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Abstract: Coconut coir dust has a potential utilization as bio-fuel pellet. The objective of this contribution is to understand the mechanical characterisation of coconut coir 
under compaction. Four moulds with hole diameter of 6, 12, 20 and 25 mm are adopted in producing coconut coir pellet. Data of unit pellet density, compression force and 
specific energy are analyzed with specific hole diameter, mould thickness, and ratio of compacted pellet height. It is observed that unit pellet densities are larger than              
1,0 g/cm3 for hole diameter range from 6 to 12 mm except the ratio of compacted pellet height 2,5 of hole diameter 6 mm The specific energy required is 11,2 - 13,6 J/g while 
unit pellet density is compacted to approximate 0,7 g/cm3 the compression force goes increasingly as the plunger is moving ahead, and to the maximal value at the end of 
stroke in close-end mode, while in open-end mode, the peak compression force presents gradual decreasing, increasing and stable trend as the compression stroke continues 
over time. The Pearson correlation analysis indicated that the maximum compression force in close-end mode has little influence on the stable compression force in open-
end. 
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1 INTRODUCTION 
 

In many coconut-producing region, Sri Lanka, India, 
Philippines, Indonesia, Mexico, Costa Rica, and Guyana, a 
small amount of coconut coir dust was used for making 
bio-compost and most of the coir dust was left as an 
unwanted by-product [1]. Though this crop biomass waste 
is also a renewable and abundant organic resource, the 
efficient use of crop waste was limited by technical 
constraints and by the intrinsic characteristics of the 
sources, such as relatively low density and morphological 
diversification. The pretreatment of the crop waste is the 
challenging issue in the intensive agricultural area [2, 3]. 

Densification of bulky biomass material into solid 
pellet is a low-cost and environmental-friendly option in 
utilization of some agricultural by product. The bulk 
density significantly increased by about 9 to 12 fold after 
the pelleting process; pelletization on its own has proven 
benefits on energy densification, in terms of volume 
reduction with uniform-sized shape for long-distance 
transportation and storage [5, 6]. 

One of the most influential variables in pellet 
production is the type of biomass, which will ultimately 
regulate the physical properties (i.e., bulk density, unit 
pellet density, and durability) of pellets [7]. Castellano and 
co-workers analyzed the physical quality of the pellets 
made from nine different kinds of raw biomass and found 
that the composition and structure of the raw materials 
determine their agglomeration potential. In addition to this, 
the type of biomass affects the pressure and power demand 
in pelletization, mechanical durability of the pellets [8]. 
Saha et al. investigated the feasibility of producing 
briquettes from coconut coir dust and rice husk blends 
without binder. They found that mixing ratio had a 
significant effect on the physical, mechanical and 
combustion properties of pellets [9]. The particularities of 
different biomass make it necessary to adapt the 
pelletization process to produce pellets that fulfills the 
quality requirements. 

Except the nature of agricultural biomass, moisture 
content of raw material, the degree of fragmentation and 
the working parameters of the compacting machine all 

influence physical properties of the pellets [10]. To design 
the workable pelleting process, comprehensive knowledge 
of the relationship between process variables and pellet 
physical properties is necessary. It is evident that the 
optimum process conditions for pelletization is different 
for each individual feedstock [11]. Samuelsson reported 
that moisture content was the dominant factor for bulk 
density, which is explained by the alteration of the friction 
through the mould due to the lubricating property of water 
[12]. Mani et al. reported that particle size distribution has 
an effect on pellet quality [13]. Kaliyan et al. claimed that 
finely ground biomass tended to give more durable pellets 
than the coarsely ground biomass [14]. However, Tabilet 
al. (1996) observed the trend of an increase in alfalfa pellet 
durability when using a larger hammer mill screen [15]. 
Mohsenin and Zaske reported that greater displacement 
hold-time results in a greater decay of stress causes 
expansion after the compaction pressure is released [16]. 
Tumuluru et al. found that pelleting woody biomass at 
high-moisture content of 33% helps to reduce drying cost, 
and the specific energy consumption is < 116 kWh/t at die 
speed of 60 Hz, and preheating temperature of 90 °C [17]. 

Design parameters of the mould, for example the 
diameter and the thickness, play a major role on both the 
quality of the biomass pellet and mechanical behaviour 
[18]. Crawford et al. studied the pressure PP required to 
compress loose biomass into a densified pellet [19], and it 
can be given by: 
 

DL
P

wePP /4
C

                                                              (1) 

 
where PC is the pressure required to compress the loose 
biomass to the desired pellet density, μw is the coefficient 
of friction between the mould wall and the biomass plug, κ 
is the radial-to-axial stress proportionality constant, L and 
D is length and diameter of the mould. 

The relation of compressive force/pressure and density 
was especially of great interests. It helps to select the 
appropriate motor for pelleting machines, and provides 
basic constraints for assessing the mechanical properties of 
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working part using computer-aided engineering analysis 
tools [20]. 

Jones [21] represented the density-pressure relation in 
the form of Eq. (2). 
 

   ln lnm P b                                                          (2) 

 
where, ρ is the bulk density of the material compacted, 
kg/m3; P is the applied compressive pressure, MPa; m and 
b are model constants that are determined from the slope 
and intercept, respectively. 

Li proposed [22] the density-pressure data of 
compacted biomass material with open-end mode in the 
form of Eq. (3).  
 

 1 0B /P A e                                                                     (3) 
 
where, P is the compressive force, N; ρ0 is the initial 
density of feedstock, kg/m3; ρ is the density in 
compression, kg/m3, and A, B are model constants related 
to the type of biomass and processing parameters. It is 
shown that higher feeding amount of biomass feedstock 
(alfalfa, wheat straw and chinensis were utilized in their 
research) produces large value of A but small value of B. 

In this research, coco coir dust is used as experimental 
material, densification is conducted with the biomass 
compression setup, unit pellet density and specific energy 
are investigated regarding processing variables: mould 
diameter, thickness and ratio of length-to-diameter. 
Furthermore, the mechanical behavior is also the main 
concern in this study; the feature of compression force on 
displacement and time is explored under both close-end 
and open-end compression mode. 
 
2 MATERIALS AND METHODS 
2.1 Raw Material Preparation 
 

Coconut coir is chopped and then ground using a mill 
(WILEY Laboratory Mill Model 4, ARTHUR H. 
THOMAS COMPANY). Fig. 1 shows the raw material and 
some pellets with different diameters produced in trials. 
The moisture content of raw coconut coir is lower than 
10% with wet basis [23], water is sprayed onto the raw 
material after grounding to get the appropriate moisture 
content for making pellets. The samples are packed into 
water-tight bags after being evenly sprayed with purified 
water, then the biomass material was mixed manually for 
every 8 h to obtain a full absorption of water and 
homogeneity. The wetted samples are stored in a container 
at 10 °C - 15 °C for 48 h prior to testing. The raw material 
moisture content is adjusted to 15% ± 0,2% (w.b.), and 
the bulk density of the material is 307 ± 2,2 kg/m3. In this 
study, we tried to maintain the same level of moisture 
content and bulk density of the sample raw material in 
compaction process. To evaluate the coconut coir dust 
particle distribution, sieve analysis is conducted in 
accordance with ANSI/ASAE S424.1 [24]; the cumulative 
percent mass distribution undersize of material is listed in 
Tab. 1. It illustrates that more than 90% in mass of raw 
material's nominal particle size is smaller than 0,36 mm; 
the coir dust is fully mixed to ensure the even distribution 
of particle  in process. 

 
Figure 1 Raw material of coconut coir, and pellets produced 

 
Table 1 Cumulative percent mass distribution undersize of coconut coir dust 

Screen No. 20 30 40 45 50 60 pan 

nominal size opening / 
mm 

0,85 0,60 0,43 0,36 0,30 0,25 0 

Mass undersize 
percentage / % 

100,0 99,0 98,9 91,7 86,3 67,0 49,4 

 
2.2 Compression Mode 
 

Four sets of biomass unheated compaction setup, as 
shown in Fig. 2, are adopted in the experiment. It consists 
of mould, compressing plunger, two supports, and block 
bar. 
 

 
Figure 2 Biomass compression setup 

1. bottom plate, 2. mould support, 3. block bar, 4. mould, 5. coconut coir dust,         
6. compressing plunger 

 
Two types of compression modes are defined in this 

study, namely, close-end and open-end mode, according to 
the installation of block bar or not. For the closed-end 
mode, the block bar is fitted inside the outlet of the mould 
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hole while compressing the biomass; the blocked biomass 
material then is compacted in a close chamber. This mode  
corresponds to the pre-filling of material in production of 
biomass pellets, it is an essential step to establish the 
necessary pelleting condition. For open-end compression 
mode, the supports will be released after several strokes of 
close-end compression mode. This mode corresponds to 
the continuous working condition in biomass pellet 
production. The compression tests are performed with a 
universal testing machine (MTS Systems Corporation, 
Type: Criterion Model 45) where the compression force is 
measured with a MTS force transducer with the maximal 
force of 100 kN, and the compressing displacements are 
recorded simultaneously.  
 
2.3 Pelleting Process Variables 
 

Some variables related to pelleting process are 
illustrated in Fig. 2, mould diameter d, mould thickness Hm, 
and Rhd, which is defined by the ratio of compacted pellet 
height h to d. These process variables influence the pellet 
physical properties like density, specific energy consumed 
and mechanical properties like compression force required 
[19]. Four moulds are designed with diameters d, which 
range from 6 mm to 25 mm, and thickness Hm, which 
ranges from 23 mm to 90 mm. The ratio Rhd is obtained by 
configuring the compress displacement h for the given 
mould. Pelleting process variables in the experiment were 
listed in column 1 - 3 of Tab. 2. 
 
2.4 Density of Unit Pellet and Mechanical Properties  
 

In this work, the pellets compacted in stable stage of 
open-end mode are sealed immediately in water-tight bags. 
After a week's storing in a cabinet with approximate room 
temperature of 18 °C, the diameter and height of pellets are 
measured with a caliper with 0.02 mm resolution, and the 
average value of 5 measurements in different direction is 
used for each sample; the mass of each pellet sample is 
weighed with an electronic balance (0.01 g resolution, 
model ML4002E/03, Mettler-Toledo International Inc.). 
The average density of unit pellet dp is calculated by 
dividing the mass by the volume of individual pellets. 

The compressive force in the experiment is recorded 
with the load sensor (model 661.20E-03, MTS Systems 
Corporation) of the universal testing machine, and the 
sampling rate is 5 samples/s. 

Specific energy W is defined as the energy consumed 
to produce unit mass of pellet [25]. In this work, the 
specific energy is calculated through integration of the 
force-displacement curve using the trapezoidal rule. 
 
3 RESULTS AND DISCUSSION 
3.1 Effect of Mould Diameter, Ratio Rhd on Unit Pellet 

Density and Specific Energy 
 

It is important to know the relationship between the 
mould dimension parameters and final density of pellets, 
the mould diameter and the ratio of length-to-diameter. 
These factors significantly affect the amount of material 
that can be pelleted [26]. In addition, a knowledge of the 
force and specific energy consumed for compression is 
significant to determine power requirements [27].  

The dimension of the mould d, Hm used in the 
experiment, ratio Rhd and unit pellet density, the maximal 
force fCmax of stroke in close-end, and force fOmax in         
open-end mode as well as specific energy W are presented 
in Tab. 2.  
 

Table 2 Coconut dust pellet characteristics under close- and open-end 
conditions 

d  
/ mm 

Hm 

/ mm 
Rhd 

dp 

/ g/cm3 
fCmax 

/ N 

fOmax 

/ N 
W 

/ J/g 
6 23 2,17 1,40 9774 7001,5 77,8 
6 23 2,50 0,39 209 79,9 4,9 
6 23 2,83 1,13 2602 12412,6 173 
6 23 3,17 1,30 960 20594,2 356,3 
12 51 2,17 1,25 62987 11027,4 21,3 
12 51 2,58 1,29 7509 18466,4 40,4 
12 51 3,00 1,02 1007 6348,3 19,4 
12 51 3,42 1,18 102 26172,8 76,4 
12 51 3,83 1,10 83 7538,7 48,2 
20 76 1,80 0,38 19241 223,0 0,8 
20 76 2,30 0,93 4787 28068,8 19,0 
20 76 2,80 0,7 701 10900,3 11,2 
20 76 3,30 0,63 117 5138,3 8,29 
20 76 3,40 0,7 122 5427,9 13,6 
25 90 2,16 0,35 3841 212,2 0,5 
25 90 2,56 0,52 1663 1430,7 1,9 
25 90 2,96 0,93 312 9382,0 7,4 
25 90 3,20 0,45 112 529,6 1,0 

 
The maximum unit pellet density dp of 1,4 g/cm3 is at 

mould diameter d  of 6 mm with ratio 2,17,  while for d of 
12, 20, and 25 mm, the maximum density is 1,29, 0,93 and 
0,93 g/cm3 respectively; the ratio at the  peak values is at 
the range from 2,3 to 2,96; the maximum density tends to 
decrease with the larger diameter in general, as shown in 
Fig. 3. Unit pellet densities are larger than 1,0 g/cm3 for d 
of 6 mm and 12 mm except the pellet compacted at ratio 
2,5 with d of 6 mm. In our previous work, we found that 
the pellet density decreased by the increasing diameter with 
single-factor experiment [22]. The same conclusion was 
reached regarding the relationship between diameter and 
density by Rahaman et al.  [28].  

Theerarattananoon et al. studied the influence of 
pelleting variables on density of biomass pellets. They 
found that mould thickness had a positive effect on true 
density of the pellet [29]. In this work, for the given 
diameter, a larger ratio Rhd actually implicates a larger 
thickness according to its definition; the effect of Rhd or 
thickness of mould on density is not positive at some cases. 
That may be caused by the difference in raw material and 
the ratio value in numerical range. 
 

 
Figure 3 Pellet density versus mould diameter at different ration Rhd 
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The specific energy for coconut coir dust in pelleting 
varies greatly with  different mould diameter as shown in 
Fig. 4 and the maximum W is 356,3 J/g that occurs with 
mould diameter of 6 mm; actually in the pelleting 
experiment, the pellet produced is blocked in the chamber 
under these circumstances, it does not go ahead toward the 
outlet continuously even in open-end compression mode. 
Sudden ejects of hard pellet happen after several 
compacting strokes, in fact, it corresponds to an abnormal 
working situation. The specific energy in pelleting coir 
dust with mould diameter 12 mm is in the range of                
20 - 80 J/g, while the pellet density range is from 1,0 g/cm3 
to 1,3 g/cm3. The ratio Rhd played a vital role to attain the 
qualified pellet density, when ratio varies from 1,8 to 3,4 
using moulds with diameter of 12 mm and 25 mm, specific 
energy is less than 20 J/g, and the maximum pellet density 
of 0,93 g/cm3. O'dogherty reported that the specific energy 
for parallel-sided moulds was up to 40 MJ/t (40 J/g) to 
achieve densities about 700 kg/m3(0,7 g/cm3) that depends 
on the mould form [30]. In our work, when the coir dust 
pellet density is compacted to approximately                        
700 kg/m3(0,7 g/cm3), the specific energy  required is              
11,2 - 13,6 J/g. 
 

 
Figure 4 Specific energy versus mould diameter at different ratio Rhd 

 
3.2 The Mechanical Behaviors of Close-and Open-end Mode 
 

In compression coconut coir dust, we found some 
basic and general mechanical characteristics. It indicated 
that the compression force behaved in complex ways when 
loaded, and exhibited time-dependent, force-deformation 
characteristics. 
 
3.2.1 The Compression Force on Displacement in One 

Stroke 
 

The compressing force varies distinctively under same 
displacement but in different compression mode. As shown 
in Fig. 5, we take the compression force data with 
displacement. In close-end mode, the force goes 
increasingly as the plunger is moving ahead, and to the 
maximal value at the end of stroke, and the force difference 
between two successive strokes in compacted phase was 
getting bigger, as illustrated in Fig. 3 by the third stroke in 
the close-end mode.  

With respect to the close-end mode, the maximal 
compression force did not appear at the end of pushing 
displacement for open-end mode Three stages are 
discovered to represent different moving and densifying 

state of biomass material. Firstly, the pellet being 
compacted in previous strokes stayed in the mould, which 
provided the supporting force for compressing the low-
density bulky biomass into high-density pellet; with the 
advance of compressing plunger, the biomass material 
became denser and denser, until the compression force 
reached the maximum static friction between stayed pellet 
and inner wall of mould, the compression force also arrived 
at its peak value; secondly, a sudden drop of compression 
force appeared along with the starting of synchronous 
movement of new compacted and previous pellet in the 
mould; thirdly, with the compressive plunger going ahead, 
part of pellet is being extruded out of the mould, the 
compression force, its magnitude now is equal to the 
sliding friction between pellet and inner wall of the mould, 
usually in a relatively stable range in one stroke. 
 

 
Figure 5 Characteristic of compressing force with displacement in close-end 
and open-end mode, the mould diameter is 12 mm, and the stroke is 25 mm 

from start point at 50 mm to end point at 25 mm 
 
3.2.2 The Characteristic of Compression Force with Time in 

Close-end Mode 
 

Fig. 6 shows the compression force in 12 strokes upon 
time in pelleting the coconut coir dust in close-end mode, 
the peak value and the corresponding time in each stroke 
are selected. It is found that an exponential function can be 
used to represent the relationship of maximal force to time, 
the force-time data and the fitting line are illustrated in     
Fig. 6, the coefficient of determination is 0,9959, which 
indicates that the fitting model satisfies high accuracy 
requirement. In other compression tests in close-end mode, 
the similar force-time behaviors are also examined. 
 

 
Figure 6 Compression force with time in close-end mode, the mould 

diameter is 6 mm, and the stroke is 8 mm 
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3.2.3 The Characteristic of Compression Force with Time 
from Close-end Mode to Open-end 

 
The compression force in the whole pelleting process 

for every treatment in the experiment is logged, including 
5 strokes of close-end mode in the beginning, and all the 
force data in open-end mode in pelleting experiment. Three 
types of plot are given according to the trend of 
compression force to time. The maximum force appears 
with an exponential growth with time for close-end mode; 
after 5 strokes, the block of the biomass compression setup 
is released, the pelleting process is then in open-end mode. 
In some cases, the maximal compression force of each 
stroke decreases gradually over time. At last the feeding 
biomass is pushed directly through the mould in bulk and 
loose form, the force characteristic is shown in Fig. 7a. 
This case is in line with some cases of pelleting in 
engineering, the inappropriate structural parameters (such 
as mould diameter, thickness in this research) of the 
pelleter will lead to failure in work. Other cases that should 
be avoided in engineering are shown in Fig. 7b; the 
compression force maintains continuous increasing trend 
over time, the tests in this situation are frequently with 
raspy noises and violent vibration, which may cause the 
damage to mechanical part or electric motor in 
engineering.  
 

(a) the mould diameter is 20 mm, and the stroke is 40 mm 

(b) the mould diameter is 20 mm, and the stroke is 20 mm 

 
(c)  the mould diameter is 25 mm, and the stroke is 26 mm 

Figure 7 The typical compression force over time 
 

In the test of compressing coconut coir dust with 
mould diameter 6 mm, ratio Rhd 3,17, the peak force with 
close-end mode after 5 strokes is 960,4 N, then it increases 
to 20594,2 N in average with open-end mode compression, 
and the specific energy reaches 356,25 J/g with density of 

1,13 g/cm3. The similar average density (1,10 g/cm3) of 
pellet made with mould diameter 12 mm and ratio Rhd 3,83, 
the specific energy is 48,18 J/g, and the corresponding peak 
force is 7538,7 N. 

Fig. 7c shows the feasible compression force 
characteristics in pelleting with stable running conditions. 
The coir dust is compacted with mould diameter 25 mm. 
The compression force still increases gradually after 5 
strokes in close-end pelleting; it takes about 30 strokes to 
enter stable phase in open-end mode. Then the peak force 
is about 13,00 N in every stroke, and varies in a small 
range, which is capable of densifying loose biomass into 
high-density pellet. The density of pellet produced in the 
stable phase is 0,52 g/cm3 in this test.  
 
3.3 Pearson Correlations Analysis of Maximum Force in 

Close-end on Pellet Density Produced in Open-end 
Mode 

 
The Pearson correlation analysis of the maximum 

compression force fCmax in close-end mode on the 
maximum compression force fOmax in steady phase with 
open-end mode is studied; also the correlation of pellet 
density dp and compression force of both close-and              
open-end mode are investigated, as shown in Tab. 3. For 
biomass material, the force fOmax in steady stage is not 
related to both  fCmax in initial stage and the pellet density 
dp, whereas correlation coefficient for dp and fOmax is 
significant at the 0,01 level for coconut coir material. The 
close relation between density and pressure is verified by 
many studies: Wongsiriamnuay and Tippayawong reported 
that increase in the compression pressure resulted in an 
increase in relaxed density [31], Guo et al. also reported 
that the compact density of biomass increased with 
increasing pressure [32]. 

By observing in the experiment, the fCmax in close-end 
mode has short-term effect on the compression force in 
open-end mode. It usually takes some strokes to reach a 
new magnitude of compression force. The force fOmax in 
steady stage with open-end mode is insignificantly 
influenced by fCmax at the start of pelleting in long-term 
effect. The unit pellet density is greatly determined by the 
force fOmax in steady stage with open-end mode.  
 

Table 3 The Pearson correlation analysis of maximum compression 
force in close- and open-end mode and pellet density 

 fCmax fOmax dp 

fCmax 
Pearson Correlation 1,000 0,085 0,343 

Sig. (2-tailed)  0,738 0,163 

fOmax 
Pearson Correlation 0,085 1,000 0,673 

Sig. (2-tailed) 0,738  0,002 

dp 
Pearson Correlation 0,343 0,673 1,000 

Sig. (2-tailed) 0,163 0,002  

 
4 CONCLUSION 
 

The experimental results showed that there is a 
significant effect of the mould diameter, and ratio of length 
to diameter on the pellet density and specific energy in 
pelleting  coconut coir dust. The compression force 
behaves differently under close-end and open-end mode, 
the compression force is in continuous growth in               
one-stroke with close-end mode, while in open-end mode, 
the compression force decreases after an initial increase. 
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Three working conditions corresponding to engineering 
pelletization can be observed regarding force 
characteristics over time. The Pearson correlation analysis 
indicates that the maximum compression force in close-end 
mode has little influence on the stable compression force 
in open-end. The unit pellet density produced in open-end 
mode is mainly related to the maximum force of each 
stroke in open-end mode. 
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