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A major challenge in the production of pellets is the high cost associated with drying
biomass from 30 to 10% (w.b.) moisture content. At Idaho National Laboratory, a high-
moisture pelleting process was developed to reduce the drying cost. In this process the
biomass pellets are produced at higher feedstock moisture contents than conventional
method, and the high moisture pellets produced are further dried in energy efficient
dryers. This process helps to reduce the feedstock moisture content by about 5-10%
during pelleting, which is mainly due to frictional heat developed in the die. The
objective of this research was to explore how binder addition influences the pellet
quality and energy consumption of the high-moisture pelleting process in a flat die
pellet mill. In the present study, raw corn stover was pelleted at moistures of 33, 36,
and 39% (w.b.) by addition of 0, 2, and 4% pure corn starch. The partially dried pellets
produced were further dried in a laboratory oven at 70 °C for 3-4 hr to lower the pellet
moisture to less than 9% (w.b.). The high moisture and dried pellets were evaluated for
their physical properties, such as bulk density and durability. The results indicated that
increasing the binder percentage to 4% improved pellet durability and reduced the
specific energy consumption by 30-50% compared to pellets with no binder. At higher
binder addition (4%), the reduction in feedstock moisture during pelleting was <4 %,
whereas the reduction was about 7-8% without the binder. With 4% binder and 33%
(w.b.) feedstock moisture content, the bulk density and durability values observed of
the dried pellets were >510 kg/m3 and >98%, respectively, and the percent fine
particles generated were reduced to <3%.
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SHORT ABSTRACT:

In this study, a protocol was developed to produce good quality pellets using a flat die pellet
mill at reduced specific energy consumption testing high-moisture corn stover and a starch
based binder. The results indicated that adding a corn starch binder improved the pellet
durability, reduced percent fines and decreased specific energy consumption.

LONG ABSTRACT:
A major challenge in the production of pellets is the high cost associated with drying biomass
from 30 to 10% (w.b.) moisture content. At ldaho National Laboratory, a high-moisture
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pelleting process was developed to reduce the drying cost. In this process the biomass pellets
are produced at higher feedstock moisture contents than conventional method, and the high
moisture pellets produced are further dried in energy efficient dryers. This process helps to
reduce the feedstock moisture content by about 5-10% during pelleting, which is mainly due to
frictional heat developed in the die. The objective of this research was to explore how binder
addition influences the pellet quality and energy consumption of the high-moisture pelleting
process in a flat die pellet mill. In the present study, raw corn stover was pelleted at moistures
of 33, 36, and 39% (w.b.) by addition of 0, 2, and 4% pure corn starch. The partially dried pellets
produced were further dried in a laboratory oven at 70 °C for 3—4 hr to lower the pellet
moisture to less than 9% (w.b.). The high moisture and dried pellets were evaluated for their
physical properties, such as bulk density and durability. The results indicated that increasing the
binder percentage to 4% improved pellet durability and reduced the specific energy
consumption by 30-50% compared to pellets with no binder. At higher binder addition (4%),
the reduction in feedstock moisture during pelleting was <4%, whereas the reduction was
about 7-8% without the binder. With 4% binder and 33% (w.b.) feedstock moisture content,
the bulk density and durability values observed of the dried pellets were >510 kg/m? and >98%,
respectively, and the percent fine particles generated were reduced to <3%.

INTRODUCTION:

Biomass is one of the major energy resources in the world and is considered carbon neutral®.
Bulk density of baled and ground agricultural biomass and chipped woody biomasses is low.
Low bulk densities of baled biomass (130-160 kg/m?3), ground biomass (60-80 kg/m3) and
chipped woody biomass (200-250 kg/m3) create storage, transportation, and handling
issues?3.Densifying or compressing the ground biomass by using pressure and temperature
increases the bulk density by about 5 to 7 times, and helps to overcome transportation and
storage limitations®. Pellet mills, briquette presses, and screw extruders are densification
systems typically used for biomass®. Breakeven transportation distance analysis on baled and
pelleted biomass feedstock indicated that pellets can be transported 1.5 times farther than
bales using a truck for the same cost>.The transportation efficiencies of pellets increase with
other modes of transportation like rail and cargo ships, since they are volume-limited compared
to trucks that are limited by weight. Currently, in Europe the pellets produced from woody
biomass are extensively used for bio-power generation. Canada and the United States are the
major producers and suppliers of wood pellets to Europe®. Pellets produced from both woody
and herbaceous biomass can be used for both thermochemical (cofiring, gasification, and
pyrolysis) and biochemical conversion (ethanol) applications”>.

The qualities of pellets (density and durability) and specific energy consumption of the pelleting
process are dependent on the pellet mill process variables, such as die diameter, die speed and
length to diameter ratio of the die and feedstock variables, such as feedstock moisture content
and composition®. Both of pellet mill process variables and feedstock variables influence the
quality of the pellets and the specific energy used in the process. The die dimensions (i.e.
length-to-diameter ratio) will influences the compression and extrusion pressure, and the die
rotational speed controls the residence time of the material within the die. Moisture content is
a feedstock variable that plays an important role by interacting with the biomass composition
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components (i.e. protein, starch, and lignin) due to high temperature and pressure encountered
in the die. The presence of moisture increases the van der Waals forces, thereby increasing the
attraction between the biomass particles!®. In general, higher moisture in the biomass impacts
the bulk density of the compressed product due to diametrical and lateral expansion as it exits
the pellet mill or briquette press die'®. Biomass composition, such as starch, protein, lignin, and
other water-soluble carbohydrates, influences the binding behavior when subjected to pressure
and temperature in densification equipment!!. Some of the common composition reactions
that are influenced by feedstock moisture, die temperature, and pressure are starch
gelatinization, protein denaturation, and lignin glass transition. Generally, at temperatures of
100 °C or greater and a feedstock moisture content of greater than 30%, starch in food and
animal feed gets gelatinized and influences textural properties like hardness'2. Typically, the
starch reactions are gelatinization, pasting, and retrogradation. Among these reactions,
gelatinization has the greatest influence on pellet properties®3. Starch is often included in food
and non-food applications as a binder. For example, in the pharmaceutical tablet formulation
starch is used as filler®4. Protein in the biomass undergoes denaturation and forms complex
bonds due to the high temperature and pressure experienced in the densification process!!. In
general, higher amounts of protein in biomass will result in a more durable pellet’>6, For
example, alfalfa, which has a higher amount of protein, results in durable pellets at higher
feedstock moisture content. The fat in the biomass reduces the friction forces and the extrusion
energy during pelleting or briquetting'™*’. In lignocellulosic biomass, the presence of lignin
within plant material helps to form pellets without adding any binders8. Woody biomass has
higher lignin content (29-33%) when compared to a herbaceous biomass, which typically
consists of 12-16% lignin®1°, At lower feedstock moisture contents of about 10-12% (w.b.),
glass transition temperature of the lignin is greater than 140 °C?°; whereas, increasing the
moisture content reduces the glass transition temperature?!. According to Lehtikangas??, the
glass transition temperature of lignin at 8-15% (w.b.) moisture content is about 100-135 °C, but
increasing the moisture content to >25% (w.b.) reduces the glass transition temperature to
<90 °C.

Herbaceous biomass is available at higher moisture content depending on the harvesting
method and harvesting time. In the case of single pass harvesting method the harvested
material will have a moisture content >30% (w.b.)?3. Biomass is typically dried to about 10%
(w.b.) moisture content to make it aerobically stable and to prevent dry matter loss during
storage. Lamers et al.?% indicated that to preprocess biomass at 30% moisture content the total
cost for both grinding (stage-1 & 2) and drying is about $43.60/dry ton, and about $15.00/dry
ton is just for drying the biomass. Drying biomass takes about 65% of the total preprocessing
energy, and pelleting takes about 8-9%.18 Yancey et al.?> has corroborated the fact that drying is
the major energy consumer in biomass preprocessing. The experimental data and techno-
economic analysis indicated that efficient moisture management is critical for reducing the
biomass preprocessing costs. One way to decrease the drying cost and manage the feedstock
moisture more efficiently is to use a high-moisture pelleting process coupled with a low
temperature drying method. In the high-moisture pelleting process developed at ldaho
National Laboratory, the biomass is pelleted at moisture contents greater than 28% (w.b.); the
partially dried pellets produced which are still high in moisture, can be dried in energy efficient
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driers, such as grain or belt dryers?'. One major advantage of high-moisture pelleting is that it
helps reduce the drying cost, which in turn results in reduced total pellet production cost.
Techno-economic analysis indicated that energy and production costs are reduced by about 40-
50% using the high-moisture pelleting process compared to a conventional pelleting
method?*?®. The major reason for reduced pellet production cost is due to replacing a rotary
dryer that operates at high temperatures of 160 to 180 °C with a grain dryer that operates at
lower temperatures of about 80 °C or less?!. The other advantages of replacing a rotary dryer
with a belt or grain dryer are: 1) greater efficiency, 2) reduced fire hazard, 3) does not need
high quality heat, 4) reduced volatile organic compound (VOC) emissions, 5) reduced particulate
emissions, and 6) does not agglomerate high clay or sticky biomass?’. The energy-intensive
steam conditioning step in conventional pelleting , typically used to add moisture and activate
some of the biomass components, is replaced with a short preheating step. This step helps
reduce the feedstock moisture content as well as activate biomass components like lignin. The
frictional heat developed in the pellet die also helps reduce the feedstock moisture content by
about 5-8% (w.b.)?%28. In the high-moisture pelleting process, the pellet mill not only
compresses the biomass, but also helps to reduce the moisture content during compression
and extrusion. Many researchers have done experiments on pelleting of raw and chemically
pretreated biomass at a wide range of moisture contents (7-45%, w.b.) using single, laboratory,
pilot, and commercial continuous pelleting systems'®2>2%41 These researchers adjusted
feedstock moisture content of the biomass to different desired levels to understand the effect
of moisture content on quality attributes of the pellets.

Pellet quality attributes, bulk density and durability, are normative specifications according to
the USA based Pellet Fuel Institute (PFI). However, according to the European Committee for
Standardization (CEN) durability is a normative and bulk density is an informative
specification??. Pellets with durability values >96.5% and bulk density >640 kg/m3 are
designated as super premium pellets based on PFl standards, whereas pellets with durability
values >97.5% are designated as pellets with the highest grade. Both the CEN and PFl standards
recommend pellets with different diameters. For example, PFl recommends a diameter in the
range of 6.35-7.25 mm, whereas CEN recommends a diameter ranging from 6-25 mm and a
pellet length less than or equal to 4 times the diameter®?. Smaller diameter pellets (6 mm) are
preferred for transporting longer distances considering they have higher packing densities?s.
For conventional pelleting processes, it is recommended to pellet biomass at low moisture
contents to meet these density specifications desirable for transporting the pellets long
distances*’. Both CEN and PFI have additional pellet grades*?. Tumuluru?® and Tumuluru and
Conner*! indicated that high moisture pelleting processes developed at Idaho National
Laboratory help to produce corn stover and wood pellets with different quality attributes (bulk
density and durability) and specific energy consumption making them suitable for different
transportation and logistics scenarios.

Most of the pelleting studies on biomass were done using a single pelleting system. Pelleting
data on biomass using a continuous system at laboratory scale is limited. Studies on continuous
pelleting systems will be useful to understand the effect of the pelleting process variables like
die rotational speed, length to diameter ratio and die diameter on the quality attributes and

Page 4 of 19 rev. August 2015



specific energy consumption. The pelleting data on the continuous systems can be further used
to scale up the process to pilot and commercial scale system. In general, a flat die pellet mill is
used for conducting pelleting studies on woody and herbaceous biomass in a laboratory?. The
working principle of the laboratory scale flat die, and pilot, and commercial scale ring die pellet
mills are similar. All these pellet mills have a perforated hard steel die with one or two rollers.
By rotating the die, the rollers exert force on the feedstock and force it through the
perforations of the die to form densified pellets®.

Our earlier studies on high-moisture pelleting of corn stover at feedstock moisture content of
28-38% (w.b.) without any binder addition resulted in lower durability values at higher
feedstock moisture content?2%, Improving the durability of high moisture pellets after cooling
and drying is important as it helps to prevent the disintegration of the pellets (loss of pellet
quality) during handling, storage and transportation. The disintegration of pellets typically
results in fines generation and loss of revenue for the pellet producers. Binders are typically
used in the pelleting process to improve pellet quality, especially durability, and to reduce the
specific energy consumption. Commonly used natural binders in the pelleting process are
proteins and starch*?8. Starch undergoes gelatinization, whereas protein undergoes
denaturation in the presence of heat, moisture, and pressure. Both of these reactions result in
better binding and more durable pellets at lower energy consumption. The overall objective of
this study were to develop and demonstrate a high-moisture pelleting process using corn stover
with the addition of a binder to produce good quality pellets in terms of green durability (after
cooling) and cured durability (after drying) at a lower specific energy consumption. The specific
objectives for the study were to 1) conduct high-moisture pelleting of corn stover at different
feedstock moisture contents (33, 36, and 39%, w.b.) and starch binder contents (0, 2, and 4%),
2) evaluate the physical properties (pellet moisture content, pellet diameter, expansion ratio,
bulk density and durability (green and cured durability)), and 3) evaluate specific energy
consumption of the pelleting process.

PROTOCOL:

NOTE: Corn stover bales were procured in the form of bales from agricultural farms in lowa,
USA. The procured bales were ground sequentially in two stages. In stage 1, the corn stover
bales were ground using a grinder fitted with a 50.8-mm screen. In stage 2, the ground material
from stage 1 was further ground by using a Bliss hammer mill fitted with a 4.8-mm screen. The
material was tested for moisture content and bulk density and stored in air tight container for
further pelleting tests. Pure corn starch was procured from a local market and is measured for
the moisture content and bulk density. The moisture content and bulk density of ground corn
stover and corn starch binder are given Table 1.

1. Pellet Mill
1.1 Use a laboratory scale flat die pellet mill equipped with a 10 HP motor for carrying out the

pelleting tests (Figure 1)21:2838,

[Place Figure 1 here]
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1.2 Place flexible heating tape on the surface of the hopper and screw feeder then insulate
them with glass wool to prevent heat loss. Connect the heating tape to a temperature
controller to preheat biomass to desired temperature in the range of 30-130 °C.

1.3 Equip the pellet mill with a variable frequency drive (VFD). Connect the VFD of the pellet
mill to the pellet mill motor. The feeder motor controller is a direct current motor controller to
vary the feeding rate to pellet mill.

1.4 Connect a power meter to the pellet mill motor to record the power consumption.
Manually choose a pellet die with an 8mm diameter opening and a length to diameter (L/D)
ratio of 2.6.

1.5 Add a horizontal pellet cooler to the pellet mill to cool the warm pellets coming out of the
pellet die. Connect the cooler to an exhaust system to circulate fresh air.

2. Feedstock Preparation
2.1 Take 2-3 kg of corn stover ground using a 4.8 mm screen. Measure the corn stover moisture
content (see step 4.1) and bulk density (see step 4.3) (see Table 2).

2.2 Measure moisture content (see step 4.1) and bulk density (see step 4.3) of the pure (100%)
corn starch binder procured from the local market.

2.3 Add corn starch binder to the ground corn stover (see Table 2 for % binder addition)

2.4 Calculate the amount of water to be added to adjust the moisture levels of ground corn
stover to 33, 36, and 39% (w.b.) using equation 1.
msg—m;

W,=Ws X (m) (1)

NOTE: In equation 1, Wy is weight of water (g), Wsis weight of biomass sample (g), ms: percent
final moisture content of the sample (w.b.), and mi. percent initial moisture content of the
sample (w.b. %).

2.5 Add the calculated water to the corn stover/corn starch binder mix and blend it in a
laboratory scale ribbon blender.

2.6 Store the moisture-adjusted corn stover/corn starch mix in a sealed container and place it in
a refrigerator set at 4-5 °C to allow moisture to equilibrate.

3. High Moisture Pelleting Process

3.1 Take the corn stover/corn starch mix out of refrigerator and leave it at room temperature
for about 1-2 hr to bring it to room temperature.
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3.2 Load the material into the feed hopper of the pellet mill. Run the pellet mill at 60 Hz (440
rpm) die speed.

3.3 Feed the pellet mill uniformly by adjusting the feeding rate of the pellet mill to produce
pellets in a steady state condition. Cool the pellets in the horizontal pellet cooler.

3.4 Separate fines generated in the pelleting process using a 6.2 mm screen. NOTE: Measure
the moisture content and durability of the pellets after cooling?.

3.5 Dry the cooled high-moisture pellets in a laboratory oven at 70 °C for 3—4 hr to reduce the
final moisture content of the pellets to less than 9% (w.b.). NOTE: Measure the pellet moisture
content, bulk density, and durability of dried pellets??.

3.6 Log the power data into a computer during the pelleting process. NOTE: See Table 2 for
pelleting test conditions and Figure 2 for pellet produced at 33, 36 and 39% moisture content
and 4 % corn starch binder addition.

[Place Table 2 here]
[Place Figure 2 here]

4. Pellet Properties and Specific Energy Consumption
NOTE: ASABE standards*® were used for measuring the moisture content, density, durability
and percent fines of raw and pelleted materials.

4.1 Place about 25-50 g of the ground and pelleted corn stover samples in the laboratory oven
set at 105 °C for 24 hrs. Weigh the sample before and after drying. Calculate the moisture
content using equation 2. Conduct the experiments in triplicate.

Wet weight of the sample (g)—Weight of sample after drying (g) %

Moisture content (%,w.b.) =
100 (2)

Wet weight of the sample (g)

4.2 Take a single pellet and smooth both the ends with Grit Utility Cloth. Measure the pellet
diameter using Vernier calipers. Calculate expansion ratio of the pellet using equation 3%,

Measure the diameter of the ten pellets.
. . D?
Expansion ratio = = (3)

NOTE: In equation 3, D is the diameter of the pellet extruded (mm) and d is the diameter of the
die (mm).

4.3 Use a plexi glass cylinder with a height of 155 mm and a diameter of 120 mm. Pour the
pellets into the cylinder until it overflows and level the top surface with a straight edge. Weigh
the cylinder with the material. Divide the weight of the cylinder with the volume of the cylinder
to calculate bulk density. Repeat the experiments three times.
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4.4 Hand sieve the pelleted-material using a 6.2 mm screen. Weigh the material that has passed
through the screen. Calculate percent fines using equation 4.

Weight of material that has passed through 6.2 mm screen

Percent fines = x100 (4)

Weight of the pelleted sample (fines+pellets)

4.5 Place approximately 500 g of the pellets without fines into each compartment of the pellet
durability tester. Tumble the pellets at 50 rev/min for 10 min. Sieve the tumbled material using
a 6.2 mm screen. Use equation 5 to calculate the percent durability of the pellets.

Weight of pellets after tumbling

Durability = x100 (5)

Weight of pellets before tumbling

Note: Green durability is the durability of the pellets measured after cooling, and cured
durability is the durability measured after drying the pellets at 70 °C for 3 hr.

4.6 Log the pellet mill power consumption using data logging software. Record the no load
power (kW) data of the pellet mill by running the pellet mill empty at 60-Hz die speed. Use
equation 6 to calculate the specific energy consumption (SEC).

Full load power (KW)—No load power (kW))x*time (hr kWhr
( power (kW) power (kW))<time (hr) . 1 g0

weight of biomass material (kg) ton

SEC = (6)

REPRESENTATIVE RESULTS:

Pellet Moisture Content

The moisture content of the biomass was reduced by about 5-8% (w.b.) after pelleting. This
reduction is mainly attributed to frictional heat developed in the die, and preheating
temperature and cooling of the high moisture pellets. Also, binders had an impact on the
amount of moisture lost. At 0% binder, the loss of moisture was about 7—-8%, which agrees with
our earlier studies?V?8; whereas, at 4% binder, the loss of moisture in the feedstock during
pelleting was about 3-5% (Figure 3). The binder added to the biomass might have acted as
lubricating agent. This may have reduced the frictional resistances and reduced the residence
time of the material in the die channel causing the decrease in moisture loss. In previous
studies die temperature measured immediately after pelleting using an infrared thermometer
(Fluke, Model 561, Fluke Corporation, Everett, WA, USA) reached to about 100-110 °C?i.
Increasing the binder percentage reduced the moisture loss as the moisture might have been
tightly bound to the starch granules. The high moisture pellets that were further dried in a
laboratory oven at 70 °C for 3-4 hr had moisture contents >9% (w.b.), and these pellets were
used to measure other physical properties like pellet diameter, expansion ratio, bulk density
and durability. Statistical analysis of the pellet moisture content data indicated that there was
an interactive effect of feedstock moisture content and binder addition on the pellet moisture
content (Table 3). For pellets with no binder and 2% binder, an increase in feedstock moisture
content caused an increase in pellet moisture content (Tukey’s p<0.05), but this trend was not
statistically significant at 4% binder (Tukey’s p=>0.05; Figure 3).
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[Place Figure 3 here]

Pellet Diameter

The diameter of the pellets at 33% moisture content with and without binder addition was in
the range of 8.4-8.7 mm after cooling (data not shown). Increasing the feedstock moisture
content to 36 and 39% (w.b.) with added binder increased the pellet diameter to maximum
values of 9.3 mm (data not shown). These pellets were further dried in a laboratory oven at 70
°C for about 3-4 hr. Drying resulted in a decrease in pellet diameter by about 0.3-0.4 mm. The
major reason for a decrease in diameter after drying was due to contraction of the pellets.
There was a statistically significant effect of the interaction between feedstock moisture
content and binder addition on pellet diameter after drying (Table 3). At 33% feedstock
moisture content the pellet diameter after drying was in the range of 8.3 to 8.5 mm, whereas
increasing the feedstock moisture content to 36% or 39% increased the pellet diameter to
about 8.7 mm (Figure 4). This increase was only statistically significant between 33%-39% when
no binder was used (Tukey’s p<0.05), likely because of the high deviations in the
measurements.

[Place Figure 4 here]

Expansion Ratio

Expansion ratio is calculated using the pellet diameter (equation 3). The expansion ratio values
were higher for the pellets after cooling compared to after drying (data not shown). At 33%
moisture content without and with binder addition, the expansion ratio values after cooling
were in the range of 1.16-1.20. Further increasing the moisture content to 36 and 39% without
binder addition increased the expansion ratio values to 1.35. The dried pellets had lower
expansion ratios, which was mainly due to contraction of the pellets both diametrically and
laterally. At 33% feedstock moisture content the expansion ratio values with and without
binder addition were in the range of 1.11- 1.07 (Figure 5). Increasing the feedstock moisture
content to 36 and 39% further increased the expansion ratio values to 1.10-1.18 (Figure 5);
however, this was only statistically significant for 33% compared to 39% moisture content with
no binder addition (Tukey’s p<0.05; Table 3). In the case of pellet diameter and expansion ratio,
adding a starch based binder increased these values at all of the feedstock moisture contents,
but these differences were not statistically significant (Tukey’s p>0.05). The expansion ratio
results after drying corroborate the findings of earlier studies, where increasing feedstock
moisture increased the expansion ratio and further decreased the bulk density values?.

[Place Figure 5 here]

Bulk Density

The bulk density of the pellets made with a feedstock moisture content of 33% with and
without binder and measured after cooling was in the range of 464-514 kg/m?3 (data not
shown). At 36 and 39% feedstock moisture content without binder the bulk density values were
in the range of 437-442 kg/m3. Adding binder at these feedstock moisture contents reduced
bulk density to <400 kg/m3. Drying the high-moisture pellets in a laboratory oven at 70 °C for
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about 3 hours reduced the moisture contents of the pellets to less than 9% (w.b.). There was a
slight increase in the bulk density values by about 50 kg/m?3 after drying. The probable reason
for the increase in bulk density after drying could be due to lower inter-particle liquid bridges,
which might have kept the particles closer with less-open structure. Oginni*> observed that the
bulk density of ground Loblolly pine decreased with an increase in moisture content. For pellets
made with a feedstock moisture content of 33% with and without the binder addition, the bulk
density of the pellets was in the range of 520-530 kg/m?> (Figure 6). At higher feedstock
moisture contents of 36 and 39% (w.b.), the bulk density of the dried pellets significantly
decreased to <434 kg/m3 and <437 kg/m3, respectively. There was a statistically significant
effect of the interaction between feedstock moisture content and binder addition on bulk
density (Table 3). In general, bulk density decreased with an increase in starting feedstock
moisture content. In addition, there is some indication that bulk density decreased with an
increase in starch content (Tukey’s p<0.05; Figure 6).

[Place Figure 6 here]

Durability (%)

After cooling (green durability)

Figure 7 shows the durability of pellets after cooling (green strength) and after drying in an
oven at 70 °C for 3—4 hours (cured strength). Higher durability values of high moisture pellets
are desirable as it will result in less breakage during handling and storage due to shear and
impact resistances. For the ANOVA, the interaction was significant between feedstock moisture
content, binder percent, and drying (Table 3). The durability values of the pellets after cooling
increased with an increase in binder content (Table 3; Tukey’s p<0.05). At 33% (w.b.) feedstock
moisture content, the durability values without binder were about 87.2%; whereas, with the
addition of a 2 and 4% starch binder, the durability values increased to 93.2 and 96.1% (Figure
7). The trend was similar for the other feedstock moisture contents of 36 and 39% (w.b.).
Without binder the durability values were about 80%; however, adding binder to the biomass
increased the durability values. The durability increased to about 90% when pellets were made
with a feedstock moisture content of 36% and 4% starch binder. At even higher feedstock
moisture content of 39% (w.b.) the trend was similar, but the overall durability values
decreased compared to the other feedstock moisture contents.

[Place Figure 7 here]

After Drying (cured durability)

Drying of the high-moisture pellets in a laboratory oven at 70 °C for 3—4 hours resulted in curing
of the pellets, thereby increasing the durability of the pellets. The durability values of the
pellets made at 33, 36 and 39% (w.b.) feedstock moisture content increased to >92% (Figure 7).
The durability values at 33% feedstock moisture content increased to about 98% after drying
(Figure 7). These results match closely with the earlier work?%28, The durability values of the
pellets made using a binder increased after drying (Tukey’s p<0.05). At 33% feedstock moisture
content and 4% binder, the final durability values observed were about 98%. The trend was
similar at 36 and 39% feedstock moisture content, where the binder had a positive impact on

Page 10 of 19 rev. August 2015



the durability values (Tukey’s p<0.05). At 39% feedstock moisture content with a binder
addition of 2 and 4%, the durability values increased to about 94-95%.

Percent Fines

In the present study, the percent fines generated during pelleting were higher at 36 and 39%
(w.b.) compared to 33% (w.b.) feedstock moisture content. Adding binders resulted in lowering
the percent fines generated at all feedstock moisture contents when compared to tests with no
binder addition (Figure 8). Pelleting tests conducted with no binder showed the highest percent
fines of about 11% at 39% (w.b.) feedstock moisture content. Adding 2 and 4% binder to the
corn stover, decreased the percent fines generated during pelleting for 33% and 36% (w.b.)
compared to pellets with no binder added. The lowest percent fines observed in this study were
at 4% binder addition and 33% (w.b.) feedstock moisture content (approximately 3%).

[Place Figure 8 here]

Specific Energy Consumption

The specific energy consumption was influenced by binder addition (Figure 9). With no binder,
the specific energy at 33, 36, and 39% feedstock moisture content was between 118-126
kWhr/ton. Adding a 2% binder reduced the specific energy consumption to about 75-94
kWhr/ton. Further increasing the binder percentage to 4% further reduced the specific energy
consumption to about 68—75 kWhr/ton for all feedstock moisture contents that were tested.
Adding the binder at 2 and 4% reduced the specific energy consumption by about 20-40%.

[Place Figure 9 here]

STATISTICAL ANALYSIS:

Statistical analysis was completed in JMP 10%. A two-way ANOVA was used to determine the
effects of feedstock moisture content (33, 36, 39%) and corn starch binder (0, 2, 4%) on pellet
moisture content (n=3), pellet diameter (n=10), expansion ratio (n=10), and bulk density (n=3).
A three-way ANOVA was used to determine the effects of moisture content (33, 36, 39%), corn
starch binder (0, 2, 4%), and drying (before drying, after drying) on durability (n=3). Residuals
met the ANOVA assumptions for normality and homogeneity of variance. To meet these
assumptions, pellet moisture content was transformed by raising the data to the 4th power. If
the factors tested in the ANOVA were significant at p<0.05, Tukey HSD tests were used for post
hoc pairwise comparisons.

FIGURE AND TABLE LEGENDS

Figure 1. Schematic of a laboratory scale flat die pellet mill at Idaho National Laboratory
(adapted from Tumuluru??). Flat die pellet mill was used to conduct the high moisture corn
stover pelleting tests with and without binder addition.

Figure 2. Photograph of the corn stover pellets produced with 4 % corn starch binder at
different feedstock moisture contents.
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Figure 3. Effect of feedstock moisture content (FMC) and starch binder on pellet moisture
content after cooling (meant1SD; n=3). Pelleting tests conducted without binder resulted in
higher feedstock moisture content loss compared to tests conducted with binder. Different
letters indicate significant differences using post hoc Tukey HSD tests (p<0.05).

Figure 4. Effect of feedstock moisture content (FMC) and corn starch binder on pellet
diameter after drying (meant1SD; n=10). Pellet diameter increased with an increase in
feedstock moisture content and starch addition. Different letters indicate significant differences
using post hoc Tukey HSD tests (p<0.05).

Figure 5. Effect of feedstock moisture content (FMC) and starch based binder on the
expansion ratio of pellets after drying (n=10). Expansion ratio of pellets increased with an
increase in feedstock moisture content and with binder addition. Different letters indicate
significant differences using post hoc Tukey HSD tests (p<0.05).

Figure 6. Effect of feedstock moisture content (FMC) and starch binder on the bulk density of
pellets after drying (meant1SD; n=3). Lower feedstock moisture content of 33% (w.b.) and no
binder resulted in the highest bulk density. Adding 2 and 4% binder at different feedstock
moisture contents resulted in lower bulk density values. Different letters indicate significant
differences using post hoc Tukey HSD tests (p<0.05).

Figure 7. Effect of feedstock moisture content (FMC) and starch binder on durability after
cooling and after drying (meant1SD; n=3). Durability values of high moisture corn stover
pellets produced at 33, 36 and 39% (w.b.) feedstock moisture content increased with binder
addition both after cooling and after drying. Different letters indicate significant differences
using post hoc Tukey HSD tests (p<0.05).

Figure 8. Effect of feedstock moisture content and starch binder on the percent fines
produced from the pelleted material. At feedstock moisture contents of 33, 36 and 39 % (w.b.)
addition of binder reduced the percent fines in the pelleted material.

Figure 9. Effect of feedstock moisture content and starch binder on the specific energy
consumption of the high moisture pelleting process. Specific energy consumption of the high

moisture corn stover pelleting process reduced by about 20-40% with addition of 2 and 4 %
starch based binder.

Table 1. Moisture content and bulk density of ground corn stover and corn starch binder.
Table 2. Experimental test conditions used in the present study.

Table 3. Statistical significance of the process variables based on analysis of variance
(ANOVA).
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DISCUSSION:

The critical steps in the high moisture pelleting method to produce the desired durability pellets
at lower specific energy consumption are: 1) drying the high moisture corn stover to the
desired moisture levels (33-39%, w.b.), 2) percent binder addition and 3) feeding high moisture
biomass uniformly into the pellet mill. Feedstock moisture and percent binder are process
variables that influenced the pellet properties (density and durability of the pellets before
cooling and after drying) and specific energy consumption of the pelleting process. It is
recommended to test the moisture content of the feedstock before it is used for pelleting
studies. Feeding of high moisture corn stover at 33, 36 and 39% (w.b.) uniformly to the pellet
mill has an impact on quality and energy consumption. Modifying the pellet mill feeder with a
variable frequency drive was essential to feed the biomass uniformly to the pellet mill.

Results from the present study indicated that adding binder to the high moisture corn stover
did reduce the bulk density of the pellets marginally, but improved the durability significantly.
Adding a starch based binder increased the moisture content in the pellets after compression
and extrusion, but the increase was found not to be statistically significant in almost all the
cases studied. The loss of moisture during pelleting was about 3 to 4% at the addition of 4%
binder, whereas it was higher (7-8%, w.b.) without the binder. The addition of a binder to the
corn stover might have 1) reduced the residence time of the material in the die and 2) reduced
the frictional resistances in the die, thereby reducing the die temperature, which might have
resulted in less moisture loss during compression and extrusion in the pellet die.

There was an increase in the pellet diameter after it was extruded from the pellet die and dried
(Figure 4). This increase was greater at higher feedstock moisture content and with starch
binder addition. The bulk density of the pellets was in the range of 510-530 kg/m? at 33% (w.b.)
feedstock moisture content with and without a binder. Previous research has indicated that
higher feedstock moisture content of about 38% (w.b.) results in lower bulk density, mainly due
to expansion of the pellets as they exit through the die??8, It is a common phenomenon that
when high-moisture biomass material is extruded through the die under pressure it results in
moisture flash-off'221. The moisture flash-off gives way to the expansion of the pellet, both in
the axial and diametrical direction. In general, the diametrical expansion is more prominent
compared to axial expansion. Another reason for the expansion behavior of biomass after
compression and extrusion through the pellet die could be that biomass fibers relax in the
presence of moisture content. Ndiema et al.*® and Mani et al.’® indicated that release of the
applied pressure in a die results in relaxation of the compressed biomass. The relaxation
characteristics are dependent on many factors like particle size, feedstock moisture content
and applied pressure. Also, in this study we have observed that the bulk density increases after
drying, which could be due to lower inter-particle liquid bridges that might have kept the
particles closer and produced a less-open structure. Oginni*> observed that the bulk density of
ground Loblolly pine decreased with increased moisture content.

Durability of the pellets was measured to understand the strength of the pellets. Generally,

pellets are subject to shear and impact resistances during storage, transportation, and the
handling process**’. Kaliyan and Morey*® suggested that durability of pellets produced

Page 13 of 19 rev. August 2015



immediately after production (green strength) is different than durability of the pellets that are
stored for a few days after production (cured strength). Pellets with lower durability values
break and increase the risk of storage issues, such as off-gassing and spontaneous combustion
that could cause revenue loss for pellet manufacturers. According to the European Committee
for Standardization (CEN) and the United States Pellet Fuels Institute (PFI) the recommended
values of the durability are >96.5% for high quality or premium grade pellets3. In this study, the
durability values increased to approximately 94-95% when pelleted with a starch binder at 39%
moisture content compared to pellets made with no binder that had durability values in the
range of 83-85% after drying. The pellets produced at 33% (w.b.) feedstock moisture content
had durability values >96.5% and meet the international standards.

Moisture has different functions during biomass pelleting, including: 1) solid bridge formation
between the biomass particles due van der Waals forces, 2) activating natural binders like
protein, starch and lignin present in the biomass, and 3) promoting starch and protein based
reactions like gelatinization and denaturation that have a strong impact on the textural
properties, such as hardness**2. In the case of lignocellulosic biomass, the main binding agent is
lignin (woody biomass: 27-33%, herbaceous biomass: 12-16%)%. Lignin content in corn stover
was determined to average around 16% based on a review of composition data, including
literature sources and feedstock databases®. Lignin molecules, which have higher mobility at
higher moisture content, act as an adhesive and result in stronger binding; however, at very
high levels the moisture will act more like a lubricant resulting in less binding. In the present
study, at very high moisture content of about 39% (w.b.) moisture might have acted more like a
lubricant and resulted in low durability and more fines generation in the pellet production
process. Higher durability values were observed by the addition of a binder at a higher
feedstock moisture content of 36 and 39% (w.b.), which could be caused by gelatinization of
starch in the presence of die temperature and feedstock moisture content. These gelatinization
reactions can lead to the formation of cross linking of starch with the other biomass
components.

The percent fines generated during the pelleting process is a good indicator for how well
biomass will form pellets. Generation of fine particles during the pelleting process results in
product and revenue loss to the pellet producer. Excessive fine generation during pelleting
processes can also have an impact on quality attributes like density and durability. The fines
generation during the pellet production process is influenced by biomass composition (i.e.,
starch, protein, lignin, and waxes), pellet mill process variables like length to diameter ratio (L/D
ratio), die rotational speed, steam condition, preheating, and feedstock variables (i.e.,
feedstock moisture content, particle size and feed rate) . The present results indicate that the
addition of binder not only reduces the percent of fine particles generated, but also helps to
improve the physical properties while reducing the specific energy consumption. Lower percent
fines generated indicate that the biomass has a greater pelletability.

Tumuluru et al.* in their review on densification systems suitable to make biomass into a

commodity type product indicated that adding binder helps to reduce the extrusion energy,
which results in reducing the specific energy consumption. Typically, length to diameter (L/D)

Page 14 of 19 rev. August 2015



ratio controls the residence time of the material in the die and helps the binding of the
biomass. Also, L/D ratio controls the extrusion energy and the specific energy consumption.
Higher L/D ratio increases the residence time, which improves the physical properties of the
pellets, but increases the energy necessary for extrusion. Adding a binder to biomass can help
bind the biomass at lower L/D ratio and reduce the extrusion energy. In this study, constant
length to diameter (L/D) ratio (2.6) was selected. Future research is aimed at understanding the
effect of L/D ratio of the pellet die and its interaction with feedstock moisture content on pellet
quality attributes.

The experimental data on biomass preprocessing (grinding, drying and pelleting) obtained from
the Biomass National User Facility (https://www.inl.gov/bfnuf/) located at INL and associated
techno-economic analysis indicated that drying biomass from 30-10% (w.b.) consumes a large
amount of energy (unpublished data). The high moisture pelleting process developed at INL can
help reduce the pellet production cost compared to a conventional pellet production method?*.
The present study indicated that adding a starch-based binder to a high moisture pelleting
process improved the durability of the pellets to >92% after cooling at the feedstock moisture
contents of 36 and 39% (w.b.), and it also reduced the specific energy consumption of the
pelleting process by about 30-50%. Greater durability values of the pellets made at higher
feedstock moisture is important as they can be handled efficiently by conveyors. Typically low
durability pellets crumble to fines during handling and storage which results in revenue loss for
the pellet producers. In addition, fines generated in the process can result in safety hazards like
spontaneous combustion and off-gassing®42. The specific energy reduction by approximately
40-50% using a binder outweighs the cost of the binder. Also, based on this study we can
conclude that some of the starch wastes from food processing industries could be used for
biomass pelleting for bioenergy applications. Currently, the high-moisture pelleting process was
demonstrated using a laboratory scale flat die pellet mill. The protocol described here for the
laboratory-scale pellet mill will be the basis for developing scale-up models and for testing the
process in pilot-scale and commercial-scale pellet mills.

ACKNOWLEDGMENTS:

The authors would like to acknowledge Matt Dee for supporting the experimental work,
Matthew Anderson and Rod Shurtliff for instrumenting the pellet mill. This work was supported
by the Department of Energy, Office of Energy Efficiency and Renewable Energy under the
Department of Energy Idaho Operations Office Contract DE-AC07-051D14517. Accordingly, the
publisher, by accepting the article for publication, acknowledges that the U.S. government
retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the
published form of this manuscript, or allow others to do so, for U.S. government purposes.

DISCLOSURES:

No competing financial interests exist. This information was prepared as an account of work
sponsored by an agency of the U.S. government. Neither the U.S. government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately

Page 15 of 19 rev. August 2015



owned rights. References herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise, do not necessarily constitute or imply its
endorsement, recommendation, or favouring by the U.S. government or any agency thereof.
The views and opinions of the authors expressed herein do not necessarily state or reflect those
of the U.S. government or any agency thereof.

REFERENCES:

1.

10.

11.

12.

13.

Bapat, D.W., Kulkarni, S.V., & Bhandarkar, V.P. Design and operating experience on fluidized
bed boiler burning biomass fuels with high alkali ash. In: Proceedings of the 14th
International Conference on Fluidized Bed Combustion, ASME Publishers, New York, NY,
165-174 (1997).

Sokhansanj, S. & Fenton, J. Cost benefit of biomass supply and preprocessing: BIOCAP
(Canada) research integration program synthesis paper,
http://www.biocap.ca/rif/reprt/Sokhansanj_S.pdf, (2011).

Mitchell, P., Kiel, J., Livingston, B., & Dupont-Roc, G. Torrefied biomass: A foresighting study
into the business case for pellets from torrefied biomass as a new solid fuel. In: All Energy
2007. University of Aberdeen, ECN, Doosan Babcock, and ITI Energy (2007).

Tumuluru, J.S., Wright, C.T., Hess, J.R., & Kenney, K.L. A review of biomass densification
systems to develop uniform feedstock commodities for bioenergy application. Biofuels,
Bioprod. Biorefin. 5, 683-707, doi: 10.1002/bbb.324, (2011).

Tumuluru, J.S., Igathinathane, C., & Archer, D. Energy analysis and break-even distance of
transportation for biofuels in comparison to fossil fuels. ASABE Paper No. 152188618, 2015
ASABE Annual International Meeting, New Orleans, Louisiana, USA, July 26—29 (2015).
Searcy E.M., Hess J.R., Tumuluru J.S., Ovard, L., Muth, D.J., Jacobson, J., et al. Optimization
of biomass transport and logistics. In: International Bioenergy Trade. Goh, M., Sheng, C., &
Andre, F., eds., Springer Publications, 103-123 (2013).

Ray, A., Hoover, A.N., Nagle, N., Chen, X., & Gresham, G. Effect of pelleting on the
recalcitrance and bioconversion of dilute-acid pretreated corn stover under low - and high -
solids conditions. Biofuels. 4 (3), 271-284, doi: 10.4155/bfs.13.14, (2013).

Sarkar, M., Kumar, A., Tumuluru, J.S., Patil, K.N., & Bellmer, D.D. Gasification performance
of switchgrass pretreated with torrefaction and densification. Appl. Energ. 127, 194-201,
doi: 10.1016/j.apenergy.2014.04.027, (2014).

Yang, Z., Sarkar, M., Kumar, A., Tumuluru, J.S., & Huhnke, R.L. Effects of torrefaction and
densification on switchgrass pyrolysis products. Bioresource Technol. 174, 266-273, doi:
10.1016/j.biortech.2014.10.032, (2014).

Mani, S., Tabil, L.G., & Sokhansanj, S. An overview of compaction of biomass grinds. Powder
Handling Process. 15 (3), 160-168, doi N/A: (2003).

Thomas, M., van Vliet, T., & van der Poel, A.F.B. Physical quality of pelleted animal feed,
part 3: Contribution of feedstuff components. Anim. Feed Sci. Technol. 70, 59-78, doi:
10.1016/S0377-8401(97)00072-2, (1998).

Shankar, T.J. & Bandyopadhyay, S. Process variables during single-screw extrusion of fish
and rice-flour blends. J. Food Process. Pres. 29, 151-164, doi: 10.1111/j.1745-
4549.2005.00020.x, (2004).

Collado, L.S. & Corke, H. Starch properties and functionalities. In: Characterization of cereals

Page 16 of 19 rev. August 2015


http://www.sciencedirect.com/science/journal/03062619/127/supp/C

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

and flours: properties, analysis, and applications. Kaletung, G. &Breslauer, K.J., eds., Marcel
Dekker, Inc., 473-506 doi: 10.1201/9780203911785.ch15, (2003).

Alebiowu, G. & ltiola, O.A. Compression characteristics of native and pregelatinized forms of
sorghum, plantain, and corn starches and the mechanical properties of their tablets. Drug
Dev. Ind. Pharm. 28 (6), 663-672, doi: 10.1081/DDC-120003857, (2002).

Sokhansanj, S., Mani, S., Bi, X., Zaini, P. & Tabil, L.G. Binderless pelletization of biomass,
ASAE Paper No. 056061, ASAE Annual International Meeting, Tampa, FL, USA, July 17-20,
2005. ASAE, St Joseph, Michigan, USA (2005).

Briggs, J.L., Maier, D.E., Watkins, B.A., & Behnke, K.C. Effects of ingredients and processing
parameters on pellet quality. Poult. Sci. 78, 1464—1471, doi: 10.1093/ps/78.10.1464, (1999).
Tabil, L.G. Binding and pelleting characteristics of alfalfa. Ph.D. dissertation. Department of
Agricultural and Bioresource Engineering, University of Saskatchewan, Canada (1996).

Mani, S., Tabil, L.G., & Sokhansanj, S. Specific energy requirement for compacting corn
stover. Bioresource Technol. 97, 1420-1426, doi: 10.1016/j.biortech.2005.06.019, (2006).
Tumuluru, J.S., Tabil, L.G., Song, Y., Iroba, K.L., & Meda, V. Impact of process conditions on
the density and durability of wheat, oat, canola and barley straw briquettes. BioEnergy Res.
8 (1), 388-401, doi: 10.1007/s12155-014-9527-4, (2015).

van Dam, J.E.G., van den Oever, M.J.A., Teunissen, W., Keijsers, E.R.P., & Peralta, A.G.
Process for production of high density/high performance binderless boards from whole
coconut husk, part 1: Lignin as intrinsic thermosetting binder resin. Ind. Crops Prod. 19 (3),
207-216, doi: 10.1016/j.indcrop.2003.10.003, (2004).

Tumuluru, J.S. Effect of process variables on the density and durability of the pellets made
from  high  moisture corn stover. Biosystems Eng. 119, 44-57, doi:
10.1016/j.biosystemseng.2013.11.012, (2014).

Lehtikangas, P. Quality properties of fuel pellets from forest biomass. Licentiate Thesis.
Report number 4. Department of Forest Management and Products, Uppsala, Sweden
(1999).

Shinners, K.J., Boettcher, G.C., Hoffman, D.S., Munk, J.T., Muck, R.E., and Weimer, P.J.
Single-pass harvesting of corn grain and stover: Performance of three harvester
configurations. Transactions of the ASABE. 52 (1), 51-60, doi: 10.13031/2013.25940, (2009).
Lamers, P., Roni, M.S., Tumuluru, J.S., Jacobson, J.J., Cafferty, K.G., Hansen, J.K., et al.
Technoeconomic analysis of decentralized biomass processing depots. Bioresource Technol.
194, 205-213, doi: 10.1016/j.biortech.2015.07.009, (2015).

Yancey, N.A.,, Tumuluru, J.S., & Wright, C.T. Drying, grinding and pelletization studies on raw
and formulated biomass feedstock’s for bioenergy applications. J. Biobased Mater.
Bioenergy. 7, 549-558, doi: 10.1166/jbmb.2013.1390, (2013).

Tumuluru, J.S., Cafferty, K.G., & Kenney, K.L. Techno-economic analysis of conventional,
high moisture pelletization and briquetting process. American Society of Agricultural and
Biological Engineer Annual Meeting, Paper No. 141911360, Montreal, Quebec Canada July
13 -16, doi: 10.13031/aim.20141911360, (2014).

McCoy, G. Improving energy efficiency through biomass drying. International District Energy
Association Woody Biomass CHP & District Energy Workshop, Seattle, Washington, June
11t 2014, http://www.districtenergy.org/assets/pdfs/2014-Annual-
Seattle/Wednesday/5McCOYGIL-LATESTWoody-Biomass-Drying-and-Dewatering-IDEA-06-

Page 17 of 19 rev. August 2015



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

2014.pdf (page accessed on December 37, 2015).

Tumuluru, J.S. High moisture corn stover pelleting in a flat die pellet mill fitted with a 6 mm
die: physical properties and specific energy consumption. Energy Sci. Eng. 3 (4), 327-341,
doi: 10.1002/ese3.74, (2015).

Brackley, A.M. & Parrent, D.J. (2011). Production of wood pellets from Alaska-grown white
spruce and hemlock. Pacific Northwest Research Station, Portland, OR, U.S.A.: U.S.
Department of Agriculture, Forest Service Department. General Technical Report PNW-GTR-
845.

Demirbas, A. & Sahin-Demirbas, A. Briquetting properties of biomass waste materials.
Energy Sources 26, 83-91, doi: 10.1080/00908310490251918, (2004).

Kaliyan, N., & Morey, R.V. Densification characteristics of corn stover and switchgrass.
Transactions of ASABE, 52 (3), 907-920, doi: 10.13031/2013.27380, (2009b).

Larsson, S.H., Thyrel, M., Geladi, P., & Lestander, T.A. High quality biofuel pellet production
from pre-compacted low density raw materials. Bioresource Technol. 99, 7176-7182, doi:
10.1016/j.biortech.2007.12.065, (2008).

Li, Y. & Liu, H. High-pressure densification of wood residues to form an upgraded fuel.
Biomass and Bioenergy. 19, 177-186, doi: 10.1016/50961-9534(00)00026-X, (2000).

Nielsen, N.P.K., Gardner, D.J., Poulsen, T., & Felby, C. Importance of temperature, moisture
content, and species for the conversion process of wood residues into pellets. Wood and
Fiber Science. 41 (4), 414-425, (2009).

Serrano, C., Monedero, E., Laupuerta, M., & Portero, H. Effect of moisture content, particle
size and pine addition on quality parameters of barley straw pellets. Fuel Processing
Technology. 92, 699-706, doi: 10.1016/j.fuproc.2010.11.031, (2011).

Zafari, A. & Kianmehr, M.H. Factors affecting mechanical properties of biomass pellets from
compost. Environ. Technol. 35, 478-486, doi: 10.1080/09593330.2013.833639, (2013).
Poddar, S., Kamruzzaman, M., Sujan, S.M.A., Hossain, M., Jamal, M.S., Gafur, M.A., &
Khanam, M. Effect of compression pressure on lignocellulosic biomass pellet to improve fuel
properties: Higher heating value. Fuel. 131, 43— 48, doi: 10.1016/j.fuel.2014.04.061, (2014).
Hoover, A.N., Tumuluru, J.S., Teymouri, F., Moore, J., & Gresham, G. Effect of pelleting
process variables on physical properties and sugar yields of ammonia fiber expansion (AFEX)
pretreated corn stover. Bioresource Technol. 164, 128-135, doi:
10.1016/j.biortech.2014.02.005, (2014).

Pace, D. 2015. Pelleting of municipal solid waste and ammonia fiber explosion (AFEX)
pretreated corn stover in a pilot scale ring die pellet mill. Biofuels Department, Chief
Engineer, Biomass National User Facility, Idaho National Laboratory (Unpublished data).
Tumuluru, J. S., Tabil, L., Opoku, A., Mosqueda, M. R., & Fadeyi, O. Effect of process
variables on the quality characteristics of pelleted wheat distiller’s dried grains with
solubles. Biosystems Engineering, 105, 466-475, doi: 10.1016/j.biosystemseng.2010.01.005,
(2010).

Tumuluru, J. S. and Conner C. 2015. Specific energy consumption and quality of wood
pellets producing using high moisture lodgepole pine. 7" International Granulation
Workshop,  University of  Sheffield, Sheffield, UK, 1t -3 July, 2015
(https://www.sheffield.ac.uk/polopoly fs/1.472578!/file/2015 abstract_list_granulation_w
orkshop.pdf)

Page 18 of 19 rev. August 2015



42.

43

44,
45,

46.

47.

48.

49.

Tumuluru, J.S., Sokhansanj, S., Lim, C.J., Bi, X.T., Lau, A.K., Melin, S., et al. Quality of wood
pellets produced in British Columbia for export. Appl. Eng. Agric. 26, 1013-1020, doi:
10.13031/2013.35902, (2010).

. ASABE Standards. S269.4. Cubes, pellets, and crumbles — definitions and methods for

determining density, durability, and moisture content. ASABE, St. Joseph, Missouri (2007).
JMP 10.0.0, from SAS Institute, Inc., Cary, North Carolina, USA (www.jmp.com).

Oginni, 0.J. Contribution of particle size and moisture content to flowability of fractioned
ground loblolly pine. M.S. Thesis. Submitted to Auburn University (2014).

Ndiema, C.K.W., Manga, P.N., & Ruttoh, C.R. Influence of die pressure on relaxation
characteristics of briquetted biomass. Energy Conversion and Management. 43, 2157-2161,
doi: 10.1016/50196-8904(01)00165-0, (2002).

Al-Widyan, M.l., Al-Jalil, H.F., Abu-Zreig, M.M., & Abu-Handeh, N.H. Physical durability and
stability of olive cake briquettes. Can. Biosyst. Eng. 44, 341-345, (2002).

Kaliyan, N. &Morey, R.V. Factors affecting the strength and durability of densified products.
ASABE Annual International Meeting, Portland, OR, USA (2006).

Gresham, G., Emerson, R., Hoover, A., Miller, A., Kenney, K., & Bauer, W. Evolution and
development of effective feedstock specifications. INL/EXT-14-31510 (2013).

Page 19 of 19 rev. August 2015



Figure Click here to download Figure 05-01-16-JoVE-Figures-
Jove_ANH 20151213_AH 20151222_bh_AH.docx

Figures Jove

Figure 1

Hopper Heater

Feed Heater Insulation

Feed Heater Outlet

Pellet Mill
Hopper

Flat Die
Pellet Mill

™ Feed Hopper

Feeder

L]


http://www.editorialmanager.com/jove/download.aspx?id=449205&guid=e601d3e6-6d55-4303-b28d-5deaa689cd64&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=449205&guid=e601d3e6-6d55-4303-b28d-5deaa689cd64&scheme=1

Figures Jove

Figure 2




Figures Jove

Figure 3

® FMC-33% (w.b.)-after cooling
40 - ® FMC-36% (w.b.)-after cooling
= FMC-39% (w.b.)-after cooling

AB

35 - A
AB
B AB

30

25

20

15

10

Pellet moisture content (%, w.b.)

0 2 4
Corn Starch Binder (%)



Figures Jove

Figure 4

10 -

m FMC-33% (w.b.)-after drying
= FMC-36% (w.b.)-after drying |
o5 ® FMC-39% (w.b.)-after drying
AB
g °
E
O
Y 85
S
G
=
3 s
O
o
7.5 A
7 |

0 2 4
Corn Starch Binder (%)



Figures Jove

Figure 5

® FMC-33% (w.b.)-after drying

14 - ® FMC-36% (w.b.)-after drying

® FMC-39% (w.b.)-after drying
AB A

AB AB AR AB

1.2 - A A
B

0.8 -

0.6 -

Expansion Ratio

0.4 -

0.2 -

0 2 4
Corn Starch Binder (%)



Figures Jove

Figure 6

m FMC-33% (w.b.)-after drying
600 - ® FMC-36% (w.b.)-after drying
® FMC-39% (w.b.)-after drying

BC

AB
500 -

NN
o
o

300 -

Bulk density (kg/m?3)

200 -

100 -

0 2 4
Corn Starch Binder (%)



Figures Jove

Figure 7

m FMC-33% (w.b.)-after cooling mFMC-36% (w.b.)-after cooling
m FMC-39% (w.b.)-after cooling mFMC-33% (w.b.)-after drying
m FMC-36% (w.b.)-after drying = FMC-39% (w.b.)-after drying

A
BC B A BC

Durability (%)

0 2 4

Corn Starch Binder (%)



Figures Jove

Figure 8

m FMC-33% (w.b.)-after cooling
® FMC-36% (w.b.)-after cooling

12 = FMC-39% (w.b.)-after cooling

10 -

Percent Fines
(@)

0 2 4

Corn Starch Binder (%)



Figures Jove

Figure 9

Specific Energy Consumpiton (kWhr/ton)

140 -

120 -

100 -

80 -

60 -

40 -

20 -

= FMC-33% (w.b.)
m FMC-36% (w.b.)
= FMC-39% (w.b.)

0 2 4

Corn Starch Binder (%)



Table Click here to download Table 05-01-16-JoVE-Table_hmr_AH 20151213_AH
20151222 (1)_AH.docx

Table 1
Feedstock Moisture content (%, w.b.)  Bulk density (kg/m?3)
Ground corn stover (4.8 mm screen) 8.39 (0.03) 111.0 (2.3)

Corn starch binder (%) 9.72 (0.02) 597.1 (31.3)
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Table 2

Pelleting process variables

Feedstock moisture content (%, w.b.) 33, 36, and 39
Corn starch binder (%) 0,2,and 4




Table 3

Source of Variation

Measured Values

Moisture Content Bulk Density Durability  Diameter E);E)iinsmn
(Fif&‘és)to‘:k Moisture Content <0.0001 <0.0001 <0.0001  0.0464 1o,
Binder 0.0002 <0.0001 <0.0001 0.3833 0.1893
Drying NA NA <0.0001 NA NA
FMC*Binder 0.0019 0.0022 <0.0001 0.0240 0.0405
FMC*Drying NA NA <0.0001 NA NA
Binder*Drying NA NA <0.0001 NA NA
FMC*Binder*Drying NA NA <0.0001 NA NA




Excel Spreadsheet- Table of Materials/Equipment

Name of Reagent/ Equipment
Flat pellet mill

Heating tapes
Thermocouples
Variable frequency drive
Power meter

Pellet cooler

Data logging software
Durability tester
Hammer mill

Grinder

Horizontal mixer
Blue Grit Utilty Cloth
Insulation materail

Feeder controller

Dust exhaust system
Vernier Calipers
Binder

Corn stover

Click here to download Excel Spreadsheet- Table of Materials/Equipment JoVE

Materials Template.xls

Company
Colorado Mill Equipment, Canon City, CO, USA
BriskHeat, Columbus, OH, USA
Watlow, Burnaby, BC, Canada
Schneider Electric, Palatine, IL, USA
NK Technology, USA
Colorado Mill Equipment, Canon City, CO, USA
National Instruments Corporation, Austin, TX, USA
Seedburo Equipment Co., Des Plaines, IL 60018, USA
Bliss Industries
Vermeer
Colorado Mill Equipment, Canon City, CO, USA
3M
McMaster Carr

KB Electornics, INC

Delta

VWR® Digital Calipers

ACH Food Companies Inc., Memphis, TN, USA
Harvested in lowa and procurred in bale form
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Catalog Number Comments/Description
ECO-10 pellet mill

Silicon Rubber Heater, Etched foil elements
J-type

Altivar 71

Model No: APT-48T-MV-220-420
CME ECO-HC6

Labview software

Pellet durability tester

CME ECO-HC6

HG200

ECO-RB 500

Part No0.05107-150J grade

Flexible Fiberglass Insulation
KBIC-DC-MTR Direct Current motor
controller

Model No: 50-763, Serial No: 2010
11011415

Part Number: 12777-830

ARGO 100 % pure corn Starch,
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1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmadified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-Mo  Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommaons.org/licenses/by-nc-
nd/3.0/legalcode; “Derlvative Weork” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, moticn picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; "JoVE"
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visuaolized Experiments;
“Materials” means the Article and / or the Video; "Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by IoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memarialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works {including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
{c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JOVE and the
Author hereby grant to the public alt such rights in the Article
as provided In, but subject to all limitations and requirements
set forth in, the CRC License.
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4, Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website Is
provided and notice of JoVE's copyright in the Article is
Included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

S. Grant of Rights in Video — Standard Access. This Section 5

applies if the "Standard Access” box has been checked in Item
1 above or If no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JOVE.

6. Grant of Rights in Video — Open Access. This Section 6

applies only if the “Open Access” box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
repraduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Authar hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author's name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect ta the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or maodification of all or any
portion of the Materials does not and will not violate, infringe
andfor misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
labaratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. loVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respact to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to foVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author's institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. ndemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other reprasentations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE fram and against any and all claims, costs,
and expenses, including attorney’'s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author's or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, ltabilities and
other losses or damages related in any way to the submission
of work to loVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness ar by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's

ARTICLE AND VIDEO LICENSE AGREEMENT

expense. All indemnifications provided herein shall include
loVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12, Fees. To caver the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US51,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Name: Jaya Shankar Tumulury
Department: Biofuels and Renewable Energy Technology
Institution: Idaho National Laboratory
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Lol
Signature:

Date:

Please submit a signed and dated copy of this license by one of the following three methads:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
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Rebuttal Comments

comment_AH_20151218_AH 20151222.docx

CC: alison.hamlin@jove.com

Dear Mr. Tumuluru,

Your manuscript JoVE54092R1 "Method of producing quality pellets at lower energy consumption using
high moisture corn stover and a corn starch binder" has been peer-reviewed and the following
comments need to be addressed.

Please keep JoVE's formatting requirements and the editorial comments from previous revisions in mind
as you revise the manuscript to address peer review comments. Please maintain these overall
manuscript changes, e.g., if formatting or other changes were made, commercial language was
removed, etc.

Please track the changes in your word processor (e.g., Microsoft Word) or change the text color to
identify all of the manuscript edits. When you have revised your submission, please also upload a
separate document listing all of changes that address each of the editorial and peer review comments
individually with the revised manuscript. Please provide either (1) a description of how the comment
was addressed within the manuscript or (2) a rebuttal describing why the comment was not addressed if
you feel it was incorrect or out of the scope of this work for publication in JoVE.

Your revision is due by Nov 06, 2015. Please note that due to the high volume of JoVE submissions,
failure to meet this deadline will result in publication delays.

To submit a revision, go to the JoVE Submission Site and log in as an author. You will find your
submission under the heading 'Submission Needing Revision'.

Sincerely,

Jaydev Upponi, Ph.D.

Science Editor

JOVE

1 Alewife Center, Suite 200, Cambridge, MA 02140
tel: 617-674-1888

Cam
jove

Editorial comments:
NOTE: Please download this version of the Microsoft word document (File name: 54092_R1_091715)
for any subsequent changes.

*Please keep the editorial comments from your previous revisions in mind as you revise your manuscript
to address peer review comments. For instance, if formatting or other changes were made, commercial
language was removed, etc., please maintain these overall manuscript changes.

o|f your figures and tables are original and not published previously, please ignore this comment. For

Click here to download Rebuttal Comments Reviewers
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figures and tables that have been published before, please include phrases such as “Re-print with
permission from (reference#)” or “Modified from..” etc. And please send a copy of the re-print
permission for JoVE’s record keeping purposes.

eFormatting (References): Please check that doi information has been added where applicable.

eAdditional detail is required

-1.2-Approximately how long should the corn stover be ground using these different screens?

Reply: Typically in pellet production process the grinding is done sequentially (stage-1 & stage-2
grinder). The material what has gone through stage-1 fitted with a bigger screen (50.8 mm) is further
passed immediately through stage-2 grinder fitted with a smaller screen (4.8 mm screen size).
Information included in the revised manuscript (Page 5 lines 211-215).

-1.3-If this step is to be filmed, please provide additional details as to how to determine the moisture
content.

Reply: Moisture content method is included in section 4 of protocol (page 7, lines 306; Page 8, line 307-
310)

-2.2-Provide additional details as to where/how to attach the tapes/controllers to the hopper and screw
feeder. In addition, what are the “desired temperatures”?

Reply: Additional information on tape heaters and controllers is included in the revised manuscript
(page 6, lines 228-230).

-2.3/2.4-Please expand on how the frequency drive is “equipped”, and the power meter “provided.”
Reply: Included in the revised manuscript (page 6, lines 232-233).

-3.7-If this step is to be filmed, please provide additional details as to how to measure moisture content,
etc.

Alternatively, include this step as a 3.6 Note.

Reply: Method for measuring the moisture content is included in the revised manuscript in section 4.
This has been included as step 3.7 in the revised manuscript (Page 8, line 307-311).

-4.1-Please provide details as to how to assess moisture content.
Reply: Included in the revised manuscript (page 8, line 311)

eUnnecessary branding should be removed from steps 3.8 and 4.5 (LabVIEW).
Reply: Removed in the revised manuscript.

eResults: Please include error bars for all figures (Figure 5/6), and define whether they represent SEM or
SD in the accompanying legends.

Reply: The error bars were included for graphs representing pelleting moisture content, pellet diameter,
expansion ratio, bulk density and durability. In the case of percent fines and specific energy
consumption, the error bars are not included as the data is from single pellet mill run from steady state
pelleting condition. We have published this method in other high impact factor peer reviewed journals
like Bioresource Technology, Biosystems Engineering and Energy Science and Engineering Journal.

* JoVE reference format requires that DOlIs are included, when available, for all references listed in the
article. This is helpful for readers to locate the included references and obtain more information. Please



note that often DOls are not listed with PubMed abstracts and as such, may not be properly included
when citing directly from PubMed. In these cases, please manually include DOlIs in reference
information.

Reply: The manuscript has been carefully revised to JOVE requirements.

NOTE: Please copyedit the entire manuscript for any grammatical errors you may find. This editing
should be performed by a native English speaker (or professional copyediting services) and is essential
for clarity of the protocol. Please thoroughly review the language and grammar of your article text
prior to resubmission. Your JoVE editor will not copy-edit your manuscript and any errors in your
submitted revision may be present in the published version.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

Both in the manuscript title and abstract, please include the pellet mill type used in the study (i.e., flat
die pellet mill) because the conventional pelleting mill is a different model than the one used in the
study.

Reply: This has been included in the revised manuscript at all the appropriate places.

Major Concerns:

-- One of the critical steps in pelleting is grinding of feedstock (P4, L153-154). The authors have ground
the raw corn stover in two stages; however, it appears that the authors have not used the raw corn
stover at 30% or higher moisture content. Instead, the authors ground a relatively dry corn stover and
added water to obtain 30% or higher moisture samples for the study (P5, L179-180). In addition to the
pelleting process, the grinding process has the ability to dry the biomass which was not discussed in the
manuscript. Another important difference would be in the particle size distribution of the ground
particles which would be different depending on the initial moisture content of raw feedstock. If the
authors had ground the corn stover at 30% moisture or higher, the results presented in this manuscript
would have been much different and would have affected all of the end results including the pelleting
energy consumption and pellet properties. Let alone, the grinder energy consumption for grinding a high
moisture corn stover (MC of 30% or more) would be huge. Thus, the usefulness of the study is highly
guestionable because the study was conducted using a dry raw corn stover than a high moisture corn
stover at the grinding stage.

Reply: The emphasis of this manuscript to show that corn stover can make good quality pellets at high
moistures. To prove this point we have tested the material by adjusting the moisture content to varying
desired levels. This method has been accepted by the peer review community and many papers have
been published using this method. References on this method have been included in the revised
manuscript (page 4, lines 152-156). Many researchers have used this method to study the effect of
moisture content on pellet quality properties. Our TEA study on conventional and high moisture
pelleting has indicated that drying energy has a more significant impact on the cost of preprocessing
compared to grinding (Lamers et al., 2015). Our recent tests of grinding corn stover using a commercial
scale grinder associated with the Biomass National User Faciltiy at Idaho National Laboratory indicated
that grinding corn stover at 30% moisture content (65 kWhr/ton) takes about 3 times more energy
compared to corn stover at 10% (20 kWhr/ton) moisture content, whereas drying corn stover from 30 to
10% takes about 300-350 kWhr/ton using a rotary dryer. So reducing the drying energy is critical to
reduce the preprocessing cost and in turn the pelleting costs. Our TEA analysis indicated high moisture



pelleting reduces the pelleting cost by about 40 to 50% compared to conventional pelleting (Page 3,
lines 125-131).

-- No statistical analyses were conducted. Especially, the significant effect of moisture or binder addition
needs to be discerned using suitable statistical analysis.

Reply: Statistical analysis is included in the revised manuscript (page 8, lines 345; Page 9, lines 348-355),
in the representative results section and new table 3 in the revised manuscript.

-- No replication was done for the pelleting process per se. Although the pelleting process is a
continuous operation, pelleting at a given moisture and binder combination was not repeated at
different times. Since this is a lab-scale study, this should be doable, but why the authors did not
consider it. | noted that pellet properties were replicated, but not the energy consumption
measurement.

Reply: As pelleting has resulted in steady state production condition, we have done our experiments a
single time. The pellets which were produced at steady state conditions were further analyzed for
physical properties. The pellet properties like pellet moisture content, bulk density, durability were
measured in triplicates whereas pellet diameter measurement was an average of 10 measurements.
We have published this procedure in other peer reviewed journals like Bioresource Technology,
Biosystems Engineering and Energy Science and Engineering Journal.

-- No data on pellet temperature or pellet mill die temperature are reported. Since the authors have
attributed the drying of corn stover due to frictional heating during pelleting, the temperature data
need to be added to the manuscript.

Reply: As the die was rotating during pelleting it was difficult to attach a thermocouple. We measured
the die temperature using a laser gun and reported this in our earlier work. This will be something we
will definitely incorporate in our future studies.

-- No pellet dimensions (diameter and length) are provided. The L/D ratio of the die is given (P11, L445),
but the die diameter or die length is not given. These critical data need to be added to the manuscript.

Reply: In the revised manuscript we have added information on die diameter and die channel length in
the protocol section (page 8, lines 311-318). Also we have included data on pellet diameter and
expansion ratio calculated using pellet diameter in the revised manuscript (page 9, lines 382-391; ; page
9, lines 392-413).

Minor Concerns:
P2, L80: Please check and correct - "biochemical chemical conversion".

Reply: Corrected in the revised manuscript.

P2, L83-84: Please remove "and its composition" which doesn't fit well in this sentence.
Reply: Removed in the revised manuscript.

P3, L104: Please corcted in Corect the word "table".
Reply: Corrected to tablet in the revised manuscript.

P3, L110: Please use the correct verb in "make helps to form".



Reply: Statement corrected in the revised manuscript.

P4, L147: Please use "evaluate specific energy consumption for pelleting" instead of "evaluate its specific
energy consumption". Note the use of "its" is not clear here.
Reply: Changed in the revised manuscript.

P4, L166-167: Why was there a need for preheating of biomass in the hopper/feeder? You have not
discussed the preheating temperature that you have used in your study.

Reply: Pellet mill is equipped to preheat the biomass to different temperatures, but in the present study
we did not preheat the biomass before pelleting.

P4, L169-170: What were the die speed and feeding rate that you had used for the study? | did not find
these data in your manuscript.

Reply: The feeding rates were adjusted based on the pelleting conditions to get a steady state pellet
production.

P5, L185-187: It is not clear how the "uniform feeding of the biomass to the pellet mill" was achieved in
this study. Is this manually done? Or, do you want to say "uniformly feed the biomass to the feed
hopper".

Reply: Corrected in the revised manuscript.

P5, L194: Please use the correct article in "an laboratory oven".
Reply: Corrected the article in the revised manuscript.

P7, L265: Please add the word "respectively" at the end of this sentence.
Reply: Added in the revised manuscript.

P8, L347-348: Why do you think there is a need for "adjusting the feedstock moisture to the right levels"
in a commercial pelleting process? In general, the lower the feed moisture, the better the pellet quality.
Is it mandatory to have a moisture of 30% to make quality pellets? Or, are you suggesting to dry the high
moisture corn stover if the moisture is higher than the values studied in this work (i.e., >30 to 40%)?
Please elaborate this bullet point #1 to make it clear.

Reply: This has been corrected in the revised manuscript.

P9, L353: Please change "Our studies have indicated" to "Our study indicates".
Reply: Changed in the revised manuscript.

P9, L363: You have introduced a term "pelleting efficiency" here. Please define it.
Reply: | have changed this statement to match what we have measured in this study.

P9, L376: Please delete the repeating reference number "29" in "21,26,29-29".
Reply: Deleted in the revised manuscript.

P9, L371-383: The expansion of pellets is also affected by the "stress relaxation" behavior of the fibers in
addition to moisture flash-off effect. The stress relaxation effect has to be mentioned here. You can
easily find suitable references from the literature to cite for the stress relaxation effect.

Reply: Additional explanation included in the revised manuscript (page 14, lines 574-579).



P10, L421-429: Please provide the data on "L, D and L/D of the pellet mill die" in this paragraph.
Reply: Additional details of the die dimensions are included in the revised manuscript (page 6, Lines 240-
241).

P10, L431: Please remove "50% of the".
Reply: Removed 50% in the revised manuscript.

Figure 1: Why is the preheating temperature given as "0 C". | hope you have not frozen the biomass. If
no preheating is involved, please say "Preheat: None".
Reply: Changed to Preheat: None in the revised manuscript (figure 2 in the revised manuscript).

Additional Comments to Authors:

What were some of the properties of the corn starch used as a binder in this study (e.g., moisture,
particle size distribution, chemical makeup of the starch types in the corn starch, flowability, etc.)?
Reply: The corn starch that we used in the present study is commercial available product. The details of
the commercial product are included in the material section (excel sheet). The details of moisture
content and bulk density of the grdound corn stover and corn starch binder are included in Table 1 in
the revised manuscript. Also as we feel that other details like chemical makeup of the starch, flowability
may not be necessary as we are adding commercial corn starch binder at a very low percentage of 2 and
4%

Reviewer #2:
Manuscript Summary:
N/A

Major Concerns:

My largest concern/question is that the results are somewhat counterintuitive - that a high moisture
pellet can be made with high density and high durability. Even the samples with no binder had a
reasonably high bulk density. As stated in the paper itself, it is generally accepted that pellets do not
form, or do not form well, at high moisture ("Moisture in the biomass while in the densification process
acts as a binder and increases the bonding via van der Waal's forces, thereby increasing the contact area
of the particle, but when the moisture content exceeds the threshold levels it acts more like a lubricant
and does not help with binding. In general, low moisture content in the biomass (5- 10%) will result in
denser, stable, and more durable briquettes compared to those produced from biomass with a higher
moisture content.").

Given that, it remains unclear exactly why this approach works even though it is against the
conventional wisdom. | believe it would be appropriate to mention specifically what aspects of the
pelleting procedure used here are necessary for obtaining a solid pellet at high moisture, particularly if
previous research has been performed to determine what variables are important. For example, a
previous paper (Tumuluru 2014 - Biosystems Engineering) made the pellets using an 8 mm die. Is this
larger die size required? Or is this simply the case where the "conventional wisdom" was never fully
investigated and was incorrect, and therefore pellets can be easily made at the high moisture under
many different process conditions?

Reply: | think the conventional wisdom on pelleting is based on meeting the specifications needed for
transportation where higher density and durability are desirable for long distance transportation. But
the literature has indicated that a lot of researchers have done pelleting research by varying moisture
content in the range of 7-45% (w.b.) (page 4, lines 152-156), but increasing the feedstock moisture



content results in lower density pellets. Pellets that are produced by the pellet industry have higher bulk
density (>700 kg/m3) as they transport the pellets over longer distances. These densities are achievable
at lower feedstock moisture content. The process we have developed helps to make pellets at higher
moisture content with densities in the range of 350-550 kg/m3 based on the feedstock conditions
selected and helps to reduce the pellet production cost (Lamers et al., 2015). According to the Pellet
Fuel Institute (PFI), USA, and the European Committee for Standardization (CEN), durability and bulk
density are a normative specification for grading of pellets (Tumuluru et al., 2010). Pellets with durability
values >96.5% and bulk density >640 kg/m3 are designated as super premium pellets based on PFI
standards; whereas, in the case of CEN, the durability and bulk density values should be >97.5% and
>700 kg/m3 and are desirable for international transport. Both PFl and CEN have other density and
durability standards for lower grade pellets (Tumuluru et al., 2010). In general, to transport pellets over
shorter distances (e.g., interstate), very high density and durability pellets may not be required. This
process gives an opportunity to customize the pellet production process to produce pellets with varying
durability and density values to meet different transportation scenarios. The present study has indicated
that pellets with different density and durability can be produced at different feedstock moistures and
binder addition, which can have a significant cost impact on storage and transportation of biomass for
different logistics scenarios (Page 4, Lines 158-174).

Tumuluruy, J. S., Sokhansanj, S., Lim, C. J,, Bi, X. T., Lau, A.,. Melin, S., Sowlati, T., Oveisi, E. Quality of
wood pellets produced in British Columbia for export. Appl. Eng. Agric. 26, 1013-1020.

Minor Concerns:

1) | did not see it mentioned what the die properties are in the article. What is the die size and
thickness?

Die dimension are included in the revised manuscript (page 6, lines 240-241).

2) Figure 3: Is the bulk density shown here dry bulk density (ie, kg dry matter / m3) or wet bulk density?
This is unclear in the paper.

Reported data is “as is bulk density” after cooling and after drying. We did not correct the bulk density
to 0% moisture content.

3) l am assuming Fig 3 is dry bulk density, given that the difference between the bulk density before and
after drying is less than the difference in weight from the drying. However, in general, the bulk density
decreased slightly after drying. If so, then why does the dry bulk density decrease after drying; do the
pellets expand?

The main reason for an increase in bulk density after drying could be due to lower inter-particle liquid
bridges, which might have kept the particles closer and produced less open structure. Oginni (2014) in
his studies observed the bulk density of ground Loblolly pine decreases with increases in moisture
content. Explanation included in the revised manuscript.

4) Presumably, the reason that there is less drying occurring when binder is added is because there is
less electricity consumption, which means less energy being turned to heat. Do you agree with this
explanation?

Yes, it can be a good explanation for less moisture loss when binder is added.



5) Likewise, given the difference in electricity consumption, is this due to a decrease in the power
consumption or due to an increase in the throughput of the pelletizer?

We have seen both lower energy consumption in the pelleting as well as increased throughput when
binder is used.

Additional Comments to Authors:
N/A

Reviewer #3:

Manuscript Summary:

General Comments:

*The paper presents some interesting research. The procedures are carefully described for the most
part and the work appears to be carefully carried out. One thing that is missing is an indication of the
number of replications either for the experiments or for the property determinations (e. g. moisture
content, bulk density, durability, etc.). Error bars are shown in figures 2 through 4 indicating some
calculation of variability, but not in figures 5 and 6. This needs to be clarified.

Reply: The error bars were included for graphs representing pelleting moisture content, pellet diameter,
expansion ratio, bulk density and durability. In case of percent fines and specific energy consumption,
the error bars are not included as the data is from single pellet mill run from steady state pelleting
condition. We have published this method in other high impact factor peer reviewed journals like
Bioresource Technology, Biosystems Engineering and Energy Science and Engineering Journal.

*The biggest concern | have is the rational for the research which is interestingly spelled out in the last
paragraph of the discussion near the end of the paper in lines 431-433. "Most of the woody and 50% of
the herbaceous biomass is available at feedstock moisture contents of >30% (w.b.) and biorefineries are
not ready to use this material due to high preprocessing costs related to drying the material for
conventional pelleting." First, this statement should be included in the introduction since it is not based
on any data in the paper. And second, and more importantly, | don't think that 50% of herbaceous
biomass, and particularly corn stover, is available at moisture contents >30% w.b. Most corn stover will
likely be available at 20% or less moisture content. Since it is harvested in a narrow window in the fall
and needs to be available throughout the year it needs to be less than 20% for storage. The primary
rational for pelleting at moisture contents greater than 30% seems to be the advantages in drying after
pelleting versus before pelleting. While drying may be necessary for woody biomass, | think it is much
less so for herbaceous biomass.

Reply: This statement has been moved to introduction section and additional information has been
included in the revised manuscript regarding the moisture content of the harvested biomass based on
the harvesting methods (page 3, lines, 121-123).

*On lines 130-132, the authors state that rotary dryers operating at 160 to 1800C are more energy
intensive than grain dryers operating at 800C. | don't think this is necessarily true. It may be true that
there are less problems drying pelleted material in a grain-type dryer at 800C than undensified, bulky
biomass in a rotary dryer at 160 to 1800C, but | don't believe the rotary dryer is inherently less efficient
(more energy intensive).

Reply: Belt or grain dryers operate at lower temperature, and they have greater efficiency compared to
rotary drum dryers (additional information included in the revised manuscript). Additional explanation
included in the revised manuscript (page 4, lines 140-145)



*While binders appear to have some advantages, at least at these moisture contents, what do they cost
and how does this impact the cost of pelleted material?

Reply: We have added binder at very low percentages. Our TEA analysis team is working on
understanding how the binder addition will influence the cost. We feel cost information is not within the
scope of the manuscript.

Specific Comments:

Line 208 - include the dimensions of the plexi glass cylinder.

Reply: Plexi glass cylinder information included in the revised manuscript.

Major Concerns:
N/A

Minor Concerns:
N/A

Additional Comments to Authors:
N/A

Reviewer #4:

Manuscript Summary:

The crop residue is one of important renewable biomass. The pelletization of crop residue has more
challenges than woody biomass due to the physical properties and compositions. This manuscript
investigated the effects of moisture content and binder on the corn stover pellet production. The
information reported in this manuscript will be helpful for the agricultural biomass based pellet
production. There are several questions needed to be addressed before published.

1. The details of the material used in this studied was not clearly described? What was the moisture
content in the biomass before adjust the moisture content? What is the composition of biomass?

2. How did the authors adjust the moisture content to 33, 36 and 39%? Equipment and methods?

3. Page 7 line 270 and line 286, they should be "Figure 4".

4. Why did the bulk density increased greatly after drying the pellet for FMC-33% without binder?
There was a slight increase in the bulk density values by about 50 kg/m? after drying.

5. In addition to the cost for binder, the cost of drying for the pellet might also increase due to the
increase of moisture according to the results of this manuscript. This manuscript only investigated the



specific energy consumption. The energy consumption and economic evaluation for whole process
including pretreatment, pelletization, cooling and drying should be also investigated.

Major Concerns:
N/A

Minor Concerns:

N/A

Additional Comments to Authors:
N/A



