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Due to its low density and poorflowability, rawbiomassmay not be an economically viable feedstock for the pro-
duction of biofuels. However, mechanical densification can be employed to improve its viability. In this study, the
flow properties (compressibility, shear, and wall friction) of “pure” feedstocks (corn stover, hybrid poplar,
switchgrass andMiscanthus), and feedstock blends, are investigated and compared tomeasured pelleting energy
consumption values. As anticipated, themore compressiblematerials required lower pelletization energies. Con-
versely, the lessflowable feedstocks (i.e., thematerialswith higher cohesion and yield strength)were less energy
intensive to pellet. In addition, the flowability parameters of the blendedmaterials could be predicted by averag-
ing themeasured flow parameters of their pure feedstock constituents. Therefore, only the flow characteristics of
the pure feedstocks need to be directly measured, while the flowability of a blended feedstock with a known
blend ratio can be accurately inferred. A model was also developed to calculate the required pressure to pellet
a particular feedstock, pure or blended, based on itsflowability parameters (namely compressibility andwall fric-
tion). Strong correlation was observed between the measured pelleting energy consumption and the predicted
pelleting pressure values. This newly developed model allows for a material's pelleting feasibility to be assessed
without having to physically pelletize the material.

Published by Elsevier B.V.
1. Introduction

The conversion of biomass, specifically lignocellulosic biomass, into
liquid transportation fuels (i.e., biofuels) has the potential to provide re-
newable alternatives to those derived from fossil carbon sources (such
as oil, natural gas, and coal). Lignocellulosic (LC) biomass is the fibrous,
structural portion of plants; common examples include: crop residues
such as corn stover and bagasse, and energy crops like switchgrass
and poplar [1]. In addition, LC biomass is the most abundant source of
renewable carbon on the planet [2] and is not suitable for human con-
sumption, completely eliminating the food-to-fuel paradigm.

A consistent supply of a high-quality, economical feedstock is critical
to achieving national biofuel goals; however, raw biomass is not an eco-
nomically viable feedstock. Themajor disadvantage of rawbiomass is its
low bulk density, which typically ranges from 40 to 100 kg/m3 for agri-
cultural grasses and straws, and 150 to 250 kg/m3 for woody resources
[3,4,5,6]. As a result, the low densities of biomass often make it difficult
to store, transport, and interfacewith biorefinery infeed systems [3,5,7].

However, “loose” biomass can be mechanically densified into
pellets, increasing bulk density as much as ten-fold [3], with reported
final compaction densities of 600 to 1200 kg/m3 [8,9,10,11,12,4].
ford).
Mechanical densification not only leads to improved bulk density, but
it also enhances feedstock durability, storability, and uniformity [3]. Ad-
ditionally, “loose” biomass is known for its poor flowability which pre-
vents it from flowing properly during discharge and transfer through
biorefinery operations. As a result, biorefineries would need to install
specialized equipment to handle these materials, making retrofitting
existing corn-based ethanol plants into cellulosic ethanol plants compli-
cated and costly [13]. The uniform size and shape of pelleted biomass,
on the other hand, make it more compatible with existing grain-based
storage and handling equipment [14].

Yet, high energy consumption values have kept pelletization from
being used for large-scale biofuel production. The energy costs during
grinding and pelleting of biomasswould need to be less than the gained
savings from enhanced transportation and storage efficiency [13]. Ener-
gy requirements for the densification of biomasswill depend heavily on
the applied pressure, as well as the method of compaction. Also,
pelleting energy is contingent on the physical properties of thematerial
being compressed, such as (but not limited to) moisture content, parti-
cle size and size distribution, and initial bulk density [5].

Although difficult to quantify, a recent study byWilson et al. [13] in-
vestigated the costs associated with the processing, transportation, and
storage of baled versus pelleted biomass. They estimated the costs for
pelleting a variety of feedstock species to be around $30/t. Using data
from Hess et al. [15], they approximated baling costs to be about $20/t
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Nomenclature

A1 Integration constant (kPa/m)
C Compressibility (%)
CP Compressibility required for pelleting (%)
D Pellet die diameter (in)
EC Electrical energy consumption during pelleting (kWh/t)
fc Unconfined yield stress (kPa)
ffc Flowability (or flow) index, =σ1/fc (−)
κ Radial-to-axial stress proportionality constant, =σ1/σ2

(−)
L Pellet die length (in)
L/D Pellet die length-to-diameter ratio (−)
μw Coefficient of wall friction (−)
MC Moisture content (%)
N Normal stress (kPa)
Nc Pre-shear critically consolidated normal stress (kPa)
P Pressure (MPa)
PC Compression pressure (MPa)
PP Pelleting pressure (MPa)
Pw Wall pressure (MPa)
ϕi Angle of internal friction (°)
ϕe Effective angle of internal friction (°)
r Radial coordinate (−)
R Pellet die radius (in)
ρP Pellet bulk density (g/mL)
ρG Ground (or “loose”) bulk density (g/mL)
σ1 Major principal stress (kPa)
σ2 Minor principal stress (kPa)
τ Shear stress (kPa)
τ0 Cohesion (kPa)
z Axial coordinate (−)
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(a net difference of $10/t). However, the reduced transportation and
storage costs for pelleted biomass accounted for an average savings of
$50/t compared to baled biomass [13]. Therefore, the reduced truck traf-
fic and increased conveying and storage efficiencies substantially offset
any additional processing costs associated with pelleting; making bio-
mass pelletization an economical and intriguing pre-processing option.

Beyond bulk density, another challenge with using raw biomass as a
feedstock is the necessity to create a reliable year-round feedstock sup-
ply. Feed crops are region and climate specific, and as a result, they are
harvested at different times of the year (such as cool season grasses in
early spring, wheat, barley and oat straw during the summer, corn and
grain sorghum stalks in the fall, and perennial grasses such as switch-
grass in the early winter) [13]. In order for a biorefinery to have a con-
sistent feedstock supply and composition, massive storage facilities
would be required. Pelleting could reduce storage volume requirements
by a factor of two compared to the volumes required for “loose,” non-
pelleted biomass [16]. However, due to different harvest times,multiple
biomass specieswould need to be fed and/or pelleted simultaneously to
keep a uniform feedstock composition.

The blending of time-dependent and location-specific materials
would enhance supply-chain efficacy and stabilize feedstock composi-
tional variance. Feedstock blends can be formulated not only based on
availability, but with the intention to target specific physiochemical
characteristics (such as reducedmilling energy requirements, increased
digestibility, reduced ash formation, and improved flowability proper-
ties). For instance, switchgrass required ~3-times more energy (on av-
erage) to hammer mill relative to corn stover [6]. While woody
feedstocks, like hybrid poplar or pine, tend to result in lower ash forma-
tion in comparison to herbaceous feedstocks, such as corn stover and
switchgrass [17,18,19]. A material like corn stover can be blended
with other biomass to reduce milling energy requirements; however,
in order to keep ash content low, a woody biomass could be added to
counter balance increased ash formation. Therefore, in addition to
pelleting, biomass blending and formulation will be essential to achiev-
ing sustainable biofuel production [17].

A number of studies have investigated the densification of herbaceous
and woody biomass materials. Ndiema et al. [20] examined the influence
of die pressure on the relaxation characteristics of briquetted rice straw,
while Adapa et al. [9] studied the specific energy required to pelletize bar-
ley, canola, oat, and wheat straws. Li and Liu [21] used a punch-and-die
process to densify wood residues into fuel-grade slugs and Mani et al.
[5] evaluated the compaction mechanism of straws, corn stover and
switchgrass at different compression forces, particle sizes, and moisture
contents. In addition, several studies have investigated the impact of par-
ticle size andmoisture content (among others) on the physical properties
of pelleted biomass [22,23,24,14,25]. More recently, Monedero et al. [26]
studied the effects of material composition, additive concentration, mois-
ture content, and compression on the pelletization process and pellet
quality of “pure” and blended pine and poplar sawdust.

However, to our knowledge, no study has used flowmeasurements
(compressibility, yield strength,wall friction, etc.) to directly predict the
pelletization of pure and blended biomass feedstocks. Knowledge of
how the compaction and flow properties of different biomass species
correlate with the pelletization process will allow scientists to forecast
whether or not a feedstock is suitable for pelleting, and lead to improved
feedstock blend formulation prior to pelleting.

The objectives of this studywere to (1) investigate theflowproperties
of pure feedstock species, (2) compare the flow properties of the pure
species to the flowability measurements of feedstock blends, (3) use the
flow properties of the feedstocks, both pure and blended, to predict
pelleting pressure requirements, and (4) compare the pelleting pressure
predictions to measured pelleting energy consumption values.

2. Materials and methods

2.1. Materials

The lignocellulosic biomass feedstocks selected for this study in-
clude: corn stover (CS), hybrid poplar (HP), switchgrass (SG), and
Miscanthus (MIS) (Fig. 1). These materials provide a robust mix of her-
baceous and woody plants. More specifically, corn stover, switchgrass,
and hybrid polar were chosen because they represent a combination
of crop residue, energy crop, and hardwood species.

Single-pass corn stover was harvested in October 2012 in Ames, IA.
Bales of corn stover were received at INL in December 2013. Clean
chips of hybrid poplar were obtained from Boardman, OR in November
2013. Switchgrass was harvested from Garvin county, OK and collected
by Oklahoma State University in July 2012, and switchgrass bales were
received in November 2013.Miscanthus was harvested from Tifton, GA
in January 2014, and super sacks of chopped, 1-in. material were
shipped to INL in February 2014.

Bales of corn stover and switchgrass, choppedMiscanthus, and chips of
hybrid poplar were fed through a two-stage, full-scale grinding process
for the purpose of pelleting using the Feedstock Process Demonstration
Unit (PDU) as part of DOE's Biomass Feedstock National User Facility
(BFNUF) that is located at Idaho National Laboratory (Idaho Falls, ID).
First, material was processed through a Vermeer BG-480 (Pella, IA),
which has two horizontal grinding drums with swinging hammers
powered by two, 200-HP motors [27], and passed through a 2-in. screen.
Then, the 2-in. screened material was processed through a Bliss hammer
mill (Ponca City, OK) with a 1/4-in. screen. Two, 5-gal buckets of ground
materialwere sent to theNational Renewable Energy Laboratory (Golden,
CO) for further studies. The two-stage grinding process discussed here
was employed solely for generating material for pelleting and is not a
typicalmillingmethodused for the conversion of “loose” biomass to fuels.



Fig. 1. Digital images of: a) corn stover, b) hybrid poplar, c) switchgrass, and d)Miscanthus feedstocks (scale bar = 1 in.).
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The ground “pure” feedstock species were blended into one binary
and two ternary blend formulations on a dry weight basis. The binary
blend was a 50:50 wt.% mix of CS and SG, while the ternary blends
were 33:33:33 wt.% combinations of CS + SG + HP and CS + SG +
MIS. Blending ratios can be designed to target a specific composition
(e.g., to adjust glucan, xylan, and lignin fractions), and to enhance di-
gestibility and limit ash content.

2.2. Pelleting

Ground biomasswas pelleted using a Bliss Pioneer PelletMill (B35A-
75) at Bliss Industries, LLC testing laboratory (Ponca City, OK). The mill
has a rated output of ~1000 kg/h for herbaceous biomass, although ca-
pacity is material dependent. The pellet mill has two, 40-HP motors,
and each motor is instrumented to measure current for calculation of
electrical energy consumption. The die length-to-diameter ratio (L/D)
was selected based upon the feedstock or blend being processed. Pellets
were produced for each feedstock and the three blendstocks (Table 1).
Pellet durabilitywasmeasured and validated, but results are not report-
ed here.

2.3. Particle sizing

Super sacks of ground biomass were sent to Bliss Industries, LLC.
Sieve analysis and bulk density measurements were performed at the
Bliss test lab. The moisture content and bulk density were measured
for both the ground and pelleted materials (Table 1). All feedstock ma-
terial (pure and blended species) were sieved to obtain particle classifi-
cations across fourteen size ranges (in μm): b74, 74–104, 104–150,
150–178, 178–211, 211–297, 297–419, 419–594, 594–841, 841–1191,
Table 1
Biomass pelleting parameters and results, where:MC is themoisture content, ρ is the density, L i
electrical energy consumption during pelleting. The “±” indicates a single standard deviation f

Material MC (%) ρ (kg/m

Ground Pellet Ground

CS 11.63 ± 0.05 6.66 ± 0.03 112 ± 3
HP 13.52 ± 0.03 8.58 ± 0.02 117 ± 2
SG 12.62 ± 0.03 7.17 ± 0.03 128 ± 2
MIS 13.21 ± 0.04 9.22 ± 0.03 144 ± 3
CS + SG 10.71 ± 0.06 7.14 ± 0.02 115 ± 1
CS + SG + HP 11.13 ± 0.09 8.47 ± 0.02 128 ± 2
CS + SG + MIS 10.16 ± 0.03 8.62 ± 0.02 133 ± 1
1191–1679, 1679–2380, 2380–3353, and N3353. After sieving, the
mass retained on each sieve wasweighed. The geometric average parti-
cle size and standard deviation were calculated according to ISO stan-
dard 9276-2:2014 [28].

The sieve sizing data were corroborated and expanded upon using
optical microscopy (Leica DM 3000, Clemex Technologies Inc., Lon-
gueuil, Quebec, Canada; data analysis via Clemex Vision PE software,
version 6) at NREL. The optical micrographs not only allowed for sizing
of the feedstockmaterials, but also particle dimensional analysis, name-
ly aspect ratio. To expedite the analysis process, only the pure feedstock
species (CS, HP, SG, and MIS) were evaluated optically. Average particle
dimensions obtained via microscopy were reported on a volume basis
[29,28]. Analyzing microscopy results on a volume basis allows for a
more direct comparison between other commonly used biomass sizing
techniques (i.e., sieving and/or laser diffraction).

2.4. Powder rheometer

The FT4 Powder Rheometer (Freeman Technology, Worcestershire,
UK) was used at NREL to measure the flow properties of the pure and
blended biomass feedstocks. The FT4 Powder Rheometer is a universal
powder tester, with accessories for measuring compressibility and rota-
tional shear properties, including wall friction (the FT4 has additional
testingmethodologies that were not employed for this study). A full de-
scription of the FT4's capabilities can be found elsewhere [30,31].

All testing were done using the 50 mm diameter, borosilicate test
vessel (85 mL test volume). In order to standardize the packing state
of each sample before testing, all samples were conditioned using the
23.5mmblade (the biomass particles become entangledwith the larger
blades leading to a torque overload). The conditioning protocol consists
s the pellet die length, L/D is the pellet length-to-diameter ratio (D=0.25 in.), and EC is the
rom (at minimum) triplicate measurements.

3) L L
�
D

EC

Pellet (in) (−) (kWh/ton)

695 ± 3 3.00 12 88
650 ± 17 2.25 9 107
610 ± 4 2.50 10 146
658 ± 25 3.00 12 293

6 670 ± 10 2.25 9 79
642 ± 14 2.25 9 100
627 ± 4 2.25 9 78
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of an axial traverse of the blade downward and upward through the en-
tire height of the sample. During the upward traverse, the blade lifts
each particle and gently drops them behind the blade. Conditioning
loosens and slightly aerates the granular sample, removing any packing
history such as excess trapped air or pre-consolidation either from stor-
age or during filling of the vessel.

All test sequences, compressibility, shear cell, andwall friction, were
repeated in triplicate (at minimum) to assess measurement reproduc-
ibility, with all error bars reported as a single standard deviation.

2.4.1. Compressibility
During the compressibility test, the pre-conditioned sample bed is

compressed with a vented piston that allows entrained air to escape.
Each sample is slowly compacted across a range of normal stresses
(N) from0.5 to 21 kPa,measuring the change in bed height at 11 distinct
intervals. The compressibility of a sample (C) is defined as the percent
change in volume after compression, C=(V0-V)/V0; where V0 is the ini-
tial, conditioned volume and V is the volume at a specific normal stress
value.

2.4.2. Shear cell
Shear cell tests were performed with the 48 mm shear head in the

force control mode, so as the shear head was rotated, the torque signal
was measured while the normal force was held constant (i.e., the
shear head can displace vertically during testing). During the shear
cell test, the sample is first compacted with the vented piston to a spec-
ified pre-shear normal load (3, 6, 9, or 15 kPa). After compaction, the
piston is removed and the shear head is attached. The shear head is
then lowered, inserting its blades into the sample until the pre-shear
normal force is again established. The head is then slowly rotated, in-
ducing a shear stress. The sample is continuously sheared until the
shear stress reaches steady state and the sample is “critically consolidat-
ed” [32]. Next, the normal stress is reduced, allowing room for the par-
ticles to dilate and move past one another. At this point, a yield stress
can be measured. The pre-shear/shear sequence is repeated five times
(as recommended by Carson and Wilms [33]) at decreasing normal
stress values (the sample is always pre-sheared to the critically consol-
idated state before measurement). A curve of the normal stress and
shear stress pairings is then obtained, referred to as the yield locus. A
yield locus is unique and contingent on its pre-shear history. The yield
loci were individually evaluated using Mohr stress circle analysis to ac-
quire values of: the major and minor principal stress, unconfined yield
strength, cohesion, and interparticle friction, as described by Carson
and Wilms [33] and Freeman [30].

To characterize the flowability of a material, Jenike [32] proposed to
use the ratio of the major principal stress to the unconfined yield
strength, called the flowability index (ffc). Based on the flow index
value, a material can be classified as non-flowing, very cohesive, cohe-
sive, easy flowing, or free flowing (Table 2) [34].

2.4.3. Wall friction
Wall friction properties are vital for understanding how a consoli-

dated granular material will interact with the wall material of its con-
tainer or processing equipment. Wall friction tests are nearly identical
to the shear cell testing. Instead of shearing the sample against itself
and obtaining interparticle properties like interparticle friction or cohe-
sion, the wall friction test shears the sample against a metallic disc with
well defined material properties. In essence, the shear head is replaced
with a 48 mm stainless steel coupon (316 grade, 1.2 μm surface rough-
ness). During wall friction testing, the sample is compacted and pre-
Table 2
Classification of granular solids flowability via flowability index.

Non-flowing Very cohesive Cohesive Easy flowing Free flowing

ffc b 1 1 b ffc b 2 2 b ffc b 4 4 b ffc b 10 ffc N 10
sheared at a specified normal stress load (3, 9, or 15 kPa). Once again,
the normal force is decreased and the sample is sheared until failure.
The shear stress and normal force pairs are plotted to obtain a wall fric-
tion yield locus. Wall friction coefficients, or angles, can be extracted
from the loci. Since the structural integrity of the sample is not
disrupted during shearing, the wall friction test requires only one pre-
shear step and five subsequent shear steps.

3. Results and discussion

3.1. Particle sizing

The particle size distributions of the pure feedstocks via sieving are
similar and donot appear to be significantly different (Fig. 2). The sieved
geometric average particle sizes of CS, HP, SG, and MIS were 990, 1068,
934, and 991 μm, respectively. Although not plotted in Fig. 2 (for clari-
ty), the geometric average particle sizes of the blendstocks CS + SG,
CS + SG + HP, and CS + SG + MIS were respectively 935, 987, and
971 μm. Again, a distinct difference between the sieved average particle
sizes and size distributions for the pure and blended feedstocks was not
observed.

However, the breadth of the particle size distributions appear to be
different for the pure feedstocks. More specifically, the smallest sieve
openings (pan, 74, and 104 μm) and the largest sieves (2380 and
3,353 μm) display the greatest discrepancy in particle weight fraction
across the different feedstock materials (Fig. 2). Thus, the weight frac-
tion of fines (defined for this study as the particles b150 μm) and coarse
particles (defined as the particles N2380 μm) were summed for each
pure and blended feed species (Fig. 3). Both CS andHP have the greatest
amount of coarse particles, with weight fractions N4%. SG and MIS, on
the other hand, have weight fractions of coarse particles of 0.7 and
1.5%, respectively. In addition, HP, SG, and MIS also have low fractions
of fines (correspondingly 0.6, 1.0, and 0.3%), while CS has the greatest
amount of fine particles at 1.6%. Therefore, CS has the broadest size dis-
tribution of all the pure feedstockmaterials, while SG andMIS have dis-
tributions that are relatively narrow (with the low amounts of fine and
coarse particles). Materials with broader size distributions have com-
monly been found to bemore compressible and less flowable [6,35]. Al-
ternatively, HP has a particle size distribution biased towards large
particles, with a substantial amount of coarse particles and a low
amount of fines.

The feedstock blends have elevated levels of both coarse and fine
particles (Fig. 3). All three blendstocks have weight fractions of coarse
particles of ~3.3% (still less than the amount of coarse particles found
Fig. 2. Size distribution of corn stover (gray), hybrid poplar (blue), switchgrass (black),
and Miscanthus (red) feedstocks using standard US mesh sieves. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)



Fig. 3.Weight fraction of coarse (N2.4mm) andfine (b0.15mm)particles for the pure and
blended feedstocks.
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in CS and HP). However, all three feedstock blends have significantly
morefineparticles (N 2%) than thepure feedstocks;which is not reason-
able, but most likely stems from a sampling issue at the time of sieving
(e.g., perhaps the blendmaterials were stored differently, or were sam-
pled from a different part of the storage container, or not fully homoge-
nized prior to sieving). Nonetheless, the large amount of fines within
the blendstocks would make them less compressible, while themoder-
ate amount of coarse particles would enhance compressibility [6].
Therefore, it is expected that the blended feedstocks will be moderately
compressible compared to the pure feedstock species.

The volume-based average particle length for the four pure feed-
stock species ranged from ~1000 to 1500 μm (Table 3), with CS
displaying the smallest average length. HP andMIS had the largest aver-
age particle lengths at ~1500 μm. CS also had the smallest average par-
ticlewidth at 436 μm,while HP had the largest average particle width at
719 μm. However, the large variance in the length and width values
keep them from being statistically unique between the different feed-
stocks. Additionally, the particle length values agree with the average
particle size values from the sieving data. Therefore, the two separate
sizing techniques corroborate one another.

The optical microscopy results also allow for the measurement of
particle aspect ratio (defined as the length to width ratio). The average
aspect ratio is between 2 to 3 for all four of the feedstocks, with a max-
imum value of 10–13 (parentheses in Table 3). Thus, both sizing tech-
niques (sieving and microscopy) indicate that the grinding of the
feedstocks was consistent across the different species. In addition, the
aspect ratios of the ground feedstocks evaluated hereweremuch small-
er than typically observed with milled biomass. As a result, the ground
species should experience less interparticle entanglements and be
more flowable than coarsely milled materials. Although microscopy
allowed for examination of particle shape, the sieving analysis allowed
formore effective analysis of the particle size distributions (i.e., fine ver-
sus coarse particles).
Table 3
Volume-based average particle dimensions via optical microscopy (n = the number of
particles sized). The “±” values are a single standard deviation, while the values in the pa-
rentheses indicate a maximummeasured aspect ratio.

Feedstock n (−) Length (μm) Width (μm) Aspect ratio (−)

CS 4432 984 ± 532 436 ± 201 2.2 (10.4)
HP 4430 1522 ± 714 719 ± 324 2.7 (10.9)
SG 3117 1250 ± 695 547 ± 342 2.9 (13.0)
MIS 2781 1523 ± 680 568 ± 297 2.9 (12.8)
3.2. Compressibility

Compressibility is a bulk property measurement that indicates a
material's ability to become compacted when subjected to a normal
force. The compressibility test is not a direct measurement of
flowability, but it can indicate the strength of adhesive forces between
particles.

The compressibility of the pure (Fig. 4) and blended (Fig. 5) feed-
stocks was assessed from 0.5 to 21 kPa. When considering the com-
pressibility of the four pure feedstocks, the CS sample was the most
compressible, compressing by 38% at 21 kPa (Fig. 4). HP was slightly
less compressible (compressing 32% at 21 kPa), while SG and MIS
were the least compressible (compressing 28 and 27%, respectively,
at 21 kPa). Interestingly, the more compressible materials (CS and
HP) are also the materials that required less energy during the
pelleting process (Table 1). Conversely, the least compressible mate-
rials (SG and MIS) required the most energy during pelletization.
Therefore, there is a direct relationship between compressibility and
pelletization energy.

The additional compressibility of corn stover and hybrid poplar is
most likely due to both differences in material structure and size distri-
bution. Corn stover is a heterogeneousmaterial with a low fiber content
and the vascular tissues that makeup its stalk are more spongy [6].
Therefore, it is expected to be more compressible than the other mate-
rials studied here. Miscanthus and switchgrass are more fibrous and
rigid, while hybrid poplar is a hardwood known for its flexibility. It is
reasonable to assume that the hybrid poplar sample would be more
compressible than the fibrous grassy materials, Miscanthus and
switchgrass.

Furthermore, in comparison to the SG and MIS samples, CS and HP
both have a significant fraction of large particles (N2.4 mm), 5.5 and
4.2% w/w, respectively; while the SG andMIS both haveweight fraction
of large particles less than 2% (Fig. 3). Additionally, the CS sample has
morefines (1.7wt.% particles b0.15mm) than the other pure feedstocks
(all with b1%). The large particles in the CS and HP samples create col-
lapsible void spaces in the solids network. During compaction, smaller
(fine) particles rearrange and fill in the void spaces surrounding the
larger (coarse) particles [35,36]. As a result, materials with broader
size distributions are typically more compressible [6,35].

The three blended feedstocks, on the other hand, had nearly identi-
cal compressible behaviors, with compressibilities of 31, 32, and 33% at
21 kPa for the CS+SG, CS+SG+MIS, and CS+SG+HP, respectively.
The compressibilities of the feedstock blends overlap with the HP sam-
ple, the more moderately compressible pure feedstock.
Fig. 4. Compressibility (% change in volume) of corn stover (triangles), hybrid poplar
(circles), switchgrass (squares), and Miscanthus (diamonds) feedstocks as a function of
applied normal stress. The dashed lines are logarithmic fits to the individual data sets.

mi:2781
mi:1523


Fig. 5. Compressibility (% change in volume) of blended feedstocks: CS + SG (open
squares), CS+ SG+HP (open circles), and CS+ SG+MIS (open diamonds) as a function
of applied normal stress. The dashed lines are logarithmic fits to the individual data sets.

Fig. 7. Unconfined yield stress versus major principal stress for corn stover (triangles),
hybrid poplar (circles), switchgrass (squares), and Miscanthus (diamonds) feedstocks.
The solid lines represent the boundaries between flowability designations, while the
dashed lines are linear fits to the individual data sets.
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3.3. Shear testing

3.3.1. “Pure” feedstocks
Shear cell testswere designed to determine the shear stress required

to initiate flow of a pre-consolidated sample of granular solids (i.e., the
yield stress). Shear cell measurements indicate how easily a material
will transition from a static state into dynamic flow. Originally, shear
testing was used exclusively for the design of hoppers and silos, but
today they are commonly used for the general characterization of gran-
ular materials.

The yield stress values for the four pure feedstocks, CS, HP, SG, and
MIS, at a pre-shear normal stress value of 9 kPa were segmented into
two groupings (Fig. 6). The CS and HP samples displayed relatively
high and similar yield strengths, cohesion, and interparticle friction.
While the SG andMISmaterials had lower yet similar yield stress, cohe-
sion, and interparticle friction values. Interestingly, the easier to pellet
materials (CS and HP) are less “flowable” than themore difficult to pel-
let materials (SG and MIS). Therefore, there is an inverse relationship
between the ease of pelleting and material flowability.

Using Mohr circle analysis, the yield loci from Fig. 6 can be assessed
to produce values of the unconfined yield stress (fc) and themajor prin-
cipal stress (σ1). Plotting fc as a function of σ1 generates a linearized
flow function, where the flowability index (ffc) is the inverse of the
slope. Moving counter-clockwise in Fig. 7, the values of the flowability
Fig. 6. Yield loci of corn stover (triangles), hybrid poplar (circles), switchgrass (squares),
and Miscanthus (diamonds) feedstocks at a pre-shear consolidation normal stress (NC)
of 9 kPa. The dashed lines are linear fits to the individual yield loci.
index (given in Table 2) decrease from the free flowing region to the
non-flowing regime.

The flow functions for all four pure feedstocks yielded linear in-
creases in fc with increasing σ1 (Fig. 7); with HP, SG, and MIS all falling
in the easy flowing region (although HP did have a significantly lower
flow index than SG and MIS). Conversely, CS crossed two flow regimes
with a flow index in the cohesive and easy flowing regions. At low
major principal stresses, CS displays comparable flowability to MIS and
SG, but as themajor principal stress increases, CS becomes less flowable.
At large principal stress values (σ1 N 15 kPa), CS becamedistinctively the
least flowable of the four pure feedstocks. Flowability is dependent on
the physical properties of the material, as well as the environmental
conditions and the equipment used for handling, storing, andprocessing
[37]. Typically, only simple granular solids display consistent flowability
across different stress regimes [38,39]. Therefore, corn stover is a com-
plex material whose flow behavior increases in difficulty as the consoli-
dation stress is increased. The complex behavior of corn stover is a direct
result of its heterogeneous composition. SG, MIS, and HP are relatively
homogeneous materials harvested from the same part of their respec-
tive plants. CS, on the other hand, is a varied feedstock made from
mixed parts of the plant (the stock, stem, leafs, and cob).

Overall, the flow indices (ffc) for the ground feedstocks in this study
agree with previously reported ffc values for ground biomass species,
which typically range from the easy flowing to cohesive regimes [39,
40,41]. Milled biomass materials, due to their larger particle sizes and
aspect ratios (which can lead to more frequent interparticle entangle-
ments), are usually less flowable than ground biomass, with ffc values
commonly in the cohesive to very cohesive regimes [35,42].

A summary of all flowability parameters, including: unconfined
yield stress (fc), major and minor principal stresses (σ1 and σ2, respec-
tively), cohesion (τ0), static and effective angles of interparticle friction
(ϕi and ϕe, respectively), and flowability indices (ffc) for pre-shear
normal stress (NC) values of 3 to 15 kPa are reported in Table 4 for the
four pure feedstocks. The cohesive strength of corn stover was found
to be the highest, followed by hybrid poplar; while switchgrass and
Miscanthus had the lowest, yet comparable cohesion. The average mea-
sured angles of internal friction were 41.3±1.0, 40.0 ±2.0, 34.9 ±3.2,
and 32.7 ±3.9 for CS, HP, SG, and MIS, respectively (Table 4).

Fasina et al. [35] used an automated ring shear tester to study the
flow properties of switchgrass (among other samples). They reported
ϕi and ffc values of 41.8 ± 0.92 and 3.5, respectively. Chevanan et al.
[42], on the other hand, used a custom fabricated linear shear box to de-
termine the flow properties of chopped switchgrass and corn stover.



Table 4
Shear testing results for the “pure” feedstocks at pre-shear normal stress (NC) values of 3, 6, 9, and 15 kPa (unconfined yield stress (fc), major and minor principal stresses (σ1 and σ2,
respectively), cohesion (τ0), static and effective angles of interparticle friction (ϕi and ϕe, respectively), and flowability index (ffc)).

Material NC (kPa) fc σ1 σ2 τ0 ϕi ϕe ffc

(kPa) (kPa) (kPa) (kPa) (°) (°) (−)

CS 3 1.2 ± 0.2 7.2 ± 0.1 1.2 ± 0.1 0.28 ± 0.06 41.2 ± 1.1 45.2 ± 0.2 5.8 ± 1.1
6 3.8 ± 0.3 15.6 ± 0.9 2.4 ± 0.1 0.85 ± 0.07 41.3 ± 0.7 46.8 ± 0.6 4.2 ± 0.1
9 5.3 ± 0.3 23.3 ± 0.5 3.6 ± 0.1 1.36 ± 0.30 41.6 ± 1.3 47.8 ± 2.0 4.4 ± 0.1

15 9.1 ± 0.5 35.7 ± 1.8 5.1 ± 0.3 2.50 ± 0.32 40.9 ± 0.8 48.0 ± 1.1 3.9 ± 0.2
HP 3 2.2 ± 0.2 8.3 ± 0.4 1.3 ± 0.1 0.51 ± 0.04 39.8 ± 0.6 45.9 ± 0.3 3.8 ± 0.4

6 2.9 ± 0.4 14.7 ± 0.6 2.6 ± 0.1 0.70 ± 0.10 38.9 ± 0.6 44.5 ± 0.3 5.0 ± 0.5
9 4.6 ± 0.9 23.0 ± 1.1 3.8 ± 0.2 1.07 ± 0.25 40.3 ± 3.5 45.7 ± 2.9 5.0 ± 0.8

15 6.1 ± 0.5 32.1 ± 0.6 6.1 ± 0.1 1.51 ± 0.20 37.5 ± 2.2 45.5 ± 0.9 5.2 ± 0.1
SG 3 0.8 ± 0.1 5.6 ± 0.6 1.4 ± 0.1 0.20 ± 0.02 33.2 ± 2.4 39.6 ± 2.1 7.5 ± 0.6

6 1.2 ± 0.2 12.6 ± 0.3 2.7 ± 0.1 0.29 ± 0.05 37.6 ± 1.1 39.8 ± 1.0 10.6 ± 1.7
9 1.9 ± 0.3 17.6 ± 1.0 4.8 ± 0.3 0.51 ± 0.07 32.4 ± 1.9 34.8 ± 2.1 9.5 ± 0.7

15 3.5 ± 0.6 26.7 ± 1.9 6.5 ± 0.5 0.95 ± 0.15 32.3 ± 1.7 36.2 ± 1.7 7.7 ± 0.9
MIS 3 1.1 ± 0.1 6.5 ± 0.7 1.3 ± 0.1 0.27 ± 0.03 37.0 ± 2.8 41.7 ± 2.5 5.9 ± 1.6

6 1.7 ± 0.2 10.4 ± 0.2 2.9 ± 0.1 0.50 ± 0.05 28.8 ± 2.3 32.8 ± 2.3 6.1 ± 0.5
9 2.3 ± 0.1 16.3 ± 0.6 4.6 ± 0.2 0.68 ± 0.04 30.0 ± 1.2 33.7 ± 1.4 6.9 ± 1.4

15 3.4 ± 0.3 26.9 ± 1.7 6.1 ± 0.4 0.88 ± 0.07 35.0 ± 2.4 34.5 ± 2.1 7.9 ± 1.4
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They reportedϕi values of 39–46 and 46–50 and ffc values of 2.3–4.3 and
2.2–3.4 for switchgrass and corn stover, respectively. While Gil et al.
[40] used a Jenike shear device to measure the flowability of poplar
and corn stover milled to target particle sizes of 2 and 5 mmwith vary-
ing moisture contents (7–33% w/w). They reported ϕi and ffc values of
26–33 and 3.6–10.1 for corn stover and 30–32 and 3.9–12.0 for poplar.
To our knowledge, there are no reported flowability data forMiscanthus
in current literature. Even though the environmental conditions and the
equipment used for handling, storing, and processing these materials
varied significantly across this assortment of studies, theflowproperties
reported here for CS, HP, and SG coincide with published literature
values.

3.3.2. Blended feedstocks
The four pure feedstocks were combined to create three feedstock

blends: CS + SG, CS + SG + HP, and CS + SG + MIS (50:50 ratio by
weight for the binary blend and 33:33:33 ratio for the ternary blends).
The yield stress values at a pre-shear normal stress of 9 kPa for the
three feedstocks were nearly identical (Fig. 8). The CS + SG and
CS + SG+ HP blends both had cohesive strengths of ~1 kPa and inter-
particle friction angles of ~38; while the CS + SG + MIS sample had a
cohesion stress and interparticle friction angle of 0.7 kPa and 36, respec-
tively. The yield loci of the blended feedstocks fall directly between the
Fig. 8. Yield loci at a pre-shear consolidation normal stress (Nc) of 9 kPa for blended feed-
stocks: corn stover + switchgrass (squares), corn stover + switchgrass + hybrid poplar
(circles), and corn stover + switchgrass + Miscanthus (diamonds). The dashed lines are
linear fits to the individual yield loci.
measured yield loci of the pure feedstocks in Fig. 6; indicating that flow
properties can be tuned via feedstock blending.

All of the flow parameters for the three feedstock blends are quite
similar across the tested pre-shear normal stress values (Table 5). The
average flowability indices of the CS + SG, CS + SG + HP,
CS + SG + MIS blends are 5.6 ± 1.3, 5.6 ± 1.1, and 6.1 ± 1.4; while
the average ϕi values for the blended feedstocks are 39.1 ± 1.3,
37.4 ± 1.9, and 35.8 ± 1.7, respectively.

The flow properties of the blends appear to be a composite of their
individual pure feedstock constituents. When the angle of internal fric-
tion (ϕi) and cohesion (τ0) at a pre-shear normal stress of 9 kPa for the
blended feeds are plotted with the pure feedstocks (Fig. 9), the blends
fall between the highest and lowest ϕi and τ0 values. The bars in Fig. 9
representmeasured data, while the square and circle symbols are calcu-
lated values of ϕi and τ0, respectively, for the blendstocks based on the
measured values of their individual “pure” components. The calculated
values ofϕi and τ0 overlap near perfectly with themeasured values (Fig.
9). As a result, it appears that the individual feedstock flow properties
can be measured separately and based on the blending ratio, the
flowability characteristics of the feedstock blends can be predicted.

Broadening the scope of Fig. 9, the average flowability indices of the
pure and blended feedstocks across all of the measured pre-shear nor-
mal stresses (3, 6, 9, and 15 kPa) were evaluated (Fig. 10). Again, the
ffc values of the blends fell within upper and lower bounds of the
flowability indices of the pure feedstocks. Also, the calculated values
of ffc (circles) for the blendstocks agree with the measured data (bars;
Fig. 10). The computed ffc values for the binary (CS + SG) and two ter-
nary blends (CS + SG + HP and CS + SG + MIS) fell within a single
standard deviation of the measured values. Although the binary blend
(CS+ SG) calculated flow index is slightly larger than the experimental
value. This discrepancy is most likely caused by the large fluctuation in
the measured flowability index value for pure SG, which ranges from
~7.5–10.6. The large variance in switchgrass' ffc value is compounded
by the fact that it makes up 50% by weight of the binary blend and
only 33% of the ternary blends. Thus, the wide-ranging flow index for
SG has a greater impact on the predicted value of the binary blend in
comparison to the ternary blends.

In general, the flow measurements of the blended feedstocks agree
with the flowability data from their pure feedstock constituents. If the
pure feedstocks flow properties are thoroughly and reliably interrogat-
ed, then the flow properties of the blended feedstocks can be predicted
arithmetically. Therefore, only the flowability of the individual feed-
stocks need to be measured and the blend characteristics can be in-
ferred; giving engineers the ability to design feedstock blend ratios
based on desired flow characteristics. This novel outcome has the



Table 5
Shear testing results for the blended feedstocks at pre-shear normal stress (Nc) values of 3, 6, 9, and 15 kPa (unconfined yield stress (fc), major and minor principal stresses (σ1 and σ2,
respectively), cohesion (τ0), static and effective angles of interparticle friction (ϕi and ϕe, respectively), and flowability index (ffc)).

Material NC

(kPa)
fc
(kPa)

σ1

(kPa)
σ2

(kPa)
τ0
(kPa)

ϕi

(°)
ϕe

(°)
ffc
(−)

CS + SG 3 1.3 ± 0.3 6.9 ± 0.3 1.3 ± 0.1 0.32 ± 0.10 37.7 ± 2.8 42.0 ± 1.6 5.3 ± 1.5
6 2.7 ± 0.4 14.6 ± 0.9 2.5 ± 0.2 0.62 ± 0.12 40.1 ± 2.5 44.1 ± 1.9 5.5 ± 0.8
9 4.3 ± 0.9 21.2 ± 0.7 3.8 ± 0.1 1.03 ± 0.24 39.1 ± 1.3 43.9 ± 0.6 4.9 ± 1.0

15 8.2 ± 0.1 36.1 ± 0.4 5.4 ± 0.1 1.82 ± 0.03 42.2 ± 0.3 47.5 ± 0.3 4.4 ± 0.1
CS + SG + HP 3 1.1 ± 0.1 6.7 ± 0.1 1.3 ± 0.1 0.28 ± 0.02 37.9 ± 2.1 42.0 ± 1.9 5.8 ± 0.3

6 2.2 ± 0.4 14.4 ± 0.7 2.4 ± 0.1 0.49 ± 0.11 41.7 ± 2.6 45.0 ± 1.8 6.6 ± 1.6
9 4.7 ± 0.6 21.1 ± 1.5 4.0 ± 0.3 1.16 ± 0.11 37.4 ± 1.9 42.8 ± 2.1 4.5 ± 0.3

15 6.0 ± 0.5 30.2 ± 0.8 5.9 ± 0.2 1.54 ± 0.15 36.0 ± 4.0 40.7 ± 3.8 5.0 ± 0.3
CS + SG + MIS 3 0.8 ± 0.2 6.0 ± 0.4 1.3 ± 0.1 0.22 ± 0.05 35.2 ± 1.7 38.4 ± 1.7 7.2 ± 1.1

6 2.2 ± 0.5 13.9 ± 1.1 2.6 ± 0.2 0.53 ± 0.17 36.0 ± 2.7 41.2 ± 1.6 6.3 ± 0.8
9 2.9 ± 0.6 18.8 ± 1.2 4.1 ± 0.3 0.74 ± 0.17 35.8 ± 1.7 39.5 ± 0.8 6.5 ± 1.3

15 5.8 ± 0.6 31.8 ± 0.4 5.7 ± 0.1 1.53 ± 0.15 38.5 ± 0.8 43.2 ± 0.8 5.5 ± 0.4
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capability to save feedstockhandling engineers and scientists significant
time and money when investigating prospective feedstock blends.

3.3.3. Wall friction
Wall friction testing involves measuring a wall yield locus, which de-

scribes the shear stress required to move granular solids continuously
across a wall surface under a specified normal stress. From the wall
yield loci, wall friction coefficients (or angles) can be determined. All of
the measured coefficients of wall friction (at a surface roughness, Ra, of
1.2 μm) for the pure and blended feedstocks ranged from ~0.16 to 0.20
(Fig. 11). A coefficient of wall friction of around 0.17 (or an angle of
~10) is considered relatively low. Thus, none of these materials, pure or
blended, should display large wall binding affinities under low ormoder-
ate consolidation stresses. However, under large consolidation stress
values (like the ones observed during pelleting) the wall friction coeffi-
cients are still significant enough to generate resistance during extrusion.

3.4. Pelleting pressure calculation

A conventional pelleting process involves pushing granular material
through a cylindrical die. The friction between the compacted material
and the die wall creates resistance to material flow through the die.
Thus, the pelleting process can be broken down into two simple steps.
First, ground (or “loose”) biomass is compressed into a densified plug.
Secondly, the densified biomass plug is forced through a pellet die to
form cylindrical pellets with fixed dimensions. There will be an energy
Fig. 9. Angle of internal friction (left axis) and interparticle cohesion (right axis) at a pre-
shear normal stress of 9 kPa for both the pure and blended feedstocks (bar charts). The
symbols represent a weighted average angle of internal friction (squares) and cohesion
(circles) for the blended feedstocks based on their composition. The dashed lines
connecting the symbols are to guide the eye.
cost associated with compressing the material, as well as an energy re-
quirement for extrusion through the die. Commonly, pelleting dies are
tapered and the compression and extrusion steps occur simultaneously.
However, for simplification, they are treated as separate stages in this
study.

The flow of densified biomass through a pelleting die is analogous to
plug-flow of a Newtonian fluid in a pipe. Ignoring gravitational effects
and density fluctuations, and assuming the flow is steady, fully-
developed, and one-directional, the Navier–Stokes conservation of mo-
mentum in cylindrical coordinates can be reduced to:

0 ¼ 1
r
∂ rτrzð Þ
∂r

−
∂P
∂z

; ð1Þ

where τrz is the shear stress acting in the r-direction as a result of
material flowing in the z-direction;while ∂P/∂z represents the pressure
drop across the length of the pelleting die. Because τrz depends on r only
and P depends on z only, the two terms in Eq. (1) must equal a constant
(A1). Therefore, an expression for τrz can be obtained independently
from P:

1
r
∂ rτrzð Þ
∂r

¼ A1: ð2Þ

The boundary conditions for τrz are:

1) when r = 0, ∂τrz/∂r=0,
2) when r = R, τrz=μwPw.
Fig. 10. Average flowability indices for both the pure and blended feedstocks across all
tested pre-shear normal stress values (3, 6, 9, and 15 kPa) (bar chart). The symbols repre-
sent a weighted average flowability for the blended feedstocks based on their composi-
tion. The dashed lines connecting the symbols are to guide the eye.



Fig. 11. Average coefficients of wall friction (Ra= 1.2 μm) across pre-shear normal stress
values of 3, 9, and 15 kPa for both the pure and blended feedstocks (bar chart). The sym-
bols represent a weighted average wall friction coefficients for the blended feedstocks
based on their composition. The dashed lines connecting the symbols are to guide the eye.
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μw is the coefficient of friction between the die wall and the biomass
plug (i.e., the coefficient of wall friction; Fig. 11) and Pw is the resultant
stress acting on the die wall due to the axial force driving biomass
through the die. After applying the boundary conditions, A1 was found
to be:

A1 ¼ 2μwPw

R
: ð3Þ

With a fully-defined A1, Eq. (1) now becomes:

∂P
∂z

¼ 2μwPw

R
: ð4Þ

However, Pw is a function of P and thus, Eq. (4) cannot be integrated
in its current form. Fortunately, Pw is simply defined as:

Pw ¼ κP; ð5Þ

where κ is the radial-to-axial stress proportionality constant (com-
monly denoted as λ); which is simply the ratio of the minor and
major principal stress values (Table 6).

The boundary condition for P is: when z=0, P= Pc; where Pc is the
pressure required to compress the “loose” biomass to the desired pellet
density. Values for Pc were obtained from the logarithmic fits of the
compressibility data in Figs. 4 and 5. These expressions were then ex-
trapolated to the degree of compression required to pellet eachmaterial
(Cp; Table 6):

CP ¼ ρP−ρG

ρP
� 100%; ð6Þ
Table 6
Energy and pressure requirements for pelleting the pure and blended feedstocks.

Material κ (−) CP (%) PC (MPa) PP (MPa) EC (kWh/t)

CS 0.15 84 15 53 88
HP 0.17 82 58 192 107
SG 0.25 79 196 1003 146
MIS 0.24 78 239 1727 293
CS + SG 0.19 80 96 266 79
CS + SG + HP 0.17 83 63 214 100
CS + SG + MIS 0.20 79 41 147 78
where ρP and ρG are the pellet and ground (or “loose”) bulk densi-
ties, respectively (Table 1). Using the boundary condition, Eq. (4) can
be separated and integrated to obtain:

P ¼ PC exp
2μwκz

R

� �
: ð7Þ

The overall pelleting pressure (PP) required to compress “loose”
biomass into a densified plug and then force it through a pelleting die
of length L and diameter D is:

PP ¼ PC exp 4μwκL=Dð Þ: ð8Þ

Using Eq. (8) and the compressibility, shear cell, and wall friction
data, the pressure required to pellet (PP) the pure and blended feed-
stocks could be obtained. The calculated PP values ranged from 50 to
1700 MPa for the pure feedstocks and 145 to 270 MPa for the blended
feedstocks (Table 6). The calculated pelleting pressures for CS and HP
and the three blendstocks are equivalent to typical pressures used to
pellet herbaceous straws and grasses, as well as wood residues (~20–
150 MPa) [9,21,20,5]. The SG and MIS feedstocks, on the other hand,
had abnormally high calculated pelleting pressures (N900 MPa). How-
ever, relatively large pressures (300–800 MPa) have been used previ-
ously to densify biomass materials [43].

The calculated pelleting pressure values were then compared to the
measured pelleting energy consumption from Table 1 (Fig. 12). Re-
markably, there is strong agreement between the measured energy
consumption and pelleting pressure values. The materials that required
more energy for pelleting, switchgrass and Miscanthus, also had large
pelleting pressure requirements: 1003 and 1727 MPa, respectively.
While the materials requiring low energy for pelleting, corn stover, hy-
brid poplar, and the three blendstocks, also had relatively low calculated
pelleting pressures (50–270 MPa).

The total pelleting pressure (PP), aswell as the compression pressure
(PC) are listed for the four pure feedstocks and the three blends in
Table 6. Roughly 40 to 15% of the pelleting pressure was used to com-
press the materials and the remaining 60 to 85% was used to overcome
friction in the pelleting die. At first glance, the extrusion pressure (the
difference between PP and PC) seems disproportionately large. Our ex-
pectation was that the force required to compress the materials would
makeup the majority of the energy involved in the pelleting process.
However, Mewes [44] studied the consumption of energy to overcome
Fig. 12. Electrical pelleting energy consumption (EC) versus the calculated pelleting pres-
sure (PP) for pure feedstocks of corn stover (filled triangle), hybrid poplar (filled circle),
switchgrass (filled square),Miscanthus (filled diamond), and blended feedstocks of corn
stover+switchgrass (open square), corn stover+ switchgrass+hybridpoplar (open cir-
cle), and corn stover+ switchgrass+Miscanthus (open diamond). The solid line is an ex-
ponential (best) fit to the data.

mi:1727
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friction during compression of straw and hay and showed that roughly
40% of the total applied energy was used to compress the materials
(straw and hay), while the remaining 60% was used to overcome fric-
tion. Additionally, Mani et al. [45] showed that over 50% of the energy
for briquetting corn stover was due to friction during extrusion. Mani
et al. also showed that when the briquetting pressure was increased
from 5 to 15 MPa, the ratio of the extrusion to compression energy in-
creased; which they attributed to the increase in normal pressure be-
tween the die and the briquette. Therefore, it is reasonable to assume
that during pelleting, which occurs at higher pressures than briquetting
(N30MPa), the extrusion energy could account for 60 to 80% of the total
energy requirements.

The development and validation of the pelleting pressure model
(Eq. (8)) allows for materials to be “pre-screened” prior to pelleting. A
feedstock's material properties (specifically compressibility, shear, and
wall friction) can be measured and its pelleting feasibility can be
assessed without actually having to pellet the material; saving biomass
process and handling engineers substantial amounts of time and
money.

4. Conclusions

The flow properties (compressibility, shear, and wall friction) of
“pure” and blended biomass feedstocks were evaluated and compared
to measured pelleting energy consumption values. As projected, the
compressibilities of the biomass feedstocks were directly correlated
with their pelletization energies. However, a feedstock's flowproperties
(i.e., the material's cohesion, yield strength, interparticle friction) were
found to be inversely related to its pelleting energy requirements. In ad-
dition, the compressibility and flowability of a feedstock blend can be
predicted by averaging the measured properties of its pure feedstock
constituents; thus, only the flow parameters of the pure components
need to be directly measured. A model was also developed to calculate
the required pressure to pellet the pure and blended biomass species.
Strong correlation was observed between the measured pelleting ener-
gy consumption values and the predicted pelleting pressure. Thismodel
allows for a feedstock's pelleting suitability to be assessed, based on its
compressibility, flowability, and wall friction, without actually having
to pelletize the material. Overall, the results reported here will help
guide ongoing feedstock formulation efforts, while also enhancing
pelleting process efficiency.
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