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Optimization of Parameters Associated with Pellets
Made from Biomass Residue from Anaerobic Digestion
Using Box-Behnken Design
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Fuel pellets were produced with biomass residue from anaerobic
digestion. Single-factor experiment and Box-Behnken design were
employed to investigate the effects of pellets-associated variables on the
mechanical properties of pellets, and the optimal condition was
determined. The results revealed that the pellets-associated variables,
including particle size, moisture content, die temperature, and molding
pressure had significant influences on the mechanical properties of pellets,
such as compressive resistance (CR), durability (DU), and density (DE).
The regression models were obtained with the R? values of 0.9802,
0.9628, and 0.9610 for CR, DU, and DE, respectively, suggesting that the
differences between the actual and predicted values could be explained
by the regression models. The optimal values of pellets-associated
variables were determined (particle size of 0.4 mm, moisture content of
8.4%, die temperature of 115 °C, and molding pressure of 150 MPa); the
corresponding responses were 1470 N, 99.6%, and 1180 kg/m? for CR,
DU, and DE, respectively. The results of verification showed a good
agreement between the predicted data and experimental outputs. In
summary, a novel approach was presented for the preparation of pellet
fuels made from biomass residue from anaerobic digestion, and a reliable
reference was therefore provided for the comprehensive utilization of
biomass materials.

DOI: 10.15376/biores.17.2.2743-2767
Keywords: Pellet; Biomass residue from anaerobic digestion; Optimization; Box-Behnken design

Contact information: a: College of Civil Engineering and Water Conservancy, Heilongjiang Bayi
Agricultural University, Daging 163319, China; b: College of Engineering, Heilongjiang Bayi Agricultural
University, Daging 163319, China; c: College of Food Science and Engineering, Henan University of
Technology, Zhengzhou 450001, China; *Corresponding author: myc1631@163.com

INTRODUCTION

The global consumption of natural energy is increasing due to the rapid industrial
variations. However, the storage of natural energy is limited, especially with regard to
fossil fuels. Some fossil fuels, such as crude oil, coal, and gas, may be exhausted in the
next 50 years (Shafiee and Topal 2009). Therefore, it is essential to explore renewable
resources of energy to globally alleviate the energy crisis and meet the energy demand in
the future (Callegari et al. 2019). In addition to wind energy and solar energy, biofuel is
recognized as one of the renewable, sustainable, and environmentally friendly resources of
energy, and it can be an appropriate alternative for fossil fuels (Ramezanzade and
Moghaddam 2018). Biofuels, including synthetic biofuels, bioethanol, biogas, biodiesel,
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and bio-hydrogen, are prepared from biomass or their residuals (Lin et al. 2014). Compared
with the traditional resources of energy, biofuels possess several attractive properties, such
as being cost-effective, low emission of greenhouse gases, broadly accessible, etc. (Li et
al. 2015). Hence, further in-depth research on biofuels should be conducted.

In China, more than 3 billion tons of manures and 650 million tons of crop straws
are generated annually, which are important raw materials that can be used to produce
biological products (Awasthi et al. 2019). Although manure and crop straw are high-quality
biomass resources, their huge outputs have caused some problems for the development of
agriculture and breeding industries. Anaerobic digestion is currently regarded as one of the
most environmentally friendly methods for treating various organic substances, including
sewage sludge (Stefaniuk and Oleszczuk 2015). Due to its potential in producing renewable
energy (i.e. methane content of biogas), anaerobic digestion has attracted attention (Baetge
and Kaltschmitt 2018). With the rapid development of biogas industry, China’s biogas
consumption is annually 19 billion cubic meter (m?). Correspondingly, a large amount of
biomass residue from anaerobic digestion (BRAD), which are difficult to dispose and may
easily lead to secondary pollution, are produced during anaerobic digestion (Meng et al.
2018). Generally, the most common method of utilizing BRAD is to use it as organic
fertilizer in agriculture, as it possesses several merits of providing nutrients for plants,
enhancing the moisture and buffering capacities of soil (Bai et al. 2020). However, the
direct application of BRAD to soil may cause leaching of the nutrients from the soil and
the deterioration of water, due to the mobility property of its water-soluble contents and an
excessive content of heavy metals produced by the use of animal feed additives, resulting
in serious environmental concerns (Govasmark et al. 2011). Therefore, it is highly essential
to develop a novel and environmentally friendly approach for the resourceful utilization of
BRAD.

Given the drawbacks of traditional treatment for BRAD, the conversion of BRAD
into compressed solid biofuels may be an alternative technique for addressing this
challenge. BRAD can be converted into pellets or briguettes using densification
technology, including pelletization, briquetting, and extrusion (Liu et al. 2014). The
purpose of densification is to agglomerate small particles into larger particles by a
mechanical process combined with moisture, heat, and pressure (Gilvari et al. 2019).
Densification increases the bulk density of the biomass materials while reducing the
expenses of handling, transportation, and storage; it has been applied widely to the biomass
industry in the developed countries (Prawisudha et al. 2012). A relevant study showed that
the densification of the biofuel pellets could increase the density up to 1,000 to 1,200
kg/m?3; the volume was reduced by 8 to 19 times compared with the raw biomass (Mostafa
et al. 2019). In addition, biofuel pellets possess a large number of advantages, such as a
low level of pollution, a high heating rate, and less emission of odors. Thus, they can be
applied directly to residential heating stoves, power plants, and heating boilers (Chen et al.
2011). In summary, using BRAD to produce biofuel not only can provide an approach for
the treatment of BRAD, but also they can be helpful to meet the large demand for energy
in the future. Meanwhile, biofuel pellets from BRAD could improve the utilization value
of BRAD. Hence, it is essential to investigate the effects of different parameters on
physicochemical properties of pellets from BRAD, as well as the optimal conditions for
producing pellets with BRAD.

The physical quality of a produced pellet is mainly affected by the properties of raw
materials, including chemical composition, moisture content, particle size, and parameters
associated with manufacturing processes, such as forming temperature, applied pressure,
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holding time, and die geometry (Lestander et al. 2012). Numerous researchers have
explored the effects of associated parameters and properties of biomass materials on the
physical and chemical properties of pellets made from single or mixture of different types
of biomass materials under different conditions. Rhén et al. reported that the density and
compression strength of the pellets from sawdust were elevated by increasing the
pelletizing temperature and lowering the moisture content of raw materials (Rhén et al.
2005). Puig-Arnavat et al. (2016) found that the moisture content of 10 wt.% was optimal
for 6 biomass feedstocks, in which the friction increased first and then declined with the
increase of die temperature. Stasiak et al. (2017) revealed that the density of pellets made
from a blend of pine sawdust, wheat straw, and rapeseed straw increased with the raised
percentage of the two straws in the mixture and the compaction pressure.

Response surface methodology (RSM) is an effective method to optimize process
conditions, and it can determine the influence of various factors and their interactions on
the indexes under investigation (Alhajabdalla et al. 2021). Generally, it is used for mapping
a response surface over a particular region of interest (ROI), optimizing the response, or
for selecting operating conditions to achieve target specifications or a customer’s
requirements (Cheng et al. 2021). In particular, RSM based on a Box-Behnken design
(BBD) is advantageous for the analysis on the effects of various factors on the responses
by simultaneously modulating the effective parameters, formulating second-order
polynomial equations of multiple factors, and describing interactions among independent
variables (Belgada et al. 2021). Compared with other response surface designs, BBD
possesses attractive advantages in the necessity of performing a small number of
experiments and a higher efficiency. To date, BBD has been successfully utilized in several
engineering fields.

In the present study, BRAD were selected as raw materials to produce a type of
solid biofuel pellet using heating molding process. This study explored the effects of
parameters, such as particle size and moisture content of raw materials, die temperature,
and molding pressure on the mechanical properties of the pellets produced using BRAD.
The optimal values of the mentioned parameters under different conditions were
determined.

EXPERIMENTAL

Materials

Biomass residue from anaerobic digestion (BRAD), as used in the current study,
mainly consisted of corn straw and cow manure. These components were obtained from
the Biomass Energy Laboratory of Heilongjiang Bayi Agricultural University (Daging,
China) after the fermentation process, as shown in Fig. 1a. First, the collected residues were
air-dried at room temperature for 10 days. The dried residues were ground using a hammer
mill of YB-1000A (Yongkang Sufeng Gongmao Co., Ltd., Zhejiang, China) and then
passed through a sieve with different screen sizes to obtain desired particle sizes (0.2, 0.4,
0.6, 0.8, 1.0, 1.2, and 1.4 mm) (Fig. 1b). The chemical compositions of BRAD and other
biomass (wheat straw, corn stover, rice straw, Chinese fir sawdust and camphor sawdust)
are presented in Table 1.

Before pelletizing, the grounds were dried in a convection oven at 40 °C until the
weight of samples remained constant. The moisture content of the feedstocks was adjusted
by addition of purified water (predetermined amount) to the grounds. They were
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subsequently calculated on a wet-weight basis. After that, the feedstocks were put into a
plastic sealed container and stored at 4 £ 0.5 °C for 2 days for equilibration of the moisture
(Zhang and Guo 2014).

Table 1. Chemical Compositions of Biomass Species

Biomass Components Reference
Lignin (%) | Cellulose (%) | Hemicellulose (%)
BRAD 25.76 33.77 13.28 Current

Wheat straw 7.61 42.51 22.96 .

Corn stover 3.12 31.32 21.08 Mani et al. 2006

Rice straw 9.22 41.33 24.60 .

Chinese fir 27.61 36.22 20.82 J'anfi eettaall' 22%1136‘”‘1

Camphor 24.40 38.87 20.82 )

Fig. 1. Experimental materials of (a) initial BRAD and (b) ground BRAD

Pelletizing Apparatus and Procedures

A pelletizer used in the test was manufactured at Heilongjiang Bayi Agricultural
University (Fig. 2). The single press consisted of a cylindrical die lagged with an
electromagnetic heating unit, a spiral water-cooling unit, and a computer control system.
The inside diameter and length of cylinder were 15 and 50 mm, respectively, and the
diameter and length of piston were 15.3 and 70 mm, respectively. A thermocouple placed
into a cylinder was used to ensure that the temperature reached the desired value. The die
temperature can be detected and controlled by a computer system in the range of 0 to 400
°C.

Pressure
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(1) Frame; (2) Temperature sensor; (3) Molding unit; (4) Water cooling unit; (5) Temperature
controller; (6) Controlling computer; (7) Thermocouple; (8) Heating unit; (9) Base; (10) Pellet;
(11) Cooling unit; (12) Cylinder; (13) Piston
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Fig. 2. Photo and schematic illustration of the single press unit
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The preparation of the pellet was conducted as follows. Prior to each test, the
heating system was run for 15 to 20 min for the desired die temperature. A total of 4 g of
ground residues (dry basis) with a specific moisture content was placed in the die. The
piston with a preset load applied by the universal testing machine began to compress the
materials (loading speed, 5 mm per min). The loading force was controlled by the
computer, which recorded the force and displacement curves. After the loading force preset
was reached, the pressure was kept at a full pressure for twenty seconds. When 25 °C or
below was reached for the die temperature, the cooling system was closed, and the pellet
was pressed out from the mold. The produced sample was cooled at an ambient temperature
for 10 min. The sample was stored in a plastic bag at 4 + 0.5 °C.

Measure of Compressive Resistance

Compressive resistance, sometimes called crushing resistance or hardness, is
defined as the maximum crushing force of a pellet or a briquette that can withstand before
cracking or breaking (Kaliyan and Morey 2009). It is an essential property of densified
pellets because of its effects on the mechanical strength and efficiency during the processes
of handling, transportation, and storage. Compressive resistance can be measured using
different measuring devices with the same working principle. There is currently no
standard method to assess the compressive resistance of densified biomass pellets or
briquette; however, the compressive resistance of the densified biomass materials can be
evaluated by the maximum force that can withstand until failure or breakage (Kambo and
Dutta 2014; Hu et al. 2016). In the present study, the compressive resistance of the pellets
was measured using a WDW-200E Computerized Electronic Universal Testing Machine
(Jinan Time Shijin Testing Machine Co., Ltd., Shandong, China). The sample was placed
between two horizontal steel plates, and an axial force was applied to the sample at a
constant rate of 10 mm per minute until failure and breakage. In the compression process,
force-displacement curves were drawn by the computer, and the peak of the force was
determined as the compressive resistance of the pellet.

Measure of Durability

Durability is a measure to assess the ability of densified biofuel pellets to withstand
against destructive forces of compression, impact, and shear during handling and
transportation processes (Gilvari et al. 2019), because breakage of pellets during
processing and transportation has a negative effect on the supply chain. Previously,
different devices of rotating drum, tumbling can, and Holmen and Ligno testers have been
applied to measure the durability of the densified products. The tumbling can method
simulates the mechanical handling of pellets and predicts the possible fines produced by
collision of pellets against each other and against the walls of a defined rotating chamber.
In the current report, the tumbling can method was employed to determine the durability
of the densified pellets. Before each test, a known mass of 10 pellets was applied to the
rotating chamber. The rotation speed was fixed to 50 + 2 rpm, and the revolution lasted for
10 min. After stopping the test, pellets were sieved using a sieve with the screen size of 0.8
times a pellet’s diameter. Finally, the durability was calculated using Eq. 1,

DU = Me/Ma x 100 1)

where DU refers to the durability of the densified pellets (%), Me refers to the initial mass
of the tested pellets before the test (g), and Ma refers to the mass of the tested pellets after
the test (g).
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Measurement of Density

The density of densified pellets is mainly considered as an essential index related
to management and transportation processes. It presents the ratio of the sample mass to its
volume with inclusion of inner porosity. After 24 h of pelletizing, each pellet was weighed
using an analytical balance with an accuracy of 0.001 g. The dimensions of the pellets,
including diameter and length, were gauged with a Vernier caliper with a precision of 0.01
mm. The density of the densified pellet was calculated as the mass of the pellet divided by
its volume. As reported previously, an optimal density of a single pellet is in the range of
1,000 to 1,400 kg/m? (Emadi et al. 2016).

Table 2. Variables and Levels for Single-Factor Experiment

Variables Levels
Particle sizes (mm) 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Moisture content (%) 4 6 8 10 12 14 16
Die temperature (°C) 60 80 100 120 140 160 180
Molding pressure (MPa) 80 100 120 140 160 180 200

Experimental Design and Optimization

The particle size, moisture content, die temperature, and molding pressure were
selected as variables, and were coded of xi1, X2, X3, and Xa, respectively. The compressive
resistance, durability, and density, with the codes of yi1, y2, and ys, respectively, were
deemed as responses. Single-factor experiments were performed to determine the
reasonable ranges of variables in the BBD experiment. Table 2 lists the variables and their
values in the single-factor experiments. The principle of changing one factor, while other
factors were fixed at a middle level was used during the single-factor experiments.

Based on the results of single-factor experiments, BBD was employed to assess the
main, interaction, and quadratic effects of many variables on the responses, and the optimal
condition in the pelleting process was determined. The variables and their values in the
BBD experiment are listed in Table 3.

Table 3. Variables and Levels Used in BBD Experiment

. Levels
Variables Symbols X 0 ]
Particle sizes (mm) X1 04 0.7 1.0
Moisture content (%) X2 8 10 12
Die temperature (°C) X3 100 120 140
Molding pressure (MPa) X4 120 140 160

For BBD, the required number of runs can be calculated by Eq. 2 (Rakhmania et
al. 2021),

N = 2Kko(ko-1)+Co (2

where ko is the number of variables, and Co is the number of center points, which is equal
to 5 in this study.

Thus, in the current research, a total of 29 runs were carried out with the purpose
of minimizing the effect of unexplained variabilities on the response observed. The BBD
method has the potential to analyze several factors with the minimum experimental trials
compared with other response surface methods. Based on analysis of variance (ANOVA)
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of the experimental data of selected points, the model of objective function on the variables
was obtained, and the response surface was plotted. Finally, optimal conditions could be
calculated from the final model and verified by an actual experiment (Le et al. 2019).

Statistical Analysis

Origin 8.5 software (OriginLab Corporation, Northampton, MA, USA) was used
for graph-based analysis. Using Design Expert 8.0.6 software (Stat-Ease Inc., Minneapolis,
MN, USA), ANOVA was performed and the 3D response surface was plotted. Duncan’s
multiple range test was used to calculate the least significant difference (P<0.05). All
experiments were repeated three times.

RESULTS AND DISCUSSION

Single Factor Experiment
The effects of particle size, moisture content, die temperature, and molding pressure
on the mechanical properties of CR, DU, and DE of the pellets are shown in Fig. 3.
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Fig. 3. The effects of independent variables on CR, DU and DE. (a) - (c) Particle size, (d) - (f)
Moisture content, (g) - (i) Die temperature, and (j) - (I) Molding pressure. (CR: compressive
resistance, DU: durability, DE: density)

Effect of particle size on compressive resistance, durability, and density

The effects of particle size on mechanical properties of the pellets are depicted in
Fig. 3a-c. The experiment was conducted at a moisture content of 10%, die temperature of
120 °C, and molding pressure of 140 MPa. The relationships between CR, DU, and DE
and particle size were negative. Furthermore, the association between particle size and the
three responses was statistically significant (P<0.05) according to the one-way ANOVA of
the experimental data. This result confirmed that particle size is an important factor
influencing the mechanical properties of the pellets. When particle size increased from 0.2
to 1.4 mm, CR, DU, and DE decreased by 658.8 N, 16.9%, and 531 kg/m?, respectively.
Several reasons can be used for interpreting the variation. First, finely ground biomass can
greatly increase the inter-particle contact area and decrease the inter-particle distance,
contributing to the development of the solid bridge between adjacent particles at the points
of contact. Common inter-molecular attractive forces, including hydrogen bonds, van der
Waals forces, and magnetic forces, were produced during the densification process. The
inter-molecular forces can cause particles to adhere to each other and generate strong

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767. 2750



PEER-REVIEWED ARTICLE b | oresources.com

interlocking bonds between adjacent particles, which are advantageous for improving the
quality of the pellets. A previous study demonstrated that van der Waals forces can be
strongly affected by the particle size of the biomass materials (Stelte et al. 2011).
Generally, the finer the grind, the higher the quality of pellet. Fine particles usually accept
more moisture than large particles and, therefore, undergo a higher degree of conditioning.
Also, large particles are fissure points that cause cracks and fractures in pellets (Kaliyan
and Morey 2009). Second, reducing the particle size can enhance the mobility of the
feedstock in the cylinder during the pelletizing, causing flow of smaller particles into the
void fractions of biomass particles, thereby resulting in an increase in strength and density
of the pellets. Moreover, decreasing the particle size could provide a greater surface area,
promoting absorption of moisture and heat, which is highly significant for activating the
binding properties of some natural binders (e.g., lignin, starch, cellulose, protein, and
hemicellulose) (Carone et al. 2011). A previous study recommended a particle size of 0.5
to 0.8 mm to produce pellets with a promising quality (Kaliyan and Morey 2009). Though
fine particles produce high-quality biomass pellets with higher hardness, durability, and
density, fine grinding is undesirable due to the raised production cost. Therefore, in the
present study, the particle size of the BRAD used for the BBD experiment was determined
to be in the range of 0.4 to 1 mm.

Effect of moisture content on compressive resistance, durability, and density

The effects of moisture content on the mechanical properties of CR, DU, and DE
are displayed in Fig. 3d-f. The data could be obtained from the tests carried out at a particle
size of 0.8 mm, die temperature of 120 °C, and molding pressure of 140 MPa. The values
of CR, DU, and DE increased first and then decreased with the raising of moisture content
from 4% to 16%. As moisture content increased from 4% to 10%, the CR, DU, and, DE,
increased from 764.3 to 108.4 N, 83.7% to 91.5%, and 705.3 to 947.2 kg/m3, respectively.
With a further increase in the moisture content, CR, DU, and DE decreased by 262.6 N,
12.9%, and 222.6 kg/m?®, respectively. This result was consistent with that reported
previously, which demonstrated that the peak values of CR, DU, and DE were observed at
an optimum moisture content of 10%, whereas higher values of moisture content negatively
influenced the densification quality of the pellets as it exceeded the reasonable range
(Kanliyan and Morey 2009; Zainuddin et al. 2011). Based on the one-way ANOVA of the
data, the moisture content had an extremely significant effect (P<0.01) on CR and a
significant effect (P<0.05) on DE; however, its effect on DU was not statistically
significant (P>0.05). The moisture content, which is generally regarded as the most
important factor affecting the mechanical properties of the pellets, acts as a lubricant and a
binder in the pelleting process (Li et al. 2015). A thin film of water around the particles
would exhibit bonds via capillary sorption between particles. In addition, the increase of
water content is conducive to the briquetting process, as some water-soluble compounds
(e.g., starch, sugar, soda ash, sodium phosphate, potassium salt, calcium chloride, etc.) are
present in the feed. Once the protein and carbohydrate were squeezed out from the
materials, they flowed into the gaps between particles with water in response to capillary
pressure, which increased the inter-particle bonding forces, leading to the improvement of
the pellet quality. After pelletizing, many chemical and physical changes, e.g.,
crystallization of some ingredients, chemical reactions, hardening of binders, and
solidification of melted components are induced. However, the mechanical properties of
the pellets decreased as the moisture content of the feed exceeded the optimum value. The
decrease of CR, Du, and DE at a higher content of moisture may be attributed to the fact
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that excessive water molecules within the particles may generate a thick water layer on the
surface of the particles because of the incompressibility of water, preventing the release of
natural binder from the particles and resulting in less creation of the hydrogen bonds
between polymers of particles. Additionally, the water layer caused an extra particle-to-
particle sliding, thereby weakening the adhesion and cohesion forces from one particle to
another, which may help to explain the decrease of quality under high moisture content
conditions. Therefore, the optimum moisture content of the materials needs to be
determined to achieve high-quality pellets. In the present research, the value of moisture
content applied to the BBD experiment was finally identified as 8%-12% to maximize the
responses.

Effect of die temperature on compressive resistance, durability, and density

The quality of pellets with respect to the die temperature at a particle size of 0.8
mm, a moisture content of 10%, and a molding pressure of 140 MPa was compared, and
the results are shown in Fig. 3g-i. The CR and DU first increased when die temperature
raised from 80 to 140 °C, and then reduced with the raised die temperature. Moreover, the
peak values of CR (1021.6 N), DU (91.4%), and DE (938.7 kg/m®) were observed at a die
temperature of 120 °C in the current research. A similar result has been reported previously,
which revealed that the quality of pellets increased with the elevation of die temperature
from 30 to 110 °C (Li et al. 2014). Contrary to this conclusion, the negative effects of die
temperature on the quality of pellets were demonstrated in some previous studies (Ishii et
al. 2014; Said et al. 2015). The effects of die temperature may be due to the differences in
the pellets-associated parameters, type of materials, and test conditions. The positive effect
of die temperature may be attributed to its induced function on some chemical ingredients,
such as lignin, cellulose, hemicellulose, starch, and protein, which are considered as natural
binders. In general, the synergistic effects of lignin softening and protein denaturation,
contributing to the formation of a solid bridge between and within particles, are the
principal binding mechanisms in the pelletization process. Under a lower die temperature,
the binding role of the natural binders contained in the materials was limited; consequently,
the bonding forces related to the pellets are mainly short-range forces, including van der
Waals forces, hydrogen bonds, and mechanical interlocking. Nevertheless, when die
temperature reached the glass transition, which has been reported at a temperature of 75 to
150 °C for a variety of biomass materials, the lignin and hemicellulose inside the materials
were softened and squeezed out, and filled in the gaps of particles under the interaction of
elevated temperature and pressure.

Once exiting the pelletizer, the pellets were left to cool down, lignin was hardened,
and protein was re-associated, significantly enhancing the strength, durability, and density
of pellets. In addition, as the molding temperature was in an appropriate range, the increase
in die temperature led to the plasticization of lignocellulosic fibers, resulting in the
reduction of the modulus of elasticity of biomass particles, which made the material more
flexible. Consequently, it caused the reduction of empty spaces within and between
particles, which contributed to improvement of the pellets’ quality. In contrast, when die
temperature exceeded glass transition or even more, the higher temperature decreased the
quality of pellets. This may be due to that an elevated temperature, nearly all of the moisture
inside the materials would be evaporated, which negatively influenced the quality of
pellets. A further increase in die temperature would cause brittle protein after excessive
denaturation, which may be detrimental to the pelletization. Consequently, aiming to obtain
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high-quality pellets, the rational values of die temperature used in the BBD were set within
the range of 100 to 140 °C.

Effect of molding pressure on compressive resistance, durability, and density

The effects of molding pressure on CR, DU, and DE of the pellets are illustrated in
Fig. 3j-1. During the densification process, the molding pressure applied in this study was
80, 100, 120, 140, 160, 180, and 200 MPa when particle size, moisture content, and die
temperature were kept at 0.8 mm, 10%, and 120 °C, respectively. The maximum values of
CR, DU, and DE were 1314.4 N, 93.4%, and 1072 kg/m?®, respectively. Significant
correlations between molding pressure and CR and DE were observed by one-way
ANOVA. Additionally, molding pressure showed to play an extremely significant role in
DU. It has been reported that applied pressure positively influences the quality of pellets
during the pelletization process, as it can activate different binding mechanisms within the
feed particles (Carone et al. 2011; Poddar et al. 2014; Said et al. 2015; Guo et al. 2016).
At a low pressure, the particles rearranged and maintained their original physical
properties, reducing the volume of the raw materials to a certain extent; however, these
changes had slight effects on CR and DU, because there was no effective molecular binding
force between particles, which may be the possible reason for the lower mechanical
properties of the pellets under a low pressure. Nevertheless, at a high pressure, elastic and
plastic deformation of the particles occurred, which caused flow of the smaller particles
into the empty spaces between particles. When particles were close together, the inter-
particle bonding was formed. Moreover, the softened natural binding components in the
materials, e.g., lignin, water soluble carbohydrate, cellulose, protein, and starch, were
pressed out and diffused from one particle to another at the points of contact to act as a
binder. These features facilitate formation of van der Waals forces and electrostatic forces
and hydrogen bonds. Subsequently, the higher molding pressure applied, the higher pellet
quality obtained. To date, it has been a common industrial technique to improve adhesion
by increasing pressure to enhance molecular contact between adjacent molecules. Several
studies have suggested that the expected pressure in a pellet mill should be in the range of
100 to 150 MPa, as well as 100-200 MPa in a roll press (Thomas et al. 1997; Dec et al.
2003). Considering that the molding pressure is associated with the production cost, the
final values of the molding pressure used in BBD were in the range of 120 to 160 MPa.

Box-Behnken Design Experiment
The BBD experimental results are listed in Table 4.

Fitting of data to the models and statistical analysis

The data were fitted individually to multiple polynomial mathematical models,
which are shown in Table 5. Based on the four selected factors, the possible model could
be linear, 2FI, quadratic, or cubic. Results showed the P-value (0.2878) for cubic versus
quadratic model was more than 0.05, the P-value for quadratic versus 2FI was less than
0.0001, and the P-value (0.9648) for 2FI versus linear was more than 0.05. Generally, a
low order model is chosen if the comparison of low order and high order model is not
statistically significant, otherwise a higher order model is chosen. Therefore, the quadratic
model was chosen in the work.
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Table 4. Values of Compressive Resistance, Durability, and Density in the BBD

Experiment
Run Variable levels CR, yi(N) DU, y2(%) DE, ya(kg/m?3)
X1 X2 X3 X4
1 0.4 8 120 | 140 1328.55 96.4 1142.1
2 1 8 120 | 140 1056.5 88.5 929.6
3 0.4 | 12 | 120 | 140 1198.5 92.4 1017.3
4 1 12 | 120 | 140 865.3 90.1 814.2
5 0.7 | 10 | 100 | 120 1007.8 86.4 881.4
6 0.7 | 10 | 140 | 120 747.5 85.2 788.3
7 0.7 | 10 | 100 | 160 1278.5 93.3 998.6
8 0.7 | 10 | 140 | 160 998.6 89.5 986.6
9 0.4 | 10 | 120 | 120 1195.7 93.8 1018.1
10 1 10 | 120 | 120 987.3 90.5 907.8
11 0.4 | 10 | 120 | 160 1516.5 99.6 1239.5
12 1 10 | 120 | 160 1103.6 90.5 1011.4
13 0.7 8 100 | 140 1075.3 89.6 933.2
14 0.7 | 12 | 100 | 140 890.5 85.6 866.7
15 0.7 8 140 | 140 886.5 87.2 798.4
16 0.7 | 12 | 140 | 140 751.3 82.2 816.4
17 0.4 | 10 | 100 | 140 1359.5 94.2 996.7
18 1 10 | 100 | 140 1023.7 89.5 895.6
19 0.4 | 10 | 140 | 140 1159.8 91.5 1007.6
20 1 10 | 140 | 140 825.6 84.6 827.1
21 0.7 8 120 | 120 975.5 90.1 916.5
22 0.7 | 12 | 120 | 120 965.6 87.1 906.4
23 0.7 8 120 | 160 1254.9 94.3 1108.6
24 0.7 | 12 | 120 | 160 1100.6 89.8 985.1
25 0.7 | 10 | 120 | 140 1148.6 92.1 976.8
26 0.7 | 10 | 120 | 140 1108.7 90.8 925.4
27 0.7 | 10 | 120 | 140 1107.9 92.7 954.2
28 0.7 | 10 | 120 | 140 1133.6 91.6 937.3
29 0.7 | 10 | 120 | 140 1125.3 91.4 954.8
Table 5. Model Summary Statistics
Response Models R? Adjusted R?> | Predicted R> | S.D. Remarks
Linear 0.7188 0.6719 0.5668 102.5
CR 2FI 0.7381 0.5926 0.1646 114.22
Quadratic 0.9802 0.9605 0.8918 35.57 | Suggested
Cubic 0.9937 0.9708 0.2872 30.59 Aliased
Linear 0.5333 0.4555 0.2834 2.72
DU 2FI 0.5858 0.3556 -0.3085 2.96
Quadratic 0.9628 0.9256 0.8085 1.01 | Suggested
Cubic 0.9932 0.9681 0.7907 0.66 Aliased
Linear 0.6298 0.5681 0.4225 67.04
DE 2FI 0.67 0.4867 -0.0837 73.09
Quadratic 0.961 0.922 0.7974 28.48 | Suggested
Cubic 0.9932 0.9681 0.7624 18.21 Aliased

ANOVA was performed to identify the significance and accuracy of the chosen
model. The results are shown in Tables 6 through 8. These results would be used to examine
the significance of the model and the independent variables on the response based on the

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767.

2754



bioresources.com

PEER-REVIEWED ARTICLE

F-value and P-value. Important variables are commonly rated using the F-value or P-value
at a 95% confidence interval. The larger the F-value and the smaller the P-value obtained,
the more significant the corresponding coefficient achieved (Ashraf et al. 2021).

Table 6. ANOVA Results of the Regression Models for Compressive Resistance

Source Sum of squares df Mean square F-value P-value
Model 8.79E+05 14 62783.59 49.63 < 0.0001
X1 3.00E+05 1 3.00E+05 236.93 < 0.0001
X2 54062.48 1 54062.48 42.73 < 0.0001
X3 1.34E+05 1 1.34E+05 105.57 < 0.0001
X4 1.57E+05 1 1.57E+05 124.23 < 0.0001
X1X2 934.83 1 934.83 0.74 0.4045
X1X3 0.64 1 0.64 5.06E-04 0.9824
X1X4 10455.06 1 10455.06 8.26 0.0122
X2X3 615.04 1 615.04 0.49 0.4971
X2X4 5212.84 1 5212.84 4.12 0.0618
X3X4 96.04 1 96.04 0.076 0.7869
X1? 36919.93 1 36919.93 29.18 < 0.0001
X2? 45218.18 1 45218.18 35.74 < 0.0001
X3? 1.04E+05 1 1.04E+05 82.11 < 0.0001
X4? 1342.78 1 1342.78 1.06 0.3204
Residual 17711.72 14 1265.12
Lack of fit 16522.78 10 1652.28 5.56 0.0564
Pure 1188.95 4 297.24
Total 8.97E+05 28
CV.% 3.31
Adeq Precision 30.64
Table 7. ANOVA Results of the Regression Models for Durability
Source Sum of squares df Mean square F-value P-value
Model 366.57 14 26.18 25.88 <0.0001
X1 97.47 1 97.47 96.35 <0.0001
X2 29.77 1 29.77 29.43 <0.0001
X3 28.21 1 28.21 27.89 0.0001
X4 47.6 1 47.6 47.06 <0.0001
X1X2 7.84 1 7.84 7.75 0.0146
X1X3 1.21 1 1.21 1.2 0.2926
X1Xa 8.41 1 8.41 8.31 0.012
X2X3 0.25 1 0.25 0.25 0.6268
X2X4 0.56 1 0.56 0.56 0.4682
X3X4 1.69 1 1.69 1.67 0.2171
X12 20.11 1 20.11 19.88 0.0005
X2? 20.47 1 20.47 20.24 0.0005
X32 83.56 1 83.56 82.6 < 0.0001
Xa? 0.68 1 0.68 0.67 0.4266
Residual 14.16 14 1.01
Lack of fit 12.09 10 1.21 2.34 0.2142
Pure 2.07 4 0.52
Total 380.73 28
CV.% 1.11
Adeq Precision 23.64
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Table 8. ANOVA Results of the Regression Models for Density

Source Sum of squares df Mean square F-value P-value
Model 2.80E+05 14 20002.22 24.65 < 0.0001
X1 89372.28 1 89372.28 110.15 < 0.0001
X2 14861.44 1 14861.44 18.32 0.0008
X3 10080.4 1 10080.4 12.42 0.0034
X4 69205.64 1 69205.64 85.3 < 0.0001
X1X2 22.09 1 22.09 0.027 0.8713
X1X3 1576.09 1 1576.09 1.94 0.1851
X1X4 3469.21 1 3469.21 4.28 0.0577
X2X3 1785.06 1 1785.06 2.2 0.1602
X2X4 3214.89 1 3214.89 3.96 0.0664
X3X4 1644.3 1 1644.3 2.03 0.1765
X1? 17075.97 1 17075.97 21.05 0.0004
X2? 2660.96 1 2660.96 3.28 0.0916
X3? 36478.38 1 36478.38 44.96 < 0.0001
X4? 12541.19 1 12541.19 15.46 0.0015
Residual 11358.68 14 811.33
Lack of fit 9833.76 10 983.38 2.58 0.1872
Pure 1524.92 4 381.23
Total 2.91E+05 28
CV.% 3.00
Adeq Precision 21.76

To ensure the robustness of the proposed models, the significance and fitness of the
models were examined based on the P-value and F-value. The results of ANOVA revealed
that all the P-values for CR, DU, and DE models were strictly lower than the significant
level of 0.05, indicating that the developed mathematical models were efficacious and the
correlation between responses and independent variables was promising. The reliability of
the model could be checked via the lack-of-fit test, and insignificant lack-of-fit illustrates
a favorable correlation between the model and the data. In the present study, all the P-
values of lack-of-fit for the three responses (0.0564 for CR, 0.2142 for DU, and 0.1872 for
DE) were higher than 0.05, which indicated that the proposed model was valid and it could
be well used to reveal the relationship between independent variables and responses, and
therefore, it was highly accurate to describe the experimental data. Other parameters, such
as the coefficient of determination (R?), the adjusted determination coefficient (Adj-R?),
the coefficient of variation (C.V.%), and adequate precision (Adeq Precision), should also
be considered to investigate the quality of the regression models (Issa et al. 2020). The R?
values of the three models were 0.9802, 0.9628, and 0.961 for CR, DU, and DE,
respectively.

These results demonstrated that more than 98.02%, 96.28%, and 96.1% of the
sample variance for the three responses could be attributed to the variables, supporting a
satisfactory accuracy and a noticeable capacity of the proposed models. Meanwhile, Adj-
R? is frequently used as the measure of the goodness-of-fit. In the present study, the values
of Adj-R? for the three responses were 0.9605, 0.9256, and 0.922, confirming a high
correlation between the observed and the predicted values. Additionally, the
reproducibility of the model can be measured by C.V.% and the values of 3.31%, 1.11%,
and 3% confirmed the higher reproducibility of the developed models. Adeq Precision was
originally used to evaluate SNR (signal-to-noise ratio), in which SNR > 4 is optimal
(Rakhmania et al. 2021). In this report, the Adeq Precision values from the three responses
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were 30.64, 23.64, and 21.76, respectively, indicating an adequate signal with the
experimental data.

The correctness of the proposed models was further assessed by the residual
analysis. The actual responses versus the predicted responses for CR, DU, and DE are
shown in Fig. 4. The data points were equally distributed on both sides of the line and close
to the center line, demonstrating that the regression model was accurate. In other words, a
good fitness between the developed model and the observed data was achieved, making a
good estimate of response for the system in the target range.

CR (N) DU (%) DE (kg/m3)
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T 1400 a - 100 © 1180+

S ] 2

© 1200+ o 954 2 1060

© - =}

 1000- B 90 £ 9401

& 8oo- o g5 & 8201
60~ 0 80 04~

600 800 1000120014001600 80 85 90 95 100 700 820 9401060 11801300
Actual Actual Actual

Fig. 4. Predicted versus actual response for (a) CR, (b) DU, and (c) DE (CR: compressive
resistance, DU: durability, DE: density)

Interaction effect of variables on compressive resistance

Generally, factors with a P-value higher than 0.05 are considered as significant and
important terms, and they can be applied to formulate a regression equation. The ranking
of significant regression terms is based on F-value, and regression terms with a higher F-
value are regarded as the most significant terms. According to the results of ANOVA
(Table 6), it was evident that all the four independent variables had positive effects on CR.
Among all the significant factors, particle size was found to be the most influential factor
that had the major effect on CR, because it had the highest F-value of 236.93, followed by
molding pressure, die temperature, and moisture content. Meanwhile, X1xs, X12, 22, and x3?
were noted as significant quadratic terms (P<0.05). After removing insignificant terms at
the confidence level of 95%, the second-order polynomial equation in terms of actual
factors was formulated to predict the relationship between variables and CR as a function
of particle size, moisture content, die temperature, and molding pressure, as given in Eq.
3.

y1 =-5971.35-260.69x1+490.89x2+69.22X3+12.11x4-8.52X1X4
+838.27x12-20.87x22-0.32x3? (3)

The coefficients of the regression equations with a positive sign indicate a positive
effect, meanwhile, terms with a negative sign represent the negative impact (Alhajabdalla
et al. 2021). For instance, in Eq. 3, the linear terms of x2, x3, x4 and the quadratic terms of
x1? reflected their influence on increasing the CR, whereas the other terms of X1, X1X4, X2?
and xs? with negative signs had a negative effect on the response.

To intuitively investigate the quadratic influence of variables on CR, 3D (three-
dimensional) response surface plots are shown in Fig. 5a-f. These plots were developed by
drawing two factors over their respective ranges, while the other two factors were kept at
a constant range, which facilitated the study on the synergistic effects of each pair of
independent variables on the response.
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Fig. 5. 3D response surface plots of CR versus (a) Ps and Mc; (b) Ps and Dt; (c) Ps and Mp; (d)
Mc and Dt; (e) Mc and Mp; and (f) Dt and Mp (CR: compressive resistance)

Figure 5a presents the coupled action of particle size and moisture content on the
CR when die temperature and molding pressure were kept at a zero level. Particle size had
a negative impact on CR, that is, with the enlargement of particle size from 0.4 to 1 mm,
CR decreased from 1326.65 to 1043.99 N. The similar effect of particle size on CR can be
observed in Fig. 5b,c. These findings confirmed that a smaller particle size was associated
with a higher CR. The maximum CR of 1362.06 N was observed at the moisture content
of 9.5%, and when the moisture content was higher or lower than this value, a slight
decrease of approximate 100 N would be noted in CR. The similar variation of CR caused
by the moisture content can be observed in Fig. 5d,e. The influence of the moisture content
on CR can be explained by the fact that a reasonable moisture content can improve the
formation of a solid bridge and short-range forces between particles during the
densification process, which led to high-quality pellets. The effects of die temperature and
molding pressure are represented by the 3D surface plots (Fig. 5f). Enlargement of the die
temperature to a certain level was associated with a noticeable elevation in CR, and further
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increase in die temperature led to a decrease in CR (Fig. 5b,d). At a rational value of
approximately 112 °C, the optimum CR could be achieved due to the enhanced generation
of binding forces between particles, resulting from the adhesion of the natural binders
caused by the cooperative effects of temperature and pressure. Besides, CR significantly
increased along with increasing the molding pressure, as depicted in Fig. 5c,e. This may
be due to the fact that, increasing the molding pressure was advantageous to the spreading
of the natural binding components, which had been softened and pressed out from the
materials, from one particle to another at the points of contact to act as a binder, leading to
the enhancement of the strength of pellets.

Interaction effect of variables on density

Based on the ANOVA results present in Table 7, all the linear terms were
significant for DU (P<0.05), which confirmed that the selected factors of particle size,
moisture content, die temperature, and molding pressure strongly influenced DU. Of all the
linear terms, particle size was the most significant factor due to its highest F-value and
lowest P-value, followed by molding pressure, moisture content, and die temperature. For
the interactive terms, apart from the interaction between particle size and molding pressure
and moisture content (xix2 and xix4), the other interaction terms (Xixs, X2X3, X2Xa, and Xsxa)
were statistically insignificant. This demonstrated that any variation in particle size coupled
with either of moisture content or molding pressure affected CR appreciably. Except for
the quadratic term of x4?, the other quadratic terms (x1, x2?, and xs?) were statistically
significant (p<0.05). After model reduction, the regression model for DU related to
different factors and interactions in terms of actual values is formulated using Eq. 4.

y2 =-109.67-15.39x1+8.53%2+2.43x3+0.33X4+2.33X1X2
-0.247x1x4+19.55x12-0.44x22-0.009x3? (3)

To visualize the combined effects of the two factors on DU, the 3D response surface
plots are depicted in Fig. 6a-f.

As shown in Fig. 6a-c, DU significantly decreased with the enlargement of particle
size. Decrease of particle size can enhance the contact area and reduce the distance of the
inter-particle spaces. Meanwhile, an increase in fluidity of the particles resulting from the
smaller size led to the reduction of empty spaces between particles. The association of
moisture content with other independent variables is illustrated in Figs. 6a, 6d and 6f. DU
declined first, and then it increased with the raised moisture content in feedstock, and the
maximum DU was achieved at a moisture content of around 9.3%. As a result, DU was
closely correlated with the moisture content of the compacted materials. This indicated that
when moisture content was in the reasonable range, the bonding act of the natural binders
(e.g., lignin, starch, cellulose, sugar, etc.) can be greatly stimulated, leading to the
improvement of DU.

The main effects of die temperature and molding pressure on DU were represented
by the 3D response surface plots (Fig. 6b-f). It was revealed that the molding pressure had
a positive effect on DU, as an increase in pressure could enhance the contact forces between
particles, resulting in the elevation of DU. The effect of die temperature on DU was similar
to that of moisture content. The maximum DU was observed at the die temperature of
approximately 120 °C, and this could be related to the fact that when die temperature was
in an optimum range, the natural binders inside the materials were softened, pressed out
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and diffused from one particle to another, which was advantageous for the generation of
the solid bridge, hydrogen bonds, and van der Waals forces between adjacent particles.
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Fig. 6. 3D response surface plots of DU versus (a) Ps and Mc; (b) Ps and Dt; (c) Ps and Mp; (d)
Mc and Dt; (e) Mc and Mp; and (f) Dt and Mp (DU: durability)

Interaction effect of variables on density

According to the ANOVA results listed in Table 8, all the chosen factors had a
significant influence on DE (P<0.05). With the F-values compared, the effect of the chosen
factors on DE followed the descending order: particle size > molding pressure > moisture
content > die temperature. There was no significant interaction term for DE (P>0.05). In
addition to x22, the other quadratic terms of x12, x3?, and x4? were significant for DE. The
quadratic regression equation for DE based on the actual values of the input variables was

formulated as follows:
y3 = -41.25-40.80X1+116.78x2+33.48x3-22.54x4+51.31x1%-74.99x3°+40.97x4>  (3)
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The coupled influences of independent variables on DE are depicted in Fig. 7a-f.
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Fig. 7. 3D response surface plots of DU versus (a) Ps and Mc; (b) Ps and Dt; (c) Ps and Mp; (d)
Mc and Dt; (e) Mc and Mp; and (f) Dt and Mp (DE: density)

Figure 7c shows the interaction effect of particle size and molding pressure, and it
can be seen that both factors significantly affected DE, which was consistent with the
results of ANOVA presented in Table 8. DE was negatively influenced by particle size,
whereas a positive correlation was noted between DE and molding pressure. As discussed
above, a decrease of the particle size could greatly enhance the flowability of the particles,
which could reduce the empty space between particles and make the particles more tightly
bind together, leading to the increase of DE. As mentioned above, the natural binding
components, e.g., protein, lignin, and water-soluble carbohydrates in biomass materials,
can be squeezed and they can form a solid bridge, hydrogen bonds, and van der Waals
forces between adjacent particles under the function of pressure, which may be related to
the increase of DE with the elevation of molding pressure. The coupled effects of die
temperature and moisture content on DE were observed (Fig. 7d), as particle size and
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molding pressure were kept constant. The optimum DE of about 973 kg/m® was obtained
at a medium moisture content of 8% and a low die temperature of about 115 °C within the
design limits. This phenomenon can be explained by the fact that in the reasonable ranges
of moisture content and die temperature, the binding between particles was more
pronounced. Kaliyan and Morey found that the natural components in the materials can be
activated as die temperature increased from 75 to 150 °C (Kaliyan and Morey 2010).

Optimization and Verification

The principle of maximizing CR, DU, and DE was employed to determine the
optimal values of parameters. All the proposed regression models were employed to
investigate the specified conditions of optimization. During optimization, all the variables,
including independent variables and response variables, were equally weighted. Moreover,
the desirability function approach, which has been widely used to assess the optimization
response, was applied. Then, the optimal conditions for producing pellets from BRAD were
determined (particle size of 0.4 mm, moisture content of 8.4%, die temperature of 115 °C,
and molding pressure of 150 MPa), meanwhile, the corresponding predicted CR, DU, and
DE were 1468.71 N, 99.58%, and 1178.67 kg/m?, respectively. To confirm the validity of
the regression models, verification experiments were conducted in triplicate under the
determined optimal conditions, and Table 9 shows the results. Since the ash content is one
of the pivotal parameters to measure the quality of the pellet, the ash content of the pellet
under the optimal condition was measured to be 6.32%, which is slightly higher than that
of 5.5%-6.4% of barley pellets and lower than 6.15% to 6.8% of wheat straw pellets. This
may be caused by the difference of materials, molding parameters, and the adhesive
addition of linear low-density polyethylene (Emadi et al. 2016).

Table 9. Test and Predicted Responses Values under the Optimal Conditions

Values

Responses Predicted Experimental Durability

y1 (CR, N) 1468.71 1438.69

y2 (DU, %) 99.58 99.62 0.932
ys (DE, kg/m3) 1178.67 1207.54

The test values obtained from the verification experiment were close to the
predicted values, demonstrating that data of the experiment were precisely predicted by the
regression models. Moreover, the desirability of 0.932 further testified the practicability
and accuracy of the regression models.

Table 10 lists the properties of pellets made from different biomass. It can be seen
that great differences were observed in the characteristics of pellets made from different
biomass. This phenomenon may be due to the differences of compositions of material, the
shape and dimension of pellets and the densification parameters.
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Table 10. Properties of Pellets Made from Different Biomass

Properties
Pellet Compressive | Durability Density Meyer hardness | Reference
resistance (N) (%) (kg/m?3) (N/mm?)
BRAD 1438.69 99.62 1207.54 / Current
Wheat straw / / 800-1000 / Mani et al.
Corn stover / / 1000-1200 / 2006
Sewage sludge + / / 1150-1200 3555
rice straw .
Sewage sludge + Jiang et al._
; ; / / 1050-1125 3.5-4.5 2015 and Li
Chinese fir
Sewage sludge + etal. 2014
/ / 1000-1025 3.5-4.8
camphor

/ data not available

CONCLUSIONS

1.

Pellets were produced with biomass residue from anaerobic digestion (BRAD) using
densification, and the mechanical properties of the pellets were investigated.

Response surface methodology (RSM) based on Box-Behnken Design (BBD)
experimentation was conducted to optimize the process parameters, and the regression
models were obtained with suitably high R? values of 0.9802, 0.9628, and 0.9610 for
compression resistance (CR), durability (DU), and density (DE), respectively. The
ANOVA results showed that all the influential factors of particle size, moisture content,
die temperature, and molding pressure significantly influenced the responses. For CR,
the most influential factor was particle size, followed by molding pressure, die
temperature, and moisture content. For DU, the effect of variables followed the order
below: particle size > molding pressure > moisture content > die temperature. For DE,
the effect of variables followed the descending order: particle size, molding pressure,
moisture content, and die temperature.

The optimal values of these factors were 0.4 mm for particle size, 8.4% for moisture
content, 115 °C for die temperature, and 150 MPa for molding pressure; meanwhile,
the predicted values of CR, DU, and DE were 1,469 N, 99.6%, and 1,180 kg/m?,
respectively. The results of verification test were consistent with the predicted values
under the specified condition. The desirability of 0.932 further verified the accuracy of
the regression model.

ACKNOWLEDGMENTS

This study was financially supported by China Agriculture Research System of

MOF and MARA, Grant No. CARS-04-PS32, Natural Science Foundation of Heilongjiang
Province, Grant No. LH2019E073, Heilongjiang Bayi Agricultural University Support
Program for San Zong, Grant No. ZRCPY202121, and Guiding Science and Technology
Program from Daging City, Grant No. zd-2020-67.

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767.

2763




PEER-REVIEWED ARTICLE b | oresources.com

REFERENCES CITED

Alhajabdalla, M., Mahmoud, H., Nasser, M. S., Hussein, I. A., Ahmed, R., and Karami,
H. (2021). “Application of response surface methodology and Box - Behnken design
for the optimization of the stability of fibrous dispersion used in drilling and
completion operations,” ACS Omega 6(4), 2513-2525. DOI:
10.1021/acsomega.0c04272

Ashraf, S. D., Safari, G. H., Sharafi, K., Kamani, H., and Jaafari, J. (2021). “Adsorption
of 4-Nitrophenol on calcium alginate-multiwall carbon nanotube beads: Modeling,
kinetics, equilibriums and reusability studies,” International Journal of Biological
Macromolecules 185, 66-76. DOI: 10.1016/j.ijbiomac.2021.06.081

Awasthi, M. K., Sarsaiya, S., Wainaina, S., Rajendran, K., Kumar, S., Quan, W., Duan,
Y., Awasthi, S. K., Chen, H., Pandey, A., Zhang, Z., Jain, A., and Taherzadeh, M. J.
(2019). “A critical review of organic manure biorefinery models toward sustainable
circular bioeconomy: Technological challenges, advancements, innovations, and
future perspectives,” Renewable and Sustainable Energy Reviews 111, 115-131. DOI:
10.1016/j.rser.2019.05.017

Baetge, S., and Kaltschmitt, M. (2018). “Rice straw and rice husks as energy sources-
comparison of direct combustion and biogas production,” Biomass Conversion and
Biorefinery 3, 719-737. DOI: 10.1007/s13399-018-0321-y

Bai, L., Deng, Y., Li, J., Ji, M., and Ruan, W. (2020). “Role on the proportion of cattle
manure and biogas residue on the degradation of lignocellulose and humification
during composting,” Bioresource Technology 307, 122941. DOI:
10.1016/j.biortech.2020.122941

Belgada, A., Charik, F. Z., Achiou, B., Kambuyi, T. N., Younssi, S. A., Beniazza, R.,
Dani, A., Benhida, R., and Ouammou, M. (2021). “Optimization of
phosphate/kaolinite microfiltration membrane using Box - Behnken design for
treatment of industrial wastewater,” Journal of Environmental Chemical Engineering
9, 104972. DOI: 10.1016/j.jece.2020.104972

Callegari, A., Bolognesi S., Cecconet, D., and Capodaglio, A. G. (2019). “Production
technologies, current role, and future prospects of biofuels feedstocks: A state-of-the-
art review,” Critical Reviews in Environmental Science and Technology 50(4), 384-
436. DOI: 10.1080/10643389.2019.1629801

Carone, M. T., Pantaleo, A., and Pellerano, A. (2011). “Influence of process parameters
and biomass characteristics on the durability of pellets from the pruning residues of
Olea europaea L.,” Biomass and Bioenergy 35, 402-410. DOI:
10.1016/j.biombioe.2010.08.052

Chen, W., Chang, Y., Shen, Y., and Tsai, M. S. (2011). “The characteristics of organic
sludge/sawdust derived fuel,” Bioresource Technology 102, 5406-5410. DOI:
10.1016/j.biortech.2010.11.007

Cheng, J., Gao, J., Zhang, J., Yuan, W., Yan, S., Zhou, J., Zhao, J., and Feng, S. (2021).
“Optimization of hexavalent chromium biosorption by Shewanella putrefaciens using
the Box-Behnken design,” Water Air Soil Pollution 232, 92. DOI: 10.1007/s11270-
020-04947-7

Dec, R. T., Zavaliangos, A., and Cunningham, J. C. (2003). “Comparison of various
modeling methods for analysis of powder compaction in roller press,” Powder
Technology 130, 265-271. DOI: 10.1016/S0032-5910(02)00203-6

Emadi, B., Iroba, K. L., and Tabil, L. G. (2016). “Effect of polymer plastic binder on

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767. 2764



PEER-REVIEWED ARTICLE b | oresources.com

mechanical, storage and combustion characteristics of torrefied and pelletized
herbaceous biomass,” Applied Energy 198, 312-319. DOI:
10.1016/j.apenergy.2016.12.027

Gilvari, H., Jong, W. D., and Schott, D. L. (2019). “Quality parameters relevant for
densification of bio-materials: Measuring methods and affecting factors — A review,”
Biomass and Bioenergy 120, 117-134. DOI: 10.1016/j.biombioe.2018.11.013

Govasmark, E., Stéb, J., Holen, B., Hoornstra, D., Nesbakk, T., and Salkinoja-Salonen,
M. (2011). “Chemical and microbiological hazards associated with recycling of
anaerobic digested residue intended for agricultural use,” Waste Management 31,
2577-2583. DOI: 10.1016/j.wasman.2011.07.025

Guo, L., Wang, D., Tabil, L. G., and Wang, G. (2016). “Compression and relaxation
properties of selected biomass for briquetting,” Biosystems Engineering 148, 101-
110. DOI: 10.1016/j.biosystemseng.2016.05.009

Hu, Q., Yang, H., Yao, D., Zhu, D., Wang, X., Shao, J., and Chen, H. (2016). “The
densification of bio-char: Effect of pyrolysis temperature on the qualities of pellets,”
Bioresource Technology 200, 521-527. DOI: 10.1016/j.biortech.2015.10.077

Ishii, K., and Furuichi, T. (2014). “Influence of moisture content, particle size and
forming temperature on productivity and quality of rice straw pellets,” Waste
Management 34, 2621-2626. DOI: 10.1016/j.wasman.2014.08.008

Issa, M. A., Abidin, Z. Z., Sobri, S., Abdul-Rashid, S., Mahdi, M. A., Ibrahim, N. A., and
Pudza, M. Y. (2020). “Fabrication, characterization and response surface method
optimization for quantum efficiency of fluorescent nitrogen-doped carbon dots
obtained from carboxymethylcellulose of oil palms empty fruit bunch,” Chinese
Journal of Chemical Engineering 28, 584-592. DOI: 10.1016/j.cjche.2019.04.003

Jiang, L., Liang, J., Yuan, X., Li, H., Li, C., Xiao, Z., Huang, H., Wang, H., and Zeng, G.
(2015). “Co-pelletization of sewage sludge and biomass: the density and hardness of
pellet,” Bioresource Technology 166, 435-443. DOI: 10.1016/j.biortech.2014.05.077

Kaliyan, N., and Morey, R. V. (2009). “Factors affecting strength and durability of
densified biomass products,” Biomass and Bioenergy 33, 337-359. DOI:
10.1016/j.biombioe.2008.08.005

Kaliyan, N., and Morey, R. V. (2010). “Natural binders and solid bridge type binding
mechanisms in briquettes and pellets made from corn stover and switchgrass,”
Bioresource Technology 101, 1082-1090. DOI: 10.1016/j.biortech.2009.08.064

Kambo, H. S., and Dutta, A. (2014). “Strength, storage, and combustion characteristics of
densified lignocellulosic biomass produced via torrefaction and hydrothermal
carbonization,” Applied Energy 135, 182-191. DOI: 10.1016/j.apenergy.2014.08.094

Le, X., Nguyen, M. C., Vu, D. H., Pham, M. Q., Pham, Q. L., Nguyen, Q. T., Nguyen, T.
A., Pham, V. T., Bach, L. G., Nguyen, T. V., and Tran, Q. T. (2019). “Optimization
of microwave-assisted extraction of total phenolic and total flavonoid contents from
fruits of Docynia indica (Wall.) Decne. using response surface methodology,”
Processes 7, 485. DOI: 10.3390/pr7080485

Lestander, T. A., Finell, M., Samuelsson, R., Arshadi, M., and Thyrel, M. (2012).
“Industrial scale biofuel pellet production from blends of unbarked softwood and
hardwood stems-the effects of raw material composition and moisture content on
pellet quality,” Bioresource Technology 95, 73-77. DOI:
10.1016/j.fuproc.2011.11.024

Li, H., Jiang, L., Li, C., Liang, J., Yuan, X., Xiao, Z., Xiao, Z., and Wang, H. (2015).
“Co-pelletization of sewage sludge and biomass: The energy input and properties of

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767. 2765



PEER-REVIEWED ARTICLE b | oresources.com

pellets,” Fuel Processing Technology 132, 55-61. DOI: 10.1016/j.fuproc.2014.12.020

Lin, T., Rodriguez, L. F., Shastri, Y. N, Hansen, A. C., and Ting, K. C. (2014).
“Integrated strategic and tactical biomass-biofuel supply chain optimization,”
Bioresource Technology 156, 256-266. DOI: 10.1016/j.biortech.2013.12.121

Liu, Z., Quek, A., and Balasubramanian, R. (2014). “Preparation and characterization of
fuel pellets from woody biomass, agro-residues and their corresponding hydrochars,”
Applied Energy 113, 1315-1322. DOI: 10.1016/j.apenergy.2013.08.087

Mani, S., Tabil, L. G., and Sokhansanj, S. (2006). “Effects of compressive force, particle
size and moisture content on mechanical properties of biomass pellets from grasses,”
Biomass and Bioenergy 30(7), 648-654. DOI: 10.1016/j.biombioe.2005.01.004

Meng, X., Liu, B., Zhang, H., Wu, J., Yuan, X., and Cui, Z. (2018). “Co-composting of
the biogas residues and spent mushroom substrate: physicochemical properties and
maturity assessment,” Bioresource Technology 276, 281-287. DOI:
10.1016/j.biortech.2018.12.097

Mostafa, M. E., Hu, S., Wang, Y., Su, S., Hu, X,, Elsayed, S. A., and Xiang, J. (2019).
“The significance of pelletization operating conditions: An analysis of physical and
mechanical characteristics as well as energy consumption of biomass pellets,”
Renewable and Sustainable Energy Reviews 105, 332-348. DOI:
10.1016/j.rser.2019.01.053

Poddar, S., Kamruzzaman, M., Sujan, S. M. A., Hossain, M., Jamal, M. S., Gafur, M. A.,
and Khanam, M. (2014). “Effect of compression pressure on lignocellulosic biomass
pellet to improve fuel properties: Higher heating value,” Fuel 131, 43-48. DOI:
10.1016/j.fuel.2014.04.061

Prawisudha, P., Namioka, T., and Yoshikawa, K. (2012). “Coal alternative fuel
production from municipal solid wastes employing hydrothermal treatment,” Applied
Energy 90, 298-304. DOI: 10.1016/j.apenergy.2011.03.021

Puig-Arnavat, M., Shang, L., Sarossy, Z., Ahrenfeldt, J., and Henriksen, U. B. (2016).
“From a single pellet press to a bench scale pellet mill - Pelletizing six different
biomass feedstocks,” Fuel Processing Technology 142, 27-33. DOI:
10.1016/j.fuproc.2015.09.022

Rakhmania, Kamyab, H., Yuzir, M. A., Al-Qaim, F. F., Purba, L. D. A., and Riyadi, F. A.
(2021). “Application of Box-Behnken design to mineralization and color removal of
palm oil mill effluent by electrocoagulation process,” Circular Economy for Glabal
Water Security DOI: 10.1007/s11356-021-16197-z

Ramezanzade, M., and Moghaddam, A. G. (2018). “Optimizing the production
parameters for pellets made from pistachio tree pruning using multi-response
optimization,” Critical Reviews in Environmental Science and Technology 9(7),
1213-1221. DOI: 10.1007/s12649-017-9840-1

Rhén, C., Gref, R., Sjostrom, M., and Wisterlund, 1. (2005). “Effects of raw material
moisture content, densification pressure and temperature on some properties of
Norway spruce pellets,” Fuel Processing Technology 87, 11-16. DOI:
10.1016/j.fuproc.2005.03.003

Said, N., Abdel daiem, M. M., Garcia-Maraver, A., and Zamorano, M. (2015). “Influence
of densification parameters on quality properties of rice straw pellets,” Fuel
Processing Technology 138, 56-64. DOI: 10.1016/j.fuproc.2015.05.011

Shafiee, S., and Topal, E. (2009). “When will fossil fuel reserves be diminished?,”
Energy Policy 37, 181-189. DOI: 10.1016/j.enpol.2008.08.016

Stasiak, M., Molenda, M., Banda, M., Wigacek, J., Parafiniuk, P., and Gondek, E. (2017).

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767. 2766



PEER-REVIEWED ARTICLE b | oresources.com

“Mechanical and combustion properties of sawdust - Straw pellets blended in
different proportions,” Fuel Processing Technology 156, 366-375. DOI:
10.1016/j.fuproc.2016.09.021

Stefaniuk, M., and Oleszczuk, P. (2015). “Characterization of biochars production from
residues from biogas production,” Journal of Analytical and Applied Pyrolysis 115,
157-165. DOI: 10.1016/j.jaap.2015.07.011

Stelte, W., Clemons, C., Holm, J. K., Sanadi, A. R., Ahrenfeldt, J., Shang, L., and
Henriksen, U. B. (2011). “Pelletizing properties of torrefied spruce,” Biomass and
Bioenergy 35, 4690-4698. DOI: 10.1016/j.biombioe.2011.09.025

Thomas, M., Zuilichem, D. J. V., and Poel, A. F. B. V. D. (1997). “Physical quality of
pelleted animal feed. 2. Contribution of processes and its conditions,” Animal Feed
Science Technology 64, 173-192. DOI: 10.1016/S0377-8401(96)01058-9

Zainuddin, M. F., Rosnah, S., Noriznan, M. M., and Dahlan, 1. (2014). “Effect of
moisture content on physical properties of animal feed pellets from pineapple plant
waste,” Agriculture and Agricultural Science Procedia 2, 224-230. DOI:
10.1016/j.fuproc.2010.11.031

Zhang, J., and Guo, Y. (2014). “Physical properties of solid fuel briquettes made from
Caragana korshinskii Kom,” Powder Technology 256, 293-299. DOI:
10.1016/j.powtec.2014.02.025

Avrticle submitted: February 4, 2022; Peer review completed: March 5, 2022; Revised
version received and accepted: March 16, 2022; Published: March 28, 2022.
DOI: 10.15376/biores.17.2.2743-2767

Liu et al. (2022). “Pellets made from biogas residues,” BioResources 17(2), 2743-2767. 2767



