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Abstract: This work conducts a single-factor experiment to study the effects of biomass
types on the relax density, volume expansion, durability, hydrophobicity, and processing
energy consumption. We analyze the differences in the quality of the pellets, and optimize
the compaction conditions suitable for different biomass types including straw, hard-
wood, shell, and herbaceous plant. The results indicated that with a compressing force of
60~1500 N, compressing time of 10 s, powder size of less than 0.5 mm, and moisture con-
tent of 10%, the relax densities of corn straw, rice straw, selenium-rich rice straw, weigela
japonica branches, and camphor leaves range from 360 to 820 kg/m? with a processing
energy consumption of 17,360 to 28,740 J/kg; meanwhile, the relax densities of argy worm-
wood, forage grass, green grass, and peanut shells range from 340 to 840 kg/m?, with a
processing energy consumption of 33,510 to 73,700 J/kg. Therefore, the compaction pre-
treatment effectively regulates the density of biomass pellets and reduces the processing
energy consumption. This study analyzed the differences in the quality of pellets caused
by the inherent characteristics of biomass, providing strong support for the directional
depolymerization and enhanced pretreatment technology for the scaled production of bi-
omass alcohol fuels.

Keywords: biomass type; physicochemical property; compaction; pellet quality; processing
energy consumption

1. Introduction

In recent decades, due to urbanization and industrialization [1,2], the excessive use
of traditional energy sources has led the world to face a significant energy crisis [3,4],
impacting the environment and human health [5,6]. However, due to technological ad-
vancements and population growth, the demand for energy continues to rise [7], further
exacerbating the current energy situation. Renewable energy sources, such as hydro-
power, wind energy, and bioenergy, can partially replace fossil fuels and alleviate the
crisis. By 2018, renewable resources accounted for approximately 20% of global energy
consumption, with biomass energy making up 9% of the total primary energy supply
worldwide [8]. Particularly in some Nordic countries, biomass is commonly compressed
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into pellets for use. In 2015, the global production of biomass pellets reached 25.6 million
tons, and in 2016, global biomass pellet trade totaled 16.5 million tons [9]. China has abun-
dant biomass resources, including crop straw, agricultural processing residues, forest res-
idues, energy crops, municipal waste, and organic waste, amounting to approximately
460 million tons of standard coal equivalent each year [10]. Although over 700 million tons
of straw are produced annually, they are dispersed over 100 million square kilometers of
land [11,12], resulting in high transportation and processing costs, as well as difficulties
in collection, storage, and transport [13,14]. Additionally, due to spatial and seasonal rea-
sons, the supply is unstable [15], and the loose structure of biomass feedstocks is not suit-
able for long-term storage, limiting their large-scale processing and application [16].
Biomass compaction technology can convert amorphous and low-density feedstocks
into “green”, clean, and efficient fuel pellets under mechanical pressure [11,17,18], thereby
improving the efficiency of biomass storage and transportation. According to different
process characteristics, compaction technology is roughly divided into heating compac-
tion, room temperature compaction, constant temperature and humidity compaction, and
carbonization compaction [11]. The physical properties of the pellets mainly include bulk
density and hydrophobicity, while the mechanical properties mainly include compressive
strength and durability. Energy consumption is used as a production characteristic eval-
uation index [19], and these characteristics are mainly affected by various factors such as
feedstock type, moisture content (4-15%), powder size (less than 2.5 mm), compaction
pressure (60-130 MPa), heating temperature (343—423 K), and compaction method [20].
There are significant differences in the physical and mechanical properties of different
biomass pellets, which have a considerable impact on their storage, transportation, and
utilization. An appropriate pressure is conducive to forming a dense and compact struc-
ture, helping pellets maintain their integrity and stability. Stelte et al. [21] found that as
the pressure increases, the pellet density significantly increases, and when the pressure
exceeds 250 MPa, the density slightly increases. Moreover, the compaction pressure is in-
fluenced by various factors such as the biomass type, moisture content, particle size, and
temperature. The moisture contained in the feedstocks can act as a natural lubricant [22].
Additionally, an excessively low moisture content can reduce the ductility and increase
the friction between pellets, leading to increased energy consumption; whereas an exces-
sively high moisture content can reduce the compactness between particle layers [23],
making compaction difficult. Therefore, the moisture content needs to be controlled based on
an assumed ideal state, precisely regulating the ratio of dry feedstocks to moisture and adjust-
ing the compaction process parameters. Under higher humidity conditions, due to the com-
pact structure and higher bulk density of the pellets, the hydrophobicity is enhanced to a cer-
tain extent, allowing them to resist moisture absorption from the air, reducing water permea-
bility, and thereby enhancing the pellets’ ability to withstand storage environments [24,25].
Pellets encountering open flames during transportation may cause explosions [26,27], posing
safety issues. To minimize transportation costs and reduce the fire risk caused by dust explo-
sions [28], pellets must not suffer physical damage during compaction and use.
Conventional biomass densification is aimed at producing fuel pellets with high en-
ergy density, with a density controlled between 1100 and 1400 kg/m?. This study ad-
dresses transportation issues caused by the variability of different biomass types, thus
using compaction technology to product lower density (500-700 kg/m?3) pellets from
crushed feedstocks, saving space and requiring lower energy consumption , which is ben-
eficial for improving the transportation efficiency and reducing production costs. The im-
pact of different pellets on the physical and mechanical properties was explored, with
selected biomass categories including straw, wood, shells, and herbs. First, the chemical
composition and physicochemical properties of the feedstocks were determined and ana-
lyzed. Then, the amount of feedstock added was precisely controlled to adjust the density
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of the pellets and analyze their volume expansion changes. Finally, by combining mor-
phological characteristics and hydrophobicity, the physical quality was evaluated, and
the relationship between energy consumption and relaxed density was established. The
compressor used is of the constant stroke control type, so under the same compression
displacement conditions, the volume of the pellets remains consistent. In industrial
pelletizing practice, appropriate molds need to be designed based on the technical param-
eters of the compressor, and the maximum capacity of the mold used is about 5 cm?, re-
quiring prior vibration of the feedstocks before compaction. The final pellets produced
need to be transported to alcohol fuel processing plants for crushing treatment. The sta-
bility of compacted pellets is relatively low, with a high breakage rate and low energy
requirements, followed by an acid-base pretreatment to improve quality, and, finally,
high-quality biomass ethanol is produced through enzymatic fermentation and other
technical means. Therefore, the significance of this research lies in utilizing compaction
technology to provide lower density pellets, addressing the long-distance transportation
and storage issues of different biomass feedstocks, and combining compaction parameters
and production energy consumption to comprehensively assess the application value of dif-
ferent biomass pellets, enhancing their market competitiveness, thereby meeting the needs
for the diversity and differentiation of storage, utilization, and efficient transportation.

2. Materials and Methods
2.1. Experimental Materials and Equipment

Biomass feedstocks exhibit significant differences in their compaction characteristics.
According to categories, the experimental feedstocks included straw (corn straw (CS), rice
straw (RS), and selenium-rich rice straw (SS)), hardwood (weigela japonica branches (W])
and camphor leaves (CLs)), shell (peanut shells (PSs)), and herbaceous plant (argy worm-
wood (AW), forage grass (FG), and green grass (GR)), as shown in Figure 1. A grinding
machine (CM100M, Glitterman Instrument Equipment Co., Ltd., Beijing, China) was used
to crush the feedstocks, and powder smaller than 0.5 mm was screened and sealed for
subsequent compaction experiments.

Figure 1. Topography diagram of corn straw (a), rice straw (b), selenium-rich rice straw (c), weigela
japonica branches (d), camphor leaves (e), peanut shells (f), argy wormwood (g), forage grass (h)
and green grass (i).

An automatic hydraulic press (Y32-5T, Lituo Machinery Co., Ltd., Zhengzhou,
China) was used to compact the pellets; its parameters are shown in Table 1. The four-
column hydraulic press with vertical structure has an independent power mechanism and
electrical system, adopts button centralized control (Y]J32-50T cartridge valve integrated
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system), and is equipped with a jog and semi-automatic working system (with automatic
return function). The hydraulic power system is composed of energy conversion devices
(pump and cylinder), energy regulating devices (valves), and energy transmission devices
(oil tank and pipeline). With the control of the electrical system, the movable beam is driven
to move, and the fixed-range compaction process action cycle is completed by adjusting the
working pressure, pressing speed, and stroke. The fuselage is connected by the upper beam,
the movable beam and the lower beam are connected by four columns, and a closed rigid
frame is formed by tightening the nut to withstand the hydraulic press. When working, the
movable beam and the piston rod of the main cylinder are connected, and the column is
oriented to move up and down. The stroke limit device is composed of a guide plate and a
stroke switch, and adjusts different stroke switch positions for the upper limit stroke switch.

Table 1. Technical parameters of the hydraulic press.

The Name of Parameters Value Unit
Compressing force 50,000 N
Maximum stroke of movable beam 250 mm
Maximum opening height 300 mm
Height of the workbench from the ground 750 mm
Workbench length 300 mm
Workbench width 200 mm
The diameter of pellet 8 mm
The length of pellet 12 mm
Empty up speed 2~3 mm/s
Work speed 1~2 mm/s
Return speed 4 mm/s
Total power of the device 1500 4

The compaction process mainly includes the hydraulic press, compressing mold,
force sensor (JHBM-4, Zhongwan Jinnuo Sensor Co., Ltd., Bengbu, China), intelligent dis-
play control instrument (MCK-Z-I), and data acquisition module (Modbus communica-
tion mode, capable of real-time dynamic display of load values, number of acquisition
points, and experimental curves), as shown in Figure 2. The hydraulic press can operate
under various load forces monitored by a force sensor (80,000 N, accuracy 0.01 N), allow-
ing precise control and maintenance of test force, deformation, and displacement.
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Figure 2. Structure diagram of hydraulic press and compaction module. ((1) Intelligent display con-
trol instrument, (2) guide plate, (3) force sensor, (4) workbench, (5) movable beam, (6) stroke switch,
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(7) fuselage, (8) cylinder, (9) oil tank, (10) mold base, (11) inner mold, (12) thimble, (13) mold opener,
(14) mold sleeve).

2.2. Compressing Methods

The working principle of the hydraulic press is to determine the compressing force
by controlling the displacement, changing the mass to ensure that the biomass feedstocks
can be compressed into pellets, and then judging the durability, finally optimizing the
compaction conditions to precisely regulate the pellet density. The compaction process of
biomass feedstocks is shown in Figure 3.

(1) The biomass feedstocks should be added to the compressing mold; then, gently tap it.

(2) Place the compressing mold on the workbench, adjust the vertical alignment of the
thimble with the mold, keeping the end of the thimble at the same level as the top of
the mold, and then set the parameters to the automatic compressing.

(3) The compression should be carried out at a speed of 2.0 mmy/s. Stop when the set
displacement value should be reached, and maintain it for 10 s (to inhibit the rebound
effect); then, the compressing force should be recorded.

(4) Use the mold opener to demold, and gently tap the inner mold to ensure the integrity
of the pellets with small cylinders.

(5) An analytical balance with an accuracy of +0.001 g should be used to measure the
mass of pellets, and the electronic caliper with an accuracy of +0.01 mm should be
used to measure the diameter and length. Finally, the processing energy consump-
tion is evaluated.

Repeat the above steps (1)~(5) to make at least 3 granules of each feedstock. During
compression, the mass of the pellet does not change. Other operating parameters are as
follows: the biomass feedstock is pre-dried, 10% water should be added using a pipette
according to the mass ratio (9:1), stirred, covered with cling film, and left for 12 h until the
moisture is evenly mixed, no binder should be added. At room temperature (298 + 5 K),
the compacted pellets are 8 mm in diameter and 12 mm in length. The dependent variable
is the amount of feedstock added (0.360, 0.420, 0.480, 0.540, 0.600, and 0.660 g) and the
corresponding independent variable is the compressing force.

- u = Y - Combin
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thimble biomass
1 S feedstocks

=
¥ Rl ¥
Demold Open inner mold

Complete compaction

Figure 3. Schematic diagram of the compaction process of biomass feedstocks.
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2.3. Determination of Physicochemical Properties of Biomass Feedstocks
2.3.1. Determination of Proximate Analysis

According to the “Proximate analysis Method for Solid Biomass Fuels (GB/T 28731-
2012)” [29], the ash and volatile of biomass feedstocks were determined using a box fur-
nace (KF1200, Boyuntong Instrument Technology Co., Ltd., Nanjing, China).

2.3.2. Determination of Ultimate Analysis

The C, H, N, and S element contents were measured using an organic elemental an-
alyzer (Vario MACRO Cube, Germany Elementar).

2.3.3. Determination of Calorific Value

Based on [30], the higher calorific value was determined using an oxygen bomb cal-
orimeter (HYHW-8A, Huayu Instrument Co., Ltd., Hebi, China).

2.3.4. Determination of Bulk Density and Tap Density

We used a natural bulk density meter (FBS-1003, Forbes Testing Equipment Co., Ltd.,
Xiamen, China) to measure the bulk density. We placed the dried biomass powder inside
the funnel, opened the piston, and allowed them to flow into the graduated cylinder (50
mL). We used a ruler to level the powder surface along the edge of the cylinder, and cal-
culated the bulk density using Equation (1).

_ Mt — Mg
P(pd/td) = V—gc 1
where ppq is the bulk density, kg/m?; pyq is the tap density, kg/m3 mg is the mass of the
graduated cylinder, kg; mr is the total mass of the graduated cylinder and the powder,
kg; and Vg is the volume of the graduated cylinder, m3. (The volume of compaction of
pellets is about 6 x 10-° m3.)

According to the “Powders—-Determination of tap density (GB/T 21354-2008)” [31],
we held a graduated cylinder by hand and gently tapped it on a thick rubber pad to pre-
vent the surface of the powder from loosening until the powder volume was no longer
reduced. If the surface was uneven, we read the average value of the highest and lowest
points of the surface after tapping as the tap volume. The calculation method for the tap
density was the same as the bulk density in Equation (1).

2.4. Evaluation Indicators and Measurement Methods for Biomass Pellets

The physical properties of biomass pellets include density, chemical composition,
calorific value, moisture content, ash content, volatile content, fixed carbon content, etc.
The mechanical properties include shape and size, breakage rate, slag formation, combus-
tion characteristics, durability and stability, and the processing energy consumption dur-
ing the compaction process.

2.4.1. Determination of Compaction Density

Biomass compaction process mainly includes two parts: compressing and demolding
[32]. The density of the pellets is the compaction density (p.q) after demolding and the
relax density (pq) measured after 120 min, calculated using Equation (2) [33].

4m,

Pea = —7- @)

where p.q is the compaction density of the pellets, kg/m?3 m, is the mass, kg; d is the
diameter, m; and h is the height, m.
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2.4.2. Determination of Volume Expansion

The volume expansion refers to the ratio of the volume of biomass pellets after com-
paction and expansion to the volume when not expanded. Biomass pellets with a higher
volume expansion will create more voids during the combustion process, which helps
with the diffusion of oxygen and improves combustion efficiency. However, the ash pro-
duced during combustion may affect the operational efficiency and lifespan of combus-
tion equipment. Therefore, understanding the volume expansion of biomass pellets is ben-
eficial for improving combustion efficiency and the characteristics of combustion prod-
ucts, as well as reducing particulate emissions. We calculated the volume expansion based
on the data of p,q and p.q, as in Equation (3).

Vi mr/ Prd — @

V = — =
B Vc mc/pcd Prd

)

where Vg is the volume expansion of the pellets; p.q is the compaction density, kg/m3;
and pq is the relax density, kg/m?. During the compaction process, the mass changes less;
hence, m, is approximately equal to m,.

2.4.3. Determination of Durability

We placed the pellets on a vibrating screen at a speed of 120 rpm for 10 min, and
measured durability by calculating the remaining mass percentage of the pellets after me-
chanical vibration [34], as in Equation (4).

m
D=—"x100 4)
mC
where D is the durability index, %; m, is the mass of the pellets, kg; and m,, is the mass
after mechanical vibration, kg.

2.4.4. Determination of Hydrophobicity

We placed the pellets in a constant temperature and humidity chamber (HWS-50,
Shangcheng Instrument Manufacturing Co., Ltd., Shaoxing, China) at a temperature of
303 K and humidity of 70%, measuring the mass of the pellets every 30 min until the
weight change remained stable after continuous weighing, indicating that the pellets have
reached a saturated moisture equilibrium state, and recorded the moisture content at this
time as the equilibrium moisture content, calculated as in Equation (5) [35].

EMc = (e =™ 10 )
mC
where EMC is the equilibrium moisture content of the pellets, %; m, is the mass, kg; and
m, is the mass when the water absorption reaches equilibrium, kg.

2.4.5. Determination of Processing Energy Consumption

The energy required for biomass compaction mainly depends on the compressing
force and moisture content, and is also related to the physical properties of the biomass
feedstocks and the compressing method. Although the compaction work is independent
of the size of the pressing channel, the demolding process requires more energy due to
friction and the smaller cross-sectional area of the pressing channel [32]. The compressing
mold designed in this experiment had side seams on the inner side of the sleeve, allowing
easy sampling by gently tapping the top of the mold, which reduced the energy needed
for demolding. The work required for compressing the biomass feedstocks was deter-
mined through force-displacement values, calculated as in Equation (6) [36].
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n
W = Z Fi X Si (6)
i=1

where F; is the compressing force at time i, N; and S; is the displacement at time i, m.

The compressing force can be collected through the intelligent display instrument at
the force sensor signal conversion end, while the displacement value was calculated as in
Equation (7).

4M
S=—5— @)

- md?pyg
where M is the mass of the biomass powder, kg; d is the diameter of the pellets, m; and
Pra is the tap density, kg/md.
Processing energy consumption is the energy consumed per unit mass of the powder
during the compaction process, calculated as in Equation (8).

_W _ SR Fixs _ [ FdS
B mC B mC B mC

)

w

where w is the processing energy consumption, J/kg; W is the total work, J; m, is the
mass of the pellets, kg; F is the compressing force, N; S is the compressing displacement,
m; i is the instantaneous compressing displacement value; and n is the end compressing
displacement value.

3. Results and Discussion
3.1. Physicochemical Properties of Biomass Feedstocks

Table 2 presents the proximate and ultimate analysis of different biomass feedstocks.
The ash content of RS and SS was relatively high, at 12.55% and 12.81%; the fixed carbon
content of CS and W] was relatively high, at 13.72% and 13.83%; the volatile content of
CLs and FG was relatively high, at 89.77% and 90.09%. The ultimate analysis shows that
the carbon content of CLs and PSs was relatively high, at 54.98% and 51.77%; their oxygen
content was relatively low, at 36.61% and 32.06%. The hydrogen content of different bio-
mass feedstocks was similar, while the nitrogen and sulfur contents were low, which is
beneficial for subsequent energy and resource utilization.

Table 2. Proximate analysis, ultimate analysis, and density of corn straw, rice straw, selenium-rich
rice straw, weigela japonica branches, camphor leaves, peanut shells, argy wormwood, forage grass,

and green grass.

Biomass Proximate an;l‘yszs (%, Dry Basis) Ultimate Analysis (%, Dry Ash-Free Basis) HHV (x106 D]::lli(ty D;r:gt
1xe . * Y
Feedstocks Ash Carbon Volatile C H o N S J/kg) (kg/m3) (kg/m3)

CS 4.84+0.05 13.72+0.14 81.44+0.81 39.17+0.39 578+0.06 54.25+0.54 0.74+0.01 0.06+0.00 18.64+0.56 150+1.50 260 +2.60
RS 12.55+0.1311.93+0.12 75.52+0.76 48.08+0.48 6.57+0.07 44.13+0.44 0.99+0.01 0.23+0.00 19.82+0.59 180+1.80 260 +2.60
SS 12.81+0.13 7.59+0.08 79.60+0.80 47.51+048 6.80+0.07 44.65+0.45 0.78£0.01 0.26+0.00 19.86 +0.60 220+2.20 360 + 3.60
W] 3.83+£0.04 13.83+0.14 82.34+0.82 50.34+0.50 6.90+0.07 40.30+0.40 1.94+0.02 0.52+0.01 21.39+0.64 330+3.30 490 +4.90
CL 850+0.09 1.73+0.02 89.77+0.90 54.98+0.55 7.17+0.07 36.61+0.37 1.08+0.01 0.16+0.00 23.64+0.71 320+3.20 420+4.20
PS 6.63+£0.07 9.75+0.10 83.62+0.84 51.77+0.52 6.43+0.06 39.24+0.39 241+0.02 0.15+0.00 20.74+0.62 230+2.30 340+3.40
AW 771£0.08 440+0.04 87.89+0.88 5046+0.50 6.98+0.07 40.96+0.41 1.41+0.01 0.19+0.00 20.74+0.62 150+1.50 200 +2.00
FG 3.16+0.03 6.75+0.07 90.09+0.90 50.12+0.50 6.77+0.07 42.68 +0.43 0.34+0.00 0.09+0.00 20.23+0.61 180+1.80 250 +2.50
GR 7.62+0.08 4.44+0.04 87.94+0.88 4452+045 6.46+0.06 47.43+0.47 1.31+0.01 0.28+0.00 17.18+0.52 180+1.80 280 +2.80

O*: calculated by difference.

From Table 2, it can be seen that after the biomass powder is tapped under natural
accumulation conditions, the bulk density and tap density vary because physical
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structures are determined by different chemical component contents. The mass of CS, RS,
and SS per unit volume increased by 110 kg, 80 kg, and 140 kg; the mass of W], CLs, and
PSs increased by 160 kg, 100 kg, and 110 kg; the mass of AW, FG, and GR increased by 50
kg, 70 kg, and 100 kg. AW had the lowest bulk density (150 kg/m?) compared to FG and
GR, indicating that it is relatively loose, with the largest gaps between powder particles.
In the same volume, the mass proportion from largest to smallest was WJ, CLs, PSs, SS,
GR, FG, RS, CS, and AW. It can be seen that the powder density of wood was larger, with
smaller gaps between powder particles, resulting in a harder structural composition, con-
suming more energy; meanwhile, the powder density of straw and herbaceous was
smaller, with lower bulk density in a natural state, occupying more space for the same
mass of feedstocks, resulting in a loose structural composition requiring lower compress-
ing force and consuming less energy. Eisenbies et al. [37] studied three bulk density meas-
urement methods that provided different results for commercial-scale harvesting of wil-
low biomass chips. Bulk density is an important value for decision making that has impli-
cations throughout the supply chain, so it is important to have values based on measure-
ments from equipment that would be used for commercial-scale operations. Based on this
study, single values for the bulk density obtained from the literature should be used with
some caution and understanding that values for a feedstock like straw and wood may be
quite variable depending on a number of factors such as the collection equipment, crop
characteristics, and field conditions.

3.2. Physical Properties of Biomass Pellets

Figure 4 shows the compaction characteristics of biomass feedstocks. As the com-
pressing force increases, the compaction density increases and the volume expansion de-
creases. An appropriately high compressing force can destroy the microstructure of bio-
mass feedstocks, form a new phase structure, and increase the strength and stiffness of
the product, resulting in the biomass pellets becoming more compact and reducing the
volume. Higher densities generally result in a better durability, reflecting the ability of a
pellet to resist breakage when subjected to external forces. Therefore, there is a mutual
relationship between the compressing force (Figure 4a), compaction density (Figure 4b),
volume expansion (Figure 4c), and durability (Figure 4d). A proper compressing force can
increase the density of pellets, reduce the volume expansion, and improve the durability.
From Figure 4c¢,{, the relax density of CS pellets is 440~820 kg/m3, which is prone to plastic
rebound, with a volume expansion of 1.32~1.39. CS has larger diameter vessels, allowing
moisture to be transmitted smoothly and providing lubrication; due to the high cellulose
content in CS, the powder can effectively bond during plastic deformation, enhancing the
bonding strength between particles. The relax density of RS pellets is 360~640 kg/m?, with
a volume expansion of 1.70~2.00. RS consists of inner and outer glumes connected by two
hook-like structures, and, due to the high silica content, it is covered by a layer of siliceous
feedstock, making it a hard short-fiber straw. During the compaction process, it is prone
to breakage due to the compressing force, resulting in a relatively uniform small powder.
Under equal deformation displacement, the compressing force on RS is 60~500 N, which
is relatively high and can be attributed to its high ash content, leading to insufficient com-
pressing space for the small powder after compaction and fragmentation. Its rich silica
characteristics prevent moisture within the powder from adequately transferring and
bonding, failing to effectively reduce friction. As the compressing force increases, the relax
density of SS is 400~710 kg/m?, with a volume expansion of 1.50~1.74. As the gaps between
powder particles decrease, the compaction density gradually increases, and when the
density reaches a certain level, it stabilizes, with the height of the pellets remaining basi-
cally unchanged, mainly because its density approaches that of the particle cell walls [38].
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Figure 4. Compaction characteristics of corn straw (CS), rice straw (RS), selenium-rich rice straw
(SS), weigela japonica branches (WJ), camphor leaves (CLs), peanut shells (PSs), argy wormwood
(AW), forage grass (FG), and green grass (GR). As the weight of the feedstocks increases, the changes
in compressing force (a), compaction density (b), volume expansion (c), durability index (d), defor-

mation displacement (e), and relax density (f).

From Figure 4c/f, it can be seen that the relax density of W] pellets is 510~770 kg/m?,
with minimal plastic rebound and tight bonding, and a volume expansion of 1.18~1.43.
The relax density of CL pellets is 570~720 kg/m3, with a volume expansion of 1.49~1.58,
showing minimal expansion and lower bonding properties. The relax density of PSs is
460~840 kg/m?, which is relatively high; the volume expansion is 1.30~1.40. PSs have a
high content of lignin and epidermal fibers, and, after crushing, they produce many mesh-
like feedstocks. During the compaction process, due to the high degree of lignification in
PSs, their long and tough fibers require more energy to break the mesh into small powder,
resulting in the maximum compressing force needed during the same deformation dis-
placement being 60~1500 N.

From Figure 4c¢/f, it can be seen that the relax densities of AW, FG, and GR pellets are
340~730 kg/m?, 430~700 kg/m?, and 400~650 kg/m3, with significant plastic rebound; the
volume expansion is 1.51~1.85, 1.40~1.60, and 1.68~1.92, showing high expansion. The fats



Agriculture 2025, 15, 316

11 of 19

and waxes contained in herbs reduce the interaction between particles during the com-
paction process, lowering the compressing forces between adjacent particles and causing
a decrease in their bonding strength, leading to expansion phenomena. Due to the differ-
ences in the inherent characteristics of different biomasses, as well as the changes in inter-
nal moisture and shear stress of the pellets, the compaction density gradually decreases
after demolding, while the volume expansion continuously increases and tends to stabi-
lize with prolonged placement time. During the compaction process, in the radial direc-
tion, herb particles bond and fully extend through interlocking [39], while in the axial
direction, herb particles contact each other and bond through van der Waals forces, elec-
trostatic forces, and adsorption layers, with axial expansion being much greater than ra-
dial expansion [40]. Therefore, there are significant differences in the relax densities and
volume expansion of CS, RS, SS, W], CLs, PSs, AW, FG, and GR, and the compaction qual-
ity is influenced by various factors. The compaction characteristics of different biomasses
show obvious differences, attributed to their varying structural compositions and compo-
nent content, along with uneven powder sizes, leading to significant variations in the dif-
ficulty of compaction.

From Figure 4e, it can be seen that when the biomass feedstocks amount is 480 kg
and the compressing force is 150 N, the deformation displacement of RS is the largest, at
24.08 mm; when the biomass feedstocks amount is 360 kg and the compressing force is 70
N, the deformation displacement of W] is the smallest, at 14.11 mm; when the biomass
feedstocks amount is 660 kg, the deformation displacement of AW, FG, and GR is 18.08,
18.92, and 20.06 mm, indicating a relatively large deformation displacement, attributed to
the relatively large vascular bundles of the herbaceous plants, which are easily crushed and
undergo plastic deformation. As the compressing force increases, the gaps between the her-
baceous powder are mostly filled, plastic deformation becomes dominant, and the shape
and position of the pellets change, accompanied by a rupture and reordering during defor-
mation. When the compressing force is 300 + 50 N, the deformation sizes of different bio-
masses are in the order of GR > AW > RS >SS > FG > CLs > PSs > W] > CS. The factors
affecting the durability are quite complex, arising not only from the chemical composition
and structure of the biomass itself, but also being related to moisture content, compressing
force, and compressing time among other external factors. Due to the mutual effect between
the biomass powder particles and between the powder and equipment, along with the cor-
responding shear stress, the pellets are prone to breakage and powder loss. At the same
biomass feedstocks amount, the pellets of CS, WJ, PSs, and AW exhibit good durability, mak-
ing them less likely to scatter during transportation, thus enhancing their physical quality.

The pellet density is an important physical property closely related to storage re-
quirements and energy density [41]. All compaction densities and relax densities vary
with different types of feedstocks. The relax density of all pellets slightly decreased, espe-
cially for herbaceous pellets, due to the most pronounced rebound effect. A higher com-
paction density indicates a higher pellet quality, while a higher relax density indicates
greater potential and suitability for compaction. Comparing the compaction density and
relax density of pellets with the bulk density of feedstocks, the density of straw feedstocks
increased by 1.1 to 3.2 times through the compaction process, wood feedstocks increased
by 1.0 to 1.7 times, herbaceous feedstocks increased by 1.4 to 3.7 times, and PSs increased
by 1.3 to 2.5 times. The volume expansion is a comparison of the changes in density, since
pellets dry and rebound during storage. Pellets with a smaller absolute value of the ex-
pansion ratio have greater stability [42]. Volume expansion occurs at points where the
length of the pellets is greater than their diameter, as the applied force is primarily in the
radial direction. The expansion ratio is a positive value, with the main changes being
length and diameter expansion, demonstrating that biomasses are elastic feedstocks.
Straw and herbaceous feedstocks exhibit more expansion, while wood feedstocks and PSs
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have lower expansion. Under the parameters of the compaction process, pellets mainly ex-
hibit a slight plastic deformation. The pellet strength is an indicator of hardness and dura-
bility, and is directly related to the pellet density and the applied force [41,42]. Higher du-
rability is suitable for transportation and storage, with minimal production of fine powder.
Lower durability may lead to pores and gaps, reducing the resistance to deformation [43].

Figure 5 shows the apparent physical morphology of biomass pellets. As shown, un-
der the compaction conditions of 298 + 5 K, compressing force of 60~1500 N, compressing
time of 10 s, powder size less than 0.5 mm, and moisture content of 10%, the surfaces of
biomass pellets exhibit different physical morphologies. The pellets of CS (Figure 5a)
show no obvious cracks and have a good compaction effect, indicating strong bonding
between the particles. The pellets of RS (Figure 5b) and SS (Figure 5c) have relatively
smooth surfaces with very few gaps, indicating good bonding effects between the powder;
however, a layered cross-section is also observed, further confirming the “layering” phe-
nomenon [44], where there are many fillers between the layers, which act as solid bridges
to ensure bonding. Therefore, the compaction pellets have a poor shear resistance, leading
to decreased durability. The pellets of CLs (Figure 5e) are soft and easily loosen, with weak
bonding between powder particles and a poor compaction effect. The pellets of W] (Figure
5d) and PSs (Figure 5f) have smooth and flat surfaces, with no obvious plastic rebound,
and almost no visible gaps between powder particles. The long fibers in the cross-section
are intertwined, mechanical interlocking and a network structure, which can effectively
resist the fracture force caused by plastic rebound after compressing, resulting in signifi-
cant bonding strength. Additionally, fillers can be observed between the powder particles,
mainly due to lignin being extruded from the cells to the particle surface under a high
compressing force, softening through frictional heating, and crystallizing between parti-
cles upon cooling, creating solid bridges that effectively enhance the bonding strength
between particles. Since W] and PSs contain a higher lignin content, the number of solid
bridges is greater, leading to better relax density, and thus greater durability. The pellets
of AW (Figure 5g), FG (Figure 5h), and GR (Figure 5i) have uneven surfaces with many
gaps, which is a major factor for their low relax density, also indicating less contact area
between powder particles, resulting in better durability. The outer surfaces of AW, FG,
and GR powders are covered with a thick cuticle, and the wax in the cuticle hinders hy-
drogen bonding between particles, leading to a reduced bonding strength; the presence
of the waxy layer reduces the van der Waals forces between the waxy layer and the parti-
cles, and the thicker waxy layer exacerbates its cohesive failure.

Considering the physical properties of biomass feedstocks, the structure and design of
molds, and the compaction process, some biomass pellets exhibit inherent defects [45].
Cracked pellets are a common defect that typically occurs during storage due to moisture
loss and feedstock rebound, as shown in Figure 5. Ignoring the negative effect on pellet
strength and hardness, fractured pellets may have better combustion performance. Broken
pellets mean fewer solid bridges and weaker short-range forces (hydrogen bonding, van der
Waals forces, and electrostatic forces) [46]. The chemical composition of feedstocks varies,
and the essence of converting feedstocks into pellets is the comprehensive effect of heat,
moisture, compressing force, friction, and mechanical shear on hemicellulose, cellulose, lig-
nin, starch, proteins, fats, and oils during the compaction process [46]. The distribution of
feedstocks in the mold channel and the forces applied during compaction can affect the re-
bound of the feedstock and cause bending, attributed to the entanglement and folding of
hemicellulose, cellulose, and lignin between the pellets and fibers [46]. Bending pellets are
also considered a result of the elasticity and plasticity of different biomass feedstocks. The
combination of suitable compaction equipment molds, a reasonable compaction process,
and high-quality biomass feedstocks is essential to avoid these defects in the pellets [47].
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Figure 5. Compaction pellets of corn straw (a), rice straw (b), selenium-rich rice straw (c), weigela
japonica branches (d), camphor leaves (e), peanut shells (f), argy wormwood (g), forage grass (h),
and green grass (i). The pellet volume was consistent, the compressing force gradually increased,
and the mass was 0.360, 0.420, 0.480, 0.540, 0.600, and 0.660 g.

Figure 6 shows the water absorption characteristic curve of biomass pellets at a hu-
midity of 70%. As shown, the water absorption rate of CS (Figure 6a) and SS (Figure 6¢)
pellets is relatively fast. When the water absorption time reaches 2400 min, the absorption
rate slows down, and after 7200 min, the maximum water absorption content is 4.24% and
2.45%, which is beneficial for enhancing the transfer and bonding between particles. The
dehydration rate of RS (Figure 6b) is relatively slow: when the dehydration time reaches
120 min, the water absorption content approaches saturation, with a maximum dehydra-
tion amount of 0.18%. This is because although RS contains a higher amount of polar sub-
stances [48], the long fibers entangle under a higher compressing force, greatly increasing
the interaction and bonding forces between particles [49], effectively improving the relax
density and reducing the surface porosity, ensuring good hydrophobicity. The maximum
dehydration amount of W] (Figure 6d) pellets is 0.98%, indicating high hydrophobicity
due to their higher relax density, making the pellets relatively compact with fewer surface
gaps, making it difficult for moisture to penetrate. The maximum dehydration amount of
CL (Figure 6e) pellets is 1.60%, showing the best hydrophobicity; when the water absorption
time is 120 min, the dehydration amount is 0.38%, and after 960 min, it approaches equilib-
rium and remains basically unchanged. This is attributed to the fact that CLs contain a sig-
nificant amount of non-polar and stable silica inorganic compounds. During the compaction
process, the crushed feedstocks have fewer pores, making it difficult for moisture to pene-
trate. The water absorption rate of PS (Figure 6f) pellets is relatively low; when the water
absorption time is 1200 min, it approaches saturation with a water absorption content of
0.30%, and after 7200 min, the maximum moisture content is 0.48%. The maximum dehy-
dration amounts of AW (Figure 6g), FG (Figure 6h), and GR (Figure 6i) pellets are 1.08%,
0.24%, and 0.62%, indicating high hydrophobicity, which is attributed to the lower relax
density and loose structure of the herbaceous pellets, as well as their higher surface porosity
and numerous fine-diameter vessels, making it difficult for moisture to penetrate.
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Figure 6. Hydrophobicity of corn straw (a), rice straw (b), selenium-rich rice straw (c), weigela ja-

ponica branches (d), camphor leaves (e), peanut shells (f), argy wormwood (g), forage grass (h), and

green grass (i).

Due to the hydrophobicity of the biomass feedstocks, a different biomass has differ-
ent compaction characteristics. The hydrophobicity of the compaction pellets is closely
related to the type of feedstocks and the processing techniques used. Biomass feedstocks
contain a certain amount of moisture, and during the compaction process, some of this
moisture will be lost, thereby affecting the hydrophobicity. Compaction technology can
increase the density of biomass feedstocks, thereby enhancing their hydrophobicity. The
hydrophobicity also has an effect on the environment; higher hydrophobicity means that
less smoke and harmful gases are produced during combustion, thus reducing environ-
mental pollution. Therefore, improving the hydrophobicity of biomass feedstocks not
only helps to enhance their combustion efficiency, but also contributes to reducing their
environmental effect. Additionally, compacted and pre-treated biomass pellets, due to in-
creased hydrophobicity, can reduce the moisture and energy required for fungal growth,
thereby achieving the goal of inhibiting fungal proliferation [50], which is also significant
for the long-term storage and transportation of biomass.

3.3. Processing Energy Consumption

Figure 7 shows the processing energy consumption during the compaction process.
As illustrated, there are significant differences in the processing energy consumption of
different biomass pellets, and the influence of the biomass’s own organizational structure
on its compaction quality varies. The processing energy consumption of CS (Figure 7a)
pellets is 17,360 J/kg. This is mainly because CS has a high cellulose content, and its epi-
dermal fiber structure easily undergoes plastic deformation, requiring a lower compress-
ing energy to ensure that the fiber structures in the powder can bond and intertwine with
each other during rearrangement, as well as the solid bridges and hydrogen bonds be-
tween the particles inside the pellets. The processing energy consumption of RS (Figure



Agriculture 2025, 15, 316

15 of 19

7b) pellets is 28,740 J/kg, with a tendency to exhibit delamination phenomena [44]. RS has
thick cell walls, small lumen, and characteristics of rigid short fibers, making it prone to
collapse. However, due to the high ash content, the powder surface is covered with a layer
of silica and its inorganic compounds [51], presenting a three-dimensional network struc-
ture. The chemical properties of these silica compounds are very stable and have high
hardness, making it difficult for adjacent particles to come into close contact and generate
intermolecular forces. At the same time, silica and its inorganic compounds are non-polar
substances, which also makes it difficult for particles to generate electrostatic adhesion,
leading to a reduced relax density. The processing energy consumption of SS (Figure 7c)
pellets is 24,750 J/kg, which is second only to that of RS. Since the chemical composition
of 55 is similar to that of RS, the plasticity of the silica and its inorganic compounds it
contains is very poor. The pellets mainly rely on the stacking of particle sheets, using
higher processing energy consumption to form solid bridges between the sheets and layer
upon layer, resulting in strong shear stress in the radial direction and lower mechanical
resistance in the axial direction.

35,000 35,000 35,000
30,000f  (a) 30000t (b) 30,000t (c)
25,000 25,000 25,000
20,000 20,000 20,000
15,000 15,000 15,000
10,000 10,000 10,000
5,000 5,000 5,000
—
o0 0 0 0
< 300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
=
-
= 35000 35,000 80,000
.2
30000t (d) 30000F () 70000f ()
§ 25,000 25,000 60,000
& 50,000
S 20,000 20,000
3] 40,000
> 15,000 15,000
&6 30,000
Q
10,000 10,000
5 20,000
2n 5,000 5,000 10,000
2 0 0 0
8 300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Q
E 80,000 80,000 35,000
70,000 (g) 70,000 (h) 30,000f (1)
60,000 60,000 25,000
50,000 50,000
20,000
40,000 40,000
15,000
30,000 30,000
20,000 20,000 10,000
10,000 10,000 5,000
0 0 0
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Relax density (kg/m®)

Figure 7. Processing energy consumption of corn straw (a), rice straw (b), selenium-rich rice straw
(c), weigela japonica branches (d), camphor leaves (e), peanut shells (f), argy wormwood (g), forage

grass (h), and green grass (i).

The processing energy consumption of W] (Figure 7d) pellets is 24,750 J/kg, which is
relatively high, mainly due to the high lignin content and degree of lignification of W]J.
The epidermal fibers are longer and more resilient, requiring higher compressing energy
to ensure that the powder can bond together and form a compact structure. The pro-
cessing energy consumption of CL (Figure 7e) pellets is 18,630 J/kg, with smaller powder
gaps and higher hydrophobicity, exhibiting low plastic deformation under a lower com-
pressing force, and the original compact structure has not undergone rearrangement. The
processing energy consumption of PS (Figure 7f) pellets is the highest at 61,160 J/kg, due
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to their hard texture and stable structural composition, requiring more energy to disrupt
the intermolecular forces between particles, thereby enhancing the bonding strength.

The processing energy consumption of AW (Figure 7g) pellets is 73,700 J/kg, with a
relax density slightly higher than that of FG and GR, while the processing energy con-
sumption of FG (Figure 7h) pellets is 61,780 J/kg, and that of GR (Figure 7i) pellets is 33,510
J/kg, all of which have lower processing energy consumption than AW pellets. During the
compaction process, fats and waxes in FG and GR are pressed to the surface of the pellets,
providing some lubrication, which reduces the friction between the powder particles and
between the powder and the mold, resulting in a lower processing energy consumption.
Herbaceous crops contain a high content of extracts, primarily consisting of fats and
waxes, so the powder surfaces are covered with a layer of polyester keratin derived from
fatty acids. The keratin layer reduces the interactions between particles, preventing the
formation of solid bridges and hydrogen bonds, limiting the van der Waals forces and
mechanical interlocking between particles [49], ultimately leading to a decrease in their
bonding strength.

The processing energy consumption largely depends on the types of biomass feed-
stock. The herbaceous feedstocks and PS were the highest, followed by straw and woody
feedstocks. Herbaceous feedstocks with a lower cellulose content and lignin content had
a greater processing energy consumption, with AW having the highest processing energy
consumption, approximately 10 times that of the lowest, CS (700 kg/m?). Proteins or fats
can be extruded from plant cells and form an oil film on the pellet surface, acting as lub-
ricants and reducing the friction between the pellet surface and the mold inner wall. Eval-
uating processing energy consumption from the perspective of chemical composition, fats
are the best, followed by starch, proteins, pectin, and cell walls (hemicellulose, cellulose,
and lignin) [46].

4. Conclusions

A comprehensive evaluation from biomass feedstocks to pellets was investigated to
explore the potential of emerging different biomass feedstocks for compaction. The phys-
ical properties of biomass feedstocks were measured and evaluated.

Under the compaction conditions of the biomass feedstock with an amount of
360~660 kg, a compressing force of 60~1500 N, a compressing time of 10 s, a powder size
of less than 0.5 mm, and a moisture content of 10%, there were differences in the physical
quality of pellets. As the compressing force increases, the pellet density increases, the vol-
ume expansion decreases, it becomes more compact, and the durability increases. The re-
lax densities of pellets from CS, RS, and SS were 440~820 kg/m3, 360~640 kg/m?3, and
400~710 kg/m3; the volume expansion was 1.32~1.39, 1.70~2.00, and 1.50~1.74. The relax
densities of pellets from W] and CL were 510~770 kg/m? and 570~720 kg/m?3, while the
volume expansion was 1.18~1.43 and 1.49~1.58. The relax density and volume expansion
of PS pellets were 460~840 kg/m? and 1.30~1.40. The relax densities of AW, GR, and FG
were 340~730 kg/m?3, 400~650 kg/m? and 430~700 kg/m?3; the volume expansion was
1.51~1.85, 1.68~1.92, and 1.40~1.60. After compression, the structure of the biomass
changed, making it denser and more compact, which is beneficial for large-scale storage
and transportation, saving stacking space. Therefore, understanding the volume expan-
sion of biomass pellets is of great significance for optimizing the compaction process, and
the density can be better regulated.

Under the compaction conditions of the biomass feedstock with an amount of 660 kg,
there were differences in the processing energy consumption among different pellets. The
processing energy consumption of pellets from CS, RS, and SS was 17,360 J/kg, 28,740 J/kg,
and 24,750 J/kg. The processing energy consumption of pellets from W] and CLs was
24,750 J/kg and 18,630 J/kg. The processing energy consumption of PS pellets was 61,160
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J/kg. The processing energy consumption of AW, GR, and FG was 73,700 J/kg, 33,510 J/kg,
and 61,780 J/kg. The type of biomass has a significant effect on the processing energy con-
sumption. Although different biomasses can be compressed under the same compaction
conditions, the physical properties of the pellets vary significantly with the differences in
the biomass’s structural composition and chemical components.

Further research will focus on improving the poor performance of feedstocks and
pellets, as well as optimizing the compaction process. This work demonstrates that an
analysis of the type of differentiation for emerging biomass feedstocks before compaction
can instruct industrial production and predict pellet qualities.
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