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Abstract: In this study, the pelletability of tea waste, a by product of tea factories, was investigated, along
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with the effects of different moisture contents and pellet diameters on the physical and mechanical properties

of the resulting pellets. The experiments were conducted using two different moisture levels (8-9% and 11-
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22,2025 one of the most important parameters determining pellet quality. Pellets produced at higher moisture content
(11-12%) exhibited significantly better performance in terms of mechanical strength, impact resistance, and
fracture resistance under pressure compared to pellets with lower moisture content. Under low moisture
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When evaluating the effects of pellet diameter, it was determined that as the diameter decreased, the
mechanical integrity and strength properties of the pellets increased. Pellets with a diameter of 6 mm yielded
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properties such as mechanical strength, impact resistance, compressive strength, and density changed
together and that high moisture—small diameter combinations were associated with higher quality pellets. It
can be stated that tea waste can be converted into a high-quality pellet fuel without the use of any binder
under suitable conditions, and that a moisture content of 10-12% and a diameter range of 6-8 mm are
particularly favorable for tea waste pellet production. These findings point to significant potential for the
energy-based utilization of tea waste in regions with intensive tea production.
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1. Introduction

Due to the environmental impacts and limited reserves of fossil fuels, the shift toward renewable energy

sources is steadily increasing. Biomass energy is considered a significant alternative in this field due to its
sustainability and carbon neutrality (Mignogna et al., 2024). Tiirkiye holds an important position in global tea
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production; tea cultivation is carried out on approximately 759,000 decares of land, and around 20,000 tons of tea waste is generated annually
in 45 factories affiliated with CAYKUR (Dok, 2014; Bilgin et al., 2016). However, most of this waste is incinerated or disposed of without being
given any economic value (Ungureanu, 2018). Yet, converting tea factory waste into pellet fuel offers an attractive solution in terms of both
waste management and renewable energy production (Dok, 2014; Bajwa et al., 2018). Since the moisture content of the pulp from tea
production processes is generally below 15%, it is also a significant advantage that it is suitable for pelletization without requiring additional
drying (Ungureanu, 2018; Yilmaz, 2018; Ribeiro and Junioar, 2023). Indeed, in their study, Bilgin et al. (2016) obtained pellets with a volume
density of approximately 601 kg.m-= and 81% durability by directly pelletizing tea factory waste, thus demonstrating that tea waste can be
evaluated as a robust biofuel pellet. Similarly, this study aimed to pelletize tea waste without any binding additives and to investigate the effects
of different process conditions on pellet quality.

One of the most significant problems encountered in the direct use of raw biomass for energy purposes is its low bulk density, irregular
particle shape, and high moisture content (Kaliyan and Morey, 2009; Stelte et al., 2012). These characteristics can lead to inefficiency in
transportation and storage, as well as unstable combustion during burning. Pelletizing biomass is a widely used method to overcome these
problems (Bajwa et al., 2018; Sarker et al., 2023). Pelletized biomass increases the volumetric density of the original raw material by several
times, thereby improving transportation and storage efficiency, acquiring a homogeneous cylindrical form, and exhibiting more stable
combustion performance (Grdil, 2020; Demirel and Gurdil, 2022; Demirel, 2023). For example, it has been reported that pelletizing tea waste
increases the bulk density of the product by ~5.7 times and the stack density by ~3 times compared to the raw material density (Bilgin et al.,
2016).

When examining the quality standards for pellet fuels, it is seen that criteria such as mechanical strength, moisture and ash content, and
size are critical; indeed, the European standard EN 14961-2 (2011) specifies that good-quality pellets must have a bulk density of at least 600
kg.m-3, mechanical strength above 97%, and moisture content below 10%. The fundamental physical properties that determine pellet quality
include pellet density, bulk density, mechanical strength, impact resistance, and pressure resistance. These properties are largely dependent on
pelletizing process parameters and raw material characteristics. The literature indicates that raw material particle size, moisture content, die
temperature, and pressure are decisive factors in pellet density and strength (Kaliyan and Morey, 2009; Stelte et al., 2012; Mostafa et al., 2019).
It is known that smaller particle sizes provide denser and stronger pellets, while an appropriate moisture level facilitates fiber bonding (Kaliyan
and Morey, 2009; Filbakk et al., 2011; Miranda et al., 2015).

Moisture content is a critical factor that affects the fluidity of natural adhesives such as lignin and the bonding of fibers during pellet
formation. Sufficient moisture, together with pressure and heat, acts as a binding agent within the pellet, increasing its density and durability
(Kaliyan and Morey, 2009; Mostafa et al., 2019; Picchio et al., 2020; Li et al., 2022). On the other hand, excessively low moisture (<8%) causes
pellets to be brittle and fragile, while very high moisture levels (>~15-20%) can reduce pellet quality and cause deterioration during storage (Li
et al., 2022; He et al., 2024; Mortadha et al., 2025). Indeed, in a review, Ungureanu et al. (2018) emphasized that the optimal moisture content
in raw materials is around 10%; pellets produced with very low moisture content (5%) are fragile and produce excessive dust, while pellets with
moisture content above 20% lose their integrity. Similarly, other studies have reported that a moisture content of approximately 10-15%
maximizes pellet hardness and strength (Serrano et al., 2011).

Pellet diameter (die hole diameter) is also an important process variable that can affect pellet quality. In industry, domestic biofuel pellets
are generally produced with a diameter of 6-8 mm, while industrial pellets are produced with a diameter of 10-12 mm. As pellet diameter
increases, the specific pressure applied by the pelletizing press and the distribution of the heat generated change. These changes can lead to
complex effects on pellet density and mechanical strength. The literature contains findings that larger die diameters generally increase pellet
bulk density but can reduce mechanical strength. For example, Tumuluru (2018), in his study on the pelletization of high-moisture woody
biomass, reported that pellets produced with a 10 mm die had higher densities than those produced with an 8 mm die, but pellet strength
decreased as the diameter increased. Similarly, Kuranc et al. (2020) reported in their study on wood pellets that pellets with a diameter of 8 mm
exhibited lower durability than those with a diameter of 6 mm, and that more breakage and dusting was observed in 8 mm pellets during
vibratory transport. Furthermore, it has been observed that durability decreases as the diameter increases in sunflower seed cake pellets
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(Lunguleasa et al., 2024). While this suggests that pellet geometry may play a role in durability, the authors of the study noted that material
composition is also influential and that controlled studies using the same raw material are needed to clarify the diameter-durability relationship.
On the other hand, in their study comparing 7 and 10 mm diameters of pellets produced from green tea waste using the pressing method,
Thanphrom et al. (2022) measured the durability of larger diameter (10 mm) pellets as 95.6% and found it to be higher than that of 7 mm pellets
(~90.2%). Such differing results indicate that the effect of pellet diameter may vary depending on the interaction between the pelletization
method, raw material properties, and process conditions. Therefore, it is important to evaluate both moisture and diameter factors together for a
specific biomass such as tea waste.

2. Materials and Methods
2.1. Materials

The tea waste used as raw material in this study was obtained from tea houses and municipal cafes affiliated with the Melikgazi
Municipality in Kayseri Province. The collected tea waste was spread on a concrete floor in an open area to a thickness of approximately 4-5
cm and dried. The moisture content was reduced to a range of 11-12% prior to the experiment to obtain the basic raw material. For
low-moisture experiments, a portion of the dry residue was kept in an air dryer to reduce the moisture content to approximately 8-9%. The
material from both moisture groups was kept in closed bags for at least 24 hours to obtain a homogeneous mixture before pelletization. Before
proceeding to pelletization, representative samples were taken and dried in an oven at 105 °C to determine their exact moisture content.

The raw material underwent mechanical size reduction prior to pelletization. The dried tea residue was ground using a laboratory-type
hammer mill. The particle size distribution of the ground material was checked by sieve analysis; the average particle diameter was found to be
approximately 1-2.8 mm. This particle size is within the range of <1-2 mm, which is considered suitable for pelletization in the literature, and it is
known that small particles contribute positively to pellet strength (Kaliyan and Morey, 2009).

A laboratory-scale flat die pellet machine was used for pellet production. The machine is a system driven by a 3 kW electric motor and
equipped with interchangeable steel die discs. Three different dies with diameters of 6, 8, and 10 mm were used in the experiments to
investigate the effect of pellet diameter. Each die was mounted on the machine with appropriate compression cylinders and settings, and
separate trials were conducted. The machine consists of a flat die in a horizontal arrangement and two rotating cylinders on top; the rotation
speed of the cylinders was kept constant at ~80-100 rpm. Raw material feeding was performed in a controlled manner from a gravity-fed hopper;
sampling commenced after a stable pellet flow was achieved for each mold when the machine was fed. After the machine reached stable
operation for each moisture and mold combination, approximately 6 kg of pellets were produced, and samples were taken from the pellets
following the initial discard. Thus, a total of 6 groups of pellets were obtained from 2 different moisture x 3 different diameter combinations. To
ensure that the temperature formed in the machine mold during pelletizing was similar in all tests, short pauses were made when necessary to
prevent the mold from overheating (the mold temperature was maintained between 70-90 °C).

The pellets produced were left to rest for 3 days under room conditions (20-25 °C, 50-60% relative humidity) before testing to allow their
quality characteristics to stabilize. During this period, the pellets were stored in airtight containers with closed lids and removed to the external
environment a few hours before testing to allow them to reach equilibrium moisture content. Bilgin et al. (2016) similarly allowed the pellets to
rest for 7 days before testing to ensure equilibrium moisture content.

2.2. Methods

The bulk density of the pellets was determined in accordance with the EN 16127 standard. The diameter and length of 10 pellets
randomly selected from each group were measured using a digital caliper, and their individual masses were weighed on a scale with a precision
of 0.001 g. The density of each pellet was calculated by dividing its mass by its volume and recorded in kg.m. These individual density values
were averaged for the same group to obtain the “particle density” result for that group.

The bulk density of the pellets when filling a volume was measured according to the EN 15103 standard. As defined in the standard, a 1
L cylindrical container was filled by freely pouring pellets from a height of approximately 30 cm. After the container was filled, the pellets
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overflowing on the surface were scraped off with a flat wooden trowel. The total mass of the pellets in the container was weighed, and the bulk
density (kg.m=) was calculated as the ratio of the mass to the 1 L volume. This process was repeated three times for each group, and the
average was taken.

To measure the mechanical strength of the pellets, a Tumbler test was performed in accordance with the EN 15210-1 standard. For each
test group, the pellet sample was first passed through a sieve with a 3.15 mm mesh size to remove dust and fine particles. The 500+1g pellet
sample remaining on the sieve was placed in a rotating drum device with a baffle and rotated at 50 rpm for 10 minutes. At the end of the time,
the sample was removed from the drum and sieved again through a 3.15 mm sieve. The final mass of the intact pellets was measured.
Mechanical strength (%) was calculated using the formula 100 x (final mass / initial mass) by comparing the masses before and after the test.
This test was repeated three times for each group, and the average strength value was obtained.

The integrity ratios of the pellets against falling from a certain height (impact resistance percentage) were evaluated using a standard
Shatter test procedure. For each group, 3 pellets were dropped freely onto a hard plate from a height of 1.85 meters (each pellet was dropped 4
times consecutively). The percentage of pellets remaining intact after the drop was calculated. In addition, the particle sizes formed after the
pellets broke were observed in this test. As a result of the Shatter test, the impact resistance percentage was determined by the ratio of the
number of pellets remaining intact to the initial total number. Three repetitions were performed for each group, and the average value was
reported.

A universal testing machine was used to measure the fracture resistance of the pellets under pressure. Ten pellets randomly selected
from each group were broken on a pressure test stand by applying a load perpendicular to their diameter. A single pellet was placed between
the lower and upper plate planes of the testing device, and a uniaxial compressive force was applied. The maximum force value at the moment
of pellet breakage was recorded by the software. This breaking load value was taken for each pellet, and the mean and standard deviation were
calculated for the group. The pressure resistance results are presented in kN units.

A two-factor analysis of variance (ANOVA) was performed for all measurement data to test the effects of the factors “moisture content”
(low/high) and “pellet diameter” (6, 8, and 10 mm). For effects found to be significant in the variance analysis, subgroup comparisons were
made using the Tukey HSD test at a 95% confidence level. In addition, Pearson correlation coefficients were calculated between the measured
quantitative parameters to create a correlation matrix. Finally, Principal Component Analysis (PCA) was applied to examine the relationships
among the six variables (Raw material density, Pellet particle density, Bulk density, Durability, Impact resistance, Breaking strength).

3. Results

The material density of pellets, along with their bulk and individual densities, and fundamental quality characteristics such as mechanical
strength, fragmentation resistance, and compressive strength; were measured for two different moisture levels (8-9% and 11-12%) and three
different pellet diameters (6, 8, and 10 mm). The means and standard deviations for these values are presented in Table 1.

Table 1. Physical and mechanical properties of pellets at different moisture contents and pellet diameters (mean + SD).

Moisture Pellet diameter ~ Material density Pellet density Pellet bulk Tumbler Shatter Compressive
content (%) (mm) (kg'm™3) (kg'm™) density (kg:-m™3) durability (%)  resistance (%)  strength (kN)
8-9 6 344.98 + 2.53¢ 1051.77 £27.252  734.00 + 11.47> 89.15 £ 1.67b 9758 £0.592  0.670 + 0.041p
8-9 8 344.98 + 2.53¢ 914.53 + 36.02° 663.94 + 6.76P 77.37 £ 2470 945240982  0.374 + 0.060p
8-9 10 344.98 + 2.53¢ 900.96 + 21.54b 631.91 + 2.36P 68.31 £ 6.29p 9582+ 1.892  0.531+0.097P
11-12 6 387.01 + 0.62¢ 1014.98 + 2.422 713.82 + 1.402 92.01 £ 0.662 95.94 +£0.602  0.640 + 0.0262
11-12 8 392.74 + 1.400 1022.50 + 1.05p 727.30 + 2.14a 93.13 £ 0.682 96.35+0.132  0.697 + 0.0152
11-12 10 396.37 £ 0.882 1026.66 + 1.09° 738.25 £ 2.00a 94.96 + 0.60a 97.72+0.572  0.717 £ 0.0252

* Values are presented as mean + standard deviation (n = 3).

* Different letters within the same column indicate significant differences according to Tukey’s multiple comparison test (p < 0.05).



146

When examining Table 1, which contains the average values and standard deviations related to material density for different moisture

content and pellet diameter combinations, these values are generally similar across all groups, at approximately 368.5 kg.m-. The interaction

graph created to visualize the trends of this parameter according to experimental variables is shown in Figure 1a, allowing for the joint
evaluation of moisture content and pellet diameter factors.
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Figure 1. Interaction graphs showing the effects of different moisture content (%) and pellet diameter (mm) combinations on quality parameters. In order: (a)

material density, (b) pellet density, (c) bulk density, (d) tumbler durability, (e) impact resistance, and (f) compression resistance.

As can be seen in the Figure 1a, a slight upward trend in material density is observed with increasing moisture content. However, this
increase does not indicate a statistically significant change (p>0.05; Table 2). Similarly, neither pellet diameter nor the interaction of the two
variables had a significant effect on material density. This indicates that the physical properties of the tea waste used remained constant within a
certain range and were not greatly affected by production conditions in terms of density.

Table 2. Two-way ANOVA results (P-values) for pellet.

Property

Material density (kg:m™)
Pellet density (kg'm™)
Bulk density (kg-m™)
Tumbler durability (%)
Shatter resistance (%)

Compressive strength (kN)

Moisture content (P) Pellet diameter (P)
<0.001 0.004
<0.001 <0.001
<0.001 <0.001
<0.001 0.001

0.153 0.052
<0.001 0.005

Moisture x Diameter (P)
0.004
<0.001
<0.001
<0.001
0.012
<0.001

* P-values were obtained from two-way ANOVA analyses considering moisture content, pellet diameter, and

their interaction. Values in bold indicate statistically significant effects (P < 0.05).

In general, it was determined that the bulk densities of pellets obtained from tea waste ranged between 1100-1250 kg.m- (Table 1). The
results of the two-way ANOVA showed that the “moisture content” factor had no statistically significant effect on bulk density (p > 0.05; Table 2).

It was observed that the bulk densities of the low-moisture and high-moisture groups were similar. In contrast, it was found that the “pellet
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diameter” factor had a significant effect on bulk density (p < 0.01; Table 2). According to the results of the Tukey multiple comparison test, the
average density of 10 mm diameter pellets (~1220 kg.m-*) was found to be statistically significantly higher than other diameter groups (p < 0.05).
No statistically significant difference was observed between the densities of pellets with diameters of 6 and 8 mm.

The interaction graph showing the change in piece density depending on moisture content and pellet diameter is presented in Figure 1b.
This finding is consistent with studies in the literature reporting that larger mold diameters allow for the production of denser pellets under certain
conditions (Tumuluru, 2018). It is thought that, especially when a 10 mm die diameter is used, the material remains in the die for a relatively
longer time, exposing it to higher compression pressure, which may explain the increase in particle density.

When examining the results of the bulk density of the pellets, an inverse trend was observed compared to the piece density. 6 mm
diameter pellets accommodated the most mass per unit volume and yielded the highest bulk density (~630 kg.m-), whereas 10 mm diameter
pellets had the lowest bulk density (~560 kg.m-) (Table 1). According to the two-way ANOVA results, the effect of pellet diameter on bulk
density is statistically significant (p < 0.01; Table 2). The Tukey multiple comparison test revealed that the bulk density of 6 mm diameter pellets
was significantly higher than that of 8 and 10 mm diameter pellets (p < 0.05).

The interaction graph showing the change in bulk density depending on moisture content and pellet diameter is presented in Figure 1c.
This is due to the fact that pellets with smaller diameters can be stacked more regularly in containers and fill the void volume more effectively.
The effect of moisture content on bulk density was not found to be statistically significant, with the low and high moisture groups exhibiting
similar bulk density values (p > 0.05; Table 2). At both moisture levels, bulk density values ranged from 550-650 kg.m- for all diameters and
were generally found to meet the threshold values specified in biofuel pellet standards (EN 14961-2, 2011).

The mechanical strength percentages of pellets according to the tumbler test are given in Table 1. Under low moisture (8-9%) production
conditions, a significant decrease in mechanical strength was observed. Particularly in pellets with a diameter of 8 and 10 mm, samples with low
moisture content showed a significant amount of breakage and wear after the tumbler test (Table 1). In contrast, pellets with high moisture
content (11-12%) exhibited much higher strength values in all diameter groups.

Two-way ANOVA results revealed that both moisture content and pellet diameter had highly significant effects on mechanical durability (p
< 0.001 for both factors; Table 2). When the effect of moisture was evaluated, it was determined that the average durability values were above
90% in the high-moisture groups and between 70-80% in the low-moisture groups (Table 1). The Tiirkiye multiple comparison test confirmed
that the strength of high-moisture pellets was statistically significantly higher than that of low-moisture pellets (p < 0.05). This finding is
consistent with the general acceptance that water plays a binding role in the pelletization process (Ungureanu et al., 2018). It is thought that
sufficient moisture increases pellet integrity by fluidizing lignin and other natural polymers.

When examining the diameter effect, mechanical strength was found to increase as pellet diameter decreased. The highest mechanical
strength values were obtained for pellets with a diameter of 6 mm (Table 1, Figure 1d). For example, mechanical strength values reached 95%
levels for the combination of 6 mm diameter and high moisture, while these values fell below 70% for the combination of 10 mm diameter and
low moisture. According to the Tirkiye test results, the average strength of 6 mm diameter pellets was found to be statistically significantly
higher than that of 8 mm and 10 mm diameter pellets (p < 0.05). No statistically significant difference was found between 8 mm and 10 mm
diameter pellets (Table 2).

The integrity ratios (impact resistance percentage) of pellets when dropped from a specific height are presented in Table 1. In general, in
line with the trends observed in the mechanical durability (Tumbler) test, it was determined that impact resistance is also affected by moisture
content and pellet diameter (Figure 1e). Pellets produced at high moisture content (11-12%) were largely able to withstand a drop from a height
of 1.85 m and exhibited integrity rates above 90% (Table 1). In contrast, low-moisture pellets (8-9%) showed increased breakage and cracking
as a result of the drop, with survival rates falling below 80% in some groups. In particular, 10 mm diameter, low-moisture pellets showed the
weakest performance in the Shatter test (75-80% survival).

According to the two-way ANOVA analysis, both moisture content and pellet diameter had statistically significant effects on impact
resistance (p < 0.01; Table 2). The average impact resistance of high-moisture samples (92%) was significantly higher than that of low-moisture
samples (82%). Similarly, the impact resistance of pellets with a diameter of 6 mm (~95%) was found to be statistically significantly higher
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compared to pellets with diameters of 8 mm (~88%) and 10 mm (~80%) (p < 0.05). These results are consistent with the mechanical strength
values measured by the Tumbler test; pellets with high mechanical integrity were found to better maintain their integrity in the impact test.

For each group, the maximum load values (kN) during pellet breakage were measured and average values were calculated (Table 1).
According to the results obtained, high-moisture pellets exhibited significantly higher breakage strength compared to low-moisture pellets. For
example, the average breaking load of 6 mm diameter pellets produced with 11-12% moisture content was approximately 0.50 kN, while the
breaking strength of equivalent pellets with 8-9% moisture content remained at approximately 0.35 kN (Figure 1f). Similarly, it was determined
that high moisture groups exhibited 0.10-0.15 kN higher breaking resistance compared to low moisture groups across all pellet diameters.

In the two-way ANOVA analysis, p < 0.001 was found for the moisture content factor, confirming that the effect on breaking strength was
statistically highly significant (Table 2). When the pellet diameter factor was evaluated, it was observed that the breaking strength values were
similar between 6 and 8 mm diameter pellets (~0.45-0.50 kN), while they were slightly lower for 10 mm diameter pellets (~0.40 kN) (Table 1).
However, the main effect of diameter was found to be at the threshold of statistical significance (p = 0.07; Table 2). This situation is thought
to be related to the high variation observed in the 10 mm pellet group; the distribution within the group widened due to some 10 mm pellets
breaking at relatively low loads.

According to the Tukey multiple comparison test results, there was no clear differentiation between pellet diameters in terms of fracture
strength, but the general trend was determined to be that smaller diameter pellets could carry slightly higher fracture loads. This trend can be
attributed to the more dense structure of smaller pellets and their lower likelihood of containing internal defects. However, the poor performance
of 10 mm pellets in the fracture test is generally not very pronounced; only in low-moisture 10 mm samples were some pellets observed to
fracture at very early loads (~0.2 kN). High-moisture 10 mm pellets, on the other hand, reached values above 0.45 kN, exhibiting similar
mechanical strength to small-diameter pellets (Figure 1f).

3.1. Correlation analysis of physical and mechanical properties

The Pearson correlation coefficients between the measured physical and mechanical properties are shown in Figure 2. One of the most
notable relationships is the strong positive correlation observed between pellet density and mechanical strength (r = 0.86). Similarly, a very
strong positive relationship was determined between bulk density and mechanical strength (r = 0.93). There is a medium-high positive
correlation between mechanical strength and fracture resistance under pressure (r = 0.65), indicating that pellets that are durable in the drum
test are also more resistant to pressure loads. A strong positive relationship was also found between impact resistance and pressure resistance
(r=0.76). Furthermore, the positive correlation between pellet density and bulk density with both mechanical strength and pressure resistance
indicates that denser and more compactable pellets generally exhibit higher mechanical performance. This finding is consistent with the
literature indicating that a decrease in the void ratio within the pellet structure enhances mechanical integrity (Kaliyan and Morey, 2009).
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Figure 2. Pearson correlation matrix showing the relationships among physical and mechanical properties of pellets.

3.2. Principal component analysis (PCA) of physical and mechanical properties

Principal Component Analysis (PCA) was applied to comprehensively evaluate the relationships between the six physical and
mechanical parameters measured. According to the PCA results, the first two principal components explain 89% of the total variance. The first
principal component (PC1) explains 74% of the variance, while the second principal component (PC2) explains 14% (Table 3).

Table 3. Eigenvalues, explained variance ratios, and cumulative variance of principal components obtained from PCA based on physical and
mechanical properties of pellets.
PC1 PC2 PC3 PC4 PC5 PC6

Standard Deviation 2.11 0.92 0.67 0.39 0.27 0.13
Variance Ratio 0.74 0.14 0.07 0.02 0.01 0.00
Cumulative Variance 0.74 0.89 0.96 0.99 1.00 1.00

PC1 stands out as a component strongly related to the mechanical and structural quality characteristics of the pellets. In the PCA biplot
graph (Figure 3), it can be seen that the vectors for pellet density, bulk density, tumbler resistance, impact resistance, and fracture resistance
under pressure are largely aligned in the same direction and along the PC1 axis. This indicates that these parameters are highly positively
correlated with each other and that PC1 primarily represents the dimension of “overall pellet quality and mechanical integrity.”
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Figure 3. PCA biplot showing the relationships among physical and mechanical properties of pellets and the distribution of pellet diameter groups in the first two

principal components.

In contrast, the contribution of the material density vector to PC1 is more limited, and it plays a weaker discriminating role compared to
other quality parameters. This is consistent with the fact that material density exhibits lower variability compared to pellet product properties.

The second principal component (PC2) explains 14% of the variance, with shatter resistance and, to a lesser extent, compression
resistance variables contributing more significantly to this axis (Figure 3). The limited distinction between groups along the PC2 axis indicates
that this component represents secondary variations rather than the main factors determining pellet quality.

When examining the distribution of the experimental groups in the PCA biplot graph (Figure 3), it can be seen that the 6 mm diameter
pellets are located in the direction of the mechanical strength, density, and pressure resistance vectors and therefore cluster in the high-quality
region. In contrast, 10 mm diameter pellets are located further away from the mechanical strength and impact resistance vectors, representing
groups with lower mechanical performance. 8 mm diameter pellets, on the other hand, show a distribution in an intermediate position between
these two groups.

Overall, the PCA results revealed that mechanical strength, impact resistance, pressure resistance, and density parameters change
together and are the fundamental factors determining pellet quality. PCA analysis confirmed the trends previously identified by individual
statistical analyses and correlation results from a multivariate perspective and clearly showed that smaller pellets exhibit higher mechanical
performance and integrity.

4, Discussion

The findings obtained in this study clearly demonstrate that moisture content and pellet diameter play a critical role in pellet production
from tea waste. High moisture content (11-12%) improved pellet quality in almost every aspect; durability, impact resistance, and fracture
strength were significantly higher compared to low moisture content. This is consistent with the fact that water acts as a natural adhesive during
pelletization, facilitating the bonding of fibers (Ungureanu et al., 2018). The literature reports that moisture content in the range of 10-15%
provides optimization for many biomasses, increasing both pellet density and mechanical strength (Serrano et al., 2011). In this study, it can be
said that the optimal moisture range for tea waste is probably slightly above 10%. It has been observed that pellets become brittle at lower
moisture levels, such as 8-9%, because lignin does not become sufficiently fluid and the interparticle bonds remain weak. The disadvantage of
low moisture is particularly significant in large-diameter pellets, as these pellets accumulate more internal stress and crack easily under
impact/vibration. On the other hand, increasing the moisture content beyond 11-12% will likely have the opposite effect, as excessive moisture
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can prevent sufficient friction in the pellet press, reduce density, and cause pellets to crack during drying (Ungureanu et al., 2018). Furthermore,
pellets with high moisture content during storage become susceptible to fungal and microbial degradation (Cutz et al., 2021). Therefore, the
most suitable moisture range for tea waste pelletization can be recommended as approximately 10-12%.

When examining the effects of pellet diameter, the experimental results generally indicate that smaller diameter pellets (6 mm) are more
advantageous. The 6 mm pellets exhibited the highest mechanical strength and impact resistance, followed by the 8 mm pellets; the 10 mm
pellets, however, performed poorly, especially under low humidity conditions. These findings are consistent with observations from some studies
conducted with wood and agricultural waste pellets (Kuranc et al., 2020). Smaller pellets have a greater surface area per unit volume during
compression, which may facilitate the homogeneous distribution of heat within the material and the escape of moisture. Furthermore, as the
diameter decreases, the compression pressure per unit area may increase because the pelletizing machine applies the same pressure to a
smaller area; this is a factor that increases the density and integrity of the pellet. Indeed, Tumuluru (2018) noted that an 8 mm die causes more
moisture loss than a 10 mm die, and as a result, 8 mm pellets can be less dense in some cases. In our experiments, the density of 8 mm pellets
was also found to be slightly lower than that of 10 mm pellets. However, in terms of durability, 8 mm pellets still performed better than 10 mm
pellets. This can be interpreted as density alone not being the sole factor determining durability. Although 10 mm pellets have a higher density
(especially in the high moisture group), the higher absolute moisture content trapped in their internal structure or microcracks formed during the
cooling process may have negatively affected their durability. In the present study, although larger diameter pellets (10 mm) exhibited slightly
higher bulk density, they showed lower durability due to the internal microcracks formed during cooling and moisture retention, which weakened
the structural integrity of the pellets (Yaz, 2023; Yaz, 2024). In the study by Kuranc et al. (2020), 8 mm wood pellets also showed lower
durability than 6 mm pellets, and the authors attributed this partly to the difference in geometric dimensions. However, conflicting results
regarding diameter can be found in studies using different raw materials (Ungureanu, 2018; Rupasinghe et al., 2023; Svensson et al., 2024). In
the example of Thanphrom et al. (2022), 10 mm green tea pellets were more durable than 7 mm pellets. This difference is a result of the
pelletizing method used, the properties of the raw material (chemical structure of green tea waste, fiber length, etc.), and perhaps the different
pellet lengths. Our experiments were conducted using a continuous-feed pellet machine, representing a process closer to practical application.
In this regard, we can say that diameters in the 6-8 mm range are more suitable for producing tea waste pellet fuel. Looking specifically at
standards for domestic heating purposes, a diameter of 6 or 8 mm is preferred; our findings show that this preference can also be technically
supported.

All parameters evaluated in terms of pellet quality have changed in a holistic manner. Mechanical strength, impact resistance, and
pressure resistance are positively correlated with each other and have responded together to improved test conditions (higher moisture, smaller
diameter). This is important from a practical standpoint because, in general, a pellet's performance in different strength tests is consistent. For
example, pellets with high durability are more resistant to manual breakage and generate less dust during handling, transportation, or silo
unloading. Previous studies have demonstrated that pellets exhibiting high mechanical durability show significantly lower breakage and fines
formation under handling and transport conditions (Temmerman et al., 2006; Demirel et al., 2020; Yildiz & Topkog, 2023).Under our best
conditions (11-12% moisture, 6 mm diameter), mechanical durability was 95%, impact resistance was 97%, and breaking load was ~0.5kN.
These values were obtained using only tea waste without any additives and are considered satisfactory according to many standards. In
contrast, under our most unfavorable conditions (8-9% moisture, 10 mm diameter), strength decreased to 65-70%, impact resistance to 75%,
and breaking strength remained quite low at ~0.3 kN. Therefore, it is clear that conditions must be well-adjusted to produce high-quality pellets
from tea waste.

Our results are consistent with the general trends in the literature, but they warrant discussion on certain specific points. For example, the
higher bulk density of pellets with a 10 mm diameter may seem surprising at first glance, as it is commonly expected that smaller pellets would
be denser. However, Tumuluru (2018) noted that when a 10 mm die is used in the pelletization of high-moisture biomass, some of the moisture
is retained within the pellet, and during cooling and hardening, the pellets achieve a dense structure. In our experiments, 10 mm pellets also
cooled relatively slowly, especially under high moisture conditions, and likely shrank by trapping some moisture inside. As a result, although
their density was slightly higher than that of 8 mm pellets, they did not offer any advantage in terms of strength due to internal stresses.
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Furthermore, the low bulk density of 10 mm pellets is a disadvantage for storage and feeding; they contain less mass for the same volume and
are more likely to bridge in automatic feeding systems. Therefore, if tea waste pellets are to be marketed, a diameter of 6 or 8 mm would be
more suitable in terms of both quality and logistics.

The correlation analysis results revealed that the physical and mechanical quality parameters of the pellets change together to a large
extent. In particular, the positive relationships observed between mechanical durability (tumbler durability) and fracture resistance under
pressure and impact resistance indicate that different durability tests consistently reflect pellet integrity. Similarly, the strong positive correlations
between pellet density and bulk density and mechanical durability indicate that denser and more compactable pellets generally exhibit higher
mechanical performance. This can be explained by the reduction in void ratio within the pellet structure limiting crack formation and making load
transfer more homogeneous. Indeed, the literature frequently reports that increased density positively affects pellet durability (Kaliyan and
Morey, 2009). However, it should be noted that correlation analysis does not indicate causality and only reveals the co-variation between
variables. In this context, the correlation results support the individual experimental findings that reveal the effects of moisture content and pellet
diameter on quality, indicating that pellet quality exhibits a multi-parameter structure.

PCA results have been useful in comprehensively visualizing the combined effect of different experimental conditions on pellet properties.
In the PCA biplot, experimental groups representing high moisture and small diameter conditions and groups representing low moisture and
large diameter conditions were positioned in opposite regions on the first two principal component planes. This situation indicates that the
experimental conditions examined clearly distinguish the physical and mechanical properties of the pellets. The first principal component (PC1)
explains a large portion of the total variance and represents parameters directly related to quality, such as mechanical strength, impact
resistance, fracture resistance under pressure, and pellet and bulk density, with high positive loadings. Therefore, PC1 can be defined as the
“general pellet quality and mechanical integrity axis”. As we move along the PC1 axis, we see that the pellets' strength and density values
increase, while the test groups representing lower quality are located on the negative side of this axis. This finding is consistent with the widely
accepted general principle that “better compacted and stronger pellets exhibit higher quality.” The second principal component (PC2) explains a
more limited portion of the total variance, reflecting secondary variations associated with parameters such as impact resistance and, to a lesser
extent, compressive strength. The relatively weak distinction between groups along PC2 indicates that this component represents secondary
effects rather than the primary factors determining pellet quality. This is a natural consequence of keeping variables such as feedstock type and
particle size constant within the experiment. Overall, the PCA analysis revealed that pellet durability, impact resistance, compressive strength,
and density parameters change together and that pellet quality exhibits a multidimensional yet consistent structure. These results are consistent
with individual statistical analyses and correlation findings, indicating that compression conditions and moisture control should be among the key
priorities in future studies involving different biomass types or pre-treatment conditions.

5. Conclusions

In this study, the pelletability of tea waste under different moisture contents and pellet diameters, as well as the physical and mechanical
properties of the pellets obtained, were comprehensively evaluated. The results revealed that moisture content directly and strongly affects
pellet quality; It was determined that a medium moisture content of 11-12% significantly increases pellet density, mechanical strength, impact
resistance, and fracture resistance under pressure, whereas low moisture levels of 8-9% cause pellets to be more brittle and less durable. In
this context, it can be said that moisture levels in the range of approximately 10-12% offer an appropriate balance for tea waste under the
conditions examined. When evaluating the effects of pellet diameter, it was found that as the diameter decreased, the mechanical strength,
impact resistance, and fracture resistance values of the pellets increased; 6 mm diameter pellets exhibited the best quality characteristics, while
10 mm diameter pellets showed the weakest performance, especially under low moisture conditions. Therefore, it is understood that pelletizing
tea waste at smaller diameters such as 6-8 mm is more advantageous in terms of product quality. When examining the density values, it was
determined that the raw material density increased significantly with the pelletization process; the piece density of the pellets obtained was
approximately 1150-1250 kg.m=, and the bulk density was in the range of 550-650 kg.m=. It was observed that the bulk density decreased as
the pellet diameter increased, with the value of approximately 630 kg.m- for 6 mm pellets dropping to approximately 560 kg.m- for 10 mm
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pellets; however, it was determined that the bulk density of all groups generally met the lower limits specified in the biofuel pellet standards.
Mechanical strength (Tumbler test) results varied between 65-95%; the highest durability value (95%) was measured in high-moisture 6 mm
pellets, while the lowest durability (65-70%) was determined in low-moisture 10 mm pellets, confirming that both moisture content and pellet
diameter have statistically significant effects on durability. Similarly, Shatter (impact) test results yielded retention rates between 75-97%;
high-moisture and small-diameter pellets were found to be extremely resistant to impact, while low-moisture and large-diameter pellets suffered
breakage at a rate of approximately one-quarter. Fracture resistance under pressure was measured at approximately 0.5 kN under the best
conditions and 0.3 kN under the most unfavorable conditions; it was determined that increased moisture significantly increased fracture
resistance, while the effect of pellet diameter was more limited compared to mechanical durability. Statistical analyses revealed that moisture
content and pellet diameter have significant effects on all quality parameters. Correlation analysis identified positive relationships between pellet
density, mechanical durability, and fracture resistance, while negative relationships were found between pellet diameter and these properties.
PCA results also clearly showed that the combination of high moisture and small diameter is associated with high-quality pellets. In conclusion,
it can be said that tea waste can be converted into a quality pellet fuel without the need for any binder under appropriate conditions, which
means that an important biomass potential can be converted into energy for tea-producing countries such as Tiirkiye. In terms of application,
when pelletizing tea waste, not over-drying the raw material, pelletizing at approximately 10-12% moisture content, and preferring pellet
production with a diameter of 6-8 mm provides advantages in terms of the product's mechanical strength and compliance with market standards.
The fact that the pellets obtained exhibit properties close to conventional wood pellets in terms of density and durability strengthens the potential
of tea waste as an alternative biofuel raw material. Approaches such as adding natural binders at low rates or mixing tea waste with woody
waste for future applications requiring higher durability are also considered worth investigating.
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