American Journal of Agricultural and Biological Science, 2012, 7 (3), 312-321

ISSN: 1557-4989

©2012 Science Publication

doi:10.3844/ajabssp.2012.312.321 Published Onlig® 2012 (http://www.thescipub.com/ajabs.toc)

AVAILABILITY AND PHYSICAL
PROPERTIES OF RESIDUES FROM MAJOR
AGRICULTURAL CROPSFOR ENERGY CONVERSION
THROUGH THERMOCHEMICAL PROCESSES

L2y aning Zhang, *A.E. Ghaly and Bingxi Li

'Department of Process Engineering and Applied Seien
Faculty of Engineering, Dalhousie University, Hakf Canada
2school of Energy Science and Engineering,
Harbin Institute of Technology, Harbin, China

Received 2012-07-27, Revised 2012-08-04; Accepte@-P8104
ABSTRACT

Plant residues from the major agricultural crophdat, rice, corn, soybean, sugarcane, coffee atohr@re
abundantly available renewable resources that earséd to supply energy through thermochemicalersion
processes. The available amounts of plant residoiesthese crops and their physical properties gtae con-
tent, particle size, bulk density and porosity) avdetermined. The annual residues from the wheat, gorn,
soybean, sugarcane, coffee and cotton were 7628210, 1729.92, 416.62, 16.85, 4.01 and 107.1®mibns,
respectively. The total amount of plant residues @simated at 3736.05 million tons with total ggerontent of
66.92 EJ. These residues can replace 2283.52nriflits of coal, 1551.78 million tons of oil and I&8 mil-

lion m® of natural gas. The moisture contents were 7.78, ®.40, 7.30, 8.15, 7.86 and 7.45% for the wheat
straw, rice straw, corn stalk, soybean stalk, suzgr stalk, coffee husk and cotton stalk, respagtiThe corn
stalk and sugarcane stalk had a convex particedistribution, the soybean stalk and cotton giatka concave
particle size distribution, the wheat straw and straw had an increasing trend particle sizeilligipn and the
coffee husk had a decreasing trend particle siteliition. The average particle sizes for the wi&aw, rice
straw, corn stalk, soybean stalk, sugarcane staffiee husk and cotton stalk were 0.42, 0.40, 0448, 0.55,
0.67 and 0.38 mm, respectively. The average buikitjewas 160.75, 166.29, 127.32, 242.34, 110.88,06
and 230.55 kg fhfor the wheat straw, rice straw, corn stalk, saybstalk, sugarcane stalk, coffee husk and cot-
ton stalk, respectively. The average porosity whg% 83.20, 58.51, 68.03, 77.58, 64.85 and 74.&B%he
wheat straw, rice straw, corn stalk, soybean stalfarcane stalk, coffee husk and cotton stalgectively. The
results obtained from this study indicate thatedéht plant residues have different physical ptaser

Keywords: Plant residues; Availability; Wheat Straw; Rice&ir Corn Stalk; Soybean Stalk; Sugarcane
Stalk; Coffee husk; Cotton stalk; Physical PropedMypisture Content; Particle Size; Bulk Den-
sity; Porosity

1. INTRODUCTION produce oil and fiber. The world production of whea
There are seven important crops that are used brice, corn, soybean, sugar, coffee and cotton lhaoevis

ven imp op € u ¥n Table 1. The total production of food crops (wheat,
human as sources of food and fiber worldwide. Theserice corn and soybean) is 2269.45 million metdost
are: wheat, rice, com, soybean, sugarcane, caifek while the production of sugar, coffee and cottoe ar

cotton. Whea;, rice, corn and soybean are consqdere 168.48, 8.03 and 26.92 million metric tons, respeb.
staple foods in many parts of the world, sugarns a Th . d i £ th
important additive in drinks and foods and coffeeised € proces_smg_ an consumption o _ ese
worldwide as a hot drink and forms an important par ~ CrOPS  result in significant amount of residues
the economy of many countries and cotton is used to(3736.05 million tons) as shown Tmblel.
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Table 1. Word production of seven most important crops in conductivity, burning rate, conversion efficiency dan

2011 (USDA, 2012) emissions (Igathinatharet al., 2010; Hamel and Krumm,
Cultivation  Total pro- Total reve- Residues 2008). Therefore, full understanding of the physica
c area (Million duction nue (Billion  (Million properties of the plant residues is essential Her design
rops  ha) (Million MT) US $) MT and operation of efficient thermochemical conversio
Wheat 222.80 694.02 208.00 763.42 P e
Rice? 160.19 465.40 240.00 698.10 Systems such as combustors and gasifiers.
gorrg 116(?3289 8262159(?7 11929455,2 17421969622 The main objectives of this study were: (a) to
oybean . . . . i ilabili i
Q0dar 58,87 16848 106 14 16,885 detern_une the ava|Iab|:|ty cl)f reS|dueshfrom 'Fhe eev
Coffee 10.66 8.03 37.16 4.01 Mmost important agricultural crops (wheat, rice, ngor
Cotton 35.71 26.92 88.08 107.13 soybean, sugarcane, coffee and cotton) as an atite¥n
aMilled basis source of energy for fossil fuel and (b) to invgate the
®Estimated by the authors physical properties (moisture content, particle esiz

distribution, bulk density and porosity) of thessidues
Some of these materials are used for making pa@paper  as related to pre-processing and design of
(Hedjazi et al., 2009), as a roughage in animal feeding thermochemical conversion systems.
(Dong ¢ al., 2008), producing liquid fuels (Warg al.,
2012), as thermal insulation materials (Zlebal., 2010), as 2. MATERIALSAND METHODS
an aglsorber.lt (Brandaet al., 2010), as microporogs 2.1. Sample Collection
materials (Silvaet al., 1998) and as an fermentation _
medium (Mazuttet al., 2010). However, these materials are ~ Wheat straw, rice straw and cotton stalk were cteli

renewable and can be used as energy sources &maepl fSrom Egypt.t ﬁ(om staI:<| \f[va:js fcolleétel;j erombeCEZlginzi.
fossil fuels in thermochemical conversion processes as ugarcane stak was coflected from Luba. 5oy s

. . o and coffee husk were collected from Guyana.
combustion and gasification (Willianesal., 2012; Yuaret HSKW _ Wy
al., 2012; Kumaet al., 2008; Suret al., 2010; Zabaniotou 2.2. Sample Preparation

et al., 2010). The hlgh cost of fossﬂi fuel, limited and The plant residues were ground through a coarse

uncertain supply and impact on environment make thesieve (12.7 mm) and a 20-mesh sieve (0.85 mm) on a

utilization of biomass as a source of energy véracive. medium size Wiley Mill (Model X876249, Brook

Biomass materials are GQeutral while C@ emissions  Crompton Parkinson Limited, Toronto, Ontario). The

from coal, Natural Gas (NG) and biomass are 1142,coarse ground samples were then reground through a

505-846 and 66-107 t GWh respectively (Hall and 40-mesh sieve (0.425 mm) on the_Wlley Mill in order .

Scrase, 1998). In addition, these biomass mateuaiain ~ N277OW the range of particle size and thus obtain
' ' S homogeneous samples.

low amounts of sulphur and trace metals resultinigier

SQ, and NQ emissions, acid rain and; ®mog. Therefore,  2.3. Moisture Content

using biomass material as energy sources can loaetri Moisture content was determined using the

positively to the global environment and humantheal oven-drying method (ASTM 2010). A large aluminuratdi
The physical properties (moisture content, parde,  \\a5 weighed using a digital balance (Model PM 4600,
bulk density and porosity) of a given biomass maer \eter Instrument AG, Greifensee, Zurich). The Lo

greatly influence the design and operation of : - :
thermochemical conversion systems. High moistuntec sar_nple was pIacgd in the dish and the dish andieauap ©
weighed. The dish and sample were then placed in an

decreases the heating value of fuel, which in taduces . . :

the conversion efficiency as a large amount of gner a|r7for<_:e_zd drying oven  (Heratherm, Therm? _F|sher
would be used for the initial drying step duringe th Scientfic Inc., Waltham, USA) and kept at 105°Qlilua
conversion processes (Mansaray and Ghaly, 1997. Thconstant weight was achieved. The dish contqlﬂneg:lneql
particle size distribution affects the flowabilitheating, ~ Sample was cooled to the room temperature in aateer
diffusion and rate of reaction (Gebal., 2012; Hernandez ~ and then weighed. The moisture content was cabzlita a

et al., 2010). The bulk density affects the economics of wet basis as follows:

collection, transportation and storage as weleaslifig the

material into the thermochemical conversion system
(Natarajanet al., 1998). Porosity affects the interstital mcC =
airflow velocity and the heat and mass transfer itiond

and ultimately influences reaction parameters sacheat  where:

(WW-DW) 1 00 1)
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MC = The moisture content (%) Distilled water was slowly poured over the sample
WW = The wet weight of the sample and dish (g) until the water level was above the top of the damp
DW = The dry weight of the sample and dish (g) The cylinder was gently rocked from side to side te
. . T times to free trapped air bubbles before recordhey
2.4. Particle Size Distribution final water level. The amount of added water anel th

The particle size distribution was determined usingWater level were recorded to the nearest 1 mL. The
seven standard sieves (Canadian Standard Sieves,Seri CYlinder was emptied and cleaned thoroughly afeehe
W.S. Tyler Company of Canada Limited, St. Cathagine (©€St- Three replicates were carried out. The poyras
Ontario) and a bottom pan that collects everytttinat biomass was calculated from the following:
passed though the seventh sieve. The sieves wenatedo V. -V
on an electrical sieve shaker driven by a 0.25{bptrc P(%) =———%x 100 (3)
motor running at 1725 rpm (Model Rx-86, Hoskin Vs
Scientific Limited and Gastonia, North Carolina)her
sample was placed in sieve 1, which was then cdveith where:
the sieve lid. The shaker was operated at the sple880 P = The porosity of the sample (%)

rpm for 30 min. The particles collected in eaclvesiere  V; = The combined volume of the sample plus addeer{mi.)
weighed. The sieve number, mesh number and meshfsiz v, = The final total volume of the sample and addettm@nL)
the seven sieves are showTeble 2. Vs = The volume of the sample (ml)

2.5. Bulk Density

An empty container (150 mL) was weighed using a
digital balance (Model PM 4600, Mettler Instrumé, PRI ;
Greifensee, Zurich) to the nearest 0.0001g. Théaguer 3.1. Availability of Plant Residues
was filled with the sample and the material wagtsly The world productions of the seven most important
compacted to ensure absence of large void spates. T agricultural crops are shown ifiable 1. The annual
container and the sample were then weighed. Threeroduction of wheat, milled rice, corn, soybeangasy
replicates were carried out. The wet bulk densftyhe coffee and cotton were 694.02, 465.40, 864.96,

3. RESULTSAND DISCUSSION

sample was calculated from the following equation: 245.07, 168.48, 8.03 and 26.92 million metric tons,
respectively. Figure 1-7 show the production of
(W2 —Wl) wheat, rice, corn, soybean, sugar, coffee and odito
VA ) the top 10 countries. The top 10 countries produce
65.95% of wheat, 85.62% of rice, 79.26% of corn,
where 64.21% of soybean, 67.96% of sugar, 84.09% of
po = The bulk density of the sample (g&m coffee and 89.71% of cotton.
W, = The weight of the container and sample (g)
W,; = The weight of the container (g) 120
V = The volume of the container (&m 65.95% of world production
2.6. Porosity o

]
o
T

The porosity of biomass was determined using the
water pycnometer method. A sample of approximately
33 mL was placed in a 100 mL graduated cylinder. A
wire mesh screen was placed on the top of the satapl
prevent material from floating once submerged itewa

=3
=
T

4
=}
T

ta
=}
T

Table 2. Sieve number, mesh number and mesh size

Wheal production (million metric Lons)

Sieve number Mesh number Mesh size (mm)
1 20 0.850 oMW W = = 8 =5 8=
2 25 0.710 £ 2 ¢ 2 3 % 3 5 £ 2
3 35 0.500 Y & T i £ 2 2 2
4 40 0.425 < - B
5 45 0.355 Country ~
6 50 0.300
7 70 0.212
Pan - 0.000 Fig. 1. Top 10 wheat producing countries (USDA, 2012).
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Fig. 2. Top 10 rice producing countries (USDA, 2012). Fig. 4. Top 10 soybean producing countries (USDA, 2012).
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Fig. 5. Top 10 sugar producing countries (USDA, 2012).

Fig. 3. Top 10 corn producing countries (USDA, 2012).

The processing and consumption of these cropstresulg'z' Moisture Content

in significant amounts of residue¥gble 1). The total The moisture content results of the wheat straw,
amount of these residues was estimated at 3736.0Bice straw, corn stalk, soybean stalk, sugarcaakk,st
million tons; 763.42 million tons of wheat straw coffee husk and cotton stalk are shownTiable 4.
(20.43%) on an annual basis, 698.10 million tonsax The moisture content was 7.79, 6.58, 6.40, 7.305,8.
straw (18.69%), 1729.92 million tons of corn stalks 7.86 and 7.45% for the wheat straw, rice strawncor
(46.30%), 416.62 million tons of soybean stalks stalk, soybean stalk, sugarcane stalk, coffee faunk
(11.15%), 16.85 million tons of sugarcane stalks cotton stalk, respectively. The moisture contenthef
(0.45%), 4.01 million tons of coffee husks (0.11&bd wheat straw is within the range of 4.3-9.5% repadrte
107.13 million tons of cotton stalks (2.87%). These by Adapaet al. (2010). The moisture content of the
residues can supply a total energy of 66.92TE&ble 3 rice straw is within the range of 2-10% reported by
shows the estimated energy equivalent for coalanmid  Changet al. (2011). The moisture content of the corn
Natural Gas (NG) from these residues. The annualstalk is similar to the value of 6.44% reported by
amounts of coal, oil and Natural Gas (NG) that ban loannidouet al. (2009). The moisture content of the
replaced with biomass are 2283.52 million tons,11%8 sugarcane stalk is similar to the value of 8.1%
million tons and 1847.63 million T respectively.  reported by Brandaet al. (2010).
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Fig. 7. Top 10 cotton producing countries (USDA, 2012).

Table 3. Available energy from important plant residues

Energy Estimated Coal Oil NG

content energy (fo (Million ~ (Million  Million
Residues (MJKg) MJ yh MTy?YH) MTyH  v)H
Wheat 17.98 13726.29 468.38 318.29 378.97
Rice 17.12-18.68 12495.99 426.40 289.76 345.00
Corn 15.40-18.25 29105.90 993.17 674.92 803.59
Soybean  21.81-23.61 9336.45 318.59 216.50  257.77
Sugar 15.90-18.73  291.76 9.96 6.77 8.06
Coffee 24.91 99.89 3.41 2.32 2.76
Cotton 17.40 1864.06 63.61 43.22 51.46

&Munir et al. (2009)

® Denget al. (2009)

¢ loannidouet al. (2009)
4 Zabaniototet al. (2010)
¢ Silvaet al. (1998)

The moisture content of the coffee husk is withie t
range of 5.8-8.5% reported by Desti al. (2008). The
moisture content of the cotton stalk is within thage of
3.42-7.73% reported by Demgal. (2011).
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Table4. Moisture content, average particle size, bulk dgnsi
and porosity of plant residues.

Moisture  Average Bulk

content particle densit Porosity
Residue’ (%) size (mm) (kg 1 (%)
Wheat straw 7.79 0.42 160.75 51.25
Rice straw 6.58 0.40 166.29 83.20
Corn stalk 6.40 0.49 127.32 58.51
Soybean stalk 7.30 0.43 242.34 68.03
Sugarcane stalk 8.15 0.55 110.86 77.58
Coffee husk 7.86 0.67 349.06 64.85
Cotton stalk 7.45 0.38 230.55 74.55

@Average of three replicates

Variations in procedures used to collect and store
plant residues and in techniques used to deterthiee
moisture content can result in differences in thsture
content. Moisture in the solid fuels provides a med
for the transport of dissolved nutrients which are
required for the metabolic and physiological atitag of
microorganisms (Lianget al., 2003). An increase in
moisture content will increase the biodegradatimte of
organic material, resulting in the loss of potdnfieels
(Pommieret al., 2008). High moisture content of plant
residues will substantially decrease their heatialyes
and reduce the conversion efficiency and performanic
the system, because some of energy generated Wweuld
used for vaporization of the fuel moisture durire t
conversion processes (Chat al., 2009; Ghaly and
Al-Taweel, 1990). Therefore, low moisture contest i
preferred for the storage and thermochemical canwer
of these plant residues.

3.3. Particle Size Distribution

Table 5 shows the particle size distribution results of
the wheat straw, rice straw, corn stalk, soybeatk st
sugarcane stalk, coffee husk and cotton stalk. Mbst
the particles of the wheat straw (82.41%), ricewtr
(86.56%), corn stalk (80.86%), soybean stalk
(76.74%) and cotton stalk (80.28%) were less than
0.710 mm, while most of the particles of the sugarc
stalk (81.69%) and coffee husk (86.97%) were larger
than 0.355 mm.

Figure 8 shows the particle size distribution for the
seven plant residues. The particle size distriloutibthe
corn stalk and sugarcane stalk had a convex
distribution, while the particle size distributia the
soybean stalk and cotton stalk had a concave
distribution. The particle sizes of the wheat stravd
rice straw had an increasing trend distributione(th
larger the particle size the higher the weight
percentage), while the particle size of the coffesk
had a decreasing trend distribution (the smallex th
particle size the higher the weight percentage).
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Tableb5. Particle size distribution of plant residues.

Weight percentage (%) —8—TWheat straw
351 —8—Rice straw >
Size Wheat Rice Corn Soybean Sugarcane Coffee orCott & Comidialk

range (mm) straw straw stalk stalk  stalk husk stalk 30 tgﬁ;:jﬂi‘;&lk “
0~0.212 17.66 18.42 8.490 2390 5.610 3.610 32.22 —#— Coffee husk i

0.212~0.300 16.65 17.58 8.700 15.09 6.290 4.630 9915.
0.300~0.355 14.17 13.99 10.67 11.15 6.410 4.790 609.7
0.355~0.425 12.05 1354 12.60 9.790 10.97 7.230 707.7
0.425~0.500 11.28 13.17 16.93 7.290 16.06 10.77 007.7
0.500~0.710 10.60 9.860 23.47 9.520 28.21 14.61 406.8
0.710~0.850 9.080 8.020 12.45 10.51 15.53 19.82 408.4 101

3 —&— Cotton stalk /A\
X L N\

Woight ()

>0.850 8510 5420 6.690 12.75 1092 3454 11.28 | s =
@Average of three replicates ) =

Q I L 1 1 I L 1 L 1
The average particle sizes for the wheat straw, sicaw, b DL e A2 Po-j 10;,5 A8 04 O U L0
corn stalk, soybean stalk, sugarcane stalk, cdffesk Sl

and cotton stalk were 0.42, 0.40, 0.49, 0.43, 0667

and 0.38 mm, respectivelfig. 9). The average particle Fig. 8. Particle size distribution of plant residues.
size of the wheat straw is within the range of 0-80668

mm reported by Adapat al. (2011). The average 07
particle size of the rice straw is within the range
0.25-0.45 mm reported by Choet al. (2009). The
average particle size of the corn stalk is withie tange

of 0.25-4.42 mm reported by lleleji and Zhou (2008)
The average patrticle size of the soybean stalktisinv

the range of 0-1 mm reported by Zabaniowiual.
(2010). The average particle size of the sugarcane
stalk is within the range of 0.5-1 mm reported by
Inyanget al. (2010). The average particle size of the
coffee husk is within the range of 0.583-0.880 mm 01p
reported by Silveet al. (1998). The average particle
size of the cotton stalk is within the range of@®242
mm reported by Zhenet al. (2008).

There were significant differences in both pagtisize
distribution and average particle size among thentpl
residues. Large particles are thermally thick thyedeaving
slow devolatilization rate and more distributedthesnsfer
to nearby particles (Ryat al., 2006). On the other hand, ) L
small particles may enhance the reaction areaemdtin 1 he average bulk density of the wheat straw isiwithe
high burning rates (Kwongt al., 2007), increase the bulk ange of 150-250 kg threported by Zhowt al. (2004).
density of biofuels and eventually increase thergne The average bulk der_1ﬁs1|ty of the rice straw is gimib
density and reduce the costs of transport and getora € Value of 177.6 kg mreported by Yuaet al. (2012).
(Sangnark and Noomhorm, 2004; Chigehl., 2012: Deng The bulk den%ty of the corn stalk is similar te talue
et al., 2009). Thus, size reduction appears to be lmglefi of 127.5 kg reported by Scibawt al. (2008). The

. : bulk density of the sugarcane stalk is within taege of
and important for pretreatment of biofuels before t ) .
utilization (Zhang and Zhang, 1999). 60-150 kg 17 reported by Duartet al. (2012). The bulk

density of the cotton stalk is within the rangel6D-450
. kg m* reported by Zhoet al. (2010).
3.4. Bulk Density There were significant differences in the bulk

The bulk density results of the wheat straw, rice density among plant residues. The bulk densitylafitp
straw, corn stalk, soybean stalk, sugarcane stalfiee  'esidues can be significantly affected by the prtsize
husk and cotton stalk are showrTiable 4. The average distribution ig. 9) and the chemical composition
bulk density was 160.75, 166.29, 127.32, 242.30,88, (Table 6) of these materials. The bulk density of fuel
349.06 and 230.55 kg frfor the wheat straw, rice straw, affects its residence time in the reactor. Lowetkbu
corn stalk, soybean stalk, sugarcane stalk, cdiiggk  density may result in lower conversion efficienag, it
and cotton stalk, respectively. gives rise to poor mixing characteristics and a

Average particle size (imm)

Rice straw
Corn stalk
[Bean stalle
ColTee husk
Collon stalk

=
5
z

Sugarcane stalk

Fig. 9. Average particle size of plant residues.
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nonuniform temperature distribution, both of whitiay Table 6. Chemical composition of the plant residues.
create unfavorable operating conditions in the Crop residues Cellulose (%) Hemi-cellulose (%) lgf?o)

thermochemical conversion systems (Rozaieeel., Wheat stray ~ 46.2-49.2 31.4-32.7 10.0-10.8
2008). On the other hand, higher bulk density nesyit El(;:ﬁ]sst{;\é@ 28'2’41'8 7116'32'23'6 188'83'8'9
in lower transportation and storage costs and lowerBagassé 40.6-45.7 18.9-26.9 21.5-25.4
emissions during combustion (Sokhansenpl., 2010;  Coffee pUlP 23.0-24.5 15.1-17.1 25.0-26.0
Ryu et al., 2006; Maniet al., 2006; Kharet al., 2009). ~ Cottonstalk __ 50.2 75.1 229
Therefore, densification of plant residues may be 532";”5“3}‘2%6%005)

required. Studies showed that densificat&on CarelmBe ¢ oeral. (2011)

the density of wheat straw to 813-931 kg (Adapaet 4 Rochaet al. (2012

al., 2009), the density of rice straw to about 730nkJ o - (2012)

(Okasha, 2007) and the density of corn stover toemo

than 1100 kg i (Kaliyan and Morey, 2009). Also, 4. CONCLUSION

pulverization of cotton stalk can increase its dgnt® The availability of plant residues from major

1080 kg n® (Luo et al., 2011) and pelletizing of agricultural crops (wheat, rice, corn, soybeanastane,
sugarcane bagasse can increase its density teoffee and cotton) was estimated and the physical
1030-1260 kg i (Erlich et al., 2005). However, the properties (moisture content, particle size distidn,
high investment on equipment and the energy inputbulk density and porosity) of these residues wdse a
are the major constrains of the densification psses  determined. The annual residues from the wheag, ric

(Adapaet al., 2009). corn, soybean, sugarcane, coffee and cotton crepe w
763.42, 698.10, 1729.92, 416.62, 16.85, 4.01 amd1B0
3.5. Porosity million tons, respectively. The amount of plantidess

available for energy conversion was estimated 86356

The porosity results of the wheat straw, rice st@wn  million tons which can supply a total energy of G6EJ.
stalk, soybean stalk, sugarcane stalk, coffee &ndicotton ~ Therefore, these residues can replace 2283.52mithns
stalk are shown inTable 4. The average porosity was of coal, 1551.78 million tons of oil and 1847.63llimn
51.25, 83.20, 58.51, 68.03, 77.58, 64.85 and 74 f65%he m® of natural gas. The moisture contents were 7.588,6
wheat straw, rice straw, corn stalk, soybean staijarcane  6.40, 7.30, 8.15, 7.86 and 7.45% for the wheatstriae
stalk, coffee husk and cotton stalk, respectiveljie  Straw, corn stalk, soybean stalk, sugarcane staiffee
porosity of the wheat straw is within the range of Nusk and cotton stalk, respectively. The corn stail
25.06-62.75% presented by Chevamaral. (2010). The  Sugarcane stalk had a convex particle size disivibthe
porosity of the corn stalk is within the range @&68% 39ybga'? stalkhand Eotton stalk had da concave mﬂzﬁ
computed fom the e densty and parice st SIIOUION, e wheat staw and e st Bag an
presented by Tsaét al. (2001). The porosity of the . . : o
sugarcane stalk is within the range of 65-78% pitesby husk had a decreasing trend particle size distobu®he

; . . average particle sizes for the wheat straw, ri@stcorn
Membrillo et al. (2011). The porosity of the coffee husk is stalk, soybean stalk, sugarcane stalk, coffee targk

similar to the value of 63% presented by S#val. (1998).  cotton stalk were 0.42, 0.40, 0.49, 0.43, 0.557 Gafid
The porosity of the cotton stalk is within the rangf .38 mm, respectively. The average bulk density was
71.74-78.28% presented by Saial. (2010). 160.75, 166.29, 127.32, 242.34, 110.86, 349.06 and
The porosity of biomass samples depends on a30.55 kg n7 for the wheat straw, rice straw, corn stalk,
number of factors including particle size distribat soybean stalk, sugarcane stalk, coffee husk anncot
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