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ABSTRACT

Information on post-harvest handling of the crop is critical to the
development of new or improved plant species and traits. This paper
presents a comprehensive study of the grinding characteristics and handling
properties of a number of crop residues under agronomic studies. We
used a laboratory-scale knife mill connected to an in-line power meter to
investigate the specific energy of size reduction for each crop. The summer
squash sample yielded the smallest mean particle size upon grinding (P =
0.05). The results indicate a significant correlation between the Carbon
to Oxygen (C/O) ratio and the Gross Calorific Value (GCV), ash, lignin
content, and net specific grinding energy consumption (NSGEC) of the
samples. Among agricultural residues, the soybean stalk sample, with the
highest C/O ratio (0.96), exhibited the highest GCV (17.5 MJ/kg, db) and
NSGEC (31.7 kWh/t), while the summer squash sample, with the lowest
C/O ratio (0.46), showed the lowest GCV (13.6 MJ/kg, db) and NSGEC
(5.1 kWh/t). The flowability of the ground biomass samples varied, with
cucumber showing the best free flow properties. The results also showed
that there is a significant positive correlation between the lignin content and
NSGEC of all samples (p = 0.05).
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1. Introduction

The recent challenges in developing a more sustainable
energy supply to mitigate GHG emissions, coupled with
increasing global demand for food as a consequence of
population growth, have led to intensified agricultural
activities and the generation of agricultural residues [1].
Although Canada has enormous volumes of wheat, access
to this straw is un-economical and requires long-distance
transport with an intensive environmental footprint. Non-
traditional biomass, like horticultural crops, may provide
new sources of biomass. In 2022, 0.8 million tons of tomato
vines, which have a considerable number of lignocellu-
losic components, will be produced in Canada [2], [3].
The residue from tomato crops has been recognized as
a promising and sustainable lignocellulosic material for

producing both native cellulose microfibers (CMF) and
functionalized cellulose nanocrystals (CNC) [4]. Harvest-
ing soybeans resulted in approximately 22.4 million tons
of crop residue in Canada in 2022 [5]. Soybean residue
is an abundant source of cellulosic microfibrils (SMF)
and brick-like microparticles (SMP) with higher amounts
of hemicellulose content, higher crystallinity, and thermal
stability, which makes it an attractive option to reinforce
thermoplastic composites [6].

A successful conversion of lignocellulosic biomass into
valuable products hinges on effective size reduction [7]–
[9]. For instance, the proper particle size for pelletizing
ranges from 0.6−0.87 mm [10], [11], for gasification ranges
of 0.2−1.5 mm [12], [13], for anaerobic digestion 50–750
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microns [14], and recommended particle size for pyrolysis
ranges 0.25 mm−2 mm [15], [16].

The three most common grinding mills are hammer
mills, knife mills, and ball mills. Different grinding meth-
ods for biomass have been compared to highlight the
influence of the device type on energy consumption and
particle size distribution [17], [18]. Using knife mill for
Doughlas fir chips consumed higher energy and resulted
in smaller particle size in comparison with hammer mill
[19]. Knife mill was particularly effective for fibrous agri-
cultural residues [17].

Higher lignin content often results in greater resistance
to size reduction processes, affecting both the specific
grinding energy and particle size distribution [9]. Investiga-
tions on the effect of lignin content showed that softwood
sawdust samples with higher lignin content had less spe-
cific grinding energy [20]. In contrast, another research
comparing cellulose and lignin content of sawdust sam-
ples and agricultural straws stated that the higher specific
energy grinding is associated with a higher amount of
cellulose and lignin [9].

The Gross Calorific Value (GCV) represents the max-
imum energy released during complete combustion [21].
GCV is essential for evaluating biomass energy content
[22] and optimizing process parameters for conversion
technologies like combustion, gasification, or pyrolysis
[23]. GCV varies significantly based on feedstock type,
moisture content, and other elemental and compositional
factors [24]. The C/O ratio in biomass properties, repre-
senting the carbon-to-oxygen ratio, is a key metric for
evaluating the chemical composition, stability and reac-
tivity, thermal properties, hydrophobicity, and quality of
biomass [25].

Generally, lower moisture and higher carbon content
contribute to a higher GCV [26]. The ash content refers to
the inorganic residue left after biomass combustion [21].
High ash content presents challenges such as equipment
fouling and corrosion during combustion, impacting bio-
fuel quality and thermal conversion efficiency [27]. The ash
content varies with different particle sizes, with a higher
amount of ash content concentrated in the fine particles
[28]. The reduction in ash content leads to an increase
in gross calorific value [29], [30]. Materials with higher
moisture content have higher specific grinding energy and
poorer flowability behavior [31]–[34].

Machine vision, as an advanced technique, has been
used by researchers to examine particle size and shape
through images [35]–[38]. ImageJ is an open-source image
processing software that can be used to extract quantita-
tive data from images and precisely characterize particle
dimensions and morphological features. This approach
offers a highly efficient and accurate means of features
like length, width, area, perimeter, aspect ratio, round-
ness, and circularity [39], [40]. The relationship between
particle shape and size distribution and flowability for
efficient handling and transportation of biomass have been
examined by researchers [32], [37], [40]–[42]. Ground parti-
cles with higher sphericity, roundness, and circularity had
better flowability [40]. An investigation of the AOR in
different size fractions proved that smaller particle size was

associated with better flowability [42]. In general, flowabil-
ity is associated with smaller particles, higher aspect ratios,
and highly spherical particles [31], [32], [39], [43], [44].

The flowability of particles is also intricately linked to
various properties such as particle density, bulk density,
Hausner ratio, and AOR [31], [45]. Bulk density is a key
factor in determining the flow behavior of a material,
with higher bulk densities generally associated with better
flowability [46]. The Hausner ratio provides quantitative
measures of powder flow properties, where higher values
indicate reduced flowability [47]. The angle of repose is
another indicator of flowability, where higher AOR is
associated with lower flowability [47].

1.1. Objectives

Agronomists are not only tackling challenges related to
crop performance and stress management but are equally
invested in assessing the post-harvest characteristics of the
biomass portion of emerging crop strains for bioenergy
and bioproduct applications. The primary step in the pro-
cessing of biomass is size reduction with respect to energy
input and particle size distribution of the biomass. The
experimental data encompasses a range of critical compo-
sitional and physical properties of the ground biomass that
are critical to the efficient handling and processing of the
biomass.

2. Materials and Methods

Corn, soybean, tomato, cucumber, eggplant, and sum-
mer squash were cultivated and harvested either in
greenhouses or on experimental plots in Plant Science
Department of McGill University, Montreal in 2021. Saw-
dust from lodgepole pine and white spruce with 50/50
split, was supplied by Premium Pellet Co., Vanderhoof,
British Columbia, as the commercial baseline material for
comparison purpose. The samples had 5%–10% (wet mass
basis) moisture content as received.

Fig. 1 shows corn stover samples consisting of large
pieces of stalks and leaves. The soybean stalk samples
included brittle stems and shriveled leaves. The eggplant
biomass was mainly composed of crushed leaves and some
thick and long wooden stems. Tomato vine is comprised
of wooden stems and some chopped leaves. The bush-like
cucumber and summer squash samples had thin, brittle
stems and crushed leaves. Sawdust was taken at the pellet
plant before grinding. The samples were kept in air-tight
bags to minimize moisture uptake.

Samples were ground using a knife mill (Model
SM100, Retsch Inc., Newtown, PA) having a screen
with square perforations of 4 mm. After recording the
initial mass, the as received biomass samples were fed
by hand into the infeed chute. The time of feeding
was recorded using a digital timer. An in-line HOBO
Plug Load Data Logger (Model UX120-018, Onset
HOBO, USA) was used to measure and record instanta-
neous power data at 1 second intervals. Ground samples
were collected and stored in air-tight bags for further
testing.
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Eggplant Cucumber Summer squash

Fig. 1. Pictures of the as-received biomass samples cultivated and harvested in an experimental greenhouse at McGill University.

Samples were ground in four replications, and the power
consumption data were logged for each replicate to calcu-
late the net-specific grinding energy consumption. Fig. 2
shows a typical record of a grinding cycle. In this particular
test, the sample was fed into the grinder gradually 14
times. The red line in Fig. 2 represents the grinder power
consumption under no-load conditions. There is no con-
siderable fluctuation in power while the grinder is empty
(Pno−load = 484.4 W). The blue line shows instantaneous
power consumption at 1 second intervals. There were large
fluctuations in the power during operation as the samples
were fed manually into the grinder. The small peaks (in
the range of 550–650 W) are associated with the power
use response to the feeding step. The larger peaks (in the
range of 650–950 W) are related to pressing the samples
into the grinding chamber using the wooden plunger after
each feed cycle. The data logger unit recorded the power
of grinding (dP) over each time step of one second (dt).
The total specific grinding energy consumption (TSGEC)
is presented as the sum of instantaneous power recorded
every second during the grinding process. The net specific
grinding energy consumption (NSGEC) is the difference
between the TSGEC and the energy required to run the
grinder under a no-load condition [33], [34], [39].

The following equations are used to convert power to
energy and calculate specific energy.

ENet(kJ) = ELoad(kJ) − ENo−Load(kJ)

=
n∑

t=0

d(PLoad − PNo−Load) × dt (1)

NSGEC
(

kWh
t

)
= ENet(kJ)

m(kg) × 3.6
(2)

where ELoad is energy consumption in kJ while samples
were loaded in grinder, ENo−Load is energy consumption
of the grinder in kJ while no sample was loaded, PLoad is
the power consumption in Volts-Amps while samples were
loaded in grinder, PNo−Load is the power consumption of
the grinder in Volts-Amps while no sample was loaded in
grinder, dt is the time intervals of the data logger, ENet is
the net energy consumption in kJ, m is the mass of the
samples in kg loaded into the grinder, and NSGEC is the
Net Specific Grinding Energy Consumption of the samples
in kWh/t.

The particle size distribution was conducted by siev-
ing in accordance with the ANSI/ASAE standard S319.4
(ASAE, 2008b). Roughly 100 g of the sample was placed
on top of a stack of sieves on a Ro-Tap shaker (Tyler
Industrial Products, Cleveland, OH). The selected sieve
sizes were 4, 2, 1.18, 0.5, 0.25, and 0.125 mm. The shaker
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Fig. 2. Energy consumption in No-load and Grinding condition. Difference between No-load and Grinding condition represents the net
specific grinding energy consumption (NSGEC).

Best fitted ellipse Width

Length

Fig. 3. Determining best fitted ellipse to obtain width (W),
length (L), area (A), and perimeter (P).

subjects the contents of the sieve to oscillation motions and
tapping for 10 minutes. The mass retained on each sieve
and in the pan was weighed on an electronic balance to
0.01 g precision. All particle size distribution was measured
in four replications. Calculation of particle size, surface
area, and number of particles by mass calculations assumes
that particle sizes of all ground material are logarithmic-
normally distributed.

The shape factors of the particles were determined
through image processing using the open-source software,
ImageJ (Version 1.53K, National Institutes of Health,
USA). A sample of 100 particles were taken randomly
from each samples and were photographed using a cell-
phone camera. Fig. 3 shows the determination of best
fitted ellipses on particles to obtain width (W), length (L),
area (A), and perimeter (P).

Aspect ratio (AR) is defined as the ratio of the width to
length of the particle and is calculated using Eq. (3) [40],
[44], [48]. Aspect ratio is a dimensionless parameter, and it
varies from 0 to 1.

AR = W
L

(3)

The specific particles density is measured using a gas pyc-
nometer (Quantachrome Instruments, Boyton Beach, FL,
USA; Model MVP-D160-E). All specific density measure-
ments are repeated five times to achieve the reproducibility
of the results.

The bulk density of loose and dense materials was deter-
mined as the ratio of mass over aerated volume. The tapped
bulk density was obtained upon tapping the volume of
the material against a padded bench top 50 times (suffi-
cient taps to make sure there is no change in the volume
anymore).

The Hausner Ratio (HR) that is an indicator of the
flowability of the ground material, is calculated by dividing
the tapped bulk density over the loose bulk density. HR is
a dimensionless index [39], [47].

The Angle of Repose (AOR) is one of the indexes to
evaluate the flowability of particles. AOR is the angle of
piled particles with respect to the horizontal surface. AOR
depends on the particle size, particle shape, cohesiveness,
and stickiness of particles [49]. It is suggested that an
AOR below 30° shows good flowability, 30°–45° some
cohesiveness, 45°–55° true cohesiveness and above 55° very
high cohesiveness [49].

The moisture content of the samples was analyzed
according to ASABE S358.2 (2010) and by using a convec-
tion oven at 105°C for 24 hours. The measurements were
done with four replications and reported on a wet basis.

The ash content of ground samples was measured with
four replications [50]. Ash content was determined as the
percentage of residue remaining after dry oxidation at
550°C–600°C in a furnace.

The Gross Calorific Value (GCV) was determined by an
oxygen bomb calorimeter (Parr Model 6100) using ASTM
standard D-2015.

The extractives of ground material were measured in dry
basis using a Soxhlet unit [51].

The lignin content of ground material was analyzed in
four replications for insoluble (Klason) lignin contents
[51]. All extractive and lignin measurements are repeated
four times to confirm the reproducibility of data.

The elemental analysis of the ground samples was mea-
sured via FISONS-EA 1108 (Thermo Fisher Scientific,
USA) Elemental Analyzer in 4 replicates.

3. Results and Discussion

3.1. Grinding Observations

The sample of con stover and leaves exhibited consider-
able resistance to grinding due to the spongy and elastic
nature of their stalks. The brittleness of the tomato vines
led to the easiest grinding among all samples. Grinding
tomato vines and eggplant samples resulted in the high-
est amount of dust generated, while sawdust produced
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Fig. 4. Grinding chamber after grinding. Grinding leftovers
represents the plugging of the screen.

the least during the process. The slenderness and brittle-
ness bush-type of cucumber and summer squash samples
resulted in the least resistance to grinding. Upon cessa-
tion of the in-flow, most of the samples were successfully
cleared from the grinder cavity. However, an exception
was noted with corn stover, summer squash, and eggplant
samples, where significant amounts of materials remained
within the cavity (Fig. 4). This accumulation of these sam-
ples led to an overcurrent situation, highlighting the unique
challenges posed by their mechanical strength during the
grinding process.

3.2. Material and Power Input to Grinder

Table I lists the mass and energy flows for the grinding
tests. The moisture content ranges from 6.2% for corn
stover to 10.2% for cucumber, representing a long-term
equilibrium in laboratory conditions. Mass fed to the
grinder varies depending on the biomass crop, reflect-
ing the availability of biomass for testing. The disparity
between mass inflow and outflow denotes material loss
during grinding. Feeding time correlates with the amount
of biomass tested. Net grinding energy is computed using
(1) and (2).

3.3. Particle Size Analysis

Fig. 5 shows cumulative distribution of particles size
with respect to sieve opening size. Ground ag-residue sam-
ples had a considerable amount of fine particles (below 125

microns) in comparison with commercial sawdust samples.
Summer squash has a sharper increase in the cumulative
weight percentage at smaller sieve sizes, demonstrating it
has the highest amount of fine particles among all samples.
The curves for cucumber, tomato vine, and eggplant show
a moderate slope than summer squash (about 10% fine
particles), indicating they have relatively a higher pro-
portion of smaller particles. The cumulative distribution
curve of corn stover and soybean stalk displays a moderate
slope (about 5% fine particles), suggesting a more balanced
distribution of particle sizes. The sawdust sample has a
more gradual cumulative size distribution curve compared
to all agricultural byproducts.

Fig. 6 shows the distribution of particle size specifying
the mean particles size D50, D16, and D80. D80 represents
that 80% of the particles are below the size on vertical axis.
The result of the mean particle size analysis shows that
all tested agricultural residues have significantly smaller
particles compared to sawdust samples after grinding.
Among agricultural residues, the ground summer squash
and tomato vine samples show the lowest values for all
particle sizes. The smaller particles are difficult to handle.

3.4. Particle Shape Analysis

Fig. 7 presents the results of the particle shape analysis
of ground samples. A higher aspect ratio indicates a more
circular particle. The highest aspect ratio belongs to egg-
plant (0.45), and the lowest value is associated with the
cucumber and corn stover (0.32) (Fig. 7). This indicates
that ground corn stover and cucumber particles are more
elongated compared to the others. The aspect ratios of
corn stover, soybean stalk, cucumber, and sawdust samples
do not show any significant difference (P = 0.05). Also,
there is no considerable difference between the aspect ratio
of eggplant, summer squash, and tomato vine samples
(P = 0.05). This suggests that these biomasses have similar
elongation characteristics, flow behavior, and mechanical
interlocking during downstream processes like storage and
pelletization.

3.5. Elemental Analysis

The results of the elemental analysis of the ground
biomass are depicted in Table II. Sawdust sample con-
siderably has the highest (50.39 %) carbon content and
lowest (45.53%) oxygen content among all samples. The
highest and lowest oxygen content belongs to summer
squash (63.8%) and soybean stalk (47.75%), respectively.
Conversely, the summer squash and soybean stalks have
the lowest (29.02%) and highest (46.04%) carbon content.

TABLE I: Mass in-Flow and Energy Consumption of the Knife Mill to Calculate the Performance of the Knife Mill Grinder

Samples Moisture content
(wb, %)

Pre-grind mass (g) Post-grind mass (g) Feeding time (s) Feeding rate (g/s) Net energy (kJ/kg)

Corn stover 6.2 500.6 486.6 503 0.97 89.4
Soybean stalk 7.5 537.4 519.0 746 0.70 114.1
Tomato vine 8.6 660.9 622.2 372 1.68 50.7

Eggplant 10.0 1147.0 1129.6 459 2.48 32.4
Cucumber 10.2 184.7 173.5 153 1.16 44.3

Summer squash 9.7 533.0 545.1 240 2.26 18.2
Sawdust 9.7 121.5 104.5 261 0.41 278.1
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3.6. Physio-Chemical and Structural Components
The results of the physio-chemical, structural compo-

nents, and the net specific grinding energy consumption
(NSGEC) of the samples are listed in Table III. The saw-
dust sample exhibits the highest GCV (21.0 MJ/kg, db)
and the lowest ash content (0.3%). Among the agricultural
residues, summer squash has the lowest GCV (13.6 MJ/kg,
db) and the highest ash content (33.6%). Conversely, the
highest GCV (17.6 MJ/kg, db) and the lowest ash content
(5.7%) belong to the corn stover sample. The primary
factor influencing these variations in GCV and ash content

is the Carbon to Oxygen (C/O) ratio. According to the
Pearson correlation matrix (Table IV), there is a significant
positive correlation between the C/O ratio and GCV; con-
versely, there is a significant negative correlation between
the C/O ratio and the ash content of all samples.

Similarly, lignin content is positively correlated to the
C/O ratio (Table IV). The highest lignin content belongs
to sawdust sample (29.2%) with the highest C/O ratio
(1.16). In a contrary trend, the lowest lignin content (5.6%)
belongs to the summer squash sample with the lowest C/O
ratio (0.46).
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TABLE II: Elemental Analysis of Ground Corn Stalks, Soybean Stalks, Tomato Vines, Eggplant, Cucumber, Summer Squash, and
Sawdust Sample

Samples C% N% H% S% O%

Corn stover 45.79 d 0.50 b 5.66 d 0.00 a 48.05 b
Soybean stalk 46.04 d 0.47 b 5.75 d 0.00 a 47.75 b
Tomato vine 41.28 c 1.17 c 5.21 c 0.40 b 51.95 d

Eggplant 41.62 c 2.89 d 5.27 c 0.39 b 49.84 c
Cucumber 35.68 b 3.27 e 4.71 b 0.50 d 55.85 e

Summer squash 29.02 a 2.82 d 3.91 a 0.45 c 63.80 f
Sawdust 50.39 e 0.00 a 6.08 e 0.00 a 43.53 a

Pr > F (Model) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Significant Yes Yes Yes Yes Yes

Note: a, b, c, and d; represent the statistical difference by the LS means method.

TABLE III: The Statistical Difference of Means of Physio-chemical, Structural Components, and Net Specific Grinding Energy of Corn
Stalks, Soybean Stalks, Tomato Vines, Eggplant, Cucumber, Summer Squash, and Sawdust Sample with the Method of LS Mean

Samples GCV (MJ/kg, db) Ash (%) C/O ratio Extractive (%) Lignin (%) NSGEC (kWh/t)

Corn stover 17.6 d 5.7 b 0.95 e 5.67 c 15.4 d 24.8 d
Soybean stalk 17.5 cd 7.3 c 0.96 e 1.49 a 18.5 f 31.7 e
Tomato vine 14.8 b 17.3 e 0.79 c 4.79 b 16.2 e 14.1 c

Eggplant 16.7 c 14.5 d 0.84 d 4.36 b 12.4 c 9.0 b
Cucumber 14.3 ab 25.3 f 0.64 b 1.82 a 9.4 b 12.3 c

Summer squash 13.6 a 33.6 g 0.46 a 1.70 a 5.6 a 5.1 a
Sawdust 21.0 e 0.3 a 1.16 f 2.17 a 29.2 g 77.3 f

Pr > F (Model) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Significant Yes Yes Yes Yes Yes Yes

Note: a, b, c, and d; represent the statistical difference by the LS means method.

TABLE IV: Pearson Correlation Matrix of the Variables

Variables Lignin (%) C/O ratio GCV (MJ/kg, db) Ash C. (%) NSGEC (kWh/t)

Lignin (%) 1
C/O ratio 0.921 1

GCV (MJ/kg, db) 0.893 0.921 1
Ash C. (%) −0.881 −0.981 −0.910 1

NSGEC (kWh/t) 0.929 0.813 0.897 −0.763 1

Note: Values in bold are different from 0 with a significance level alpha = 0.05.

There is also a significant positive correlation between
the NSGEC and the C/O ratio (Table IV). The sawdust
sample, with the highest C/O ratio, has the highest NSGEC
among all studied materials (77.8 kWh/t). This is an
expected result as wood cells basically contain more lignin
and cellulose, and their structure and morphology differ

from plant cells [9]. There is also a considerable posi-
tive correlation between NSGEC and lignin content. This
observation is opposed to the finding of Naimi et al. [20].
Among agricultural residues, soybean stalk exhibited the
highest net specific grinding energy consumption, nearing
31.9 kWh/t. Conversely, crushing summer squash stems
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TABLE V: Physical and Flow Properties of the Corn Stover, Soybean Stalk, Tomato Vine, and Sawdust According to the Classification
Method Developed by McGlinchey in 2009 [47]

Samples Particle density
(kg/m3)

Bulk density (kg/m3) Porosity (−) HR (−) AOR (◦) Flow class based on
angle of repose

Corn stover 1238.7 a 107.7 a 0.913 g 1.30 b 44.5 c Fair flowing
Soybean stalk 1398.5 b 200.2 d 0.857 d 1.35 d 52.2 f Cohesive
Tomato vine 1423.7 c 259.9 e 0.817 a 1.29 b 43.6 c Fair flowing

Eggplant 1626.8 d 196.4 c 0.879 f 1.33 c 48.0 d Cohesive
Cucumber 1700.6 e 259.5 e 0.847 c 1.25 a 39.9 a Free Flowing

Summer squash 1798.9 f 289.0 f 0.839 b 1.25 a 42.0 b Fair flowing
Sawdust 1395.3 b 186.9 b 0.866 e 1.25 a 49.7 e Cohesive

Note: a, b, c, and d represent the statistical difference by the LS means method. AOR Angle of repose, HR Hausner ratio.

required significantly less energy (5.1 kWh/t). The vari-
ability in the energy consumption for size reduction of
biomass is ascribed to their biophysical structures and
biochemical composition, as these properties determine
the material’s resistance to fracture under applied stress [9],
[52]. The highest NSGEC for sawdust can be attributed to
the highest lignin content of this sample, as lignin primarily
provides hardness and stiffness in cell structure [9], [53].

3.7. Flowability Classification

Table V summarizes the physical and flow properties
of the corn stover, soybean stalk, tomato vine, eggplant,
cucumber, summer squash, and sawdust samples. Based
on the classification method developed by McGlinchey
in 2009 [47], corn stover, summer squash, and tomato
vine have relatively similar flow behavior, and they are
categorized as “Fair flowing”materials. The soybean stalk,
eggplant, and sawdust samples are classified as “Cohesive”
in terms of flowability. The cucumber has the best free-
flow properties, and it is categorized as “Free flowing.”

The highest and lowest specific particle density and
bulk density belong to summer squash and corn stover,
respectively. This result is interesting as both the highest
and lowest particle and bulk density resulted in a fair flow
behavior compared to other samples. The possible justi-
fication for the fair flow behavior of the ground tomato
vines, Cucumber, and summer squash is their smaller parti-
cle size distribution. The findings of Xu et al. and Crawford
et al. verify our results that smaller particles result in higher
particle and bulk density and better flowability [42], [43].
Moreover, the possible reason to explain flow behavior of
the ground corn stover though can be the high level of the
extractives in this sample. Extractives contain considerable
amount of waxes which can perform as a natural lubrica-
tion [54] agent in such way to enhance the flowability of
the ground corn stover.

4. Discussion and Conclusion

The research presented in this paper focuses on the post-
harvest process properties of six biomass species grown
experimentally, either in the field or in the greenhouse.
It provides a comprehensive study on the processing and
handling properties of corn stover, soybean stalks, tomato
vines, eggplant, cucumber, summer squash, and sawdust
samples. The investigation of non-traditional agricultural
residue provides some abundant underutilized alternative

sources of biomass but also enables us to move toward
more sustainable practices in agriculture in terms of cir-
cular economy. A commercially available sawdust is used
as a benchmark. The objective was to highlight the critical
properties of biomass that are important to consider when
developing new biomass crops. In future experiments, we
recommend segregating leaves from stems to reduce the
effect of leaves on the grinding and flow properties of the
materials.

The following conclusions can be drawn:

• There is a wide range of energy to grind the exper-
imental crops. The net specific energy required for
comminuting the six types of biomass varied, with
the lowest being 5.1 kWh/t for summer squash
stalks and the highest reaching 31.7 kWh/t for
soybean stalks. The NSGEC of the samples are
correlated positively with the lignin content.

• The ground summer squash stalks had the smallest
particle size, while the largest particle size belonged
to soybean stalks.

• The ground soybean stalks showed statistically
higher angle of repose and larger Hausner ratio
than other ground samples (P = 0.05). This can
contribute to its worst flowability behavior.

• The Carbon to Oxygen (C/O) ratio is a key param-
eter for the analysis of the physio-chemical and
structural properties of the ground biomass. All
studied parameters including GCV, ash, lignin, and
NSGEC are correlated significantly to C/O ratio.
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Appendix

Nomenclature

MC Moisture content, (wb, %)
GCV Gross Calorific Value, (MJ/kg, db)
AC Ash Content, (%)
PSD Particle Size Distribution, (%)
D16 16 % of the particles have diameter less than

the specific amount, (mm)
D50 50 % of the particles have diameter less than

the specific amount, (mm)
D84 84 % of the particles have diameter less than

the specific amount, (mm)
SPD Specific Particle Density, (kg/m3)
AOR Angle of Repose, (◦)
HR Hausner Ratio, (−)
NSGEC Net Specific Grinding Energy Consump-

tion, (kWh/t)
TSGEC Total Specific Grinding Energy Consump-

tion (kWh/t)
W Width, (mm)
L Length, (mm)
A Area, (mm2)
P Perimeter, (mm)
AR Aspect Ratio, (−)
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