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The compacting force in the biomass pelletizing process has remarkable 
effects on energy consumption, equipment life, and pellet quality. This 
paper presents an experimental study on the mechanical behavior for the 
pelletizing process of rice straw, wheat straw, and wood shavings, under 
different levels of technological parameters, including moisture content, 
compacting velocity, and particle size. Effects of these parameters on the 
constant coefficients in the three equations were analyzed. The 
relationship between the coefficients and the pelletizing process was 
considered. Results showed that Peiyun Huang equation was more 
suitable for the whole compacting process compared with the other two 
equations, which meant it was feasible to estimate the required input of 
the pelletizing system by measuring the product density based on the 
Peiyun Huang equation. No specific relationships between the coefficients 
and pellet quality and energy consumption were observed. It is infeasible 
to predict the pellet quality and energy consumption only by the 
mechanical properties of the biomass in densification process. 
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INTRODUCTION 
 

 As a renewable resource, biomass pellets play an important role in energy security 

and in efforts to reduce greenhouse gas (GHG) emissions (Sikkema et al. 2021). The pellets 

are made from forest or agricultural residues by a pelletizing process, and they are easily 

handled because of their regular shape and higher density compared with the raw materials 

(Cui et al. 2021). Major technological challenges in the biomass pelletizing process are to 

maintain a stable pelletizing process with low energy consumption and production of high 

value-added pellets (Holm et al. 2006). Plenty of studies have been conducted on how to 

reduce energy consumption and improve pellet quality. 

 Most studies have focused on the influence of technological parameters on the 

pelletizing process. It was found that the parameters, such as temperature (Cui et al. 2021; 

Wilczyński et al. 2021), moisture content (Zhang et al. 2019; Lavergne et al. 2021), particle 

size (Guo et al. 2016; Chen et al. 2021), die dimensions (Xia et al. 2016; Dao et al. 2022), 

and compacting velocity (Wang et al. 2020a), etc., had noticeable effects on the pellet 

density, mechanical durability, and energy consumption. The optimal ranges of these 

parameters varied from each other for different materials. Therefore, similar experiments 

and optimization processes had to be conducted for new biomass materials. However, the 

material types changed frequently due to an increasing attention on the pretreatment of raw 
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materials such as torrefaction (Sarker et al. 2022) and additive addition (Akbar et al. 2021; 

García et al. 2021). Thus, researchers have begun to look for a more widely applicable 

model for the biomass pelletizing process. A potential solution is to investigate the 

mechanical properties in the pelletizing process. 

 Holm et al. (2006, 2007) analyzed the compacting force in a single pellet channel 

based on an elastic theory and verified it with a single pellet unit. Results showed that the 

compacting force was affected by the friction coefficient, size of the pellet channel, and 

pre-stress pressure. Mani et al. (2004) applied three compaction equations to the 

densification process of four biomass materials. Results showed that the Heckel equation 

did not fit the data well. The dominant compaction mechanisms were rearrangement of 

particles, elastic deformation, and plastic deformation. Kaliyan and Morey (2009) 

developed a constitutive model to predict the compression behaviors of corn stover and 

switchgrass grinds; the pellet strength and durability were affected by the elastic modulus 

and viscous coefficient. Chevanan et al. (2010) investigated the compaction behavior of 

switchgrass, wheat straw, and corn stover. Results showed that the compaction behavior 

had remarkable effects on the bulk density. Granado et al. (2021) observed that the density 

and resistance of cassava waste briquettes increased with the compacting pressure. Meng 

et al. (2021) investigated the effects of ultrasonic vibration on biochar pelletizing process. 

They found that the periodic compacting force changed the chemical structures, 

compositions, and surface structure of biochar pellets, and had remarkable effects on the 

yield. Caicedo-Zuñiga et al. (2021) developed a visco-elastic-plastic model for the 

compression process of sugarcane agricultural residues. This model worked well with the 

production of bales under a relatively high moisture content (over 27%) and a large particle 

size (over 80 mm) to predict the required energy and final relax density. 

 Based on the discussion above, the compacting force has direct influences on the 

quality of biomass pellets. Studies on the mechanical behavior in biomass pelletizing 

process may help to develop a model with wider applicability, which is of great value to 

fundamentally explain the densification mechanism. An effective method to investigate 

mechanical behavior is to develop compression equations, which have been widely used in 

the field of powder metallurgy. The Kawakita equation (Kawakita and Lüdde 1971), 

Heckel equation (Heckel 1961), and Peiyun Huang equation (Dong et al. 2020) are 

representative compression equations, which are expressed as Eq. 1, Eq. 2, and Eq. 3, 

respectively. However, it has not been studied whether these equations are suitable for 

biomass pellets production. The Kawakita equation is as follows, 

1

𝐶
=

𝑉0

𝑉0−𝑉
=

1

𝑎𝑏

1

𝑃
+

1

𝑎
        (1) 

where C is the rate of change in volume, V0 is the initial apparent volume (m3), V is the 

volume (m3) of powders under applied pressure, P is compacting pressure (MPa), and a 

and b are constants.  

 The Heckel equation is as follows, 

ln (
1

1−𝐷
) = 𝐾𝑃 + 𝐴        (2) 

where D is the relative density of the pellets (kg/m3), P is compacting pressure (MPa), and 

K and A are constants for a specific compacting system.  

 The Peiyun Huang equation is as follows, 

log 𝑃 = 𝑚 log ln [
(𝜌m−𝜌0)𝜌

(𝜌m−𝜌)𝜌0
] + log𝑀      (3) 
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where P is compacting pressure (MPa), ρ0 is the initial apparent density (kg/m3), ρm is the 

theoretical density (kg/m3), ρ is the pellet density (kg/m3), and m and M are constants for a 

specific compacting system. 

 Based on Eq. (1), Eq. (2), and Eq. (3), plots of 
𝑉0

𝑉0−𝑉
 vs. 1/P, ln (

1

1−𝐷
) vs. P, and 

log(P) vs. log ln [
(𝜌m−𝜌0)𝜌

(𝜌m−𝜌)𝜌0
] are obtained and fitted to straight lines, respectively. Values of 

the constants are calculated from the slope and y-intercept of each fit. 

 This study applied the Kawakita equation, Heckel equation, and Peiyun Huang 

equation in the pelletizing process of rice straw, wheat straw, and wood shavings, under 

different levels of moisture content, compacting velocity, and particle size. The compacting 

forces were tested with a single pellet unit. The data fitted with the three equations were 

evaluated by regression analysis. Finally, effects of these factors on the coefficients in the 

three compression equations were discussed. 

 

 

EXPERIMENTAL  
 

Equipment and Materials 
Device 

 Previously, a test device was developed to produce one pellet at a time (Wang et 

al. 2020a). As shown in Fig. 1, biomass particles were placed in the single pellet channel 

and compacted by the piston at a constant velocity until the pressure reached the maximum. 

The change of pressure during the compacting process was recorded. In this study, the 

dimension of the pellet channel was 20 mm; the weight of biomass in a single test was 8 g 

± 0.1 g; and the maximum force applied on the piston was 20 kN. 
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Fig. 1. Test device with a single pellet unit 

 

Test materials 

 The test materials were wheat straw, rice straw, and wood shavings. The wheat 

straw was collected in Yangzhou City, China, in June of 2020. The rice straw was collected 

in Nanjing City, China, in January of 2021. The wood shavings were wastes of house 

decoration obtained in Nanjing City, China, in June of 2019. The raw materials were kept 

in black sealed bags. 
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 Based on the design of experiments, test materials were prepared. The raw materials 

were first crushed into particles, and then divided into fine and coarse groups by sieving. 

Two sieves with hole sizes of 2.5 mm and 1.25 mm were used. Materials passing through 

the 2.5 mm sieve and staying above the 1.25 mm sieve are collected as the coarse materials. 

Materials passing through the 1.25 mm sieve were collected as the fine materials. As a 

result, the ranges of the particle size for the fine and coarse materials were 0 mm to 1.25 

mm and 1.25 mm to 2.5 mm, respectively. The crushed materials were separated into 

different groups with the weight of 8 g ± 0.1 g. The moisture content of each group was 

adjusted to the target with an oven and an electronic scale. Finally, these materials were 

sealed in separate black plastic bags and kept under room temperature for 24 h before their 

use. 

 

Design of Experiments 
 Effects of moisture content, compacting velocity, and raw material particle size 

were considered in this study. Three groups of experiments were conducted. Only one 

factor changed in each group. For the first group, there were five different moisture 

contents (5% ± 1%, 10% ± 1%, 15% ± 1%, 20% ± 1%, and 25% ± 1%). The particle size 

was fine, and the compacting velocity was 80 mm/min. For the second group, there were 

three different compacting velocities (20 mm/min, 50 mm/min, and 80 mm/min). For the 

third group, there were two particle sizes (fine and coarse). The moisture content was 10% 

± 1%, and the compacting velocity was 80 mm/min. The particle size was fine, and the 

moisture content was 10% ± 1%. Every trial was conducted three times. 

 For the approximation of ρm in Eq. (3), the three materials were compressed under 

the maximum compacting force of 20 kN and 80 kN (moisture content:10%, particle size: 

fine, compacting velocity: 80 mm/min), respectively. Based on the test data, an average 

ratio of the pellet density under 80 kN to that under 20 kN was obtained as 1.1771. The 

value of the ρm is the pellet density for each trial multiplied by 1.1771, respectively. 

 

Statistical Analysis 
 The Kawakita equation, Heckel equation, and Peiyun Huang equation were used to 

fit the test data by the method of generalized least squares (Matlab, Mathworks, R2017-b, 

Natick, MA, USA). The coefficients of determination (R2) and regression coefficients for 

each fit were calculated, respectively. 

 

 

RESULTS AND DISCUSSION 
 

Compacting Force and Compression Equations 
 All the compacting force curves in this study had similar shapes. Normally, the 

densification process has been divided into compression and relaxion parts (Wang et al. 

2020b; Caicedo-Zuñiga et al. 2021). However, details of the compression part have not 

been discussed. In this study, each curve was divided into four parts, as shown in Fig. 2. 

The compacting process began from part 1, in which no obvious increase in the compacting 

force was observed. The bulk density of the test materials was very low. In part 2, the 

compacting force began to increase, but the change rate was not fast. In part 3, the 

compacting force increased until it reached the maximum (20 kN). Part 4 was the relaxation 

period. The piston was held still, and the compacting force decreased. Therefore, the 

compression equations were discussed based on the data in part 2 and part 3. 
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 As an example, one group of test data was analyzed with the three compression 

equations. The data were first processed by Kawakita equation, as shown in Fig. 3. Linear 

features are observed on both sides of the curve. However, there is a point of inflection 

when the compacting force is within the range 0.5 to 5 kN, which indicates the demarcation 

of parts 2 and 3. Because the X-axis of the curve is 1/P, the points are denser with the 

increase of compacting force. Therefore, in contrast to the conclusion drawn by Mani et al. 

(2004), the Kawakita equation is unfavorable for presenting details of the compacting 

process near the end. As a result, the Kawakita equation is not preferred for the mechanical 

behavior of biomass pelletizing process. 

 

 
 

Fig. 2. The curve of compacting force in a single trial 

 

 Then, the data were processed by the Heckel equation, as shown in Fig. 4. There 

was also a point of inflection when the compacting force was within the range 0.5 to 3 kN. 

Moreover, linear features are observed when the compacting force was over 3 kN. 

 

 
 

Fig. 3. Curve of the data processed by Kawakita equation 

 

 
 

Fig. 4. Curve of the data processed by Heckel equation 
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 Finally, the data were processed by the Peiyun Huang equation, as shown in Fig. 5. 

Similar to Fig. 4, linear features were observed in the part under higher compacting force, 

and a point of inflection was observed when the compacting force was below 0.5 kN. 

 

 
 
Fig. 5. Curve of the data processed by Peiyun Huang double logarithm equation 

 
 According to the analysis above, all the three compression equations are suitable 

for part of the biomass pelletizing process. However, it seems inappropriate to fit the whole 

curve with a linear equation due to the inflection points in it. This is why Mani et al. (2004) 

drew the conclusion that the Heckel equation could not fit the densification process. The 

data were fitted with the three equations to discuss the possibility to model the compacting 

force with a specific equation. Since the compacting force near the end has greater effect 

on the pellet density, the ranges of the fitted data were narrowed gradually from the whole 

to the end. Coefficients of determination for the regressions are plotted in Fig. 6. 

 

 
 

Fig. 6. Coefficients of determination for the regressions of the data in different ranges 

 
 The values were over 0.95 when the ranges were within 0.5 kN to approximately 

20 kN, which indicates the significance of the linear regressions. For the Kawakita equation 

and Heckel equation, the values of coefficients increased and approached 1 when the fitted 

data got close to the end. The coefficients were over 0.98 when the range was within 4 kN 

to approximately 20 kN. For the Peiyun Huang equation, all the values were over 0.99 and 

showed little change. Therefore, the Peiyun Huang equation was judged to be suitable for 

the whole compacting process, and Kawakita equation and Heckel equation were judged 

to be suitable for the compacting process under high compacting forces. According to the 

assumptions of the three equations, viscous properties are only considered in Peiyun Huang 

equation. Thus, the biomass materials used in this study should be a kind of visco-elasto-

plastic powder (Caicedo-Zuñiga et al. 2021), but the effects of viscosity are reduced with 

the decrease of porosity.  

 

0.1 kN
0.5 kN

1 kN

1.5 kN

2 kN

3 kN

4 kN

5 kN

10 kN

15 kN

-1.5

-1

-0.5

0

0.5

1

1.5

-0.4 -0.2 0 0.2 0.4 0.6 0.8

lo
g

(P
)

logln[(𝜌m−𝜌0 )𝜌/((𝜌m−𝜌) 𝜌0 )] 

0.91

0.93

0.95

0.97

0.99

1.01

0.1-20 0.5-20 1-20 1.5-20 2-20 3-20 4-20 5-20 10-20 15-20

C
o

e
ff

ic
ie

n
t 

o
f 

D
e

te
rm

in
a

ti
o

n

Ranges of the Compacting Force (kN)

Kawakita equation Heckel equation Huang Peiyun equation



 

PEER-REVIEWED ARTICLE    bioresources.com 

 

 

Wang et al. (2023). “Pellet mechanical properties,” BioResources 18(2), 3560-3575.  3566 

Effects of Moisture Content on Compression Equations 
 The data were processed by the three compression equations separately. The 

coefficients of determination (R2) and regression coefficients of each equation for the 

materials under different moisture contents were obtained and are presented in Table 1. 

Results show that all the coefficients of determination were over 0.98, which indicates that 

the data were well fitted by the three equations. The effects of moisture content on the 

regression coefficients of the three equations are plotted in Fig. 7. Change rates of the 

coefficients with every 5% increase in the moisture content are included in Fig. 7. 

 

Table 1. Fitting Results under Different Moisture Contents (Particle size: Fine, 
Compacting velocity: 80 mm/min) 

Materials 
Equation 

Type 
Regression 
Coefficients 

Moisture Content (%) 

5 10 15 20 25 

Rice  
Straw 

Kawakita 

R2 0.9878 0.9893 0.9911 0.9886 0.9891 

1/ab 0.5260 0.4582 0.3571 0.3015 0.2220 

1/a 1.1375 1.1279 1.1100 1.1110 1.1144 

Heckel 

R2 0.9991 0.9985 0.9967 0.9961 0.9859 

K 0.0616 0.0602 0.0587 0.0543 0.0455 

A 0.6320 0.6599 0.6974 0.7805 0.9678 

Peiyun 
Huang 

R2 0.9955 0.9988 0.9981 0.9918 0.9801 

m 3.5445 3.7038 3.8946 4.0223 4.2055 

log(M) -0.7173 -0.8731 -1.0330 -0.8897 -1.0156 

Wheat  
Straw 

Kawakita 

R2 0.9947 0.9949 0.9958 0.9972 0.9996 

1/ab 0.4803 0.3919 0.3409 0.3017 0.2144 

1/a 1.1146 1.1160 1.1148 1.1087 1.1044 

Heckel 

R2 0.9977 0.9945 0.9904 0.9846 0.9869 

K 0.0651 0.0602 0.0572 0.0555 0.0442 

A 0.5823 0.6898 0.7588 0.7969 0.9303 

Peiyun 
Huang 

R2 0.9991 0.9996 0.9999 0.9997 0.9941 

m 3.3038 3.7432 4.0473 4.2722 4.7045 

log(M) -0.7296 -0.8991 -1.0958 -1.2614 -1.6576 

Wood  
Shavings 

Kawakita 

R2 0.9925 0.9959 0.9952 0.9924 0.9813 

1/ab 0.5380 0.4863 0.3828 0.2861 0.2578 

1/a 1.1608 1.1449 1.1346 1.1288 1.1131 

Heckel 

R2 0.9951 0.9937 0.9900 0.9921 0.9978 

K 0.0626 0.0577 0.0540 0.0520 0.0409 

A 0.6661 0.7609 0.8321 0.8947 0.9912 

Peiyun 
Huang 

R2 0.9995 0.9997 0.9996 0.9993 0.9956 

m 3.5934 3.3350 4.1537 4.5951 4.7827 

log(M) -0.6644 -0.8793 -1.0623 -1.4103 -1.6402 

 

For the Kawakita equation, moisture contents changed the 1/ab, but little effect on 

the 1/a, according to Fig. 7(a) and (b). The 1/ab decreased monotonically with the moisture 

content. This means that a higher density of the compressed biomass will be obtained at 

the same compression pressure when the moisture content increases. This is because water 

is a lubricant in the biomass compression process. The friction force between the biomass 

and die wall decreases with the moisture content (Guo et al. 2016). More effective force 

will be used to compress the biomass rather than overcome the friction force (Wang et al. 

2020a). 
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(a) (b) 

  
(c) (d) 

  

(e) (f) 

Fig. 7. Effects of the moisture content on the coefficients of Kawakita equation, Heckel equation, 
and Peiyun Huang equation: (a) the coefficient of 1/(ab); (b) the coefficient of 1/a; (c) the 
coefficient of K; (d) the coefficient of A; (e) the coefficient of m; (f) the coefficient of log(M) 
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 For the Heckel equation, the K decreased with the moisture content, as shown in 

Fig. 7(c). It showed a higher change rate of compression pressure with the increase of the 

moisture content, which is consistent with that of the Kawakita equation. The A increased 

with the moisture content as shown in Fig. 7(d). This means the bulk density of the biomass 

increased with the moisture content when the compression pressure equals zero. This is 

because the density of water is larger than that of biomass in this test. 

 For the Peiyun Huang equation, the m increased and the log(M) decreased with the 

moisture content, except at one point for wood shavings when the moisture content was 

10%, as shown in Fig. 7(e) and (f). This phenomenon is similar to that of the Heckel 

equation, which means a higher change rate of the compression pressure. 

 Above all, the moisture content has monotonical effects on the coefficients. Lower 

pressure is required for the same pellet density when the moisture content increases. 

However, according to other studies, the effects of moisture contents on pellet qualities are 

not monotonical.  

There will always be an optimal moisture content for a specific biomass to achieve 

high pellet density and strength, which means too low or too high moisture content are not 

suitable for biomass pelletizing processes (Guo et al. 2016; Chen et al. 2021; Cui et al. 

2021; Lavergne et al. 2021). Furthermore, values of the fitted coefficients for different 

materials are close to each other under some moisture contents. It is possible that different 

biomass materials under specific moisture contents may share the same compacting 

equation. Therefore, it is unworkable to distinguish the types of biomass by the coefficient 

in compression equations. Furthermore, the pellet quality cannot be predicted just based on 

the coefficients. 

 
Effects of Compacting Velocity on Compression Equations 
 The data were processed by the three compression equations separately. The 

coefficients of determination (R2) and regression coefficient of each equation for the 

materials under different compacting velocities were obtained and presented in Table 2. 

All the coefficients of determination were over 0.98, and most of the values were over 0.99. 

Therefore, the three equations fit the data well. 

The effects of compacting velocity on the regression coefficients of the three 

equations are plotted in Fig. 8. Change rates of the adjacent points are calculated and 

presented in Fig. 8. For the Kawakita equation, the increasing velocity did not change the 

1/a according to Fig. 8(b), because most of the maximum change rates were under 1%. 

This was similar to the effects of moisture contents. However, the effects of compacting 

velocity on the 1/ab were different for the three materials. The values decreased for the rice 

straw, increased for the wood shavings, but changed little for the wheat straw, as shown in 

Fig. 8(a).  

For the Heckel equation and Peiyun Huang equation, all the coefficients changed 

differently when the compacting velocity increased. For example, the log(M) increased for 

the wood shavings, decreased for the rice straw, but changed little for the wheat straw, as 

presented in Fig. 8(f). Therefore, no common rules could be drawn for the effects of the 

compacting velocity on these coefficients. 
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Table 2. Fitting Results under Different Compacting Velocities (Particle size: 
Fine, Moisture: 10%) 

Materials 
Equation 

Type 
Coefficients 

Compacting Velocity (mm/min) 

20 50 80 

Rice  
Straw 

Kawakita 

R2 0.9910 0.9895 0.9890 

1/ab 0.5580 0.4605 0.4378 

1/a 1.1121 1.1260 1.1333 

Heckel 

R2 0.9997 0.9987 0.9980 

K 0.0689 0.0616 0.0584 

A 0.4858 0.6473 0.7062 

Peiyun 
Huang 

R2 0.9962 0.9972 0.9977 

m 3.0073 3.5175 3.7231 

log(M) -0.4464 -0.6250 -0.8235 

Wheat  
Straw 

Kawakita 

R2 0.9948 0.9952 0.9949 

1/ab 0.3849 0.3973 0.3921 

1/a 1.1130 1.1089 1.1168 

Heckel 

R2 0.9954 0.9958 0.9944 

K 0.0622 0.0631 0.0601 

A 0.6786 0.6444 0.6937 

Peiyun 
Huang 

R2 0.9995 0.9995 0.9996 

m 3.7043 3.5983 3.7517 

log(M) -0.8951 -0.8376 -0.9019 

Wood  
Shavings 

Kawakita 

R2 0.9951 0.9938 0.9959 

1/ab 0.4703 0.4829 0.5463 

1/a 1.1375 1.1442 1.1449 

Heckel 

R2 0.9945 0.9949 0.9937 

K 0.0619 0.0606 0.0626 

A 0.6991 0.7129 0.6663 

Peiyun 
Huang 

R2 0.9998 0.9995 0.9997 

m 3.5375 3.5636 3.3353 

log(M) -0.7262 -0.6427 -0.5794 

 
However, if Fig. 8(c) was compared with Fig. 8(e), it could be found that the K and 

m changed in opposite trends. A similar phenomenon was observed for A and log(M), as 

shown in Fig. 8(d) and (f). Thus, the Heckel equation and Peiyun Huang equation are 

similar in form when dealing with biomass densification process. 

 Based on an overall view of Fig. 8, the compacting velocity had less effects on the 

coefficients compared with the moisture content. This means that the compacting velocity 

had less influence than the moisture. The velocity primarily affects the productivity rather 

than the pellet quality (Xia et al. 2014). Moreover, the rice straw was more sensitive to the 

velocity compared with the wheat straw and wood shavings. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Fig. 8. Effects of the compacting velocity on the coefficients of Kawakita equation, Heckel 
equation, and Peiyun Huang equation: (a) the coefficient of 1/(ab); (b) the coefficient of 1/a; (c) 
the coefficient of K; (d) the coefficient of A; (e) the coefficient of m; (f) the coefficient of log(M) 
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Effects of Raw Material Particle Size on Compression Equations 
 The data were processed by the three compression equations separately. The 

coefficients of determination (R2) and regression coefficient of each equation for the 

materials under different particle sizes were obtained and are presented in Table 3. The 

three equations fit the data well because almost all the coefficients of determination were 

over 0.99. The effects of particle size on the regression coefficients of the three equations 

are plotted in Fig. 9. Change rates of the test data are illustrated in Fig. 9. 

 
Table 3. Fitting Results under Different Raw Material Particle Sizes (Moisture: 
10%, Compacting velocity: 80 mm/min) 

Materials Equation Type Coefficients 
Particle Size 

Fine Coarse 

Rice  
Straw 

Kawakita 

R2 0.9910 0.9939 

1/ab 0.5622 0.3320 

1/a 1.1208 1.1125 

Heckel 

R2 0.9996 0.9942 

K 0.0674 0.0590 

A 0.5257 0.7485 

Peiyun Huang 

R2 0.9967 0.9996 

m 3.0716 4.0277 

log(M) -0.4652 -1.1003 

Wheat  
Straw 

Kawakita 

R2 0.9948 0.9981 

1/ab 0.3904 0.3693 

1/a 1.1278 1.1198 

Heckel 

R2 0.9937 0.9885 

K 0.0596 0.0605 

A 0.7390 0.7437 

Peiyun Huang 

R2 0.9997 0.9997 

m 3.8388 3.8578 

log(M) -0.9356 -0.9809 

Wood  
Shavings 

Kawakita 

R2 0.9939 0.9951 

1/ab 0.5622 0.4700 

1/a 1.1219 1.1367 

Heckel 

R2 0.9991 0.9945 

K 0.0679 0.0621 

A 0.5387 0.6962 

Peiyun Huang 

R2 0.9985 0.9997 

m 3.0716 3.5313 

log(M) -0.4701 -0.7243 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Fig. 9. Effects of the particle size on the coefficients of Kawakita equation, Heckel equation, and 
Peiyun Huang equation: (a) the coefficient of 1/(ab); (b) the coefficient of 1/a; (c) the coefficient of 
K; (d) the coefficient of A; (e) the coefficient of m; (f) the coefficient of log(M) 

 

 For the Kawakita equation, the increasing particle size decreased the value of 1/ab, 

but had little effect on 1/a, as shown in Fig. 9(a) and (b). The effect on the rice straw was 

the largest, followed by the wood shavings, and the wheat straw was the last. 

 For the Heckel equation, values of the wheat straw changed little with the particle 

size, as presented in Fig. 9(c) and (d). When the particle size increased, the K decreased 

and the A increased for the rice straw and wood shavings, which was similar to that of the 

moisture content. 
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 For the Peiyun Huang equation, the particle size did not bring noticeable changes 

to the coefficients for the wheat straw based on Fig. 9(e) and (f). While for the rice straw 

and wood shavings, the value of m increased with the particle size. Furthermore, the value 

of log(M) was negative and decreased with the particle size. 

 According to the analysis above, the particle size had little effect on the 

compression equations of the wheat straw. This means the relationship between the 

compression force and pellet density was the same for the two sizes of wheat straw. 

However, some studies have found that it is easier to obtain high quality pellets with 

smaller-sized biomass (Serrano et al. 2011). Furthermore, it is reported that smaller-sized 

biomass will achieve a lower specific energy consumption and a higher throughput (Guo 

et al. 2016). Thus, there are no specific relationships between the compression equations 

and the particle size for all biomass materials. It is not feasible to predict the pellet quality 

and energy consumption only by the mechanical properties of the biomass in densification 

process. 

 
 
CONCLUSIONS 
 

This paper applied the Kawakita equation, Heckel equation, and Peiyun Huang 

equation to the mechanical behavior of rice straw, wheat straw, and wood shavings in the 

pelletizing process. The effects of moisture content, compacting velocity, and raw material 

particle size were considered relative to the coefficients in these equations. 

1. Peiyun Huang equation presented the best fit for the compacting force during the whole 

pelletizing process, followed by Kawakita equation, and Heckel equation. For the 

Kawakita equation and Heckel equation, the fitting results were better when dealing 

with the data under high compacting forces. 

2. The Kawakita equation is not suggested for the biomass pelletizing process because it 

presented less details in the high compacting force range. 

3. The coefficients could be the same for the three materials under different technological 

parameters, which meant the material types and technological parameters could not be 

distinguished only by the compacting equations. 

4. It is not feasible to predict the pellet quality and energy consumption only by the 

compacting force. 
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