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Abstract

:

Vibrations occurring during road transport can vary in a wide spectrum and they can lead to losses in quality of transported materials. However, the vibrations are definitely different than the loads experienced by pellet samples in the tester used for durability tests according to the standard ISO 17831-1. The aim of the study was to evaluate the durability of wood biomass pellets available for sale in large-area stores, in terms of loads occurring in transport. The durability of the pellets was tested by subjecting them to vertical and horizontal vibrations similar to those occurring during local transport of this type of fuel for the needs of households. Durability tests were also carried out in accordance with ISO 17831-1. The results were analyzed statistically. Among other, it was found that the vibration time impact on the tested pellet durability was significantly lower in case of horizontal vibrations than in vertical. Moreover, pellets with a diameter of 8 mm showed lower durability than pellets with a diameter of 6 mm. Durability tests carried out in accordance with ISO 17831-1 showed lower pellet strength results compared to the test methods based on lateral and vertical vibrations.
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1. Introduction


When analyzing the issue of pellet durability, this concept should also be defined. Durability is a quality feature that belongs to the mechanical parameters of solid fuels. It is also the main physical quality parameter considered by industry [1]. It can be defined as the resistance of the fuel to shocks or abrasion generated during the processes related to distribution and transport. According to the definition given by [2] mechanical durability means the ability of pellets to withstand destructive loads and forces during transportation, storage and handling.



Low pellet durability is not desirable, because, as it was mentioned earlier—if the pellet crumbles easily, may cause problems of dirt in the stove, cause disturbances within automatic pellet feeding systems; it may be also problems of reduced combustion efficiency and increased emissions [1,3,4]. It can also cause an increased risk of fire explosion during pellet handling and storage [2,4,5,6].



Mechanical durability is also an important element of issuing the ENplus and DINplus certificates, which guarantees supervision over the quality of the offered product, the conditions of the pellet production process, which is also a guarantee of meeting customer requirements, elimination of logistic problems and explosion hazards, providing fuel in accordance with the characteristics of production equipment, a reliable basis for settlements with suppliers, constant control of fuel parameters or an objective tool in the event of quality disputes and customer satisfaction [7,8,9].



The most frequently used standard in Europe for determining the mechanical durability of granules is ISO 17831-1, which replaced EN 15210-1 in 2016 [7,10,11,12,13,14,15]. Durability measurements can be performed in devices of a similar design, in which the pellet sample is subjected to multi-axis mechanical impacts. These impacts are caused by the rotation of the tester’s working chamber for a specified time with a specified rotational speed. Then the test sample is separated on the sieve. This is how, for example, a tester designed in accordance with ISO 17831-1, which working element is a cup ISO 1000+, functions. The durability test is performed by placing a sample of pellets or granules in a steel container, which is rotated at 50 rpm for 10 min. The obtained product is then separated on a sieve with round holes with a diameter of 3.15 mm and the durability is calculated as the percentage of the fraction larger than 3.15 mm [16,17].



The pellet sample separation process after testing is also standardized. In testing the potential benefits of dry grinding in a knife mill for different types of biomass, samples can be manually separated on a 3.15 mm sieve according to ISO 3310-2: 2013 (which the standard superseded EN 15149-2:2010). The lowest pellets durability limits are 97.5% for wood biomass (A1/A2 class) according to ISO 17225-2: 2014 [18,19].



Durability can also be determined by other methods that use different sizes of samples, containers, rotational speeds, loading times, or sieves for the separation of crushing [20,21,22]. The methods are usually selected according to specific needs and, as can be expected, they also give varying results. The method used has an influence on the variability of the results, but of course they also depend on the tested biofuel [23,24]. Therefore, in the case of research on the transport of biofuels, an adequate method to the transport conditions should be used.



The Meaning of Pellets Quality and Chosen Transportation Conditions


The use of biomass for energy production has become more and more popular in recent years due to the fact that it is renewable (which generates independence from fossil fuels), relatively cheap (low heating costs), quite easily available and, above all, more environmentally friendly. It can occur in many different forms, suitable for energy conversion after subjecting the biomass to pretreatment processes like pelleting; however, the most common are wood, starch, agricultural residues, energy crops, and solid industrial and municipal waste—thus, the term “biomass” means a variety of plant materials, their residues, and waste [25,26]. Due to its heterogeneous nature and low energy density, there is a need to compress the biomass into pellets [27,28]. The majority of wood pellets are produced by milling wood chips, bark, planer shavings, or sawdust into a fine powder, which after drying is compressed into pellets of 6- or 8-mm diameter [29]. Pelletizing condenses the raw materials into compact cylindrical shape pieces, which have typically low moisture content and a high calorific value [30]. Thus, the biomass granulation technique allows to improve the properties of biomass in the form of regular-shaped granules, i.e., higher density, durability, and strength, as well as better combustion properties and, consequently, to improve the energy potential—and these factors allow to determine the appropriate quality of biomass pellets [26]. It should be added that the regular size of pellets also allows them to be automatically fed to the boiler, and their compact shape and size are an unquestionable advantage in their storage and transport.



Wood pellet is a popular form of biofuel, used primarily as a fuel in domestic heating boiler systems, as well as for electricity generation, because it has almost neutral CO2 emissions, high energy content and is economical in transport, even internationally [30]. It is also widely used—it can be utilized as an energy source for household, municipal and industrial use. It should be added that the demand for heating with wood pellets in recent years throughout Europe has shown a growing tendency, due to the increased government support for renewable energy combined with high prices of fossil fuels and the growing environmental awareness of contemporary consumers and their concern for the environment [31,32]. There is a need for cleaner, sustainable, and renewable energy sources that can be produced locally, as exemplified by the type of biomass being analyzed.



Wood pellets have great potential, but may be of different quality. A significant impact on the quality characteristics of the pellet has the raw material from which it was made. Currently, fuel pellets are produced mainly from the remains (sawdust and chips) of coniferous wood specifies, mainly from pine and spruce having an increased content of lignin [33]. Water content in the raw material, particle size during pre-processing, and granulation conditions, including the use of binders, raw material mixtures, temperatures or pressures have a significant impact on the quality of the pellet. The relevant specifications define the limits of the proportion of particles allowed in the granules (usually smaller than 3.15 mm), which refer to the durability of the pellets [5,21,34].



It should be mentioned, that entire industrial production of wood pellets involves many logistic operations that occur since the pellet is produced in the factory to the moment when it is ready for combustion in the boiler or stove in the final destination. Therefore, storage, transport, and handling of pellets are very important, both economically as well as in the final product quality [1,8,10,11,35,36]. Inadequate storage and transport conditions may reduce the calorific value and other quality characteristics of wood pellets, such as mechanical strength, the amount of crumbling, or ash content, which are the key determinants of choosing the right type of fuel. Therefore, it is important to level or minimize all identified factors influencing the change in durability, strength and quality of pellets [30,32].



For example, it is assumed that each 100 km of pellet transport causes about 0.1% of the weight of the loss (screening, crumbling) due to abrasion and vibrations. As a consequence, it has an adverse effect on the quality of the pellets and the automation of the combustion process [37].



Pellets can be distributed in different ways—in bulk form by truck, rail, or ship or bagged in smaller quantities; they are transported from the production location to an intermediary location, and then—to their final destination [38,39,40]. Locally, road and rail transport are most often used. Trucks are commonly used for transportation distances less than 100 km, because, as Qian and McDow proved in their research, from an economic point of view, the transport of pellets by truck may become unprofitable when the distance is exceeded from 60 to 100 km [41].



In the distribution addressed to individual recipients, the most frequently chosen form of pellet packaging are bags with a weight in the range of 10–25 kg and road transport is used. The factors having a significant impact on the course of transport include, among others, road surface condition, road traffic volume and the dynamics of speed changes [42]. The aforementioned factors determine the formation of vibrations, the dynamics of which may adversely affect the transported goods, because the accelerations acting on the loads transported by vehicles may reach values close to 0.5 g.



A confirmation of this statement may constitute results of another initial research conducted by the authors of this work with use of an accelerometer installed in the trunk of the passenger car. Figure 1 shows vertical, lateral, and longitudinal acceleration courses of the cargo space of a passenger car, which is often used to transport several packages (bags) of pellets. The above-mentioned picture also show the speed and distance covered by the vehicle. In this case, the journey took place in the conditions of city traffic, taking into account short stops of the vehicle. Despite the fact that the asphalt road surface condition was generally good, there were vertical and lateral accelerations reaching 0.3–0.4 g. That confirms the presence of significant loads which can lead to losses in quality of transported materials.



Of course vibrations occurring during road transport can vary in a very wide spectrum [42,43,44]. The complexity of vibrations of a truck trailer load platform was investigated by Bernard et al., who also shown that not only vertical shakers were required to reproduce vibrations suffered by stacked boxes placed on the trailer platform [43]. That demonstrated the necessity of multi-axis testing with the use of nonvertical random excitations by means of a multi-axis shaker table. Such a method would certainly be more adequate, but it is difficult to access and it is dedicated to testing packaging rather than the durability of the granulate itself. Nevertheless, the cited studies prove the complexity of vibrations occurring in transport and show their differences in relation to the durability test according to the ISO 17831-1 standard where tested pellet is being pouring over inside of a steel rotating container.



The authors tried to meet better conditions for the tests and used methods usually being used in food and feeds testing, which were not widely engaged in pellet investigations but can simulate vertical and lateral transportation loads.



In connection with the above considerations, the aim of the study was to evaluate the durability of selected, commercially available types of pellets made of wood biomass subjected to vertical and horizontal vibrations and then compare the results to obtained with the use of ISO 17831-1 standard procedure.





2. Materials and Methods


2.1. Characteristics of the Research Material


The research material was pellets packed in bags originated from 5 different producers. Each pellet was formed from wood biomass and without additional adhesives had been produced from coniferous trees according to EN ISO 17225-2: 2014-07. For the purposes of this study, the pellets were marked with letters (A, B, C, D, E).



According to the data provided by the producers, all types of pellets had a calorific value of 18.5 MJ·kg−1, maximum moisture content not exceeding 7.5% and ash content below 0.5%. Unfortunately, the exact composition of the pellets could not be established as producers were not willing to disclose such detailed information. On the other hand, it was easy to say that the products obtained for the tests differed in their nominal diameter (6 or 8 mm) and color, which can be seen in the picture (Figure 2) presenting photos of the tested pellets.



Table 1 presents the parameters marked by the producers, which characterize the pellets selected for the tests, such as pellet diameter, moisture content, ash content, calorific value, and the method of packaging. The tested pellets were packed in 15 kg or 25 kg bags. All the parameters were in accordance with the EN 17225: 2014 standard.




2.2. Research Methods


The evaluated pellets had been acquired from local large-area stores. For the purposes of the research, ten packages (bags) of a given type of pellet were purchased. The bags were collected from stacks placed on pallets, selecting packages arranged at different heights of the stack. The purchased material was loaded into the cargo space of a delivery truck and transported to the university’s laboratory rooms, taking care that the activities related to its loading and transport were carried out as delicately as possible. In the laboratory, the pellets were stored in closed packages for several hours at 20 °C. The temperature of 20 °C was selected because that is the average temperature in most rooms where pellets are stored in households.



In order to evaluate the material before further tests and to verify the information provided by pellet producers, measuring points for its main dimensions and moisture tests were performed. Basic measurements of pellet dimensions according to ISO 17829: 2016-02. The pellet moisture content was determined by the drying method at 105 °C, in accordance with ISO 18134-1: 2015-11 (E).




2.3. Mechanical Durability Investigations


The tests of mechanical durability of pellets were carried out using the methods of forced vertical and horizontal oscillations with the use of general purpose laboratory sieve shakers, which are used in research of food products and animal feeds and have not been used in pellet research so far. Additionally, a standardized method dedicated to pellets was also used. The tests were carried out at a room temperature of 20 °C and a laboratory humidity of 40–50%.



For the purpose of the durability tests, samples weighing about 500 g were taken for each of the 10 purchased packages of each type of pellet. The prepared samples were weighed with a laboratory balance at an accuracy of 0.01 g. Then, each sample was subjected to vertical vibrations using a laboratory sieve shaker Retsch AS 200 and a sieve with a hole diameter of 3.15 mm.



The next phase of research was subjecting the samples to horizontal oscillations, set with the use of the SZ-1 laboratory sifter. The method of screening on a sieve with holes of diameter of 3.15 mm was used to assess the damage of pellets. The times of application vertical and horizontal vibrations were 15 min, 30 min, 60 min, and 90 min, which was adopted due to the diversity of transport conditions and the distance at which it could take place.



On the basis of ten repetitions of vertical and horizontal vibration tests, the durability of the pellets was determined for given products. The obtained results were analyzed statistically.



Additionally, for reference purposes, mechanical durability tests were carried out in accordance to EN ISO 17831-1: 2016-02 standard. For the tests, 10 samples of each type of the pellets were prepared. The samples, approximately 500 g each, were successively placed in the rotary tester TG-01 and the durability was determined by sieving the material on a sieve of holes diameter of 3.15 mm.




2.4. Statistical Analysis Methods


To evaluate the differences in the physical properties of the tested pellets, a statistical analysis was performed using the multi-factor ANOVA test. The analyzed dependent variables were the pellet producer and the vibration duration. The analysis also took into account the possibility of interactions between the above-mentioned factors. Statistical analyzes were performed in Dell Statistica version 13.1.





3. Results and Discussion


3.1. Moisture Content in Tested Pellets


The results of measurements of the humidity of the pellets obtained from various producers ranged from 6.8% to 8.92% (Figure 3), which proves that the requirements of the standards were met. According to DIN 51731, the pellet moisture level should be less than 12%, according to ÖNORM M 7135 it should be around 10%, and according to EN ISO 17225-2: 2014-07 it should be no more than 10%.



The results of the comparative analysis (Figure 3) show the discrepancy in the moisture content between the measured values and the values declared by the pellet producers and presented on the packages. The declared values are 6.5% for A and B pellets and 7.5% for C, D, and E pellets. The smallest relative difference of the measured value in relation to the declared value was found for A pellets (4.6%), and the highest for E pellets (18.9%). For B, C, and D pellets it was 16.0%, 10.0%, and 14.1%, respectively. It is likely that after the production process the moisture content in the pellets was closer to the declared values. However, it is also possible that the initial stages of storage and distribution, especially in the stores, had already a significant influence on the moisture content of the product and these issues should be considered, too [36,45,46].



However, due to the fact that the measured values of humidity were in accordance with the EN ISO 17225-2: 2014-07 standard, it was assumed that the material was suitable for further durability tests.




3.2. Results of Vertical Vibration Tests


The results of durability tests taking into account vertical vibrations were presented graphically in Figure 4 and Figure 5. The bars show the average values together with the whiskers showing the ranges of the maximum and minimum values.



The research results on the durability of pellets subjected to vertical vibrations indicated that wood pellets were diverse in this respect. The D pellets showed the highest durability and the lowest level of crumbs, regardless to the test duration. The resistance to vertical vibrations ranged from 99.20% to 97.79% for the shortest (15 min) and the longest test duration (90 min), respectively. The E pellet was ranked the lowest, reaching 97.03% after 15 min and 92.76% after 90 min of the test. With regard to the tests duration, similar observations were made by Abdulmumini at al., who tested durability using three methods, each of which showed the dependence of the durability results on time [24].



Based on the statistical analysis performed in Dell Statistica version 13.1, it can be concluded that the tested pellets A, B, C, D, and E differed significantly in durability (p < 0.001). Moreover, significant differences in durability were found after different vibration exposure times (p < 0.001), with the pellet weight loss caused by vertical vibrations ranging from 1% to 3% after 30 min, increasing to the level of 2% to 7% after 90 min. The results of the ANOVA test in the case of the analysis of the influence of vertical vibrations on individual types of tested pellets were presented in Table 2.



Figure 5 shows the results obtained for the measured durability as a function of time, which allows to observe trends of changes in time for the tested pellets. Two groups of pellets can be clearly seen. The first group consists of B and E (diameter 8 mm), and the second group includes A, C, and D (diameter 6 mm) pellets. The first group is characterized by a greater mass of defected crumbs as a result of vertical vibrations, which is nearly 3.5 times greater than in the second group.



Based on the analysis set on the multiple comparison test, it was found that there was also a significant statistical difference between the C and D pellets (p = 0.029). It is also worth noting that in the first group, the durability of the pellets decreased faster with the duration of the vibrations. This was confirmed by the ANOVA test, and the interaction between the pellet producer and the exposure time to vertical vibrations was statistically significant (p < 0.001). Interactions between the remaining factors were insignificant.



The observed differentiation in the indicated groups was probably related to the pellets’ diameters, because pellets A, C, and D were pellets with a diameter of 6 mm, while B and E were pellets with a diameter of 8 mm. The raw materials of the pellets were similar (coniferous trees), but the manufacturers did not provide any detailed data according pellets’ composition and used additives, so it was difficult to confirm that relation.



Interesting research on the impact of pellet sizes on the results of standard durability tests was carried out by Gilvari et al. showing, above all, a significant influence of the length of pellets [46].



The authors of this manuscript did not measure the pellet length distribution in the samples, however, they noted that all pellets tested were comparable in terms of length. Pellets A, C, and D were up to 20 mm long, but their average length was about fifteen millimetres. Despite the larger diameter, B and E pellets were also mostly about fifteen millimetres long. Therefore, it was assumed that slight discrepancies in this respect should not significantly affect the durability results.




3.3. Results of Lateral Vibration Tests


The results of the durability tests taking into account horizontal oscillations were presented in the form of bars in the Figure 6 and Figure 7. The results show similar trends that were observed for vertical vibrations.



Pellet D showed the highest durability in horizontal oscillation tests. Regardless of the test duration, the results obtained for this pellet were the highest among all the tested. The resistance to horizontal vibrations ranged from 99.75% to 99.27% for the shortest (15 min) and longest test duration (90 min), respectively. Pellet B turned out to be the least durable, reaching 98.54% after 15 min and 96.45% after 90 min of the test. The results for the E pellet were very similar.



Based on the statistical analysis, it can be concluded that the tested pellets A, B, C, D, and E differed significantly in durability (p < 0.001). As in the case of the action of vertical vibrations in the case of horizontal oscillations significant differences in durability were found after different vibration action times (p < 0.001). The pellet weight loss caused by horizontal vibrations fluctuated for pellets of extreme quality within the range of 0.5% and 1.5% after 30 min, increasing to the value of 0.7% and 7% after 90 min, respectively for D and B. The results of the ANOVA test in the case of the analysis of the influence of vertical vibrations on individual types of tested pellets are presented in Table 3.



Figure 7 shows the changes in durability of pellets with the elapsing time of horizontal vibrations. The same two groups can be distinguished as in the case of vertical vibrations. The first are pellets marked with letters B and E, and the second are pellets marked with A, C, and D. Pellets B and E are pellets with a diameter of 8 mm, while A, C, and D are pellets with a diameter of 6 mm.



The first group is characterized by a greater level of crumbs which is about 3.5 times greater than in the second group. Based on the analysis with the multiple comparison test, it was found that there is also a significant statistical difference between the C and D pellets (p = 0.029). In the first group, a higher rate of pellet durability changes was also observed, and was confirmed by the ANOVA test and showed that the interaction between the type of pellet and the duration of the horizontal vibrations is statistically significant (p < 0.001). At the same time, in all cases of pellets, the speed of changes in durability decreases with the duration of the vibration. The presented diagram (Figure 7) shows the changing slope of the curves for given pellets.



Analyzing the results of the research on the impact of vibrations on the pellet quality features, it can be concluded that greater changes in pellet durability occurred during vertical vibrations than as a result of horizontal vibrations. Due to the fact that these methods were not multiaxial tests, as recommended by Bernad [43], their results may not be fully representative for the actual transport loads. However, it can be assumed that they may better match the road loads of pellets than the methodology adopted in the standard.



The study showed that the D pellets showed the greatest durability, both in terms of vertical and horizontal vibrations. The results for A and C pellets were slightly worse. A common feature of these pellets is the diameter of 6 mm. Pellets with the lowest durability are pellets B and E with a diameter of 8 mm, which indicates a potential relationship between the geometric dimensions and the durability of the pellets; however, an unequivocal statement of this relationship would require other tests based on the same pellet material. According to other researchers [46,47,48,49] the durability of biomass pellets depends on various factors, such as the biomass origin (composition), additives, the pre-treatment process, and densification process specifications as well as the length.



In the studies described in this article, the authors did not have detailed information on the composition of the tested granulate. However, the raw material base defined as coniferous wood, and the very similar parameters of pellets declared by the producers (Table 1), allow to assume that the uncertainty of the obtained durability results related to the material composition is not significant. Additionally, it can be noticed that the obtained results served the general evaluation of products available on the market and durability test methods for which they constitute a reference point regardless of their composition.




3.4. Durability Test according to EN ISO 17831


To compare the effectiveness of tests based on vertical vibrations and horizontal oscillations, durability tests were also carried out in accordance to the standard dedicated to pellet tests. The results are presented in Figure 8 as means with the distribution of the maximum and minimum values.



The results of the pellet mechanical durability tests (Figure 8) showed that the lowest durability was found for pellets B and E, and the highest for pellets D, as was the case with vertical and horizontal vibrations. The results for the C pellet were slightly different than in the previous tests, which showed relatively lower durability than in the case of vertical and horizontal oscillations. It should be noted that the test in accordance with the EN ISO 17831 standard, despite the fact that it lasted shorter than each of the previously described vibration tests, showed much lower values of the results for individual pellets. This may indicate more destructive nature of the loads applied in the standard procedure.





4. Conclusions


Wood biomass pellets have a very large potential when it comes to combustion in central heating boilers. However, wood biomass pellets sold in chains of large-format stores are characterized by various physical parameters affecting its durability and usability as well as the effectiveness of its use.



Storage and transport conditions may have a significant impact on the quality characteristics of pellets. It was found that the duration of the vibrations, and thus of the transport, significantly influenced the quality characteristics of the pellets.



An attempt to recreate the transport conditions showed that the percentage value of the weight loss of pellets as a result of vertical vibrations for all tested pellets in relation to the loss after 30 min doubled after an additional 60 min, which indicates the need to shorten the routes and thus the duration of transport.



The conducted research also showed that vertical vibrations (AS-200) had a greater impact on the quality of pellets than horizontal vibrations (SZ-1), which was related to the greater mass of the loss observed in the form of crushing.



Durability tests carried out in accordance with the EN ISO 17831 standard dedicated to pellets turned out to be more destructive than vibration tests, which resulted in lower durability values. This can be considered as a confirmation of the effectiveness of the standardized method commonly adopted for pellet testing. However, Gilvari et al. in their work [46] recommended the ISO standard modification according to the pellet length distribution which can also strongly influence the tests results.



It was also observed that the pellets with a larger diameter (8 mm) were characterized by lower durability and greater mass of crushing during the attempts to recreate the transport conditions than the tested pellets with a diameter of 6 mm. However, no unequivocal relationship between the size of the pellet and its strength could be demonstrated, as the exact composition of the tested products was not known.



However, it can be expected that also other types of pellets, apart from the tested in this study, will show a similar weight loss as a function of time, and thus the transport distance. However, it cannot be concluded that the smaller diameter of pellets clearly determines their greater durability. For this purpose, more types of pellets should be tested in relation to the size of the diameter and length.



The obtained test results cannot be generalized to other types and means of pellet transport as the type of transport packaging may have a significant impact on the quality of transported material. It should be assumed that the location of the pellets in the bigbag—the top or the bottom layer—will be important for the pellet damage during transport. However, this kind of research will be done in the future. Moreover, in the described case, only local transport with the use of passenger cars was analyzed and vibration methods were selected for this type of transport. It can be assumed that this type of transport will be realized over short distances. For individual consumers, longer distances and transport times would be uneconomical. At the same time, longer distances mean longer transport time and greater crushing losses, which is observed in the presented research results.



Hence, the research described in this paper can be described as preliminary tests for future studies of other types of transport or the impact of packaging on the quality of the transported pellets, as well as the impact of pellet length on its mechanical durability.
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Figure 1. Graph of vibrations (accelerations) of the vehicle loading space on a selected section of the route covered in 5 min in urban conditions in Lublin (own study). 
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Figure 2. Tested pellet samples originated from 5 different producers: (A–E) (own study). 
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Figure 3. Comparison of the average moisture content in the samples and values declared by the producers printed on the packaging. 
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Figure 4. Results of durability of tested pellets in vertical vibration tests for different duration timing (own study). 
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Figure 5. Influence of vibration timing on durability of tested pellets in vertical vibration tests (own study). 
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Figure 6. Results of durability of tested pellets in lateral vibration tests for different duration timing (own study). 
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Figure 7. Influence of timing on durability of tested pellets in lateral vibration tests (own study). 
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Figure 8. Durability tests results for tested pellets according to EN ISO 17831 (own study). 
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Table 1. Parameters of pellets given by their manufacturers.
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	Manufacturer
	Diameter
	Humidity
	Ash Content
	Calorific Value
	Package Mass





	
	(mm)
	(%)
	(%)
	(MJ·kg−1)
	(kg)



	Pellet A
	6
	6.5
	˂0.4
	18.5
	15



	Pellet B
	8
	6.5
	˂0.5
	18.5
	25



	Pellet C
	6
	7.5
	˂0.5
	18.5
	15



	Pellet D
	6
	7.5
	˂0.4
	18.5
	15



	Pellet E
	8
	7.5
	˂0.5
	18.5
	25
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Table 2. ANOVA test results for the mass of crumbs due to vertical vibrations.
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	SS
	df
	MS
	F
	p





	Intercept
	1924.619
	1
	1924.619
	5069.857
	<0.001 *



	Manufacturer
	594.077
	4
	148.519
	391.231
	<0.001 *



	Time
	186.113
	3
	62.038
	4183.885
	<0.001 *



	Time*Manufacturer
	48.139
	12
	4.012
	270.544
	<0.001 *







* Statistically significant differences at the level of α = 0.05.
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Table 3. ANOVA test results for the mass of crumbs due to lateral vibrations.
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	SS
	df
	MS
	F
	p





	Intercept
	387.1327
	1
	387.1327
	2079.784
	<0.001 *



	Manufacturer
	157.4438
	4
	39.3610
	211.458
	<0.001 *



	Time
	45.8229
	3
	15.2743
	1211.122
	<0.001 *



	Time*Manufacturer
	18.2944
	12
	1.5245
	120.883
	<0.001 *







* statistically significant differences at the level of α = 0.05.
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