REMT AL 2 B A2 AL o T AT %5 TR AY
WHFEE GG, TRAGAUSE S 2 P BE AL 2
FEAE G T A L G S W R Ae Al DU RON
(A7 BE R s R B R I RE S5 1E T, SRR 5T AL L3R
AR A

S 3k :

[1]  BEEE, B, HFRE, 55 A9 aelir LR Al
Bk R M), LR fb2E b Rk E, 2014,

21 2R, 20, FI5, & YRS ALY
HERE[T]. AT AR RETR, 2016, 34(10): 1525-1532.

[3] W7, TEW, R, & RFPRLA S EA p
S ARA L RERE IR 23T [)]. FTRARREDR, 2010, 28(1):

[4]

[10]

[12]

[16]

[18]

29-32,35. DOI:10.13941/j.cnki.21-1469/tk.2010.01.007.

KALIYAN N, MOREY R V. Constitutive model for
densification of corn stover and switchgrass[J]. Biosystems
engineering, 2009, 104(1): 47-63. DOI: 10.1016/.
biosystemseng.2009.05.006.

PRzl FETATBROCRADL BT 1) A 1 B TR 4 ALY
WR[D]. K& FHAKEE, 2009.

KALIYAN N, MOREY R V. Natural binders and solid
bridge type binding mechanisms in briquettes and pellets
made from corn stover and switchgrass[J]. Bioresource
technology, 2010, 101(3): 1082-1090. DOI: 10.1016/].
biortech.2009.08.064.

KONG L J, TIAN S H, HE C, et al. Effect of waste
wrapping paper fiber as a “solid bridge” on physical
characteristics of biomass pellets made from wood
sawdust[J]. Applied energy, 2012, 98: 33-39. DOI:
10.1016/j.apenergy.2012.02.068.

KONG L J, XIONG Y, LIU T, et al. Effect of fiber
natures on the formation of “solid bridge” for preparing
wood sawdust derived biomass pellet fuel[J]. Fuel
processing technology, 2016, 144: 79-84. DOI: 10.1016/
j-fuproc.2015.12.001.

STELTE W, HOLM J K, SANADI AR, et al. A study of
bonding and failure mechanisms in fuel pellets from
different biomass resources[J]. Biomass and bioenergy,
2011, 35(2): 910-918. DOI: 10.1016/j.biombioe.2010.11.003.
LISPERGUER J, PEREZ P, URIZAR S. Structure and
thermal properties of lignins: characterization by infrared
spectroscopy and differential scanning calorimetry[J].
Journal of the chilean chemical society, 2009, 54(4):
460-463. DOI: 10.4067/S0717-97072009000400030.
LIU Z J, JIANG Z H, CAI Z Y, et al. Dynamic
mechanical thermal analysis of moso bamboo
(phyllostachys heterocycla) at different moisture
content[J]. Bioresources, 2012, 7(2): 1548-1557. DOI:
10.15376/biores.7.2.1548-1557.

STELTE W, CLEMONS C, HOLM J K, et al. Thermal
transitions of the amorphous polymers in wheat straw[J].
Industrial crops and products, 2011, 34(1): 1053-1056.
DOI: 10.1016/j.indcrop.2011.03.014.

STELTE W, CLEMONS C, HOLM J K, et al. Fuel
pellets from wheat straw: the effect of lignin glass
transition and surface waxes on pelletizing properties[J].
Bioenergy research, 2012, 5(2): 450-458.

KALIYAN N, MOREY R V. Densification Characteristics
of Corn Stover and Switchgrass[J]. Transactions of the
ASABE, 2009, 52(3): 907-920. DOI: 10.13031/2013.27380.
LI H, MCDONALD A G Fractionation and
characterization of industrial lignins[J]. Industrial crops
and products, 2014, 62: 67-76. DOI: 10.1016/j.indcrop.
2014.08.013.

POURSORKHABI V, MISRA M, MOHANTY A K.
Extraction of lignin from a coproduct of the cellulosic
ethanol industry and its thermal characterization[J].
BioResources, 2013, 8(4): 5083-5101. DOI: 10.15376/
biores.8.4.5083-5101.

TUMULURU 1J S. Effect of process variables on the
density and durability of the pellets made from high
moisture corn stover[J]. Biosystems engineering, 2014,
119: 44-57. DOI: 10.1016/j.biosystemseng.2013.11.012.
LEE S M, AHN B J, CHOI D H, et al. Effects of
densification variables on the durability of wood pellets
fabricated with Larix kaempferi C. and Liriodendron



292

BoAe

J& 5%

[31]

tulipifera L. sawdust[J]. Biomass and bioenergy, 2013,
48: 1-9. DOLI: 10.1016/j.biombioe.2012.10.015.

R AW BRE R AR IEOR M. JEst: /sl
Hi AL, 2015.

wRE, ROz, SR, AV R A RS HOR
[M]. dbat: fe2é Tk R, 2016.

WM, Emess. REBTR L4504 S ). &7
A FZRESHOR, 2003, 11(1): 42-55. DOL: 10.3969/j.
issn.1004-8405.2003.01.0009.

MENON V, RAO M. Trends in bioconversion of
lignocellulose: Biofuels, platform chemicals & biorefinery
concept[J]. Progress in energy and combustion science,
2012, 38(4): 522-550. DOI: 10.1016/j.pecs.2012.02.002.
GUERRIERO G, HAUSMAN J F, STRAUSS J, et al.
Lignocellulosic biomass: Biosynthesis, degradation, and
industrial utilization[J]. Engineering in life sciences,
2016, 16(1): 1-16. DOI: 10.1002/elsc.201400196.

Ve, e, SR, S AEYIBTRURORL SR AR Y
T[T, AT FAERER, 2006(5): 16-18. DOIL: 10.3969/
J-issn.1671-5292.2006.05.006.

MATTOS B D, LOURENCON T V, SERRANO L, et al.
Chemical modification of fast-growing eucalyptus
wood[J]. Wood science and technology, 2015, 49(2):
273-288. DOI: 10.1007/500226-014-0690-8.

FREL, mULA, BWIC, G5 LRYER Bl R B ke
FRIERFGE[I]. ARdbgoll K2g244R, 2016, 47(5): 106-112.
DOI: 10.3969/j.issn.1005-9369.2016.05.015.

WRIES:. AP B T2 285K [D]. dbat: HLBE
WP, 2013.

VAN DAM J E G, VAN DEN OEVER M J A,
TEUNISSEN W, et al. Process for production of high
density/high performance binderless boards from whole
coconut husk: Part 1: Lignin as intrinsic thermosetting
binder resin[J]. Industrial crops and products, 2004,
19(3): 207-216. DOI: 10.1016/j.indcrop.2003.10.003.
CASTELLANO J M, GOMEZ M, FERNANDEZ M, et
al. Study on the effects of raw materials composition and
pelletization conditions on the quality and properties of
pellets obtained from different woody and non woody
biomasses[J]. Fuel, 2015, 139: 629-636. DOI: 10.1016/].
fuel.2014.09.033.

LEHTIKANGAS P I. Quality properties of pelletised
sawdust, logging residues and bark[J]. Biomass and
bioenergy, 2001, 20(5): 351-360. DOI: 10.1016/S0961-
9534(00)00092-1.

HOLM J K, STELTE W, POSSEL D, et al. Optimization
of a multiparameter model for biomass pelletization to
investigate temperature dependence and to facilitate fast
testing of pelletization behavior[J]. Energy and fuels,
2011, 25(8): 3706-3711. DOL: 10.1021/ef2005628.
BRADFIELD J, LEVI M P. Effect of species and wood
to bark Ratio on pelleting of southern woods[J]. Forest
products journal, 1984, 34(1): 61-63.

WILSON T O. Factors affecting wood pellet durability[D].
Pennsylvania: Pennsylvania State University, 2010.

FEL BT A R s LR A BT GE RS I R R
WFFE[D]. Hrd: ILAKA, 2011

THOMAS M, HUIJNEN P T H J, VAN VLIET T, et al.
Effects of process conditions during expander processing
and pelleting on starch modification and pellet quality of

[36]

[40]

[41]

[42]

[43]

[44]

[49]

[50]

[51]

tapioca[J]. Journal of the science of food and agriculture,
1999, 79(11): 1481-1494. DOI: 10.1002/(SICI)1097-
0010(199908)79:11<1481::AID-JSFA390>3.0.CO;2-0.
BRIGGS J L, MAIER D E, WATKINS B A, et al. Effect
of ingredients and processing parameters on pellet
quality[J]. Poultry science, 1999, 78(10): 1464-1471.
DOI: 10.1093/ps/78.10.1464.

TABIL L G Binding and pelleting characteristics of
alfalfa[D]. Saskatoon: University of Saskatchewan, 1996.
S S, S M, X B, et al. Binderless pelletization of
biomass[Z]. Tampa: 2005:17-20.

WOOD J F. The functional properties of feed raw
materials and their effect on the production and quality of
feed pellets[J]. Animal feed science and technology,
1987, 18(1): 1-17. DOI: 10.1016/0377-8401(87)90025-3.
Cavalcanti W. The effect of ingredient composition on
the physical quality of pelleted feeds: a mixture
experimental approach[D]. Manhattan: Kansas State
University, 2004.

PR Y B EUR B S BT SE (D). JE st
JEEll kA, 2005.

R, MEZKIR, i, 5. PIBHDRET e 2
LR S R 2R A A (0], ARl TR 4l 2010, 26(12):
142-147. DOI: 10.3969/j.issn.1002-6819.2010.12.024.
STELTE W, HOLM J K, SANADI AR, et al. Fuel pellets
from biomass: The importance of the pelletizing pressure
and its dependency on the processing conditions[J]. Fuel,
2011, 90(11): 3285-3290. DOI: 10.1016/j.fuel.2011.05.011.
MANI S, TABIL L G, SOKHANSANIJ S. Effects of
compressive force, particle size and moisture content on
mechanical properties of biomass pellets from grasses[J].
Biomass and bioenergy, 2006, 30(7): 648-654. DOI:
10.1016/j.biombioe.2005.01.004.

SR, FREN], A JRURHE K SO A AR

BRI RCR B9S2 (7], PRl B, 2012, 40(1):
65-67, 71.

FoulK, EEY, wmH, & AV ERIE AR
PERE S R[] R TRER, 2011, 13(2): 72-77.
DOI: 10.3969/j.issn.1009-1742.2011.02.013.

LI Y D, LIU H. High-pressure densification of wood
residues to form an upgraded fuel[J]. Biomass and
bioenergy, 2000, 19(3): 177-186. DOI: 10.1016/S0961-
9534(00)00026-X.

OBERNBERGER I, THEK G. Physical characterisation
and chemical composition of densified biomass fuels
with regard to their combustion behaviour[J]. Biomass
and bioenergy, 2004, 27(6): 653-669. DOI: 10.1016/j.
biombioe.2003.07.006.

KALIYAN N, MOREY R V. Factors affecting strength
and durability of densified biomass products[J]. Biomass
and bioenergy, 2009, 33(3): 337-359. DOI: 10.1016/j.
biombioe.2008.08.005.

HARUNA N Y, AFZALB M T. Effect of particle size on
mechanical properties of pellets made from biomass
blends[J]. Procedia engineering, 2016, 148: 93-99. DOI:
10.1016/j.proeng.2016.06.445.

TUMULURU 7T S, WRIGHT C T, HESS J R, et al. A
review of biomass densification systems to develop
uniform feedstock commodities for bioenergy application[J].
Biofuels, bioproducts and biorefining, 2011, 5(6): 683-707.
DOI: 10.1002/bbb.324.



55 4 W

PAIREE . A TOSROR R AR LB [ P SN ST BLAR

293

[52]

TUMULURU J S, TABIL L G, SONG Y, et al. Impact of
process conditions on the density and durability of wheat,
oat canola and barley straw briquettes[J]. Bioenergy
research, 2015, 8(1): 388-401. DOI: 10.1007/s12155-
014-9527-4.

LAMPY, LAM P S, SOKHANSANIJ S, et al. Effects of
pelletization conditions on breaking strength and
dimensional stability of Douglas fir pellet[J]. Fuel, 2014,
117: 1085-1092. DOI: 10.1016/j.fuel.2013.10.033.
FisE, EVE, AR, A ST TR
A T AR [T, &l TR 2324, 2016, 32(13):
223-227. DOI: 10.11975/j.issn.1002-6819.2016.13.032.

EHRN:

ZEHR (1983-), B, #i L,
BHIE ARAFFT

= ¥ (1969-), B, H A,
B RSB ARG

B (1967-), %, 1+,
AR

BYBRBFSE O, FE 2N AW 5

RIBTFE 6L, EENFEYFL

WEgE s, FENGEYREER]



