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In this study, we evaluated the pelleting characteristics of southern yellow pine (SYP),
switchgrass (SG), and their blends for thermochemical conversion processes, such as
pyrolysis and gasification. Using a pilot-scale ring-die pellet mill, we specifically assessed
the impact of blend moisture, length-to-diameter (L/D) ratio in the pellet die, and ratio of
pine to SG on the physico-chemical properties of the resulting pellets. We found that an
increase in pine content by 25–50%marginally affected the bulk density; however, it also
led to an increase in calorific value by 7% and a decrease in ash content by 72%. A
moisture content of 25% (wet basis) and an L/D ratio of 5 resulted in poor pellet durability
at <90% and bulk density values of <500 kg/m3, but increasing the L/D ratio to 9 and
lowering the moisture content to 20% (w.b.) improved the pellet durability to >90% and
the bulk density to >500 kg/m3. Blends with ≥50% pine content resulted in lower energy
consumption, while a lower L/D ratio resulted in higher pelleting energy. Based on these
findings, we successfully demonstrated the high-moisture pelleting of 2.5 ton of pine top
residues blended with SG at 60:40 and 50:50 ratios. The quality of the pellets was
monitored off-line and at-line by near infrared (NIR) spectroscopy. Multivariate models
constructed by combining the NIR data and the pelleting process variables could
successfully predict the pine content (R2 � 0.99), higher heating value (R2 � 0.98),
ash (R2 � 0.95), durability (R2 � 0.94), and bulk density (R2 � 0.86) of the pellets. Thus, we
established how blending and densification of SYP and SG biomass could improve
feedstock specifications and that NIR spectroscopy can effectively monitor the pellet
properties during the high-moisture pelleting process.
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1 INTRODUCTION

Various woody and herbaceous biomass sources—such as
sugarcane, corn stover, dedicated bioenergy crops, forest, and
agricultural residues—could be used for biofuels production
(National Renewable Energy Laboratory, 2008). According to
the United States (U.S.) Department of Energy (DOE) and
Department of Agriculture (USDA), it is estimated that more
than a billion ton of such lignocellulosic biomass could be made
available for energy production (U.S. Department of Energy,
2016). The Renewable Fuel Standard (RFS) mandates that
cellulosic biofuel should slowly displace transportation fuels
and reach 16 billion gallons by 2022 (U.S. Environmental
Protection Agency, 2018), which requires the annual
processing of approximately 1,000–1,200 million tons of biomass.

Perennial grasses, such as switchgrass (SG), have the potential
to be environmentally beneficial, high-yielding sources of
cellulosic feedstock. SG is a dedicated bioenergy crop in North
America, which is one of the largest temperate biomes on Earth,
as well as being a carbon sink (Risser et al., 1981; Suyker and
Verma, 2001). The significant advantages of SG are that it can
grow on marginal lands that are not being used currently to grow
food crops (Hartman et al., 2011; Feng et al., 2017), it mitigates
nutrient pollution from fertilizer, provides flood control,
increases yield when used in a crop rotation, creates wildlife
habitats, prevents soil erosion, and sequesters carbon with its
extensive root system (Blanco-Canqui et al., 2017).

Woody feedstock is essential to meet the U.S. national goal of
producing 16 billion gallons of cellulosic ethanol by 2022 (U.S.
Environmental Protection Agency, 2018). Besides conventional
lumber, residues from forestry operations, urban management,
paper, and furniture industries—including sawdust, chips,
shrubs, limbs, leaves, tree trimmings, and forest thinning, as
well as trees grown for energy—are excellent sources of woody
biomass. Southern pine species are an essential component of the
forest resources of the U.S. southern region, which is one of the
crucial timber-producing regions globally (Prestemon, and Abe,
2002). Out of over 74 million ha of total timberland that are
currently available in 11 southern states, excluding Oklahoma
and Kentucky, 27.5 million ha are classified as softwood types,
while another 8.5 million ha are classified as oak-pine types
(Zhang and Polyakov, 2010). Pine plantations account for 15
million ha, more than half of the softwood forest area.

Blending of various biomass feedstocks for biofuel and
bioproduct production is gaining momentum. According to
Chescheir and Nettles (2017) and Chauhan et al. (2011), there
is great interest in planting herbaceous biomass such as SG and
other straws with woody biomass, which can make blending of
the biomass feasbile in the field. Feedstock cost modeling studies
by Idaho National Laboratory (INL) have showed that the
blending of woody, herbaceous, and municipal solid waste
reduces the grower payment by about 46% (Lane, 2018).
Blending or formulation are commonly used in other
industries, such as food and feed, to achieve a consistent
product with desired quality attributes. In the power industry,
coals of different grades are blended to control the SOx and NOx

emissions (Moroń and Rybak, 2015). Lignocellulosic

formulations can be similarly developed by blending multiple
woody and herbaceous biomasses to meet the desired chemical
composition and specifications for thermochemical and
biochemical conversion processes, such as calorific value,
volatiles, cellulose, lignin, hemicellulose, carbon, hydrogen,
nitrogen, alkaline, and alkali-earth metals contents (Edmunds
et al., 2018; Ou et al., 2018). Woody biomasses have a higher
lignin and lower ash content, whereas herbaceous biomasses have
a lower lignin and higher ash content (Williams et al., 2017).
Blending of these biomasses, therefore, has the potential to
homogenize their overall chemical composition, as well as
improve downstream conversion.

According to Ray et al. (2017), blending helps to overcome the
cost and quality limitations of lignocellulosic biomass for biofuels
production. Edmunds et al. (2018) indicated that the blending of
different biomass sources helps to improve their overall feedstock
specifications for thermochemical conversion. Yancey et al.
(2013) showed that blending reduces the variability of the
physical properties and the chemical compositions in various
biomass sources while producing a consistent feedstock. The
advantages of biomass blending are increased feedstock
availability for biorefineries at a reduced cost and improved
quality and preprocessing characteristics. According to
Mahadevan et al. (2016), the blending of SG and southern
pinewood produced bio-oils with low acidity and viscosity.
Despite these advantages, there are significant challenges in
blending different biomass types, which could cause issues
related to feeding, handling, transportation, and storage (Ray
et al., 2017).

The typical challenges in using biomass blends are: 1)
variability in density, particle shape and size distribution, and
rheological properties, which result in hurdles such as
entrainment and classification; 2) segregation of the particles
because of variability in density; and 3) low density that creates
challenges in feeding and reduces conversion efficiencies (Ray
et al., 2017). These challenges can be overcome by densifying the
biomass blends. Densification improves the handling and
conveyance efficiency of bioenergy in-feed supply systems
(Tumuluru et al., 2011). It also provides better control on the
particle size distribution of the product stream for improved
feedstock uniformity and density, enhancing the deconstruction
of biomass structural components and improving biochemical
and thermochemical conversions. Pelleting also reduces
transportation costs by 43% for distances exceeding 15 miles
(Tumuluru and Mwamufiya, 2021). For densification using
conventional methods, the lignocellulosic feedstocks are dried
to about 10% moisture content on wet basis (w.b.). Woody
biomass after harvesting has a moisture content between 30
and 50% (w.b.) and that of SG between 15 and 25% (w.b.).
Hence, drying biomass to <10% (w.b.) moisture content using
conventional rotary dryers adds to the energy and capital costs
(Tumuluru, 2016). Also, high-temperature drying results in
volatile organic emissions forming photo-oxidants that are
hazardous to human health if inhaled. A high-moisture
pelleting process was therefore developed at INL to eliminate
the rotary drying step and to reduce energy and capital costs. In
this process, the biomass is pelleted at higher moisture levels
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>20% (w.b.). We have previously studied the pelleting of corn
stover, lodgepole pine, and 2-in. (50.8 mm) pine tops and SG
blends in a flat die pellet mill in the moisture range of 20–39%
(w.b.) (Tumuluru, 2014, 2016, 2019). The resulting pellets had
good quality in terms of density and durability. These results also
showed that having a higher pine content (>50%) in the blends
resulted in higher quality pellets and lower energy consumption.
In their techno-economic analysis (TEA), research conducted by
Lamers et al. (2015) indicated that the drying of corn stover to
<10% (w.b.) moisture content using conventional rotary dryer
added significantly to the pelleting cost, whereas pelleting at high-
moisture levels of 30% (w.b.) by eliminating the rotary drying,
reduced the pelleting cost by about 40%. Our recent study on
municipal solid waste (MSW) also showed that high-moisture
pelleting could save about 40–46% of pelleting cost and lower
46% of greenhouse gas emissions (Tumuluru and Mwamufiya,
2021). The resulting MSW pellets exhibited a durability between
90 and 98% and a bulk density of about 450–550 kg/m3

(Tumuluru and Mwamufiya, 2021). Hence, high-moisture
pelleting is a good alternative in lieu of conventional pelleting
for the densification of pine and SG blends.

In recent years, near infrared (NIR)-based high-throughput
spectroscopic techniques have been developed to monitor the
output of pelleting and other downstream processing of
lignocellulosic biomass (Edmunds et al., 2018; Feng et al.,
2018; Li et al., 2018; Li et al., 2021). NIR spectroscopy works
based on the absorption, emission, reflection, and diffuse-
reflection of light in the region of 800–2,500 nm (e.g.,
12,500–4,000 cm−1) (Ozaki et al., 2017). Multivariate
prediction models could be built on the basis of on-, at-, or
off-line NIR spectroscopic analysis and used for rapid,
inexpensive characterization of changes in lignocellulosic
feedstocks during thermochemical or physico-chemical
conversion processes (Li et al., 2018; Hwang et al., 2021).
Principal component analysis of online NIR spectra has been
recently used to screen the seasonal variability of cellulose
crystallinity and lignin content in sugarcane bagasse (Li et al.,
2021). Similarly, off-line NIR spectroscopy was used to monitor
regional differences in the composition of cellulose,
hemicellulose, lignin, and ash of Jerusalem artichokes (Li et al.,
2018). The studies on high-moisture pelleting of southern yellow
pine (SYP), switchgrass (SG), and their blends using a pilot-scale
pellet mill and data on understanding the quality changes during
pelleting using on-, at-, or off-line NIR spectroscopy are not
available in the literature. To our knowledge, this will be the first
study that tests high moisture pelleting of SYP, SG and their
blends using pilot scale pellet mill and uses of at-line and off-line
NIR spectroscopy to characterize and predict the properties of
blended biomass pellets that are of notable relevance for
bioenergy production in the U.S.

The overall objective of this work was to investigate the
influence of pellet mill die compression (length to diameter
ratio) ratio and moisture content on the pelleting
characteristics of different blend ratios of SG and SYP
residues. A ring-die pellet mill with one ton/h throughput was
used for the pelleting studies. According to Tumuluru et al.
(2011), the pelleting process variables—such as die diameter

and die compression ratio—and feedstock properties—such as
moisture and particle size—impact the quality of the pellet
produced. Therefore, the specific objectives of our work were
to evaluate the impact of: 1) pellet mill die compression (L/D)
ratio between 5 and 9; 2) blend ratios of 6.35 mm ground SG and
SYP residues (e.g., 0:100, 25:75, 50:50, 75:25, 100:0); and 3) two
different moisture levels of 20 and 25% on resulting pellet
properties in terms of moisture, unit, bulk and tapped density,
durability, ultimate composition, ash contents, higher heating
value (HHV), and specific energy consumption (SEC) of the
process. Based on the preliminary studies, we selected the
combination of parameters [e.g., blend mositure cotnent of
about 20% (w.b.) and a L/D ratio of 9] and demonstrated the
pelleting of 2.5 ton of 2-inch (50.8 mm) and 6-inch (152.4 mm)
SYP residues blended with SG in the ratio of 60:40 and 50:50. We
also demonstrated how off- and at-line NIR spectroscopy could
be applied for high-throughput characterization of the pellets and
for developing multivariate models to predict physico-chemical
properties of blended pellets.

2 MATERIALS AND METHODS

2.1 Feedstock Preparation
Switchgrass (SG) (Panicum virgatum L.) cv. Alamo stands were
cultivated and harvested in 2017 in Vonore, TN. The SG with
leaves and stalks was processed via two-stage grinding; at stage-1,
the hammer mill (Bliss Industries LLC, Ponca city, OK) was fitted
with a 76.2 mm screen, while at stage-2, it was fitted with a
6.35 mm (1/4-in.) screen. The ground SG biomass was shipped to
INL in super-sacks for further pelleting. The chemical
composition of the received biomass was 38 ± 1% cellulose,
28 ± 1% hemicellulose, 21 ± 0% lignin, 5 ± 0% extractives,
and 5 ± 0% acetyl contents.

Clean southern yellow pine (SYP) (Pinus spp.) residues with a
152.4 mm (6-in.) stem diameter were harvested from the mature
stands at the School of Forestry and Wildlife Sciences at Auburn
University, AL, in 2017. The biomass was chipped, dried to about
a 10% (w.b.) moisture content, and then shipped to INL. At INL,
the pine chips were further ground using a hammer mill (Bliss
Industries LLC, Ponca city, OK) fitted with a 6.35 mm screen. The
ground SYP and SG were reconditioned to high moistures (20
and 25%, w.b.) and used to test the high-moisture pelleting
process either individually or in blends of 25:75, 50:50, and 75:
25, respectively. A pilot-scale ring-die pellet mill was used for
conducting the pelleting studies on SG, pine, and their blends.
Pioneer pellet mill model number: 35A- 75-80HP, serial number
3193, Bliss Industries, LLC, (Ponca City, OK), was used in the
present pelleting studies. According to the manufacturer, the
recommended break pressure for operating the pellet mill is 1,000
psi. This mill is designed for overall reliability and maximum
efficiency and ease of operation. During the pelleting process, the
die and collar assembly were protected by a hydraulic overload
system, which stops the main motors when an overload situation
occurs.

For the 2.5-ton demonstration of high-moisture pelleting, SYP
tops of 50.8 mm (2-in.) and 152.4 mm (6-in.) diameter were
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screened and selected. About 50 pine trees were harvested in 2018
from the mature stands of the School of Forestry and Wildlife
Sciences at Auburn University, AL, to gather sufficient biomass
between 2,000 and 3,000 kg and further dried to about 10% (w.b.)
before shipping to INL. These pine residues were ground at INL
using a Bliss hammer mill fitted with a 6.35 mm screen size. The
ground material was then blended with either 40% or 50% of the
previously obtained SG. The chemical composition of the 2-in.
(50.8 mm) SYP was 29 ± 0% cellulose, 20 ± 0% hemicellulose,
38 ± 1% lignin, 10 ± 0% extractives, and 1.5 ± 0% acetyl contents,
whereas the chemical composition of the 6-in. (152.4 mm) SYP
was 36 ± 0% cellulose, 22 ± 0% hemicellulose, 36 ± 1% lignin, 6 ±
0% extractives, and 2 ± 0% acetyl contents.

2.2 High-Moisture Pelleting
A pilot-scale ring-die pellet mill at INL with a throughput
capacity of 1 ton/h, as shown in Figure 1, was used for both the

preliminary testing of SG-SYP blends and for the 2.5-ton high
pelleting demonstration. The pellet mill is set-up with a ribbon
blender, which pre-conditions the biomass moisture, a steam
conditioner that adds moisture and heat during pelleting, and
data loggers for recording the pelleting parameters, including
conveyor speed, amperage, power, pressure, and steam usage.
It also has various pellet dies with different compression (L/D)
ratios. During the preliminary pelleting of SYP, SG, and their
blends, three L/D ratios (e.g., 5, 7, 9) and two moisture levels
(20 and 25% w.b.) were tested for five different biomass blends,
as shown in Table 1. Based on the preliminary results, we
selected an L/D ratio of 9 and a moisture content of 20% (w.b.)
for the 2.5-ton pelleting demonstration of 2-in. (50.8 mm) and
6-in. (152.4 mm) SYP blended with SG. During the
demonstration, about 1,000 kg of 6-in. (152.4 mm) SYP-50,
227 kg of 6-in. (152.4 mm) SYP-60, 1,000 kg of 2-in. (50.8 mm)
SYP-60, and 227 kg of 2-in. (50.8 mm) SYP-50 blends were

FIGURE 1 | Illustration of high-moisture pelleting of southern yellow pine (SYP) and switchgrass (SG) blends at the pilot-scale set-up (Legend: N–number of
treatments; NIR–near infrared spectroscopy; PCA–principal component analysis, PLSR–partial least squares regression).

TABLE 1 | Experimental plan for preliminary and 2.5-ton high-moisture pelleting tests of southern yellow pine (SYP), switchgrass (SG), and their blends.

Sample IDa SYP content (%)b SG content (%)b Moisture content (%)b L/D ratio

Preliminary pelleting tests

6-in. (152.4 mm) SYP-100 100 0
6-in. (152.4 mm) SYP-75 75 25 • 5
6-in. (152.4 mm) SYP-50 50 50 • 20 • 7
6-in. (152.4 mm) SYP-25 25 75 • 25 • 9
6-in. (152.4 mm) SYP-0 0 100

2.5-ton pelleting demonstration

6-in. (152.4 mm) SYP-50 50 50 20 9
6-in. (152.4 mm) SYP-60 60 40 20 9
2-in. (50.8 mm) SYP-50 50 50 20 9
2-in. (50.8 mm) SYP-60 60 40 20 9

Note: For preliminary pelleting tests, the total number of treatments (N) were 5 blend ratios × 2 moisture levels × 3 L/D ratio � 30.
aSYP, and SG, were ground using a hammer mill fitted with a 6.35 mm (1/4-in.) screen.
bThe percentage pine, SG, and moisture content are provided on a wet weight basis.
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pelleted using the parameters listed in Table 1. These tests
were conducted to understand the impact of blend ratios, L/D
ratios, and moisture content on pellet physico-chemical
properties, namely ash content, higher heating value
(HHV), density (e.g., unit, bulk and tapped), and durability,
as well as pelleting energy consumption.

Power consumption data during pelleting were logged using
LabVIEW (National Instruments, Austin, TX). An APT power
monitor meter (Applied Power Technologies, Inc., San Jose, CA)
connected to the pellet mill recorded the power consumption
during the high-moisture pelleting in kilowatts. The no-load
power was recorded by running the pellet mill empty. The
specific energy consumption (SEC) was calculated by
subtracting the no-load kW from the full-load power using
Eq. 1.

SEC � (Full load power (kW) −No load power (kW)) × time (h)
Weight of biomass processed (ton)

(1)

2.3 Physico-Chemical Characterization of
Pellets
2.3.1 Physical Properties
Pellet moisture content, bulk density, and durability were
determined following the American Society of Agricultural
and Biological Engineers (ASABE) S269.4 standard (American
Society of Agricultural and Biological Engineers (ASABE)
Standard S269.4., 2007). Particle size distribution of the
ground material was measured using ASABE standard
S424.1 (American Society of Agricultural and Biological
Engineers (ASABE) Standard S424.1., 1992). The pellets
produced were not only analyzed for moisture content; unit,
bulk, and tapped density; and durability immediately after
pelleting at different moisture levels, but also after drying in an
oven at 70°C for 2–3 h to reduce the moisture content to <10%
(w.b.). Briefly, moisture content was measured using the oven
dry method where the sample was dried at about 105°C for
24 h. The unit density was calculated by measuring the length,
diameter, and weight of the individual pellets. The bulk density
was measured by pouring the pellets into a cylindrical
container and calculated by dividing the weight of the
pellets by the container volume. The tapped density was
measured by tapping the container on the flat table and
filling the container with pellets and measuring the weight
again (Tumuluru, 2014; Tumuluru, 2016). A durability tester
with four compartments was also used, where 500 g of pellets
were placed in each compartment and then rotated at 50
revolutions per minute (RPM) for 10 min (Tumuluru,
2018). Percent durability is given as the ratio of the mass of
the intact pellets (after sieving) after tumbling to the total mass
of pellets before tumbling. All pellet properties were measured
in triplicate.

2.3.2 Ultimate Analysis, Ash, HHV Determination
Biomass materials were ground and screened to a uniform
particle size of 0.425 mm (40-mesh) using a Wiley® mini blade

mill (Thomas Scientific, Swedesboro, NJ) for ash content and
ultimate composition analysis. Total ash content was
determined based on the standard laboratory analytical
procedure developed by the National Renewable Energy
Laboratory (NREL, Golden, CO), where the homogenized
biomass was combusted at 575°C, until a constant weight
was achieved (Sluiter et al., 2005). The ultimate analysis of
carbon (C), hydrogen (H), and nitrogen (N) was performed
using a 2,400 Series II CHNS elemental analyzer (PerkinElmer,
Shelton, CT), where the oxygen (O) content was calculated by
difference [100–(C + H + N)]. For the determination of higher
heating value (HHV), about 1.3 g of biomass pellets were
loaded into the decomposition vessel of a C 6000 oxygen
bomb calorimeter (IKA Works, Inc., Wilmington, NC) and
analyzed at 22°C isoperibol mode, with integral oxygen filling/
degassing, as well as water recirculation at 3200 RPM. Benzoic
acid was used as the calibration standard. All measurements
for ash content, CHN, and HHV were conducted in triplicate
per sample per biomass blend.

2.4 At- and Off-Line NIR Spectroscopy
Samples from preliminary pelleting tests (N � 30) were
characterized off-line using a desktop DA 7250 SD NIR
spectrometer (Perten Instruments AB, Hägersten, Sweden).
During the 2.5-ton pelleting demonstration, samples of
approximately 25 g were manually collected every 2.5 min
from the outfeed pellet conveyor and subjected to at-line NIR
spectroscopy using the same DA 7250 SD instrument. The at-
line NIR scans were meticulously time-stamped and the
corresponding pellet temperature was recorded by using a
hand-held infrared thermometer. The pellet moisture
content was also determined in duplicate by drying at
105°C until constant weight. The pellet samples for both
the at- and off-line NIR analysis were packed twice. For
each repack, the samples were scanned twice in the range
of 950–1,650 nm. The sample temperature and moisture
content at the time of NIR analysis are provided in
Supplementary Table S1.

2.4.1 Multivariate Prediction Modeling
The collected NIR spectra were subjected to detrending and
normalization via a standard normal variate (SNV) method
prior to mulitivariate analysis using the Unscrambler X v10.4
software (Aspen Technology, Inc., Bedford, MA). Principal
component analysis (PCA) was carried out on the
preprocessed NIR spectra to identify clusters and/or trends
caused by varying the percent of pine and SG, SYP tops
diameter, pellet L/D ratio, and moisture content. The non-
linear iterative partial least squares (NIPALS) algorithm was
used to build the PCA models and the analysis of NIR spectral
variability was limited to five principal components. The PCA
scores extracted from PC-1, 2, 3, 4, and 5 were then merged
with the pellet mill process data to build partial least squares
regression (PLSR) models in order to predict a specific pellet
property (e.g., moisture, ash, and carbon contents). Process
data obtained from the pellet mill data loggers included steam
mass flow, steam process pressure, conditioner water flow rate,
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current, speed, and temperature. Pellet properties, including
durability, bulk density, carbon, moisture, ash, HHV, and the
amount of pine biomass (%SYP) were used as Y-response
factors. The process variables were averaged and the
standard deviations for each run were also correlated to the
pellet properties. Cross-validation was applied for both the
PCA and PLSR models, and up to eight predicting factors were
used in the PLSR models. During PLS regression of the
preliminary test samples, variables with auto-correlation (r
> 0.9) and lower coefficient of variation (CV < 1%) were
removed from the data set.

3 RESULTS

3.1 Physical and Chemical Properties of
Raw Material
The bulk density and geometric mean particle length of
switchgrass (SG) after passing through a 6.35 mm screen
were 104 kg/m3 and 1.25 mm, respectively. Determination
of particle size distribution indicated that milling of SG in
two stages led to more fines in the grind. In the case of 6-in.
(152.4 mm) SYP residues used for the preliminary tests, the
geometric mean particle length and bulk density were
determined to be 0.91 mm and 190 kg/m3, respectively, at a
moisture content of about 10% (w.b.).

The ultimate analysis, ash content, and HHV of the raw
material are provided in Table 2. Both the 2-in. (50.8 mm) SYP
and SG biomass contained twice the amount of ash when
compared to the 6-in. (152.4 mm) SYP biomass. Our
previous work has also shown that the 2-in. (50.8 mm) SYP
biomass (4,595 mg/kg) contained significantly higher amounts
of combined alkali and alkaline earth metals (Ca, K, Mg, Na)
when compared to SG (2,198 mg/kg) and 6-in. (152.4 mm) SYP
(2,472 mg/kg) biomasses (Edmunds et al., 2018). The carbon
content of SYP was also appreciably higher than the SG, but the
HHV differed by only 5% between these raw materials. Ash
could reduce the performance of biomass conversion reactors,
whereas alkali and alkaline earth metals can specifically affect
the composition and yield of downstream products during
thermochemical conversion of lignocellulosic feedstocks
(Edmunds et al., 2018; Kim et al., 2018). Hence, blending
these raw materials could potentially reduce heterogeneity
and improve their downstream conversion properties.

3.2 Preliminary Pelleting of Southern Yellow
Pine (SYP) and Switchgrass (SG): Effect of
moisture content, L/D, and Blend ratio
In the case of the 100% pine pellets, 5–10% (w.b.) moisture loss
was observed during the pelleting process. A higher moisture loss
of 10% (w.b.) was observed at a lower L/D ratio of 5 compared to
L/D ratios of 7 and 9. The unit, bulk, and tapped densities at
different moisture levels and L/D ratios were in the range of
1,096–1,169, 471–569, and 518–616 kg/m3, respectively. The
durability was in the range of 89–95%, where a higher L/D
ratio and lower moisture content were found to be beneficial.
The physico-chemical properties of all pellet blends are provided
inTable 3, Supplementary Tables S2 and S3, and the appearance
of the pellets is depicted in Figure 2.

In the case of the 75% pine pellets, there was a moisture loss of
6–8% (w.b.). A higher moisture loss was observed at a higher L/D
ratio of 9 and higher blend moisture content of 25% (w.b.). The
unit, bulk, and tapped densities were in the range of 799–1,117,
450–573, 499–631 kg/m3, respectively, and the durability was
85–93%. A higher moisture content and a lower L/D ratio
reduced the density and durability of 75% pine pellets.

In the case of the 50% pine pellets, a moisture loss of 6–10%
(w.b.) was observed during pelleting and a higher L/D ratio of 9 as
well as a higher blend moisture content of 25% (w.b.) resulted in
greater losses. The unit, bulk, and tapped densities were in the
range of 1,087–1,115, 516–572, 569–623 kg/m3, respectively, and
the maximum durability was observed for a lower blend moisture
content and L/D ratio of 9. Overall, the durability values were in
the range of 85–95% for the different pelleting parameters.

For the 25% pine pellets, a moisture loss in the range of 5–9%
(w.b.) was observed, and a higher blend moisture content of 24%
(w.b.) and a L/D ratio of 9 resulted in greater losses. The unit,
bulk, and tapped densities were the lowest at an L/D ratio of 5 and
a blend moisture content of 19% (w.b.). Overall, the unit, bulk,
and tapped densities were in the range of 889–1,146, 465–607,
510–654 kg/m3, respectively. The lowest durability of 83% was
observed at an L/D ratio of 5 and a blend moisture content of 20%
(w.b.), whereas a maximum durability of 95% was observed at a
L/D ratio of 9 and a moisture content of about 20% (w.b.).

In the case of the 100% SG pellets, the moisture loss was similar
to 100% pine pellets (about 5–10%, w. b.), but interestingly, higher
moisture losses were recorded at higher L/D ratios of 7 and 9. The
unit, bulk, and tapped densities were between 991 and 1,156,

TABLE 2 | Ash, ultimate, and calorimetric analyses of the raw material.

Sample ID aElemental composition (%) aAsh (%) aHHV (J/g)

Carbon Hydrogen Nitrogen Oxygen

Preliminary pelleting tests
SG 46.8 ± 0.2 6.6 ± 0.1 0.3 ± 0.0 46.3 ± 0.2 2.0 ± 0.0 19,335 ± 13
6-in. (152.4 mm) SYP 51.2 ± 0.5 6.4 ± 0.2 0.1 ± 0.0 42.3 ± 0.1 0.9 ± 0.2 20,514 ± 10

2.5-ton pelleting demonstration
2-in. (50.8 mm) SYP 48.4 ± 0.2 6.6 ± 0.1 0.4 ± 0.0 44.6 ± 0.2 2.3 ± 0.1 20,236 ± 7
6-in. (152.4 mm) SYP 49.0 ± 0.5 6.6 ± 0.1 0.3 ± 0.0 44.1 ± 0.5 1.0 ± 0.0 20,388 ± 19

aAverage and standard deviations are provided forN � 3; Ash andC, H, N, O values are provided on a dry weight basis; HHV–Higher heating value; SG–Switchgrass; SYP–Southern yellow
pine tops with the stem diameter provided in paranthesis.
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499–552, and 546–621 kg/m3, respectively, and durability was
between 85 and 95%. Overall, higher L/D ratios of 7 and 9 and
a lower moisture content of about 20% (w.b.) maximized the
durability of 100% SG pellets, as can be seen in Table 3.

Drying the pellets at 70°C for 2–3 h was aimed at reducing the
moisture content to <10% (w.b.); however, it also affected pellet
density and durability. In the case of unit density, a loss of about
40–50 kg/m3 was observed, whereas the bulk and tapped densities
decreased by 20–25 kg/m3. The pellet durability changed between
−4.7% and +1.9%, andmost pellet treatments experienced a decrease
in durability because of low temperature drying, as observed in
Supplementary Table S2. The trends observed for blended SYP and
SGpellets in terms of bulk density and durabilitymatched our earlier
studies with corn stover, lodgepole pine, and municipal solid waste
(MSW) (Tumuluru, 2014; Tumuluru et al., 2015; Tumuluru, 2016;
Tumuluru and Mwamufiya, 2021), where higher moisture in the
biomass reduced the density and higher L/D ratio increased the
durability.

Specific energy consumption (SEC) of the pelleting process was
determined as per Eq. 1 and provided in Table 3. Based on the
results, a higher pelleting moisture and L/D ratio led to an increase
in pelleting energy. In the case of 100% pine pellets, the lowest

energy consumption was observed at 20% (w.b.) pelleting moisture
and an L/D ratio of 9, as can be seen in Table 3. Increasing the
moisture content increased the pelleting energy to 130–140 kWh/
ton for different L/D ratios. Compared to 100% pine, the 100% SG
pellets consumed more energy. For example, at an L/D ratio of 9
and 20% (w.b.) moisture content, energy consumption of 100% SG
pellet was 123 kWh/ton, whereas the 100% pine only consumed
105 kWh/ton of energy. Further increasing the moisture content
and lowering the L/D ratio to 5 increased the pelleting energy to
about 176 kWh/ton. In the blended feedstocks, higher amounts of
pine (75%) reduced the energy consumption to about
102–110 kWh/ton for the L/D ratios of 7 and 9. In the case of
the 50% pine biomass, energy consumption increased to a range of
124–155 kWh/ton for the different L/D ratios (5–9) and moisture
contents (20–25%, w. b.). In the case of 75% SG blends, the lowest
energy consumption (125 kWh/ton) was observed at a pelleting
moisture content of 20% (w.b.) and an L/D ratio of 9.

Multivariate models constructed by combining the NIR data
and the pelleting process variables indicated that the L/D ratio (R2

� 0.72) and bulk density (R2 � 0.50) had positive correlations with
pellet durability, as shown in Supplementary Figure S1
(Supplementary data), whereas the pine content (R2 � 0.26)

TABLE 3 | Average physical properties of high-moisture pellets produced immediately after pelleting during preliminary tests.

Sample ID L/D ratio FMC (%) PMC (%) UD (kg/m3) BD (kg/m3) TD (kg/m3) D (%) SEC (kWh/ton)

6-in. (152.4 mm) SYP-100 7 18.4 13.5 ± 0.7 1,169 ± 34 569 ± 3 616 ± 3 93.5 ± 0.9 119.5
9 19.5 12.9 ± 0.2 1,188 ± 48 536 ± 5 588 ± 3 95.3 ± 0.3 105.3
7 24.7 16.2 ± 0.5 1,120 ± 28 473 ± 6 530 ± 5 89.6 ± 0.7 113.6
9 24.5 17.4 ± 0.5 1,119 ± 49 494 ± 2 547 ± 2 93.6 ± 0.7 142.4
5 20.2 14.3 ± 0.1 1,096 ± 53 498 ± 5 550 ± 2 89.1 ± 0.6 131.3
5 26.1 16.2 ± 0.6 1,099 ± 56 471 ± 2 519 ± 6 91.1 ± 0.3 132.2

6-in. (152.4 mm) SYP-75 7 20.4 13.6 ± 0.2 1,093 ± 45 563 ± 1 604 ± 2 93.4 ± 0.4 102.3
9 19.7 13.2 ± 0.3 1,117 ± 30 534 ± 6 591 ± 5 93.4 ± 0.2 110.6
5 20.2 14.6 ± 0.2 1,066 ± 50 574 ± 4 631 ± 3 89.2 ± 0.6 127.8
7 24.3 16.8 ± 0.8 1,110 ± 37 547 ± 3 597 ± 6 91.8 ± 0.7 150.8
9 24.9 16.8 ± 0.1 1,117 ± 49 478 ± 4 530 ± 3 93.0 ± 0.5 135.6
5 25.2 17.1 ± 0.8 799 ± 67 450 ± 1 500 ± 3 85.2 ± 1.2 127.1

6-in. (152.4 mm) SYP-50 7 21.1 14.3 ± 0.4 1,151 ± 45 572 ± 3 616 ± 4 90.6 ± 0.5 128.7
9 18.8 12.6 ± 0.5 1,131 ± 55 561 ± 3 616 ± 3 95.3 ± 0.3 128.6
5 18.3 13.3 ± 0.2 1,087 ± 41 516 ± 5 567 ± 3 85.8 ± 0.7 124.6
7 24.7 13.8 ± 0.6 1,135 ± 31 548 ± 3 600 ± 2 92.0 ± 0.3 155.8
9 24.5 14.2 ± 0.5 1,112 ± 33 536 ± 5 592 ± 2 94.9 ± 0.3 133.9
5 23.0 15.9 ± 0.0 1,134 ± 66 572 ± 1 623 ± 4 88.7 ± 0.5 151.5

6-in. (152.4 mm) SYP-25 7 19.4 11.8 ± 0.2 1,085 ± 26 608 ± 1 656 ± 1 89.7 ± 0.4 150.8
9 20.2 14.2 ± 0.2 1,114 ± 32 560 ± 4 621 ± 4 94.9 ± 0.3 125.5
5 18.8 12.7 ± 0.3 890 ± 32 466 ± 5 510 ± 4 79.8 ± 0.8 128.1
7 23.9 14.2 ± 0.3 1,107 ± 23 562 ± 1 609 ± 2 91.9 ± 0.4 163.9
9 24.0 14.8 ± 0.2 1,147 ± 30 550 ± 7 604 ± 7 95.1 ± 0.2 149.4
5 20.1 14.3 ± 0.2 1,066 ± 38 463 ± 3 521 ± 4 83.1 ± 0.6 122.9

6-in. (152.4 mm) SYP-0 5 17.1 14.1 ± 0.2 963 ± 78 553 ± 4 603 ± 4 85.8 ± 0.2 108.5
7 20.9 13.1 ± 0.3 1,156 ± 23 565 ± 4 617 ± 3 92.8 ± 0.6 149.0
9 19.6 13.3 ± 0.3 1,122 ± 34 571 ± 7 621 ± 3 94.6 ± 0.4 123.7
5 19.8 14.3 ± 0.5 991 ± 35 499 ± 3 547 ± 2 88.3 ± 0.8 142.1
7 24.5 14.4 ± 0.2 1,145 ± 47 554 ± 5 605 ± 3 93.9 ± 0.3 176.9
9 24.7 15.0 ± 0.5 1,130 ± 25 555 ± 6 608 ± 4 95.2 ± 0.2 154.2

Note: All physical properties were measured immediately after pellet production, where means and standard deviations are provided for N � 3. L/D ratio–Length-to-diameter ratio;
FMC–Feed moisture content in wet basis; PMC–Pellet moisture content in wet basis; UD–Unit density; BD–Bulk density; TD–Tapped density; D–Durability; SEC–Specific energy
consumption; SYP–Southern yellow pine tops and switchgrass biomass were ground in a hammer mill fitted with a 6.35 mm screen and blended at 100:0 (SYP-100), 75:25 (SYP-75), 50:
50 (SYP-50), 25:75 (SYP-25), and 0:100 (SYP-0) ratios.
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exhibited a mild negative correlation to the bulk density, and the
pelleting moisture content had no correlation to the pellet bulk
density (R2 � 0.09) or durability (R2 � 0.002). Hence, we

determined that an L/D ratio of 9 is desirable to improve
pellet durability, whereas the blending of pine residues with
SG would improve pelleting energy consumption.

FIGURE 2 | Raw biomass and pellets made of 6-in. (152.4 mm) southern yellow pine (SYP) tops, switchgrass (SG), and their blends. All pellets were produced at
high-moisture content (20% w.b.) and at two different length-to-diameter ratios (7 or 9). (A) SYP tops ground to 6.35 mm screen size in a hammer mill; (B) SG biomass
ground to 6.35 mm screen size in a hammer mill; (C) 100% SYP pellets; (D) 100% SG pellets; (E) 75% SYP and 25% SG pellets; (F) 75% SG and 25% SYP pellets; and
(G) 50% SYP and 50% SG pellets.

FIGURE 3 | (A) Variations in the higher heating value (HHV) of pellets as a function of biomass blend and length-to-diameter (L/D) ratios. The dotted line represents
linear regression between pellet pine content (%) and HHV (J/g) for all L/D ratios, while the corresponding regression equation is provided as an inset; (B) Distribution of
pellet HHV as a function of ash content. Southern yellow pine (SYP) tops of 6-in. (152.4 mm) stem diameter were ground in a hammer mill fitted with 6.35 mm screen and
was blended with similarly ground switchgrass (SG) at 100:0 (SYP-100), 75:25 (SYP-75), 50:50 (SYP-50), 25:75 (SYP-25), and 0:100 (SYP-0) ratios. The linear
regression of pellet HHV and ash content is represented as a dotted line, with the corresponding equation provided as an inset.
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3.2.1 Effect of Pelleting Paramters on Ultimate
Composition, Ash, and HHV
No significant differences were observed in the carbon (C),
hydrogen (H), and oxygen (O) content of the preliminary test
pellets as a function of pine blend ratio, blend moisture content,
or L/D ratio, as observed in Supplementary Table S3. Only the
nitrogen (N) content displayed minor variations depending on
the pine blend ratio; pellets of 100% SG contained 86% more N
than those with 100% SYP, whereas all blended pellets contained
even quantities of N. Hence, blending of pine and SG
homogenizes the ultimate composition of the resulting pellets.
Other physico-chemical properties, namely the ash content and
the HHV, were affected by the pelleting parameters. Pine content
had a significant positive correlation to the calorific value of the
pellets, which can be clearly observed in Figure 3A. Similarly,
higher pine content and heating values were negatively correlated
with the ash content, as shown in Figure 3B. However, factors
such as L/D ratio (R2 � 0.02–0.05) and pelleting moisture [(R2 �
0.05–0.09) did not have any significant impact on pellet ash
content or HHV, as observed in Supplementary Figure S2].
Hence, modulating the pine content would be essential for
controlling the downstream conversion performance of the
blended pellets.

3.2.2 Prediction Modeling: Off-Line NIR Spectroscopy
Combined With Pelleting Process Data
Partial least squares regression (PLSR) models developed based
on off-line NIR spectroscopic data of the 30 preliminary pellet
samples showed that the ash content, HHV, and pine ratio could
be predicted to a high accuracy, as observed in Table 4. We also
combined the scores extracted from principal component
analysis (PCA) of the pellet NIR spectra with that of the
pelleting process information and investigated the effects of
PLSR model predictability. As shown in Table 4, integration
of pelleting process data significantly improved the predictability
of pellet bulk density and durability. Input variables of
significance to a specific pellet property were obtained from
the PLS regression coefficients and provided in Table 4 as
well. Both the NIR PCA scores and process parameters,
including in-feed speed, steam mass flow, drive current, and
conditioner outlet temperature, were of significance to the pellet

properties. We thus showed how PLSR prediction models for
lignocellulosic feedstocks could be improved by integrating
process data.

3.3 2.5-ton Demonstration of High-Moisture
Pelleting
Following the preliminary pilot-scale studies on SYP, SG, and
their blends, subsequent demonstration on a 2.5-ton scale were
conducted. The L/D ratio of 9 and moisture content of about 20%
(w.b.) were selected since these pelleting conditions resulted in
higher pellet quality, in terms of bulk density and durability, at
lower energy consumption. Pine top residues of 2-in. (50.8 mm)
and 6-in. (152.4 mm) diameter were selected to investigate the
impact of lower quality feedstock (i.e., 50.8 mm pine tops) on
final pellet properties. The grind properties, namely geometric
mean particle length and D50 (median particle size) of the 2-in.
(50.8 mm) pine residues were 1.22 and 1.30 mm, respectively, and
those of 6-in. (152.4 mm) pine residues were 0.99 and 1.06 mm,
respectively. The grinding energies for 2-in. (50.8 mm) and 6-in.
(152.4 mm) pine residues were 24.3 and 23.3 kWh/ton,
respectively. Hence, the pelleting properties were not
significantly different for the two types of pine residues tested.

On the other hand, differences in physical properties of the
pellets were observed due to the pine blend ratio and pine residue
size, as shown in Table 5. In the case of 6-in. (152.4 mm) pine
residues, the 60% blend resulted in higher unit density, but the
bulk and tapped density, as well as the durability, were not
significantly different compared to the 50% blend. The energy
consumption was slightly higher for the 50% blend of 6-in.
(152.4 mm) SYP at 98 kWh/ton when compared to the 60%
blend (89 kWh/ton). In the case of 2-in. (50.8 mm) SYP
residues, a 60% blend produced pellets with lower unit, bulk,
and tapped densities, as well as durability, but the SEC was lower
at 87 kWh/ton than that of the 50% blend (95 kWh/ton). Among
the four tested blends, 2-in. (50.8 mm) SYP-60 produced lower
quality pellets, whereas 6-in. (152.4 mm) SYP-50 produced
comparably higher quality pellets. Higher SYP content led to
lower pelleting energy consumption. Changes in pine blend ratio
and stem diameter had no significant effect on the elemental
composition, ash content, and HHV of the pellets, as shown in

TABLE 4 | Performance of PLSR models for predicting pellet properties based on NIR PCA scores (in 950–1,650 nm region) and pelleting process data.

Output variables Input = NIR spectra Input = Process data + NIR PCA scores

R2
c RMSEC R2

p RMSEP R2
c RMSEC Significant process variables

Pine content (%) 0.99 2.95 0.97 3.05 1.00 2.84 PC1; PC2; PC3; PC4; PC5; MCC temperature (°F); PM1,2 VFD current
Ash content (%) 0.95 0.11 0.93 0.15 0.97 0.12 PC1; PC2; Infeed hopper speed (Hz); Steam mass flow (lb/h); Conditioner outlet mash

temperature (°F)
HHV (J/g) 0.98 40.90 0.95 63.80 0.99 69.40 PC1; PC2; PC4; PM1,2 VFD current; MCC temperature (°F); Infeed hopper speed (Hz)
Bulk density
(kg/m3)

0.77 18.20 0.71 22.30 0.86 21.30 PM1,2 VFD Current; PC1; Infeed hopper speed (Hz); PC2; Conditioner outlet mash
temperature (°F)

Durability (%) 0.64 2.31 0.55 2.50 0.94 0.17 PC1; Infeed hopper speed (Hz); PC2; Steam mass flow (lb/h)

Note: Partial least squares regression (PLSR) models were built using N (30 × 2 repacks × 2 scans) � 120 near infrared (NIR) spectra. Pellet properties were determined in triplicate for N �
30 treatments. Legend: HHV–Higher heating value; PCA–Principal component analysis; PC–Principal component of NIR spectra; PM–Pellet mill; VFD–Variable frequency drives;
MCC–Motor control center.
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TABLE 5 | Average physico-chemical properties of switchgrass (SG) and southern yellow pine (SYP) blended pellets immediately after pelleting produced during 2.5-ton
demonstration.

Pellet
propertiesa/ Sample ID

6-in. (152.4 mm) SYP-50 6-in. (152.4 mm) SYP-60 2-in. (50.8 mm) SYP-50 2-in. (50.8 mm) SYP-60

Unit density (kg/m3) 944 ± 84 1,016 ± 37 1,083 ± 48 965 ± 119
Bulk density (kg/m3) 561 ± 1 557 ± 7 586 ± 1 474 ± 5
Tapped density (kg/m3) 604 ± 3 599 ± 3 629 ± 3 510 ± 3
Durability (%) 93 ± 0 92 ± 0 91 ± 2 80 ± 2
Carbon (%) 47 ± 0 47 ± 0 47 ± 0 47 ± 0
Hydrogen (%) 7 ± 0 7 ± 0 6 ± 0 6 ± 0
Nitrogen (%) 0 ± 0 0 ± 0 1 ± 0 0 ± 0
Oxygen (%) 46 ± 0 47 ± 0 46 ± 0 47 ± 0
Ash (%) 2 ± 0 2 ± 0 2 ± 0 2 ± 0
HHV (J/g) 19,851 ± 9 19,729 ± 5 19,899 ± 10 19,821 ± 8
SEC (kWh/ton) 98 89 95 87

aAverage and standard deviations are provided forN � 3. The C, H, N, O and ash content are provided on a dry weight basis. Legend: SYP–Southern yellow pine tops; SYP, and SG, were
ground to 6.35 mm screen size and blended at 60:40 or 50:50 ratio; SEC–Specific energy consumption; HHV–Higher heating value.

FIGURE 4 | (A) Scatter plots comparing the scores of principal components (PC-) 1, 2, and 3. Principal component analysis (PCA) was conducted with NIR spectra
of blended southern yellow pine (SYP) and switchgrass (SG) pellets in the 950–1,650 nm region; (B) Line plots of principal component loadings corresponding to PC-1,
PC-2, and PC-3. The pellet blends were composed of 6-in. (152.4 mm) or 2-in. (50.8 mm) SYP tops and SG, ground in a hammer mill fitted with a 6.35 mm screen, and
mixed at either 60:40 or 50:50 ratio.
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Table 5, which shows that blending of 6-in. (152.4 mm) and 2-in.
(50.8 mm) pine tops with SG led to homogenization of chemical
properties.

3.3.1 At-Line NIR Spectroscopy of Pellet Outfeed and
Multivariate Analysis
The NIR spectra collected at-line on the blended pellets were
subjected to PCA and the resulting scores plot showed
discernable differences depending on the percentage of SYP
content, as well as the size of the SYP tops. As given in
Figure 4A, principal component 2 (PC-2) accounted for
differences in the percentage of pine content, whereas PC-3
accounted for variations due to the pine tops size. Sample
spectra belonging to the 60% pine blends, whether 2-in.
(50.8 mm) or 6-in. (152.4 mm) in size, were mainly aggregated
in the negative quadrant of PC-2, and the 6-in. (152.4 mm) SYP-
60 blend displayed significant grouping compared to the other
blends. Based on the PC-1 loadings shown in Figure 4B, the 6-in.
(152.4 mm) SYP-60 blend contained higher O–H stretch (first
overtone) for cellulose and hemicellulose corresponding to
1,400 nm (Li et al., 2015). This observation is justified by the
fact that 6-in. (152.4 mm) SYP contains more cellulose (36%)
than the 2-in. (50.8 mm) SYP (29%). Based on the PC-2 loadings,
pellets containing 60% pine registered higher–CH3 deformation
and C–H stretching in lignin corresponding to 1,375 nm and
1,200 nm (Jin et al., 2017). The pine biomass contained 36–38%
of lignin, as opposed to SG with only 21% of lignin, hence, it is
plausible that the 60% pine blends contained detectable lignin
signature. The PC-3 accounted for minor (3%) variations
between the 2-in. (50.8 mm) and 6-in. (152.4 mm) pine tops
content, as observed in Figure 4A. According to the PC-3
loadings, shown in Figure 4B, these variations could be
attributed to higher C–H stretching in cellulose and
hemicellulose corresponding to 1,585 nm and 1,365 nm,
respectively, and a higher O–H stretch (second overtone in
bound forms) in hemicellulose corresponding to 1,080 nm in
the 6-in. (152.4 mm) SYP blends (Jin et al., 2017). Thus, at-line
NIR spectroscopy was successfully employed to monitor the
changes in chemical signatures as a result of changes in pine
blend ratio.

PLSRmodels obtained by combining the pelleting process data
with pellet NIR PCA scores showed that, properties, such as ash
content, could be predicted to a high coefficient of determination
(R2) of 0.96, as observed in Table 6. Other pellet properties
namely HHV, moisture content, and carbon content could be

predicted to R2
c values of 0.85, 0.84, and 0.81, respectively, as

shown in Table 6. Figure 5A depicts the scatter plots of
prediction results for pellet ash content using a PLSR model
trained with NIR PCA scores. Input variables namely feed hopper
current, outfeed current, pellet mill speed, and the NIR bands of
1,030, 1,150, and 1,610 nm were determined to be sensitive to
predicting the ash content, as per the regression coefficients given
in Figure 5B. The signal at 1,610 nm is attributed to the overtone
of O–H stretching in bound water (Ma et al., 2020). The
regression coefficients for the pellet HHV, moisture, and
carbon content are provided in Supplementary Figures
S3–S5, respectively. Pelleting process parameters namely steam
mass flow, in-feed hopper current, pellet mill speed, and
conditioner outlet mash temperature had a strong correlation
to predicting the pellet HHV, moisture, and carbon content.
Similarly, the NIR band at 1,030 nm had a correlation to pellet
moisture and carbon content, whereas the bands at 1,310, 1,460,
and 1,620 nm were correlated to pellet HHV. Other input
variables, including outfeed speed, steam boiler pressure, and
the NIR bands at 1,025, 1,155, 1,375, 1,435 and 1,605 nm, were
also identified as major contributors to these pellet properties.
Thus, fairly robust PLSRmodels were built for estimating the ash,
moisture, carbon, and HHV content of the blended pellets based
on at-line NIR spectroscopy combined with the pellet mill
process data.

4 DISCUSSION

4.1 Blending Bioenergy Feedstocks
Edmunds et al. (2018) observed that the major advantage of
blending woody and herbaceous biomass, such as pine and SG, is
the improvement in chemical composition. The limitations of
herbaceous biomass for bioenergy production are their lower
energy density, issues related to storage, handling, and
transportation (Sahoo and Mani, 2016; Sahoo and Mani,
2017). According to Edmunds et al. (2018), Tumuluru et al.
(2015), and Sahoo and Mani (2017), herbaceous biomasses
typically have a bulk density of 150–160 kg/m3. Ray et al.
(2017) concluded that low density biomasses require more
resources for transportation and shipping, which increases
cost. These limitations pose a severe challenge to the
utilization of herbaceous biomass on a commercial scale. In
addition, woody biomasses have higher carbon and lower ash
contents, whereas herbaceous biomasses have lower carbon and

TABLE 6 | Performance of PLSR models for predicting pellet properties during 2.5-ton demonstration using at-line NIR spectroscopy (950–1,650 nm region) and pelleting
process data.

Output variables Range PLSR factors Calibration Prediction

R2
c RMSEC R2

p RMSEP

Ash (%) 1.5–2.2 6 0.96 0.04 0.75 0.10
HHV (J/g) 19,619–20,007 4 0.85 38.50 0.74 54.15
Moisture content (%) 11.3–15.9 7 0.84 0.32 0.72 0.43
Carbon (%) 46.1–47.7 6 0.81 0.16 0.66 0.23

PLSR—Partial least squares regression; R2
c—Coefficient of determination for calibration; R2

c—Coefficient of determination for prediction; RMSEC—Root mean square error of calibration;
RMSEP—Root mean square error of prediction.
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higher ash contents. Blending with woody biomass could
therefore help to overcome herbaceous feedstock limitations
regarding carbon and ash content and improve their
specifications for different conversion scenarios. In
thermochemical conversion, desired specifications are high
calorific value, and carbon content, but low volatiles, nitrogen,
and ash contents. Most herbaceous biomasses, such as corn
stover and SG, have higher ash content, lower calorific value,
and lower carbon content. Hence, Tumuluru and Fillerup (2020)
concluded that blending SG and corn stover with lodgepole
pine helped to improve the proximate and ultimate
composition and calorific value and made the feedstocks more
suitable for preprocessing, such as densification, and for further
downstream conversion.

4.2 High-Moisture Pelleting
A major challenge of blending woody and herbaceous biomass is
particle segregation during storage, feeding, and handling. One
approach to address this challenge is to densify the blended
biomass. Tumuluru et al. (2011) suggested that pellet mills,
briquette presses, cubers, agglomerators, and tablet presses
help to improve the bulk density of biomass feedstocks.
Densification not only improves the density, but also avoids
particle segregation. Among the various densification systems,
pelleting is the most used method for densifying the biomass. But
the major challenge in using pellets for biorefinery operations is
the cost. Drying biomass to less than 10% (w.b.) moisture content
for future pelleting is the major energy consumer in conventional
pelleting processes (Lamers et al., 2015). At Idaho National
Laboratory we have developed a high-moisture pelleting
process that eliminates the high-temperature drying step in
pellet production, thus reducing the cost and making pelleting
an environment-friendly process. Eliminating high-temperature
drying also reduces volatile organic emissions during pelleting. In
a techno-economic analysis, Lamers et al. (2015) indicated that a
40% reduction in pellet production costs could be achieved by
switching to low temperature dryers, such as grain or belt dryers

that operate at a significantly lower cost. In addition, the major
advantage of high-moisture pelleting is the versatility of designing
pellets with different densities, whereas the conventional method
would produce pellets with very high densities (>700 kg/m3) that
are more suitable for long-distance transportation. According to
Tumuluru (2016), if pellets are transported by truck, very high
bulk densities are not needed to fill the truck to its full capacity. If
the pellets are to be transported shorter distances, such as
200–300 miles, they do not need to meet the durability
standards set for long-distance transportation. Tumuluru
(2016) also suggested that the cost of pellet production using
conventional methods cannot be completely offset by saving on
transportation costs, especially if the transportation distances are
less than 200–300 miles. A recent study conducted by Tumuluru
andMwamufiya (2021) found that transportation costs decreased
by about 43% for MSW pellets as compared to non-pelleted
material if the transportation distance was >15 miles. Therefore,
the high-moisture pelleting tested in this study canmake pelleting
more cost-effective and environmentally friendly for
biorefineries, as it avoids the expensive drying methods
commonly used by the industry.

4.3 Impact of Blend Composition on
Pelleting Process
Biomass physical and chemical properties significantly affected
pellet quality. The lignin component of plant biomass is
considered as a natural binding agent and plays an essential
role in the densification process in terms of pellet quality and
energy consumption. In the present study, SYP residues
containing higher lignin required less pelleting energy as
compared to SG. Also, blending SYP with SG helped to reduce
the SEC and improved pellet properties, such as durability.
Studies conducted by Tumuluru and Fillerup (2020) on
briquetting blends of lodgepole pine, SG, and corn stover
showed that the addition of pine decreased energy
consumption and increased the durability of SG briquettes.

FIGURE 5 | (A) Scatter plots of prediction results for ash content (%) of the blended pellets by a PLSR model trained with NIR principal component scores (in
950–1,650 nm region) and pelleting process data; (B) Regression coefficients associated with the PLSRmodel. The pellet blends were composed of 6-in. (152.4 mm) or
2-in. (50.8 mm) southern yellow pine (SYP) tops and switchgrass (SG), ground in a hammer mill fitted with a 6.35 mm screen and mixed at either 60:40 or 50:50 ratio.
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Tumuluru et al. (2012) also found that grasses have lower
lignin content, require higher pelleting energy, and produce
pellets with lower density and durability. This limitation can
be overcome by blending grasses with woody biomass. The
current study also indicated that, blending SYP with SG
improved the chemical composition—especially the lignin and
ash contents—and particle size distribution, which helped to
produce good quality pellets at lower energy consumption. In
addition, blending improved the pelleting characteristics due to
better interlocking ability and flowability of the biomass in the
pellet die.

4.4 Impact of Process Parameters on Pellet
Properties
Tumuluru and Fillerup (2020) studied the briquetting
characteristics of woody and herbaceous biomass blends and
concluded that the blend moisture content and screen size of the
grind affected briquette quality. A smaller hammer mill screen
(4.8 mm size) and a lower blend moisture content of 12% (w.b.)
resulted in the maximum unit and bulk density values. Our
current results indicated that both moisture content and
compression ratio of the die (L/D ratio) affected pellet quality.
An L/D ratio of 9 and a lowermoisture content of 20%maximized
the pellet unit, bulk, and tapped densities. Said et al. (2015)
studied the pelleting of rice straw in a flat die mill and showed that
the bulk density decreased with an increase in moisture content,
as observed in the present study. Studies conducted by Jackson
et al. (2016) on corn stover at about 20–26% (w.b.) moisture
content showed that pellets with bulk densities between 500 and
600 kg/m3 could be produced. Serrano et al. (2011) used barley
straw and came to a similar conclusion that pellet bulk density
decreases with an increase in the moisture content of the
feedstock. Rhén et al. (2005) investigated the pelleting of
Norway spruce at different preheating temperatures and
pressures and reported that preheating temperature and
moisture content significantly affected the bulk density of the
pellets. These observations have been corroborated by the present
research findings, whereas higher moisture reduced the bulk
density of the SG-SYP pellets.

Studies on rice straw pelleting in a flat die mill by Said et al.
(2015) concluded that increasing the moisture content to 17%
(w.b.) increased pellet durability. Studies on briquetting the
blends of woody and herbaceous biomass by Tumuluru and
Fillerup (2020) indicated that durability increased with an
increase in hammer mill screen size to 12.7 mm and
increasing the moisture content to 15–18% (w.b.). These
authors reasoned that increases in briquette durability could
be because of the interlocking of larger particles during the
compression and extrusion processes. Harun and Afzal (2015)
found that higher percentages of woody biomass in the blend of
pine and SG increased the pellet strength and durability values.
The present research corroborates this observation and supports
that the blending SYP with SG produces a good quality pellet in
terms of density and durability. Pelleting studies conducted by
Tumuluru (2018) using high-moisture woody and herbaceous
biomass also determined that woody biomass with higher lignin

content produced pellets with higher bulk density and durability.
In the present study, pellets produced using pure SYP had higher
durability values of >95% at a lower moisture content and higher
L/D ratio of the pellet die. For SG, the maximum durability was
95% for a higher L/D ratio of 9 and feedstock moisture content of
20 and 25% (w.b.). The lower durability values of pure SG pellets
could be attributed to the lower lignin content. But blending SG
with SYP improved the pellet durability at a lower L/D ratio and
higher moisture content. Our study also showed that a higher L/D
ratio resulted in higher durability of the pellets, which may be
because higher residence times of pine and SG particles in the die
could induce glass transition of the lignocellulosic components
and promote particle binding.

Moisture loss of about 5–10% (w.b.) was observed when SYP
and SG blends were pelleted at higher moisture content of 20 and
25% (w.b.). This observation corroborates our earlier works
(Tumuluru, 2014; Tumuluru, 2016; Tumuluru, 2019) on corn
stover, SG, and lodgepole pine blends, where the loss of moisture
depended on the initial moisture content of the feedstock. Higher
initial moisture content and larger L/D ratios led to greater
moisture losses during pelleting. Moisture losses may occur
during pelleting due to flash-off when the pellets are
compressed and extruded out of the die. Tumuluru (2016)
reasoned that losing moisture during pelleting can be
attributed both to frictional heat developed in the die and to
further cooling, which can dry most of the pellet surface moisture,
resulting in partially dried pellets.

4.5 Application of At-Line and Off-Line NIR
Spectroscopy for High-Throughput
Prediction of Pellet Properties
Multivariate predictive models constructed based on at-line or in-
line NIR spectroscopic analysis could be a valuable resource for
high-throughput and inexpensive characterization of chemical
and physical changes in lignocellulosic feedstocks during
thermochemical or physico-chemical conversion processes (Li
et al., 2018; Hwang et al., 2021). Previous research has shown that
NIR analysis in the 900–1700 nm region could be coupled with
chemometric approaches to predict the cellulose (R2 � 0.92),
hemicellulose (R2 � 0.84), and lignin (R2 � 0.71) contents of
various types of lignocellulosic pellets like corn stover, rice straw,
pine, mahogany, and rubber wood (Feng et al., 2018). PLSR
models developed based on NIR spectra have been used to predict
HHV (R2 � 0.92), carbon (R2 � 0.85), and ash (R2 � 0.51) content
of bamboo culms (Posom and Sirisomboon, 2017). The moisture
content (R2 � 0.99) and calorific value (R2 � 0.99) of dedicated
bioenergy crops like Miscanthus and short rotation coppice
willow have also been predicted with higher precision using
the NIR-PLSR models (Fagan et al., 2011). However,
prediction of ash content (R2 � 0.58) was poor for these
lignocellulosic feedstocks (Fagan et al., 2011).

Our previous study has shown that PLSR models developed
based on Fourier transform infrared spectra could predict the ash
content of hybrid poplar wood and bark, as well as SG biomass,
with a higher accuracy (R2 � 0.98; RMSE � 0.38–0.40%)
(Edmunds et al., 2017). In this study, we employed NIR
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spectroscopy such that we could collect the pellet samples
from the outfeed conveyor and perform rapid “at-line” or
“off-line” characterizations. Despite the higher moisture
content (11–16%) and temperature (50–55°C) of the pellet
samples, at-line NIR spectroscopy provided comparable
information to that of off-line NIR spectroscopy. Through the
integration of pelleting process parameters, we could build a
very good PLSR model (R2

c � 0.96; RMSE � 0.04–0.1%) for
predicting the pellet ash content based on the at-line NIR
spectra. However, the prediction accuracy of moisture, HHV,
and carbon content was not comparably significant (R2

c �
0.81–0.85). Since PLSR modeling of lignocellulosic feedstocks
is affected by the number of samples and the chemical
composition range of the calibration and validation set (Kline
et al., 2016), there is room for future improvement. Thus, at-line
NIR spectroscopy was successfully deployed during the
pelleting demonstration and multivariate models were
developed for determining the chemical composition of
blended feedstocks.

The robustness of PLSR prediction models improved
significantly with the use of off-line NIR spectroscopy.
Despite the smaller sample size (N � 30), wider variability of
the pine and SG blends enhanced the prediction capability.
Integration of pelleting process information with the NIR PCA
scores improved the predictability of pellet pine ratio, ash
content, HHV, bulk density, and durability (R2

c improved
from 0.64 to 0.94) when compared to only using the NIR
spectra. In previous research, integration of process
temperature with online NIR spectroscopy enabled the PLS
prediction of transesterification efficiency and bio-diesel
production from soybean oil (Killner et al., 2011). In the
near future, NIR-based sensing and multivariate modeling
tools could be applied to develop machine learning
techniques that can integrate in-/on-line data directly with
process controllers to achieve real-time management of
bioproduct manufacturing (Gargalo et al., 2020). Our work
also provides the incentive for adapting NIR sensing
to monitor industrial scale processing of lignocellulosic
feedstocks.

Another important aspect of this study is the utilization of
at-line NIR spectroscopy to classify the pellets based on the
pine quality and blend ratio. In recent times, blending of
feedstocks like that of pine and SG are often recommended to
offset the uncertainty of continuous feedstock supply, and to
improve the economic feasibility of biorefineries (Ray et al.,
2017; Lan et al., 2020). Blending of lignocellulosic feedstocks
has the advantage of homogenizing the conversion attributes
of pellets, namely the moisture and ash contents (Tumuluru
et al., 2012; Edmunds et al., 2018; Lan et al., 2020). Hence,
developing a rapid NIR-based screening tool for the “quality
control” attributes of blended lignocellulosic feedstocks will
ensure successful implementation and operations of biomass
conversion facilities. We periodically scanned a 2.5-ton feed
of blended pine and SG pellets and developed at-line
NIR spectroscopy-based PCA models. Results of PCA
showed NIR signals from blended pellets containing higher

quality pine residues (152.4 mm tops) and larger percentage of
pine (60%) could be isolated based on their chemical signature
for cellulose, hemicellulose, and lignin. To our knowledge,
this will be the first study that utilizes at-line NIR
spectroscopy to classify blended lignocellulosic feedstocks
that are of notable relevance for bioenergy production in
the U.S.

5 SUMMARY AND CONCLUSION

Based on the high-moisture pelleting studies of southern yellow
pine (SYP), switchgrass (SG), and their blends, as well as the
subsequent large-scale pelleting demonstration, we could draw
the following conclusions:

• High-moisture pelleting resulted in 5–10% (w.b.) moisture
loss of the blended pellets. Moreover, a higher initial
moisture content resulted in greater moisture loss during
pelleting. A higher L/D ratio of 7 and 9 also resulted in
higher moisture losses.

• Based on our preliminary pelleting tests, an L/D ratio of 9
and blendmoisture content of 20% (w.b.) was determined to
produce pellets with >95% durability and >500 kg/m3 bulk
density.

• In the blended pellets, higher SYP content led to an increase
in HHV and a reduction in ash content, which is favorable
for further thermochemical conversions.

• Drying the pellets at a lower temperature of 70°C reduced
the final moisture content to <10% (w.b.), but also adversely
affected the pellet durability and density.

• Specific energy consumption of the high-moisture pelleting
process was influenced by the type of feedstock; SYP
required the lowest and SG required the highest pelleting
energy. Blending SYP with SG moderated the energy
consumption.

• Demonstration of high-moisture pelleting using 2.5 ton
of 2-in. (50.8 mm) and 6-in. (152.4 mm) SYP tops
blended with SG at 50:50 and 60:40 ratio successfully
produced pellets with a bulk density between 473 and
586 kg/m3 and durability between 91 and 93%. Energy
consumption for the four test blends was between 87 and
98 kWh/ton.

• Partial least square regression models (PLSR), obtained by
integrating the pelleting process data with at-line and off-
line NIR principal component scores, were successfully
developed to predict the pellet pine ratio, ash content,
HHV, durability, and bulk density with coefficients of
determination (R2) between 0.86 and 0.997.
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