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a b s t r a c t

The energy requirement for biomass comminution and the resulting particle physical properties are
important factors to study logistic components, select equipment, and assess the overall efficiency of
feedstock supply–conversion chain. In this study, mechanical size reduction of Miscanthus (Miscant-
hus giganteus), switchgrass (Panicum virgatum), willow (Salix babylonica), and energy cane (Saccharum
spp.) was carried out using a commercial-scale hammer mill, a bench-scale Retsch SM2000 knife mill
and a Retsch SK100 hammer mill. The results showed that the specific energy consumption of biomass
comminution and the aperture sizes of the milling screens were related in power-law forms. Biomass
moisture significantly influenced comminution energy consumption, especially for finer size reduction.
Given a specific milling screen, the Retsch SK100 hammer mill was found more energy efficient than the
SM2000 knife mill. This was mainly attributed to the higher motor speed and axial feeding mechanism

of the hammer mill. The particle sizes after comminution were found inversely proportional to the bulk
densities of all four energy crops used in experiments. In addition, the comminution ratio, being the ratio
of the final mean particle size and the original mean particle size, was proportional to energy consumption
for all four energy crops. The bulk densities for 4-mm and smaller Miscanthus and switchgrass particles
were higher than those of the original bale. Particle size and surface area estimates using commonly used
ANSI/ASAE Standards S424.1 and 319.4 were highly sensitive to particle size distributions and shapes.

rdiza
Further studies on standa

. Introduction

The interest in producing energy from biomass has increased in
ecent years, owing to depleting fossil energy supplies and climate
hange caused by carbon emissions. In the field of biomass-based
ioenergy, mechanical size reduction plays a crucial part in sup-
lying feedstock to bioenergy production (Sokhansanj et al., 2006;
ess et al., 2009). Logistic components, technology, equipment and
conomic feasibility of feedstock delivery chains are highly sub-
ect to efficiency of biomass mechanical size reduction. Biomass

echanical size reduction, transportation and storage represent
etween 13% and 28% of the total feedstock production and sup-

ly costs (Searcy et al., 2007; Cundiff and Grisso, 2008; Kumar and
okhansanj, 2007). The logistics and technology of biomass size
eduction are dependent upon biomass use, equipment and facili-
ies for delivery and storage, production pathways and technologies
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el.: +1 217 3332854; fax: +1 334 2440323.
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tion of particle size and surface area estimates are needed.
Published by Elsevier B.V.

for conversion (GIT, 1984; Sokhansanj et al., 2006; Souček et al.,
2007; Lam et al., 2008; Van Loo and Koppejan, 2008). Biomass end-
users may require feedstock supply in various forms. At present,
for example, biomass feedstock in pellet, briquette or bale form
is mainly used for co-firing with coal or combustion for domes-
tic heating and electric power generation. The liquid hydrocarbon
biorefineries may require feedstock in uncompressed particulate
forms. Therefore, biomass size reduction and related particle phys-
ical property quantification are indispensible in investigating the
biomass feedstock supply–conversion chain.

A major challenge for improving feedstock supply–conversion
efficiency is to increase bulk (and therefore energy) density, flowa-
bility and digestibility of biomass feedstock. Biomass mechanical
size reduction (comminution) can aid to increase the bulk density,
and improve flowability and digestibility. To enhance packing den-
sity of biomass and produce pellets and briquettes, for instance,
biomass feedstock has to be ground into 3–8 mm particles before

compacting the material into a denser product (Mani et al., 2004,
2006; Shaw, 2008; Felix and Tilley, 2009). In Quebec, Canada,
most commercial alfalfa and switchgrass pellet mills use hammer
mills with 2.8 mm screens to produce a suitable particle size for
pelletization (Jannasch et al., 2001). In the production of woody pel-

dx.doi.org/10.1016/j.indcrop.2010.12.016
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:grift@illinois.edu
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ets and briquettes from sawdust, a particle size of approximately
.0–6.4 mm is required (GIT, 1984). Biomass flowability is one of
he major barriers for efficient supply. In the conventional bale sup-
ly, feedstock flowability is limited by the bale form and handling

ogistics such as in-field windrowing, raking, baling, handling and
nbaling (Badger, 2002; Badger and Fransham, 2006; Lam et al.,
008). A crane-based bale handler consisting of an unroller, spear,
rapple or fork is often used to load and unload bales in storage and
ransportation. Belt, screw and auger conveyors are more applica-
le to a flowable feedstock in particulate form. There is a trend
o place size reduction before transportation and to supply flow-
ble uniform and advanced uniform particles to biomass end-users
Hess et al., 2007, 2009; Wendt et al., 2008; Wright, 2008).

Biomass particles produced after size reduction possess greater
igestibility and efficiency than bales for the biorefinery (Hess
t al., 2007; Wu et al., 2007; Cundiff and Grisso, 2008; Hess et
l., 2009; Wendt et al., 2008). The potential pathways of feed-
tock bio-refinery such as hydrolysis, fermentation, gasification
yrolysis, and chemical synthesis all require feedstock materials

n particulate forms (Bridgwater, 2001; Wei et al., 2009; Kumar
t al., 2009). The current bio-refinery technologies are unable to
fficiently digest whole stems of grass and woody feedstock. For
xample, corn stover particle sizes ranging from 0.5 mm to 3 mm
re required in corn stover ethanol production. Even for biomass
ombustion, biomass powders usually produce more stable burn-
ng flames, highly efficient burnout and low CO2 and ash emissions
ompared to pellets and bales, because biomass powder cyclones
r suspension burners mix the fuel and air more rapidly than non-
owder burners (Paulrud, 2004). Thus, the focus in liquid biofuel
roduction is on materials in particulate forms, though there is little
nowledge about the optimal particle shape and size distribution
or holo- and ligno-cellulose based bioconversion.

Major parameters in evaluating the efficiency of size reduc-
ion are energy efficiency of the equipment, resulting particle bulk
ensity and physical properties such as particle size, shape, distri-
ution, density, and particle surface area (Mani et al., 2004, 2006;
omac, 2005; Wendt et al., 2008; Bitra et al., 2009; Igathinathane

t al., 2009; Zhu et al., 2009). Efficient mechanical size reduc-
ion can help retain biomass quality, reduce biomass losses and

inimize the economic and environmental costs of bioenergy pro-
uction. Throughout recent decades, well-established machinery
uch as hammer mills, knife mills, balls mills, needle mills, shred-
ers, linear knife grids, and disk attrition mills have been available
or biomass size reduction (Igathinathane et al., 2009; Zhu et al.,
009). The literature reported that the energy consumptions of
eedstock size reduction mainly depends on (i) machine param-
ters such as motor speed, material storage capacity of the mill
hamber, as well as cutting mechanism such as knife, hammer, ball
r disk mills; (ii) material throughput characteristics; (iii) initial
iomass form and properties (e.g., moisture content, tempera-
ure, chemical composition, etc.); and (iv) particle size and shape
equirement of the final product (Mani et al., 2004; Womac, 2005;
itra et al., 2009; Zhu et al., 2009; Bridgeman et al., 2010). There

s still a lack of comprehensive information on the specific com-
inution energy consumption of the promising 2nd-generation

nergy crops such as Miscanthus, switchgrass, willow and energy
ane.

Regarding particle physical properties, the bulk density of
iomass particles is a function of particle size, shape, porosity, mois-
ure content, and surface characteristics: �b = f(c, x, ˇs, s, mc, p),
here �b is the bulk density in kg m−3, c is the material composi-
ion, x is the particle size, ˇs is the particle shape, s is the orientation
f particles, mc is the moisture content in %, and p is the applied
xial pressure (Mani et al., 2004, 2006; Lam et al., 2008). Mani et al.
2004) indicated the existence of polynomial relationships between
ulk density and particle size of switchgrass, corn stover, wheat and
Products 33 (2011) 504–513 505

barley straw grindings: �b = ax3 + bx2 + cx + d, where x is the geo-
metric mean diameter of particles in mm, while assuming biomass
particles being spherical, and a, b, c, and d are regression coeffi-
cients. Lam et al. (2008) reported that the relationship between the
dry bulk density and particle size of wheat straw and switchgrass
(for particles larger than 8.0 mm) can be described by a power law
equation in the form: �b = ax−b, where �b is the dry bulk density in
kg m−3, x is the nominal particle size in m, and a and b are regression
coefficients. The functions as shown are specific to crop species,
initial biomass properties, milling machine type and parameters.
The relationships among comminution energy consumption, bulk
density and particle physical properties need to be addressed to
optimize the performance of size reduction devices, especially for
Miscanthus, switchgrass, willow and energy cane in the mid-west
United States, a potential biomass production region.

The objective of this research was to investigate relation-
ships between comminution energy consumption of biomass size
reduction and resulting particle physical properties under various
conditions. In the study, the comminution energy efficiencies of
two common mills for biomass size reduction were evaluated with
the second-generation energy crops Miscanthus, switchgrass, wil-
low and energy cane. Furthermore, the effects of moisture content
on energy consumption of biomass comminution and the resulting
particle physical properties including bulk density, particle density
and size distribution were assessed. In addition, the applicability of
the commonly used ANSI/ASAE Standard S424.1 MAR1992 (R2007)
and S319.4 FEB2008 for quantifications of biomass particle sizes
and specific surface area was evaluated.

2. Materials and methods

2.1. Biomass preparation

In this study, three-year-old biomass crops were used
as feedstock materials. Miscanthus (Miscanthus × giganteus,
Poaceae/Gramineae) and switchgrass (Panicum virgatum L.
Poacea/Gramineae) were grown at the University of Illinois at
Urbana-Champaign in 2002 and harvested at the end of the third
growing season in early spring 2007 (Pyter et al., 2007). After
harvesting, the Miscanthus and switchgrass bales with a size of
1.2 m × 1.2 m × 2.4 m were stored for one year in a roofed open-air
storage building at the Beef & Sheep Research Facility of the
University of Illinois. Miscanthus and switchgrass bales were
chosen and broken up at random. Random samples from each bale
consisted of approximately 70–80% of stems and twigs, 20–30% of
sheath and leaves for Miscanthus and 55–70% of stems and twigs,
and 30–45% of sheath and leaves for switchgrass. Prior to milling,
biomass samples were spread out in layers with a thickness of less
than 15 cm on a laboratory floor and allowed to air-dry, following
the NREL (National Renewable Energy Lab) laboratory analytical
procedure (Hames, 2005). Three replicates of 20–25 g biomass for
each sample were allowed to dry for 24 h in an oven at 103 ± 3 ◦C
to determine their moisture content, following the ASAE S358.2
DEC1988 (R2008) Standard for forage analysis. The material was
considered dried when the moisture content was less than 10%
and the change in weight was less than 1% in 24 h (Hames, 2005).

Energy cane (Saccharum spp.) was planted at the Starkville Farm
in March 2007 by Mississippi State University and USDA-ARS-SRRC
and was harvested in 2009 (Baldwin et al., 2010). The energy cane

samples included stems and sheath without leaves. The moisture
content of the energy cane used for mechanical size reduction was
about 40% after a week long air-drying at 25 ◦C. The energy cane
was manually cut into 20–25.4 cm lengths prior to size reduction
with a Retsch SM2000 cutting mill.
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A willow (Salix babylonica) tree trunk was harvested from a 30-
ear-old tree growing in a residential area of Champaign County,
llinois. The diameter at breast height of the tree was approximately
.20 m. The woody biomass sample consisted of epidermis, cor-
ex, bast fibers, phloem, xylem, and pith of the tree trunk. The
ample did not contain any branches, twigs or leaves. Prior to
ize reduction, the tree trunk was cut into chunks with a size
f 10–15 cm × 10–15 cm × 20–25 cm using chain and band saws
nd further cut into a size of 0.6–5.8 cm × 0.6–7.6 cm × 0.5–2.5 cm
ith a gas-powered wood chipper (Vermeer BC600, Eureka, IL).

he energy consumption for biomass material preparation was not
ncluded in this paper.

.2. Conditioning moisture content

Conditioning the biomass materials to the required moisture
ontent was achieved by spraying water evenly over the non-
hopped material. Based on the measured moisture content of
ir-dried biomass (about 7–10%), the amount of water (ml) for con-
itioning 3 kg of non-chopped biomass with a moisture content of
5% was calculated and applied. The wetted material was placed in
sealed plastic trash liner, which was placed in a covered garbage
in. This bin was stored at 22–25 ◦C for 72 h to achieve an equilib-
ium in moisture content prior to grinding (Mani et al., 2004). The
oisture-conditioning error was controlled within a range of ±3%.

.3. Biomass size reduction and measurements of comminution
nergy consumption

A factorial experimental design was employed to investigate the
nergy consumption of mechanical size reduction. The experimen-
al factors included: (i) energy crops, i.e., Miscanthus, switchgrass,
illow and energy cane; (ii) moisture content, i.e., air-dry (7–10%)

nd adjusted moisture contents of 15%; (iii) milling machine types,
.e., commercial scale David Bradley hammer mill, bench-scale
etsch SM2000 knife mill (1500W, Newtown, PA) and SK100
ammer mills (1100W, Glen Mills, Clifton, NJ); and (iv) milling
creen sizes, i.e., 1 mm, 2 mm, 4 mm, 6 mm, 8 mm, 10 mm, and
2.7 mm. Biomass size reduction was accomplished following a
wo-stage mechanical chopping regime, i.e., coarse and fine size
eductions. For Miscanthus and switchgrass, a commercial scale
avid Bradley chopping machine was used (5152W, Westinghouse
lectric Corporation, Sears Roebuck and Co., IL) to grind 3 kg of
nbaled Miscanthus (approximately 0.3–1.2 m long) and switch-
rass (about 0.16–0.6 m long) through the 6.35-mm or 12.7-mm
ircular-opening screens. This step was termed “coarse size reduc-
ion”. The second step was to further reduce the coarse biomass
articles into finer particles with a Retsch SM2000 knife or SK100
ammer mill. For the Retsch SM2000 knife mill, aperture sizes of
he milling screen included 1-mm trapezoidal, and 2-, 4-, 6-, 8-
nd 12.7-mm square openings. A Retsch SK100 hammer mill was
sed to grind Miscanthus and switchgrass passing through 1-mm
rapezoidal and 2-mm square aperture screens to compare energy
fficiency and particle size performance of various mills. The energy
ane experiments included 2- and 8-mm opening sizes of Retsch
M2000 knife milling screens. Each treatment was repeated three
imes. The feedstock feeding rate into the milling machines was
ept relatively constant.

The energy consumption of the milling machines was measured
sing a Yokogawa CW120/121 clamp-on power meter (IM CW120-
, Yokogawa M&C Corporation, MA). The power meter was clamped

n the three-phase wires of the power cords of the David Bradley
hopping machine and Retsch SM2000 knife mill, and on the single-
hase wires of the Retsch SK100 hammer mill. The voltage (V),
urrent (A), active power (W), reactive power (W), active electric
nergy (Wh), power factor, frequency (Hz) and time were logged
Products 33 (2011) 504–513

into a PC card at 2-s intervals. The total net energy efficiency was
calculated according to Eq. (1):

ET =
∫ T

0
(Pt − P̄0)dt

mDM
=

∫ T

0
�Pt dt

mDM
(1)

where ET is total specific net energy efficiency for grinding a unit of
dry matter (kJ kg−1 DM), Pt is power in Watt consumed by milling
machines while grinding feedstock at time t, P̄0 is the average power
consumption in Watt under idle conditions (without feeding mate-
rials) of the milling machines, �Pt is net power consumption in
Watt of the milling machines to grind biomass at time t, and mDM is
dry matter mass in kg of biomass feedstock to be ground. To deter-
mine the magnitude of fluctuations in current over time caused
by varying mechanical friction, four repetitions of idle power con-
sumptions (P0) were measured for each machine. A 95% confidence
level with a normal distribution was used to determine whether
the power consumption surge resulted from milling biomass mate-
rials or from current fluctuation caused by mechanical friction.
If Pt was equal to or larger than (P̄0 ± tn−1,1−˛/2 × (�/

√
n)), the

net power consumption �Pt = (Pt − P̄0) was assumed owing to
biomass grinding; otherwise, �Pt was attributed to random cur-
rent fluctuations over time and �Pt was set to zero. � is here the
standard deviation of power measurements during idle running of
the milling machines, n is repetition number (e.g., n = 3), tn−1,1−˛/2 is
the upper critical value of 95% confidence intervals for the standard
normal distribution, t2,0.975 = 4.30.

2.4. Measurements of particle size distribution and particle
density

Following ANSI/ASAE S319.4 (February 2008) Standard, 100 g
samples of Miscanthus, switchgrass, willow and energy cane were
sieved with a Ro-Tap Shaker (model D-4325, Dual Manufacturing
Co. Inc., Chicago, IL) to analyze particle size distribution. US sieve
numbers 7, 12, 16, 18, 20, 35, 50, 80, 140 and 325 were used for
the samples. The duration of sieving was 10 min (Mani et al., 2004).
After sieving, the mass retained on each sieve was weighed and
the percentage of the mass retained on each sieve compared to
total mass (% w/w) was calculated. The sieve analysis was repeated
three times for each ground sample.

The absolute particle densities (gDM cm−3) of air-dried Mis-
canthus, switchgrass, and willow grindings were measured with
an AccuPycTM 1330 Pycnometer (Micrometrics Instrument Corp.,
Norcross, GA). Three repetitions of each sample were collected in
a 1-cm3 cup for small size particles or a 10-cm3 cup for large size
particles and measured in 5 runs with 100.0% pure helium gas. The
mean particle density of five runs was reported for each repetition
of the biomass samples. Particle density was used to calculate the
specific total surface area and number of particles per unit mass.

2.5. Estimation of biomass particle geometric length, specific
surface area and number of particles, and comminution ratio of
biomass size reduction

The geometric length of biomass particles and its standard devi-
ation were calculated based on Eqs. (1) and (2) of ANSI/ASAE
Standard S424.1 MAR1992 (R2007). The total particle surface area
per unit of mass was calculated following ANSI/ASABE standard
S319.4 (Feb. 2008):

ˇsmt
Ast =
ˇv�

exp(4.5�2
ln − ln �gw) (2)

where Ast is the estimated total specific surface area per unit of mass
(cm2 g−1 DM), ˇs is shape factor used for calculating the surface
area of particles: for cubes ˇs = 6 and for spheres ˇs = �, ˇv is a shape
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actor for calculating the volume of particles: for cubes ˇv = 1 and for
pheres ˇv = �/6. � is particle density of the material (g cm−3), �ln is
he log-normal geometric standard deviation of a parent population
y mass in natural logarithm (using Sln as an estimate), �gw is the
eometric mean particle diameter of a parent population by mass
cm, using dgw as an estimate), and mt is the mass of the charge (g).
he number of particles in a charge was calculated as:

t = mt

ˇv�
exp(4.5�2

ln − 3 ln �gw) (3)

ith the variables as defined above.
As the ratio of average size of initial biomass to average size

f comminuted particles, the ratio of comminution was estimated
rom the ratio of the average size per individual piece of initial
iomass to average particle size after grinding (Cadoche and López,
989; Young, 2003):

c = �(d̄/2)
2
l̄

Xgm × n

√√√√ n∏
i=1

Xi

for Miscanthus and switchgrass (4)

r Rc = w̄ × l̄ × h̄

Xgm × n

√√√√ n∏
i=1

Xi

for willow (5)

here Rc is the comminution ratio, Xgm is the geometric mean
ength in mm, Xi is the sieve opening size in mm, n is the number
f sieve levels, d̄ and l̄ are the averages of Miscanthus and switch-
rass stem diameter and length in mm, and w̄, l̄ and h̄ are the width,
ength and height of wood chips in mm. The willow chips and stems
f Miscanthus and switchgrass were assumed rectangular prisms
nd elongated cylinders, respectively.

. Results

.1. Relationship between biomass bulk density and resulting
article size

The bulk densities of Miscanthus, switchgrass and willow grind-
ngs decreased according to a power-law relationship with an
ncrease of aperture sizes of milling screens for a given milling

achine (Fig. 1). The relationships between bulk densities and
roduct particle sizes (i.e., particle geometric length in mm) of Mis-
anthus, switchgrass and willow and between bulk densities and
perture sizes of the milling screens were expressed as �b = axb,
here �b is the bulk density in kgDM m−3 of biomass grindings,
nd x is the aperture size in mm of the milling screens or parti-
le geometric mean lengths of biomass grindings passing through
arious milling screens, and a and b are regression coefficients
hown in Table 1. All of the above regressions were significant at
95% confidence level. The bulk density of Miscanthus particles

able 1
egression coefficients among bulk densities (kg DM m−3), aperture sizes (mm) of milling
rindings.

Biomass feedstock Independent variables

Miscanthus Opening sizes of milling screens
Particle geometric length

Switchgrass Opening sizes of milling screens
Particle geometric length

Willow Opening sizes of milling screens
Particle geometric length
Fig. 1. Bulk density (kg DM m−3) of Miscanthus, switchgrass, willow grindings and
energy cane biomass particles, regular bale, densified bale, and willow chips. Note:
Denbale: bales of chopped biomass with 10–15 cm long. Chips: wood chips with the
size of 25.4 mm × 25.4 mm × 38.0 mm.

ground through a <6-mm milling screen and the bulk density of
switchgrass particles passing through a <4-mm screen were higher
than those of Miscanthus and switchgrass bales, respectively. With
a >6-mm milling screen, the bulk densities of Miscanthus and
switchgrass particles were lower than those of bales. In contrast
to Miscanthus and switchgrass the bulk density of willow par-
ticles ground through 1-, 2-, 4-, 6-, 8- and 10-mm screens all
were significantly lower than those of willow chips with a size
of 5.0 cm × 5.0 cm × 7.5 cm (Fig. 1). Given a specific milling screen,
the bulk density of willow was higher than that of Miscanthus and
switchgrass (Fig. 1).

With a given milling machine, the physical properties such
as particle shape, size, size distribution (% w/w) and density, are
mainly attributed to the aperture size and shape of the milling
screens. Except for the switchgrass and willow particles passing
through the 12.7- and 10-mm milling screens, the geometric mean
particle lengths were proportional to the aperture sizes of milling
screens for Miscanthus, switchgrass and willow particles (Table 2),
respectively. Quadratic relationships were found for the geomet-
ric mean length (mm) (y) of Miscanthus, switchgrass and willow
particles versus aperture sizes (mm) of the milling screens:

Miscanthus : y = −0.003286x2 + 0.1366x + 0.1757 (R2 = 0.90)

(6)

2 2
Switchgrass : y = −0.01004x + 0.2014x + 0.2145 (R = 0.88)

(7)

Willow : y = −0.01695x2 + 0.492x − 0.06733 (R2 = 0.96) (8)

screens, and particle geometric length (mm) of Miscanthus, switchgrass and willow

Regression coefficients Goodness of fit

a b

263.8 −0.3601 Adj. R2 = 0.9571, RMSE = 12.64
120.5 −0.7218 Adj. R2 = 0.9686, RMSE = 10.82

245.7 −0.385 Adj. R2 = 0.9615, RMSE = 11.55
120.9 −0.8118 Adj. R2 = 0.9161, RMSE = 17.06

292.5 −0.2953 Adj. R2 = 0.9990, RMSE = 1.759
226.4 −0.36 Adj. R2 = 0.9795, RMSE = 7.906
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Table 2
Comminution ratio, particle geometric mean length (mm), specific surface area (cm2 g−1 DM) and total particle number per gram of dry matter biomass for various size
reductions.

Biomass feedstock Particle physical properties Aperture sizes of milling screens (mm)

1 2 4 6 8 10 12.7

Miscanthus Comminution ratio (*1000) 149.0 120.0 98.0 74.0 42.0 41.0
Geometric mean length (mm) 0.37 0.46 0.56 0.73 1.29 1.33
Specific surface area (cm2 g−1 DM) 2042.0 1313.0 2558.0 1109.0 697.0 2021
Total particle number (*1000) per gram of dry matter 975.0 403.0 527.0 131.0 27.0 72.0

Switchgrass Comminution ratio (*1000) 58.0 39.0 28.0 27.0 18.0 22.0
Geometric mean length (mm) 0.41 0.61 0.85 0.88 1.37 1.12
Specific surface area (cm2 g−1 DM) 2048.0 1101.0 821.0 1135.0 560.0 728.0
Total particle number (*1000) per gram of dry matter 762.0 187.0 73.0 94.0 19.0 37.0
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Willow Comminution ratio (*1000)
Geometric mean length (mm)
Specific surface area (cm2 g−1 DM)
Total particle number (*1000) per gram of dry matter

here x = aperture size (mm) of the milling screens. All of the
bove regressions were significant at 90% of confidence level. Par-
icle sizes of Miscanthus, switchgrass and willow powders passing
hrough 1-, 2-, 4- and 6-mm milling screens exhibited normal or
kewed normal distributions (% w/w), but particles of Miscanthus
nd switchgrass passing through 8- and 12.7-mm milling screens
xhibited left-skewed uniform distributions (Fig. 2).

The absolute density of biomass particles varied with aperture
izes of milling screens. For switchgrass and willow, particle den-
ities obtained after grinding through a 4-mm milling screen were
he highest. For Miscanthus, particle densities of biomass chips
rinding through the 1- and 2-mm milling screens were higher
han those of particles passing through the >2 mm milling screens
Fig. 3).

In addition to aperture shapes and sizes of milling screens, the
achine types (cutting by knife or hammer), motor speed and
aterial feeding method were key variables determining parti-

le size, particle size distribution and bulk density. For particle
ize, for example, with a 2-mm square opening milling screen,
eometric mean lengths of Miscanthus and switchgrass particles
rom a Retsch SK100 hammer were greater than those of par-
icles from a Retsch SM2000 knife mill. With the hammer mill,
he geometric mean lengths of Miscanthus and switchgrass parti-
les passing through the 2-mm square milling screen ranged from
.48 to 0.62 mm, which were higher than those from the Retsch

M2000 cutting mill with the same size screen, 0.46 and 0.61 mm,
espectively. With regard to particle size distributions (% w/w),
or a specific milling screen, there was a higher percentage of fine
articles per unit of biomass particles processed with a knife mill
ompared to a hammer mill, particular for Miscanthus particles. For

able 3
egression coefficients among specific comminution energy consumption (kJ kg−1 DM),

engths of Miscanthus, switchgrass and willow particles.

Biomass feedstock Independent variables

Air-dry Miscanthus Opening sizes of milling screens
Comminution ratios
Particle geometric length

Miscanthus with 15% of moisture content Opening sizes of milling screens

Air-dry switchgrass Opening sizes of milling screens
Comminution ratios
Particle geometric length

Switchgrass with 15% of moisture content Opening sizes of milling screens

Air-dry willow Opening sizes of milling screens
Comminution ratios
Particle geometric length
.0 1230.0 595.0 434.0 291.0 309.0

.53 0.75 1.55 2.12 3.16 2.98

.0 997.0 507.0 276.0 75.0 140.0

.0 113.0 13.0 4.0 0.5 1.0

example, with the milling screens of 1- and 2-mm opening, 43.5%
and 35.5% of Miscanthus particles from the knife mill were smaller
than 0.30 mm, compared to 38.7% and 29.6% for the hammer mill,
respectively (Fig. 4a). As for bulk density, with a milling screen of 2-
mm square aperture, bulk densities of Miscanthus and switchgrass
particles produced by the knife mill were significantly higher than
those of particles from the Retsch SK100 hammer mill (Fig. 4b).

The moisture content of Miscanthus and switchgrass did not
significantly affect bulk density or physical properties for a specific
milling screen. However, biomass with high moisture content (i.e.,
≥20%) often clogged the 1- and 2-mm milling screens and reduced
the throughput of the milling screens.

3.2. Relationships between specific comminution energy
consumption, comminution ratio, aperture sizes of screens, bulk
density and particle size

Power relationships were discovered between the specific com-
minution energy requirement (kJ kg−1 DM) and aperture sizes of
the milling screens, and between energy consumption and com-
minution ratio of Miscanthus, switchgrass and willow feedstock.
The relationships were: ET = axb, where ET = specific comminu-
tion energy consumption (kJ kg−1 DM), x = aperture sizes (mm) of
milling screens, comminution ratios or particle geometric mean

length (mm), a and b are regression coefficients shown in Table 3.
Except for comminution ratio, all equations were significant at a
95% confidence level. For comminution ratio, the power functions
were significant at above 90% of confidence level for Miscanthus
and willow, but at 73% of confidence level for switchgrass (Table 3).

aperture sizes (mm) of milling screens, comminution ratios, and geometric mean

Regression coefficients Goodness of fit

a b

934.6 −1.138 Adj. R2 = 0.9906, RMSE = 32.14
165,700 −0.1382 Adj. R2 = 0.9492, RMSE = 9736
26.79 −3.521 Adj. R2 = 0.9485, RMSE = 75.17

1447 −1.191 Adj. R2 = 0.9967, RMSE = 30.28

893.6 −1.075 Adj. R2 = 0.9927, RMSE = 27.64
57,160 −0.1246 Adj. R2 = 0.7316, RMSE = 7672
131.6 −2.178 Adj. R2 = 0.9696, RMSE = 56.47

1364 −1.326 Adj. R2 = 0.9905, RMSE = 49.01

2408 −1.103 Adj. R2 = 0.9601, RMSE = 181.02
2,204,000 −0.279 Adj. R2 = 0.9386, RMSE = 144,800
859.1 −1.6 Adj. R2 = 0.9951, RMSE = 63.45
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ig. 2. Density distribution q3(log) and cumulative percentage (%) of biomass par-
icles ground through 1-mm (a) and 8-mm (b) milling screens.

The relationships between the comminution energy consump-

ion and the particle geometric length in mm of air-dry and mois-
ure conditioned feedstock all exhibited power law relationships.
he specific energy consumptions (kJ kg−1 DM) were inversely pro-
ortional to the opening size (mm) of milling screens (Fig. 5a). Given
specific milling screen, the high-low rating of energy consump-
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ig. 3. Particle density of air-dried Miscanthus, switchgrass and willow powders.
ote: H-2 mm: particles ground through the 2-mm square milling screen of a Retsch
K100 hammer mill.
Fig. 4. Comparisons in bulk density (kg DM m−3) (a) and size distribution (% w/w)
of Miscanthus and switchgrass particles (b) between Retsch SK100 hammer and
SM2000 knife mills.

tions (kJ kg−1 DM) of various biomass comminutions were listed as:
energy cane > willow > Miscanthus > switchgrass. For example, the
energy consumption to grind Miscanthus through a 4-mm milling
screen was 184 kJ kg−1 DM, about 7% higher than that of switch-
grass, which was 172 kJ kg−1 DM.

A high biomass moisture level significantly increased the
specific energy consumption of finer particle comminution of Mis-
canthus and switchgrass (Fig. 5b). For example, to grind Miscanthus
with moisture content of 15% through 1- and 2-mm milling screens,
the specific energy consumption was approximately 50% higher
than that of the size reduction of air-dried feedstock (7–10% of
moisture content). For a coarse milling screen, however, biomass
moisture did not significantly affect comminution energy efficiency
of size reductions. For instance, the energy efficiencies to grind Mis-
canthus and switchgrass with 15% of moisture content through the
6-mm milling screen were similar to those of air-dried biomass
comminution.

For an equally sized milling screen, the hammer mill had a sig-
nificantly higher efficiency and larger particles compared to the

knife mill to grind a given amount of Miscanthus and switch-
grass. For example, with a 2-mm square milling screen, to grind
an equal amount of Miscanthus and switchgrass, the specific com-
minution energy of the Retsch hammer mill was about 56% and
72% lower than those of the Retsch SM2000 knife mill (Fig. 5c).
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ith a 1-mm milling screen (trapezoidal opening for the ham-
er mill and square opening for the knife mill), the hammer
ill used 30 and 38% of the energy of the knife mill, respec-

ively.

. Discussion

.1. Trade-off between size reduction, optimal particle size and

hape for the bio-conversion and supply logistics

As an energy intensive operation in the biomass supply chain,
echanical size reduction is subject to requirements of end-users

nd cost of particle production (Igathinathane et al., 2008, 2009;
Products 33 (2011) 504–513

Kaliyan and Morey, 2009). For electric power generation and res-
idential biomass burners, for instance, coarse size reduction is
required to provide 3–25.4 mm particles for pellet or briquette pro-
duction or for direct combustion under the assistance of ventilation
systems. For combustion using fluidized bed combustion (FBC) sys-
tems, however, irregularly shaped and high-moisture finely ground
inert particles are feasible (Badger, 2002). For hydrothermal con-
version, biochemical pyrolysis, hydrolysis and fermentation, the
goal of mechanical size reduction is to produce identical elon-
gated particles with a large surface area to be exposed to enzymes
or chemical catalytic agents in the bioconversion plant. The finer
the identical elongated particles, the larger specific particle area,
and the higher the bio-conversion efficiency (Kumar et al., 2009;
Zhu et al., 2009). To produce finer particles for efficient con-
version, however, the specific comminution energy consumption
may be higher than the feedstock heating value. For example, to
grind Miscanthus, switchgrass and willow through 1-mm milling
screen with Retsch SM2000 knife and SK100 hammer mills, the
specific energy consumption is between 1.5% and 10.0% of the cor-
responding heating value (Fig. 5). This is close to previous studies
where with commercial-scale hammer mills, specific comminu-
tion energy consumption for grinding switchgrass through 0.8 mm
and hardwood through 1.6-mm mill screens are about 1–2% of
their heating value (Cadoche and López, 1989; Mani et al., 2004).
Using extrapolation of the results in Fig. 5, to comminute Miscant-
hus passing through an 80-�m milling screen, a size that some
labs use for conversion research, the energy consumption for the
knife mill would be 16.5 MJ kg−1 DM, exceeding the heating value
of 16.2 MJ kg−1 DM (Felix and Tilley, 2009). It is obvious that more
research is needed to determine the optimal particle size as a
tradeoff between the required comminution energy and conversion
efficiency.

The place where size reduction takes place in the biomass sup-
ply chain influences the efficiency of the whole chain. The results
from the research suggest that biomass moisture significantly influ-
ences the energy efficiency of finer particle production (Fig. 5). This
is consistent with a previous study which showed that biomass
moisture reduced the capacity of milling machines and increased
costs (Hess et al., 2007). The results also showed that the bulk densi-
ties of Miscanthus and switchgrass particles passing through <4- or
6-mm milling screens were higher than those of Miscanthus and
switchgrass bales (Fig. 1), respectively. In other words, the volu-
metric transportation efficiencies of Miscanthus and switchgrass
particles smaller than 4- and 6-mm are higher than those of bale
delivery, respectively.

Flowable biomass particles can be efficiently handled with
auger and conveyor equipment. However, advanced cargo con-
tainers and centralized storage facilities (e.g., large-scale silos
with advanced moisture-stabilized facility) are required for par-
ticle delivery and yearlong storage to reduce biomass loss and
degradations (Hess et al., 2007, 2009; Wright, 2008). In addition,
in-field size reduction, particle delivery and silage are more sensi-
tive to biomass moisture and ambient humidity than conventional
bale delivery. In-field grinding avoids mowing-conditioning and
windrow drying in the chain (Shinners et al., 2006; Sokhansanj
et al., 2006). Therefore, a hybrid delivery scenario combining the
advantages of bale and uniform particle delivery chains may be
feasible in terms of economics, simplicity of logistic and sta-
tus quo of current farming equipment and technologies. In this
scenario, bales are transported from a field or buffer to a cen-
tralized facility for storage. Here, a tub grinder is used for coarse

size reduction and a large-scale grinding facility is used to pro-
duce advanced uniform particles in accordance with demands of
biorefineries. The advanced uniform particles are instantaneously
transported to the conversion plant at constant supply rate without
storage.
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estimate the number of particles per sieve fraction (Mani et al.,
2004; Womac, 2005; Shaw, 2008; Bitra et al., 2009; Zhu et al.,
2009). Both standards assume that the sizes of ground particles
are logarithmic normally distributed, that particles are primarily
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.2. Up scaling of specific comminution energy consumptions in
erms of machine variables and resulting particle properties

In the field of material size reduction, the specific comminu-
ion energy efficiency is a function of the cutting mechanism,

otor speed, feed rate, material-feeding mechanism, strength of
illed materials (affecting the resistance of milling), and degree of

ize reduction required (Akunov, 1995; Cadoche and López, 1989;
annasch et al., 2001; Morrell, 2008; Bitra et al., 2009; Igathinathane
t al., 2008, 2009; Kaliyan and Morey, 2009). These researches
orroborate the results found in this study: the specific energy
onsumption exhibits a power-law relationship with the result-
ng particle sizes for the Retsch SM2000 knife and SK100 hammer

ills. This result is also consistent with a previous study describ-
ng an exponential relationship between the specific comminution
nergy and the production level for a rotary ball mill and a jet mill
Herbst and Fuerstenau, 1980). Lastly, the results are in agreement
ith the Rittinger, Bond and Kick material milling laws, in which

nergy consumption to produce finer particles is much higher
han for producing coarse particles (Akunov, 1995; Das, 2010).
pecific comminution energy consumption for a bench scale mill
ould be generally scaled up to a commercial scale mill based on
q. (9):

j = Wi

[
1 − (ı1/ı2)−1/2

ı1/2
2

](
˘G0

˘G1

)1/2

(9)

here Wi is Bond’s index corresponding the strength of the mate-
ial, ı1 and ı2 are the degrees of dispersion of the initial material
haracterized by the mesh size of the sieve with a 20% residue;

G0 and ˘G1 are the production levels (ton/h) of the initial scale
nd up-scaled mills (Akunov, 1995). Herbst and Fuerstenau (1980)
eported that the breakage rate function (ki) of a mill was pro-
ortional to a power input to the mill: ki = kE

i
[P/H], where ki is

he probability (%) at which material is broken out of the ith size
nterval, kE

i
is a constant of the specific breakage rate function, P

s the mill power (kw), and H is the mass accumulation of mate-
ial in the mill (kg/min). In other words, for a given material and
eed-size distribution, a necessary condition for identical product-
ize distributions in various batch mills is identical specific energy
nputs into each mill. The specific breakage rate function (ki) or

aterial crushing efficiency is independent of the mill dimensions
nd mill operating variables in the normal operating range (Herbst
nd Fuerstenau, 1980; Akunov, 1995; Das, 2010). The results of this
esearch suggest that the specific comminution energy consump-
ion of the Retsch SK100 hammer mill was 50–70% lower than that
f the Retsch SM2000 knife mill to grind a given amount of Mis-
anthus and switchgrass (Fig. 5). The higher energy efficiency of
he hammer mill was attributed to a higher motor speed (i.e., mill
ower) and an axial rather than a radial feeding mechanism (i.e.,
ass accumulation ratio and capacity). The higher motor speed

2856 rpm) and axial-feeding mechanism of the hammer mill con-
ributed to a higher material throughput compared to the knife mill
1690 rpm). For the milling machine selection, previous literature
eported that disk and attrition mills produce biomass particles
f more uniform shape and finer size, but have a lower energy
fficiency than the hammer and knife mills (Bruglieri and Liberti,
008; Aggarwal et al., 2008; Zhu et al., 2009). The vibratory ball
ill was found to be more effective than the rotary ball or rod

ill in reducing cellulose crystallinity of spruce and aspen chips,

enerating fine particles and improving their digestibility (Young,
003; Kumar et al., 2009). The kinetic equations which connect spe-
ific energy consumptions of biomass comminution with grinding
esults need to be addressed for various milling machines in the
uture.
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4.3. Challenges of specific surface area and number estimations of
biomass particles

In the field of biomass mechanical size reduction, ANSI/ASAE
standard S319.4 FEB2008 and S424.1 MAR1992 (R2007) have been
widely used to determine the resulting particle size (geomet-
ric mean diameter or length), and specific surface area and to
0

Uniform          Normal       Log-normal Reverse-log S319.4-example

N

Particle size distribution types

Fig. 6. Particle size distributions vs. estimations of specific surface area and total
particle numbers based on the ANSI/ASAE Standard S319.4 Feb2008.
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pherical or cubical and that the ratios of particle major to minor
xes were approximately unity. Following the sieving methods
tated in the standards, however, particle size distributions in this
esearch (% w/w) did not exhibit a log-normal but rather a normal or
kewed-normal distribution for Miscanthus, switchgrass and wil-
ow powders passing through 1-, 2-, 4-, 6-, 8-, 10- and 12.7 mm

illing screens (Figs. 2 and 4a). In fact, the distributions of par-
icle sizes in Table 2 of S319.4 and percent mass of a chopped
lfalfa samples on page 664 of S424.1 both were not log-normal
ither. Based on the S319.4 standard, the effects of particle size dis-
ributions including uniform, normal, log-normal, and negatively
kewed log-normal (termed reverse log-normal) distributions on
stimates of particle size and total specific surface area were ana-
yzed. The results showed that specific surface area and total
umber of biomass particles both were highly sensitive to particle
ize distributions (Fig. 6). Given 100 g of spherical particles with a
article density of 1.4 gDM cm−3, the estimates of total surface area
nd particle number were ranked high-low as uniform > reverse
og-normal (negatively skewed log-normal) > normal > log-normal.
hese results were contrary to expected trends, because for a
iven amount of mass and particle density, the total surface area
nd particle number should have been ranked high to low as
everse log-normal > normal > uniform > log-normal distributions,
espectively. In addition, for the particle samples in normal or
kewed-normal distribution, with the S319.4 standard the estima-
ions of the specific surface area (cm2 g−1 DM) for smaller particles

ay be lower than that of larger particles. For example, with S319.4,
he specific surface area estimates of switchgrass particles passing
hrough 4-mm milling screen were fairly low compared to those
f particles passing through a 6-mm milling screen (Table 2). This
ontradicted the expected results. Moreover, the results from the
esearch showed that Miscanthus and switchgrass particles are
ainly rod- and ribbon-shaped and particle aspect ratios ranged

rom five to 15. Hence, the shape factors of particle surface area
(ˇs/ˇv) = 6 for both cubical and spherical particles) and structures
exp(4.5�2

ln − ln �gw) or exp(4.5�2
ln − 3 ln �gw)) in Eqs. (4) and (5)

f S319.4 should be improved in accordance with particle shapes
ith aspect ratios of �1.0 and normal (or skewed-normal) particle
istributions. According to the current equations, a higher parti-
le size standard deviation (�) corresponds to a higher specific
urface area (A). This is only applicable to particle samples with
log-normal distributions rather than samples with normal and

kewed-normal particle distributions. Further studies on standard-
zations estimating biomass particle size and specific surface area
re needed for biomass mechanical size reductions with multiple
illing machines.

. Conclusions

In this paper, the relationships among specific energy consump-
ion of biomass comminution, aperture sizes of milling screens
nd resulting particle physical properties were investigated for
iscanthus, switchgrass, willow and energy cane. The influence

f feedstock moisture and milling machine types on the energy
fficiency of biomass comminution and the resulting particle phys-
cal properties encompassing bulk density, particle density, particle
ize and size distributions was measured. The primary results are
s follows:

(i) The relationships between specific comminution energy con-

sumption and aperture sizes of milling screens exhibited
power forms. Biomass moisture significantly influenced the
comminution energy consumption for finer size reduction. For
a given milling screen, the Retsch SK100 hammer mill was
more energy efficient than a similarly sized knife mill. The
Products 33 (2011) 504–513

ratio of biomass comminution, i.e., the ratio of size of initial
biomass to size of product particles, was proportional to the
energy consumption for all four biomass crops.

(ii) Bulk densities for 4-mm and smaller Miscanthus and switch-
grass particles were higher than those of a bale. Particle size
was inversely proportional to bulk densities of biomass parti-
cles.

(iii) Particle size and surface area estimates from the commonly
used ANSI/ASAE Standards S424.1 and 319.4 were highly sen-
sitive to particle size distributions and particle shapes. More
studies on quantifications of particle size and surface area esti-
mates are needed.
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