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Abstract: Pelletization is a significant approach for the efficient utilization of biomass energy.
Sunflower seed husk is a common solid waste in the process of oil production. The novelty of this
study was to determine the parameters during production of a novel pellet made from sunflower
seed husk. The energy consumption (W) and physical properties (bulk density (BD) and mechanical
durability (DU)) of the novel pellet were evaluated and optimized at the laboratory by using a pelletizer
and response surface methodology (RSM) under a controlled moisture content (4%-14%), compression
pressure (100-200 MPa), and die temperature (70-170 °C). The results show that the variables of
temperature, pressure, and moisture content of raw material are positively correlated with BD
and DU. Increasing the temperature and moisture content of raw materials can effectively reduce W,
while increasing the pressure has an adverse effect on W. The optimum conditions of temperature
(150 °C), pressure (180 MPa), and moisture content (12%) led to a BD of 1117.44 kg/m3, DU of 98.8%,
and W of 25.3 kJ/kg in the lab. Overall, although the nitrogen content was slightly high, the novel
manufactured pellets had excellent performance based on ISO 17225 (International Organization for
Standardization of 17225, Geneva, Switzerland, 2016). Thus, sunflower seed husk could be considered
as a potential feedstock for biomass pelletization.

Keywords: sunflower seed husk; pelletization; RSM optimization; energy consumption; performance
evaluation

1. Introduction

Bioenergy sources play a pivotal role in current global strategies for partially replacing fossil
fuels [1]. The utilization of residues and other loose biomass over open fire is highly inefficient
due to the lack of sufficient information regarding biomass fuel utilization technologies [2,3].
Modern utilization of biomass residues for energy includes solid fuel and liquid biofuel production [4,5].
Pelletization is a solid fuel densification process through which the density of the biomass material
can be increased to up to 1000-1200 kg/m? of loose biomass and the volume can be reduced by 8-10
times [6-8]. Therefore, pelletization of biomass is an attractive option for efficient use of bioenergy [9,10].

Inrecent years, some novel pellets made from different biomass residues such as beech sawdust [11],
Scenedesmus microalgae [12], canola hull mixed meal [6], corncobs [13,14], wheat straw [15], and coir
fibers [16] have been investigated, and those studies focused on how the characteristics and quality of
the pellets (bulk density, mechanical durability, energy consumption, and net calorific value [17,18])
can be influenced by various factors related to the raw material (chemical composition, moisture
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content [16], and production process (pressure, temperature [14]). Response surface methodology
(RSM) is one of the most popular methods for parameter optimization of pelletization and has
been extensively studied [19,20]. RSM is a mathematical modeling tool for predicting the output
relationship under multiple input parameters. It is an optimization method widely used in
the engineering field that provides an approximation technique for optimizing the problem and other
subroutines [19]. RSM provides a function called the response surface. The response surface is
a function of an approximate result that predicts the unknown output value of any suitable input [20].
Zhang et al. [19] employed RSM to investigate the effects of pelletization time and pressure on
straw pellet density and durability by comparing predictive results with experimental data of single
pelletization and demonstrated good predictive ability (R? > 0.95). Therefore, the study of the effects
of these variables on the quality of the pellets is important, and the RSM method can offer reliable
solutions with regard to the development of novel pellet fuel.

At present, oil seed husk as the raw material of biomass pellet fuel has been widely studied.
Oil seed husk is an interesting and promising solid waste. As a byproduct of oil production, it has
the advantage of high heat output, and its potential use is considerable [21,22]. At present, many studies
are focused on the preparation of biomass pellet fuels from oil seed husks, such as peanut shell pellets,
walnut shell pellets, palm shell pellets, and so on. Aleksander et al. [23] proposed pellet fuels made
from walnut shells by controlling different parameters (such as moisture content and temperature),
and optimized their durability and density. Bai et al. [24] found that peanut shell contained some oils,
which as a new material added to straw pellets could significantly improve the physical properties
of fuel and energy consumption characteristics. Lai et al. and Lam et al. used palm kernel shells
to produce biopellets and determined the impact of compaction pressure on the strength of fuel
pellets in oil palm shells [25,26]. These studies prove that it is feasible to prepare pellet fuel using
oil husk, and the preparation parameters have a significant impact on the fuel’s physical properties
and energy consumption. Sunflower is a large herbaceous plant of composite that has a relatively short
growth cycle, strong drought resistance, and strong adaptability to the soil environment. As sunflower
seeds are an important raw food material, they are widely planted all over the world. Currently,
sunflowers are cultivated on 26.2 million hectares worldwide, especially in Russia, Ukraine, Argentina,
and China, where the annual output exceeds 700,000 tons [27]. Before oil extraction, sunflower seeds
need to be peeled. According to an investigation, the current capacity of a sunflower seed treatment
plant is 400 tons in 24 h, and the output is about 100 tons of seed coat [28]. Therefore, sunflower
seed husk is a byproduct of the sunflower seed oil industry. Miguel et al. [27] found that although
sunflower seed husk is widely used in the production of animal feed, its use as an energy source is very
limited. The high energy content of this biological byproduct makes it ideal for use as a heating fuel.
Miguel et al. [27] reported that sunflower seed husk is an excellent raw material for fuel with great
potential in terms of cost and combustion applications, and can effectively be used as an alternative
to fossil fuels. Spirchez et al. [28] briefly discussed the density and durability of sunflower seed
husks as a solid fuel raw material. On this basis, pellets made from sunflower seed husks have been
proved to be a cheap and convenient fuel, and the husks represent a promising raw material for
biomass granulation. The use of different parameters in the pelletization of sunflower seed husks will
affect the quality of the pellet fuel and energy consumption in the pelleting process. However, little
information is available on the effects of different parameters on the quality of pellets made from
sunflower seed husks, and it is important to evaluate the physical properties and energy consumption
of pellet fuels for the standardization of sunflower seed husk pellets.

This work investigated the effects of various preparation parameters on the energy consumption
and physical properties of pellets made from sunflower seed husks, focusing on a novel pellet fuel
made from the husks: (i) Pellets were produced by a single pelletizer in the laboratory under different
conditions. The effects of factors on sunflower seed hull pellets were comprehensively analyzed.
The pellets were tested for bulk density (BD), mechanical durability (DU), and energy consumption of
pelletizing (W). (ii) Subsequently, based on ISO 17225 (International Organization for Standardization
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of 17225). [29], the effects of multivariate parameters such as moisture content, compression pressure,
and die temperature were optimized by using response surface methodology (RSM). (iii) Finally,
the performance of the novel pellet unit under optimum conditions was analyzed based on ISO 17225.

2. Materials and Methods

2.1. Feedstock of Sunflower Seed Husk and Methodology

Sunflower seed is a very common oil material, as shown in Figure 1. Sunflower kernels are used
for oil extraction, and the remaining seed husks become solid waste. The purpose of this work is to
produce biomass pellet fuels using sunflower seed husks. In the laboratory, by controlling different
parameters of temperature, pressure, and raw material moisture content, pellets were produced by using
a pelletizer, and the energy consumption and physical properties (bulk density (BD) and mechanical
durability (DU)) of the pellets were evaluated based on ISO 17225. Then, the parameters were optimized
by using the Box-Behnken design (BBD) model in Design-Expert V8.0.6.1 software (Stat-Ease Co.,
Minneapolis, MN, USA). Finally, the optimal preparation parameters were obtained with the target of
bulk density, durability, and energy consumption of pellet fuel.

Seed oil

Sunﬂower seed Seed kemel

:>-t>_

Sunﬂower seed husks Pellet fuel
. Expert V8.0.6.1
RSM

Control parameter:
Optimization

(BBD model)

Aims:
v" Bulk density
v Durability
v Energy

Pelletization of waste Oil preparation

v" Temperature

v" Pressure

consumption
¥" Moisture content

Figure 1. Comprehensive utilization of sunflower seeds and methodology of this work.

The feedstock used in this study was sunflower seed husks (Tus-Holdings Raising Clean Energy
Technology Co., Ltd., Shaanxi Province, Xi’an, China). Prior to pelletization, various particle sizes of
the raw husks were analyzed using a laboratory sieve based on ISO 17830 [30]. The particle size of
sunflower seed husk was mainly distributed in 3 groups: 0.18-0.25 mm (17.66 wt%), 0.25-0.425 mm
(20.28 wt%), and 0.425-0.850 mm (54.21 wt%). Then, the materials were conditioned to different
moisture content (4-14% wb). Moisture assays were performed in a laboratory dryer at 105 + 2 °C
for 24 h. The samples were weighed on a laboratory scale balance (accuracy of 0.001 g) based on
ISO 18134-2 [31]. A predetermined amount of water was added to the grounds using a spray bottle.
The water used to adjust the raw moisture content was purified, and the experiment was conducted in
a clean environment. The grounds were thoroughly mixed and stored in sealable glassware at 4 °C
for 48 h, as suggested by Zhang et al. [32]. The final moisture content was subsequently verified.
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2.2. Pelletization and Sample Preparation

As shown in Figure 2a, pellets (approximately 1 g) were prepared using a single pelletizer
(DWD-10, Heng Rui Jin Testing Machine Co., Ltd., Jinan, China). In short, the pelletizer included
a cylinder (7 mm inner diameter, 70 mm height) and a piston (6.90 mm diameter, 90 mm length).
The cylinder was wrapped with heating tape and contained a thermocouple and a temperature
controller to preheat its interior to a certain die temperature. The end of the piston that was away from
the cylinder was inserted vertically into the pressure sensor.

(@)

(b)

4

{'IIIH
J

Pressure sensor

N
AL
o ——— ——

Insulation
70m Heating layer

Figure 2. (a,b) Experimental system of sample biomass pelletizer; (c) actual system device.

Temperature, pressure, and moisture content are significant factors influencing the quality of
pellet fuel and consumption energy. According to research by Pradhan et al. [3], the temperature is
generally controlled within the range of 60-180 °C, and the pressure is generally controlled within
the range of 90-180 MPa. The moisture content is generally controlled within the range of 5%-16%.
Therefore, considering the actual experimental conditions, the pellets were produced in a single
pelletizer, in which the temperature (70, 90, 110, 130, 150, and 170 °C), moisture content (4, 6, 8,
10, 12, and 14%), and compression pressure (100, 120, 140, 160, 180, and 200 MPa) were controlled.
The experiments for each sample under the given conditions were carried out 5 times, in order to limit
the error of experimental results within +5%. A cross-section of the sample image was observed with
a digital microscope.

2.3. Energy Consumption and Characterization of Pellets

The energy consumption of pelleting has attracted much attention in many studies [7]. As shown
in Figure 3, the process of pelletization comprises 2 parts: compression and extrusion.
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Figure 3. Process of pelletization in single pelletizer.

The energy consumption (W, k]/kg) of a single pellet during the pressing (W1, kJ/kg) and pushing
(W2, kJ/kg) process can be calculated. The pressing force (F1, N) and displacement (x;, m) of the pressing
process and the relationship between the pushing force (F,, N) and pushing displacement (x,, m)
can be read from the experimental system on the computer in real time, as shown in Figure 4.
The integral of force and displacement curve was calculated by MATLAB 2017 (R2017a, MathWorks Co.,
Natick, MA, USA), and the energy consumption for single pellet (11, kg) fuel preparation is calculated
using Equation (1), as follows (method verified by Yuan et al. [33]):

x X
. Wi + W . j(;lpl'xl+j(;zp2'x2
- m o m

W 1)

The elemental and proximate analysis results of the samples were measured using an Elementar
(Vario MICRO cube, Elementar Co., Langenselbold, Germany) according to ISO 16948/16994 [34,35].
Three major components of sunflower seed husks, cellulose, hemicellulose, and lignin, were measured
by a fiber analyzer (ANKOM 2000, Oakland, CA, USA). The dried biomass samples were leached
under constant temperature for 3 h by a benzene—ethanol mixture (volume 2:1) (HLXK Co., Ltd.,
Shandong Province, Jinan, China; with purification) and dried to constant weight (105 + 2 °C).
The residue was then cooled to room temperature (around 25 °C) in a dryer and weighed. Extractives
were calculated according to the method reported by Li et al. [36]. Moisture content was obtained
according to ISO 18134-1/2 and 17225 [31]. Ash (A, % db) was obtained according to ISO 18122 [37].
The lower and higher heating value (LHV and HHV; MJ/kg wb) were obtained based on ISO 18125 [38].
The mechanical durability (DU, %) of the pellets was determined according to ISO 17831-2:2016-02 [39].
The bulk density (BD, kg/m® wb) of pellets was determined according to the method described in
ISO 17828 [40].

2.4. Analysis of Response Surface Methodology

Response surface methodology (RSM) is used to approximate the implicit limit state function by
the polynomial function through a series of deterministic experiments [41]. RSM is a mathematical
modeling tool for predicting the output relationship under multiple input parameters. In this work,
the parameters for preparing fuel pellets were studied with RSM using Design-Expert 8.0.6 Trial
software ((Stat-Ease Co., Minneapolis, MN, USA), originally developed by Box and Wilson [42].
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Design-Expert 8.0.6 Trial is optimization software widely used in the engineering field that provides
an approximation technique for optimizing the problem and other subroutines [15]. The software
provides a function called the response surface, which is a function of an approximate result that
predicts the unknown output value of any suitable input. Box-Behnken design (BBD) is a commonly
used model in Design-Expert 8.0.6 Trial software. BBD is a test design method that can evaluate
the nonlinear relationship between indices and factors. Different from central composite design (CCD),
it does not need to conduct multiple experiments continuously, and with the same number of factors,
the combination number of BBD is less than that of CCD, so it is more economical and effective [43].
BBD is often used in experiments where the nonlinear effects of factors need to be studied. In this study,
the fuel pellets were prepared using the single pelletizer shown in Figure 2 by varying the preparation
variables using BBD [44]. Particle size, moisture content, and pressure were found to be important
parameters affecting the characteristics of the fuel pellets produced. Three-factorial BBD requires
12 experiments (each factor on 3 levels) and 5 central experiments, for a total of 17 experiments.
The variables studied were as follows: (i) X1, die temperature at the time of pellet preparation; (ii) X5,
pressure at the time of pellet preparation, and (iii) X3, moisture content of the raw material.

As shown in Table 1, these 3 variables, along with their respective ranges, were selected and some
preliminary studies were conducted. The minimum and maximum values of the selected parameters
and their experimental values are presented in Table 1. The experimental sequence was randomized in
order to minimize the effects of uncontrolled factors. The responses were mechanical durability (DU, Ry),
bulk density (BD, R;), and energy consumption of pelleting (W, R3). In addition, the second-degree
polynomial equation is the most commonly used model in RSM. The validity of this model has
been proved for its use in pellet fuel optimization by many studies, such as [20,45]. In this work,
each response was used to develop an empirical model that correlated the response to the variables
using a second-degree polynomial equation, as shown in Equation (2):

n n 2 noon
R =by+ Z bix; + [Z bi,-xi] + Z Z biix; (2)
i—1 i=1 i=1 j=i+1

where R is the predicted response, by is the constant coefficient, b; is the linear coefficient, b;; is
the interaction coefficient, b;; is the quadratic coefficient, and x;, x; are the coded values of the fuel
pellet preparation variables.

Table 1. Response surface methodology (RSM) of independent variable and its range.

Independent Variable
Xi: Temperature (°C)  Xj: Pressure (MPa)  X3: Moisture Content (% wb)
110 140 8
130 160 10
150 180 12

2.5. Statistics Analysis

As mentioned above, pelletization tests were repeated at least 5 times. The data are presented
as ranges in terms of standard deviation. The calculated standard deviation indicates the level of
uncertainty in the experiments. The results were statistically compared using multiple-way analysis of
variance (ANOVA). The level of significance was established at p = 0.05.
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3. Results and Discussions

3.1. Composition of Raw Materials

The composition analysis results of sunflower seed husks are presented in Table 2. Sunflower seed
husks are typical agricultural waste. Compared with other studies, the sunflower seed husks selected in
this study had similar chemical components to those selected in other studies. The high calorific value
of sunflower seed husk is expected, which is a common phenomenon in oil seed husk waste. Sunflower
seed husk contains more cellulose and hemicellulose and less lignin; cellulose and hemicellulose account
for 65%—67%, lignin accounts for 20%—27%, and extractives account for 5.3%-5.5%. According to
a report by Demirbas et al. [46], the cellulose and hemicellulose content of sunflower seed husks was
significantly higher and the lignin content was much lower than those of walnut hulls (47.7% and 51%,
respectively), and the extract content of sunflower seed husks was higher than that of walnut hulls
(2.3%) but much lower than that of microalgae (47%) [47].

Table 2. Composition comparison of sunflower seed husks in other studies.

This Work [48] [27] [49]
Proximate analysis (%, based on dry material)
Volatile 79.8 81 - 63.51 +1.25
Ash 1.8 1.8 21 2.99 +0.03
Fixed carbon 18.4 17.2 - 19.42 + 0.58

Ultimate analysis (%, based on dry ash free)

C 56.36 + 0.4 46.5 44.2 + 0.008 55.83 + 0.96

H 5.03 + 0.06 6.5 6.12 + 0.015 4.56 +0.08

(@] 37.2 +0.36 46.4 48.92 + 2.641 39.2 + 0.05
N 1.17 £ 0.12 0.4 0.41 = 0.061 -

S 0.14 + 0.06 0.2 0.24 + 0.003 0.15 + 0.02

LHV (MJ/kg) 19.04 - 16.507 21.47 + 0.36

HHV (M]/kg) 20.2 18.3 17.884 22.46 +0.38

Macromolecular analysis (%, based on dry material)

Cellulose 40.1 - -
Hemicellulose 324 67.1 - -
Lignin 20.3 27.1 - -
Extractives 5.5 5.3 - -

- Not measured. LHV, lower heating value; HHYV, higher heating value.

3.2. Effects of Different Factors on Physical Properties of Pellets

3.2.1. Effect of Temperature on Physical Properties of Sample

In Figure 4, data on the effect of die temperature on pellet characteristics were obtained from
experiments carried out at 160 MPa and 10%. Pellet characteristics were analyzed according to
ISO 17225. The die temperature has an important influence on DU and BD. With a temperature
of 70170 °C, BD and DU increased from 977 kg/m? to 1104 kg/m? and 95.9% to 98.8%, respectively,
and the increase range was 13% and 3%, respectively. When the temperature was high at 110 °C, all of
the pellets had DU and BD greater than 96.5% and 600 kg/m?, which means that the requirements of
ISO 17225 were met. First, as the die temperature increased in the range of 80-150 °C, the pellet BD
and DU of the sample clearly increased. The micrograph shows that the binding between particles
was more pronounced at higher temperatures, and the strength and density of the pellets increased.
This was mainly due to the softening of lignin. Furthermore, the die temperature had little effect on
the BD and DU of the sample from 150 °C to 170 °C. The effect of lignin softening is the primary type of
binding. In previous studies, the denaturation temperature of protein was above 70 °C, while the mean
lignin softening temperature was higher than 75 °C, so the lignin and protein in the raw materials did



Processes 2019, 7, 591 8 of 20

not act as binders at lower die temperatures (less than 75 °C) [50,51]. Kaliyan and Morey [52] suggested
that a heating die temperature ranging from 75 °C to 150 °C could activate natural binding components
such as hemicellulose, lignin, protein, starch, sugar, and fat in biomass feedstock. In previous
studies [53,54], the denaturation temperature of protein was above 70 °C, and the mean temperature of
GT for lignin was around 120 °C [52]. The bond strength of the particles increased and the quality
of the particles improved obviously at this stage. As shown in Figure 4, when the temperature was
lower than 110 °C, DU increased. At lower temperatures (e.g., 70-100 °C), DU was about 96%-96.4%,
which is lower than the minimum required by ISO 17225 (>96.5%). Therefore, to meet the standard
requirements, temperatures of 110-150 °C appear to be the best option.

—0O— Mechanical durability, DU (%)
—e—Bulk density, BD (kg/m?®)
100 — ————T

99

98

97

DU (%)

96

95

1SO 17225 DU >96.5% |
1 N N 1 N

4 - 900
60 80 100120140160180
Temperature (°C)

Figure 4. (a) Relationship between mechanical durability (DU), bulk density (BD), and temperature
based on ISO 17225 (International Organization for Standardization of 17225) (common experiment:
160 MPa and 10%); (b,c) microscopic section of pellet section under low and high temperature.

3.2.2. Effect of Pressure on Physical Properties of Sample

A comparison of pellet masses at 130 °C and a pressure of 10% is shown in Figure 5. In the range
of 100-200 MPa, the pressure had a significant effect on the durability and density of the sample.
BD and DU continued to increase as pressure increased. When the pressure was increased from 100 MPa
to 200 MPa, the density of the sample pellet increased from 930 kg/m? to 1120 kg/m?, and the durability
increased from 95.7% to 98.8%. This is mainly because as the pressure increases, the husk particles can be
squeezed into the voids of adjacent particles. According to previous studies, the mechanical properties
(density, durability, hardness) of pellets are always positively affected by stress [7]. As the pressure
increases, solid bridges, hydrogen bonds, and van der Waals forces are formed because the bonding
components inside the material are squeezed [52,55]. It is presumed that proteins, lignin, and natural
binding components such as extracts (water-soluble carbohydrates) in biomass materials can be
extruded at a pressure of 150 MPa or more [50]. Subsequently, lignin acts as a binder at high pressure
(160-180 MPa), which reduces the number of voids (pores) between the particles and makes the husk
particles more tightly bonded [7]. This is an explanation of the mechanism by which BD and DU
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increase with increasing pressure. Increasing pressure is a common technique for promoting adhesion
by increasing molecular contact between adjacent molecules. Photomicrographs show that the higher
the pressure, the closer the husk particles. However, at too high a pressure (200 MPa), the changes
in BD and DU were not significant (porosity reached its limit), which is consistent with the reported
phenomenon by Hella et al. That is, the density of the particles increases as the pressure increases until
a certain value is reached, beyond which the pressure no longer works [56]. Compared to ISO 17225,
the BD value of the sample was higher than 900 kg/m3 at a pressure of 100-120 MPa, while the DU
value, 95.7% to 96%, was slightly lower than the 96.5% standard. In summary, combined with results
from previous studies, the density and durability of the pellets are positively affected by pressure
during the densification process. Combined with the above studies, pressure above 140 MPa ensures
that the BD and DU of the pellets are within the standard (ISO 17225).

—0O— Mechanical durability, DU (%)
—@—Bulk density, BD (kg/m?®)
100 ! % ! L ! % ! L ! L2 ! 1200

99

98

97

DU (%)

96

95 ki

15017225 DU 7 96.5 %,

100 120 140 160 180 200
Pressure (MPa)

Figure 5. (a) Relationship between mechanical durability (DU), bulk density (BD), and pressure based
on ISO 17225 (common experiment: 130 °C and 10%); (b,c) microscopic section of pellet section under
low and high pressure.

3.2.3. Effect of Moisture Content on Physical Properties of Sample

As shown in Figure 6, data on the effect of moisture on pellet characteristics were obtained
from the experiments carried out at 160 MPa and 130 °C. BD increased initially with an increase of
moisture content from 4% to 12%, and subsequently decreased with moisture content of 14%. DU of
the pellets demonstrated a similar trend, peaking at a moisture content of 10%-12%. Compared
with ISO 17225 (BD > 600 kg/m?), BD of pellets was more than 1000 kg/m® when the moisture
content of the raw material was 4%-12%. DU of the pellets ranged from 97.1% to 98.7% at a raw
material moisture content of 8%-12%, which is in accordance with the ISO 17225 requirement of 96.5%.
However, when the moisture content of the raw material was 4%, DU of the pellets was only 96.1%,
which did not meet the requirements of the standard. In addition, according to the study of Kaliyan
and Morey [57,58], under high moisture content conditions, due to the incompressibility of water,
the moisture inside the particles may prevent the release of the completely smoothed natural binder.
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Moreover, the hydrogen bonds between the polymers of the particles could be replaced by bonds of
water molecules, resulting in the formation of water film between particles, potentially resulting in
the low BD and DU of samples. In other words, in order to make both BD and DU meet the ISO 17225
requirements, the moisture content should be within the range of 8%-12%.

—0O— Mechanical durability, DU (%)
—@—Bulk density, BD (kg/m®)
100 ———r———————7——1 1200

99 1150

98 | {1100

97 1050

DU (%)

96 1000

Ly 950
SO 17225 DU > 96.5% |

4 | L | L | L | L | L | 900
4% 6% 8% 10%12%14%
Moisture content (% wb.)

Figure 6. (a) Relationship between mechanical durability (DU), bulk density (BD), and moisture content
based on ISO 17225 (common experiment: 130 °C and 160 MPa); (b,c) microscopic section of pellet
section under low moisture content and moisture content.

3.3. Effects of Different Factors on Energy Consumption of Pelletization

To the best of our knowledge, there is no ISO standard for energy consumption for pelletization.
However, many researchers have focused on this index [24,25,33,47,50,59-61]. According to Equation (1),
the curve of the force (F;, F») and displacement (x7, x,) can be obtained by a single pelletizer. The integral
of force and displacement curve was calculated by MATLAB 2017, and the energy consumption can
be calculated. Therefore, Figure 7a—c shows the energy consumption of pellets under all operating
pressures, die temperatures, and moisture content conditions.

As shown in Figure 7a, compression energy consumption decreases as the temperature increases.
When the temperature is increased from 60 °C to 180 °C, the energy consumption of pelleting is gradually
reduced from 27.1 kJ/kg to 23.9 kJ/kg. Previous studies have also shown that the softening temperature
of lignin and the denaturation temperature of proteins are generally higher than 75 °C [50,51].
When the temperature is low, for example, in the range of 60-70 °C, the particles of sunflower
seed husk are still rigid, because the high elastic modulus of the particles leads to higher energy
consumption of pellets produced below 70 °C [58]. As the temperature increases, the activation
of lignin, protein, and extractives improves the plasticity of the particles, which helps to reduce
the energy consumption during pelleting [7]. As shown in Figure 7b, when the pressure is increased
from 100 MPa to 200 MPa, the energy consumption of pelletization is gradually increased from 23.1 kJ/kg
to 26.6 kJ/kg. This is mainly due to the increased density of the pellets; the pelleting bar has done
more work for the raw material particles, resulting in increased work of the molding machine,
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and the phenomenon of increasing the energy consumption has been widely found in previous studies,
such as Hosseinizand et al. [47]. Moisture content also has a significant impact on compression
energy consumption. As shown in Figure 7c, when the moisture content is increased from 4%
to 12%, the energy consumption of pelleting is reduced from 27.5 kJ/kg to 23.8 kJ/kg. This is mainly
because water can form a liquid bridge as the moisture content increases, and the liquid film can
act as a lubricant [54]. However, when the moisture content reaches 14%, the energy consumption
slightly increases. This phenomenon was reported by Jiang et al. [62]. The main reason is that
proteins and carbohydrates are squeezed out by excess moisture, which is denatured, and gelation,
increasing the viscosity between the raw material and the mold, hindering the relative motion between
particles [63].

[JTemperature [_JPressure [_IMoisture content
30 30 30
E 29 a 29 b 20/ c
2 28 28/ 28
§ 271 —l— 271 27 _l_
E- 26+ + 26 ++ 26 —l—
2 251 25/ 25/
S 24l 24/ 24/
5 234 234 23
g 221 22/ 22/
W21 214 214

20 : ‘ ‘ ‘ ‘ 20— ‘ ‘ ‘ ‘ ‘ 20— ‘ ‘ ‘ ‘ ‘
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Figure 7. Energy consumption for single pelletization of sunflower seed husk at various (a) die
temperatures (60-180 °C), (b) pressure values (100-200 MPa), and (c) moisture content conditions
(4%—-14%).

In addition, Figure 8 shows a comparison of energy consumption of different pellets. Pellets made
from sunflower seed husks are close to the energy consumption of pellets made from peanut hulls
(22.5 kJ/kg) and palm kernel shells (35 kJ/kg). As shown in Table 2, the amount of extractives in
sunflower seed husks is 5.5%, which is higher than that in wood biomass. According to a previous
report, the high extractive content in the raw biomass can reduce the energy needed to produce
pellets, as well as bulk density [64]. This is the reason why energy consumption of sunflower
seed husk pelleting is lower than that of raw wood. In particular, the extractives in microalgae are
as high as 47.1%, which explains why energy consumption of microalgae pelleting is much lower
than that of other biomass materials [47]. As reviewed in Figure 8, during the pelletization process,
the average energy consumption of wood pellets is around 40 kJ/kg, and the energy consumption of
straw pellets is generally in the range of 13-25 kJ/kg. That is, the energy consumption of wood pellets
is much higher than that of straw pellets, which is mainly because straw plants contain more cellulose
and hemicellulose [61]. These natural binders are easier to form and agglomerate, resulting in lower
energy consumption for the pelletization of straw [65]. In addition, it is worth noting that some of
the novel pellets prepared from husks and microalgae take less energy to produce than wood pellets,
mainly because these materials are rich in oils and fats and can be used for lubrication during pelleting.
Combined with previous research, in order to reduce the energy consumption of pelleting, some studies
focus on co-pelletization of straw materials and wood materials; for example, Lu et al. [65] used wheat
straw (Triticum aestivum L.) and pine shavings to prepare pellets, and the energy consumption was
reduced by about 18%. However, it is worth considering that if some raw materials with waste
oil materials and other biomass are mixed, such as sawdust mixed with rice husks and microalgae,
the energy consumption of pelletization can be further reduced under the premise of omitting artificial
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energy consumption. Therefore, co-pelletization of sunflower seed husks and wood residues seems to
be a direction for future research.

Wood pellet

Pine sawdust

Camphorwood

FE— L

Cedarwood

Wheat straw | Straw pellet

 r—

Cotton stalks--

Walnut shell ] Oil agro-residues pellet

Palm kernel shell H

Sunflower seed husk

Peanut hull

Rice husk

This work
Microalgae

5 10 15 20 25 30 35 40 45 50
Energy consumption (kJ/kg)

Figure 8. Comparison of energy consumption of different biomass pellets [24,25,33,47,50,61].

3.4. RSM Optimization of Energy Consumption and Physical Properties

RSM is a mathematical modeling tool used to predict output relationships across multiple input
parameters. In this work, the relationship between the parameters (temperature, pressure, and moisture
content) of the fuel pellets and the physical properties (mechanical durability, R;, and bulk density,
R;) and energy consumption (R3) of the pellets was thoroughly studied using Design-Expert 8.0.6
test software. However, according to previous studies, mathematical equations obtained by fitting
functions to experimental data may yield inaccurate results [43]. Therefore, analysis of variance
(ANOVA) is generally used as an important means of testing the significance and accuracy of a model.
In this work, the ANOVA results are shown in Tables 3 and 4.

As shown in Table 3, the F-value obtained a lower p-value (p < 0.05). The mechanical durability
(Ry7), bulk density (R,), and energy consumption (R3) regression models have p-values of 0.0001,
0.0094, and 0.0026, respectively (p < 0.05). That is, the model is significant. In addition, the model’s
determination coefficient (R?) indicates that the total variability can be explained by the BD, DU,
and W models (Table 4). The value of the adjusted determination coefficient (Adj R?) also indicates
that the experimental and model prediction values are very consistent. A graphical representation
of the predicted and actual values of all responses is shown in Figure 9, and the predicted values
effectively reflect the actual values. The values of all regression coefficients and their significance levels
are given in Table 4. In Table 4, the Adeq Precision measures the signal-to-noise ratio, and values
above 4 are considered ideal [20,43]. In this study, the Adeq Precision values of BD, DU, and W are in
the range of 20.206, 7.824, and 11.459, respectively, indicating that the signal is sufficient. In summary,
the model presented in this paper is valid.
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Table 3. Summary of analysis of variance (ANOVA) results for all responses.

Source Sum of Squares df Mean Square  F-Value  p-Value Prob > F Remarks
Model 421 6 0.7 31.06 <0.0001 Significant
X1 1.53 1 1.53 67.7 <0.0001
Xz 1.62 1 1.62 71.63 <0.0001
R X3 0.78 1 0.78 34.54 0.0002
X1Xo 0.003 1 0.01 0.44 0.5211
X1X3 0.023 1 0.023 0.99 0.3421
XoX3 0.25 1 0.25 11.05 0.0077
Lack of fit 0.14 6 0.023 1.05 0.5058 Not significant
Model 6759.75 3 2253.25 5.85 0.0094 Significant
X1 2556.13 1 2556.13 6.63 0.0023
R, X5 3003.13 1 3003.13 7.79 <0.0001
X3 1200.5 1 1200.5 3.12 0.101
Lack of fit 5003.99 9 556 427.69 0.33 Not significant
Model 3.14 9 0.35 10.54 0.0026 Significant
X1 0.02 1 0.02 0.6 0.4627
Xz 1.62 1 1.62 48.88 0.0002
X3 0.98 1 0.98 29.57 0.001
X1 X3 0.01 1 0.01 0.3 0.5999
R3 X1 X3 0.16 1 0.16 4.83 0.5999
XpX3 0.01 1 0.01 0.3 0.024
X2 0.021 1 0.021 0.62 0.456
X2 0.00168 1 0.00168 0.051 0.8281
X32 0.33 1 0.33 9.96 0.016
Lack of fit 0.18 3 0.06 4.62 0.0868 Not significant
Table 4. RSM model fit summary output for energy consumption and physical properties.
Parameter Mean  Std. Dew. R? AdjR*> CV.%  Adeq Precision
DU (%) 97.96 0.15 0.9491 0.9185 0.15 20.206
BD (kg/m3) 1067.94 19.63 0.9744 0.9762 1.84 7.824
W (kJ/kg) 25.57 0.18 0.9313 0.8429 0.71 11.459
a o AP b ' ' ' c 7 ' ' ' !
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Figure 9. Comparison of predicted and actual values: (a) Mechanical durability (R;), (b) bulk density

(Ry), () energy consumption (R3).

Design-Expert 8.0.6 test software is based on experimental data, and according to Equation (2),
the interaction between mechanical durability (R;), bulk density (R;), and energy consumption (R3)
and temperature (X1), pressure (X;), and moisture content (X3) is expressed below, and all models are

composed of significant items (p < 0.05).

Ry = + 80.11507 + 0.020625 X X; + 0.06875 X X, + 1.4 x X5 — 0.0625 X X5 X X3

Ry =+ 735.50368 + 0.89375 x X1+0.96875 x X,

Rz = + 12.45063 + 0.014 X X+2.41250 X X3 — 0.0125 X X5 X X3 — 0.079375 x X3>
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For R, the X;, Xy, X3, and X, X3 terms are significant items (p < 0.05), where the interaction term
is XpX3. As shown in Figure 10a,b, the influence of pressure and moisture content on DU is presented
when the temperature is kept constant. The illustration shows that as the pressure increases, the DU of
the particles increases effectively. Obviously, increasing the moisture content can increase the DU of
the sample. Although the maximum DU (200 MPa) can achieve the best DU of the pellets, it is difficult
to achieve an economic and energy consumption balance on an industrial scale. For R;, the X; and Xp
terms are significant (p < 0.05), with no significant interaction terms. R, can be graphically represented
as shown in Figure 10c,d. In this case, the obtained R? is 0.9744, and the adjusted R2 is 0.9762 in Table 4,
which indicates that the experimental and model prediction values are very consistent. Figure 10d
shows the effects of temperature and pressure on density when the moisture content is kept constant.
BD increases as pressure increases. The same BD can be obtained at high pressure and high temperature.
However, high temperature and pressure require additional energy consumption. In addition, BD is
greater than 600 kg/m3 (ISO 17225) at 140 MPa and 110 °C. Regarding the energy consumption (W, R3)
response, the Xy, X3, X3, X3, and X352 terms are significant items (p < 0.05). The surface in Figure 10e,f
shows the effect of moisture content and pressure on energy consumption when the temperature
is kept constant. In this case, the R? obtained in Table 4 is 0.9313, and the adjusted R? is 0.8429,
which indicates that the experimental and model prediction values are very consistent. When pressure
is high, energy consumption is high. However, under any pressure conditions, when the water content
is in the range of 10%-12%, energy consumption is significantly reduced, mainly because water acts
as a lubricant [50]. Therefore, the process parameters of good temperature (150 °C), pressure (180 MPa),
and moisture content (12%) were obtained by response surface optimization. Under the optimal
parameters, the actual value obtained by the experimental device is very close to the analog value
of RSM with an error of less than 5%. Under the optimal parameters, DU, BD, and W are 98.8%,
1117.44 kg/m3, and 25.3 k]/kg, respectively, which meets the requirements of ISO17225 for pellets.

9680
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Figure 10. Cont.
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Figure 10. RSM optimization of key parameters: (a,b) Effect of pressure (X;) and moisture content (X3)

on mechanical durability (R;), (c,d) effect of temperature (X;) and pressure (X;) on bulk density (R;),
(e,f) effect of pressure (X;) and moisture content (X3) on energy consumption (R3).

3.5. Comparison of Characterization of Raw Materials Based on ISO Standard

Table 5 shows the results obtained from optimized pellet characterization (temperature: 150 °C;
pressure: 180 MPa; moisture content: 12%) and its comparison with ISO 17225-6 standards (A and B)
and typical biopellets.

In Table 5, based on ISO 17225-2, pellets made from sunflower seed husks showed low moisture
content, high BD, and high DU. The moisture obtained in this research was lower compared to
the requirements for woody biomass (10% wb). BD and DU are the main quality indicators for pellets [17],
and an increase in these parameters indicates higher density. Pellets must resist various impacts during
loading and shipping to places of consumption [12]. Otherwise, it would lead to an adverse amount of
dust, implying a health hazard (explosive atmosphere, respiratory disease, etc.) [66]. The BD and DU
obtained in this research were higher than the requirements for woody biomass (ISO: 600 kg/m3, 96.5%).
Furthermore, adding other wastes, such as sludge [50] or microalgae [47], usually increases the BD
and DU of the resulting pellets. Also, it is worth noting that pellet fuel prepared from sunflower seed

husks has high calorific value. However, the high nitrogen content may result in more emissions of
nitrogen oxides than wood pellets. This is mainly due to the fact that there is a certain amount of oil
extract in sunflower seed husks. Microalgae contain higher amounts of protein and oil, so microalgae
particles have higher nitrogen content, but the oil can effectively reduce the energy consumption
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during the preparation of the sample pellet. Therefore, although the nitrogen content is slightly high,
performance of the manufactured pellets was satisfactory based on ISO 17225.

Table 5. Characterization of pellets made from sunflower seed husk based on ISO 17225-2.

Unit Metho(;lssc;?ndard PZ\III(:: ct.:a NII,Iecﬁ(::‘fe ?’fﬁftl: A (Commercial) B (Industrial)
BD (kg/m3 wb) 1SO 17828 710 + 14 1482.00 1117.4 >600 vV >600 vV
DU (%) 1SO 17831-1 98.3 + 0.48 98.3 98.8 >96.5 Vv >96.5 v
M (%) 1SO 18134-1/2 6.31 6.10 5.1 <10 vV <10 v
L (mm) 1SO 17829 16.8 +4.0 23.41 13 3.15-40 vV 3.15-40 vV
D (mm) 1SO 17829 6.10 £ 0.1 6.07 7 8+1 vV 8+1 vV
N (% db) 1SO 16948 <0.2 6.55 1.17 <1.0 vV <0.6 X
S (% db) 1SO 16994 0.07 0.48 0.14 <0.05 vV <0.05 vV
A (% db) 1SO 18122 0.42 18.02 1.8 <2.0 X <3.0 X
LHV (M]/kg) 1SO 18125 - 17.98 19.04 >4.6 vV - -
HHV (MJ/kg) 1SO 14918 17.21 £ 0.37 17.98 20.2 >16.5 vV >16.5 vV

v, OK; X, not OK; -, not required; a, produced from Pinus radiata used in pulp and timber production [15];
b, produced from Scenedesmus microalgae [12].

According to a report by Hamelinckya et al. [67], the cost of transporting raw materials accounts
for 60%—75% of their cost. Since sunflower seed husks are a byproduct of the sunflower oil industry,
they are generally obtained from sunflower oil plants or food factories. According to research by
Albashabsheh et al. [68], in large-scale pelletization, if the transportation distance for raw materials
is too long, the fuel cost will be high. Therefore, in future industrial production, factories that
produce sunflower seed husk pellet fuel should be as close as possible to these plants to ensure
lower transportation costs [67]. However, in a specific scale case, determining transportation distance
is complex system engineering that needs to be done by combining information from the whole
industry chain. In addition, in order to supply biomass from the production area to the energy import
area, long-distance international transportation is required. In this study, the pellets were exposed to
the laboratory’s natural environment (25 °C average temperature, 30% average humidity), and after 7
and 30 days of continuous standing, the durability of the pellet fuel was reduced to 97.8 + 0.2%
and 96.8 + 0.15%, and the bulk density decreased to 1090.4 + 2.2 kg/m® and 1050.3 + 3.1 kg/m?.
These deterioration phenomena of biopellets are logical and have been reported by Graham et al. [69].
Although the pellet performance deteriorates, it still meets the requirements of ISO 17225. That is to
say, sunflower seed husk pellets could be stored outside the pellet facility for a longer time, providing
the possibility for wider transportation of fuel. However, shortening the distance to transport raw
materials and the storage time of particulate fuels can still improve the competitiveness of fuel cost.
Miguel et al. [27] investigated the cost of transportation per kWh for sunflower seed husk pellet fuel
and fossil fuel. The results show that in terms of price, sunflower seed husk pellet fuel is 71% cheaper
than natural gas and 75% cheaper than coal, thus using it has higher economic benefits. Compared with
the high taxation of fossil energy, especially in some European countries and China, the biomass from
agricultural grain resources receives important subsidies from agricultural policies. In all, these facts
show that sunflower seed husks are a good feedstock for biomass pelletization.

4. Conclusions

In this study, the performance of pellets produced from sunflower seed husks based on ISO 17225
was investigated in a laboratory. Then, the optimum conditions were determined by using RSM.
The following conclusions were drawn from this study: The three variables of temperature, pressure,
and raw material moisture content are positively correlated with BD and DU. Energy consumption
is inversely related to the moisture content of raw material and positively correlated with pressure
and temperature. The optimum conditions of temperature (150 °C), pressure (180 MPa), and moisture
content (12%) led to a BD of 1117.44 kg/m3, DU of 98.8%, and W of 25.3 kJ/kg in the lab. In all,
although the nitrogen content is slightly high, the energy consumption and physical properties of
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the novel pellets are excellent. Thus, sunflower seed husks could be considered as potential feedstock
for biomass pelletization. Moreover, this work provides a potential novel pellet fuel made from
sunflower seed husks and a new way to use the husks as a resource.
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