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ABSTRACT Biomass is a renewable energy source and environmentally friendly 
substitute for fossil fuels such as coal and petroleum products. Biomass has low bulk 
density, which makes it very difficult and costly to transport and handle. One of the very 
good strategies to overcome these difficulties is to densify the biomass to a high density 
product like briquettes. Briquetting is influenced by a number of material properties such 
as moisture content, particle size distribution, and some operating variables such as 
temperature and densification pressure. In this study, experiments were designed and 
performed to produce briquettes using barley straw, canola straw, oat straw, and wheat 
straw. The chopped samples were densified using laboratory hydraulic press briquetting 
machine under three pressure levels (7.5, 10, 12.5 MPa), three levels of temperature (90, 
110, 130ºC), at three moisture content levels (9, 12, 15% w.b.), and three levels of 
particle size (19.1, 25.04, 31.75 mm). For each treatment combination, ten briquettes 
were manufactured at a residence time of about 30 s. After compression, the dimensions 
of all the samples were measured; samples were then stored in Ziploc bags at a controlled 
environment for two weeks. Durability, dimensional stability, and moisture content tests 
were conducted after two weeks of storage of the briquettes. Results of the analysis 
indicated that moisture content plays a significant role on briquettes durability, stability, 
and density. Low moisture content of the straws (9-12%) gives better, denser, more 
stable, and more durable briquettes than moisture content at 15%.. The axial expansion 
was more significant than the lateral expansion, which in some cases tended to be nil 
depending on the treatment combination of the material and operating variables. At high 
temperature (130oC) and low moisture (9-12%), compacts with high durability rating 
were produced. At high pressure (12.5 MPa) and low moisture (9-12%), compact with 
high density were obtained. Analysis of variance (ANOVA) indicated that temperature 
has positive correlation with durability rating and no significant effect on the density, 
while pressure is positively correlated with the compact density. 
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INTRODUCTION Agricultural biomass residues are sources of renewable and 
sustainable biofuels which can contribute significantly to mitigate the effect of 
greenhouse gas (GHG) emissions if properly managed and utilized (Sokhansanj et al. 
2006; Hoekman 2009; Kaliyan and Morey 2009).  

Agricultural residues constitute one of the important biomass feedstocks in Canada, due 
to its vast agricultural base. According to Saskatchewan Ministry of Agriculture (2008), 
Saskatchewan alone produced 12.44 million t of wheat, 5.63 million t of canola, 4.59 
million t of barley, and 2.3 million t of oat in 2008. This abundance, inexpensive and 
readily available biomass source indicates that Canada can play a very significant role in 
the development of environmentally benign bioenergy sector.  

However, biomass in its natural form is bulky, loose, and dispersed. Biomass feedstocks 
are often collected in baled forms; hence they are difficult to handle during utilization and 
do not present economical and efficient transportation and storage characteristics due to 
low bulk density of bales (40-200 kg/m3) and large volume requirements (Tabil 1996; 
Sokhansanj et al. 2005; Sokhansanj et al. 2006; Mani et al. 2006a; Adapa et al. 2009a). 
Despite the difficulties of handling, storage, and transportation, the direct combustion of 
loose biomass in conventional grates is associated with very low thermal efficiency. The 
conversion efficiencies are as low as 40% with widespread of air pollution in the form of 
very fine particulate matters (Grover and Mishra 1996; Granada et al. 2002; Kaliyan and 
Morey 2009). 

In order to mitigate the above mentioned shortcomings of agricultural biomass residues, 
and to enhance flowability and reduce material waste, they must be processed and 
handled in a more efficient manner. Biomass densification is defined as the compression 
or compaction of biomass to eliminate inter- or intra particle voids. Densification of 
biomass feedstocks into durable compacts increases the efficiency of handling and can 
significantly increase the bulk density to about 500-800 kg/m3 (Mani et al. 2003; 
Obernberger and Thek 2004). Biomass straws densified into pellets increases in particle 
density to about 823-1011 kg/m3 (Adapa et al. 2009a). Due to the uniformity in shape and 
sizes, densified products can be handled easily using the standard handling and storage 
equipment, and can be easily adopted in direct-combustion or co-firing with coal, 
gasification, pyrolysis, and in other biomass-based conversions (Kaliyan and Morey 
2009). 

Moisture content as a material variable play a significant role in the physical properties of 
compacts and enhances it binding characteristics to produce a quality product with high 
density. Several studies showed that strength, stability, and durability of densified 
biomass products increased with increasing moisture content until an optimum is reached. 
Low moisture chopped corn stover (5-10% w.b.) resulted in denser, more stable, and 
durable pellets than high moisture stover (15% w.b.) (Mani et al. 2006a). Particle and 
bulk densities of biomass compacts decreased with increasing moisture content. This 
decrease is due to the expansion of the compact volume, caused by increase in moisture 
content (Colley et al. 2006). Water acts as a binding agent by strengthening the bonding 
in the material (Kaliyan and Morey 2009). Water helps to develop van der Waals’ forces 
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by increasing the area of contact between particles (Grover and Mishra 1996). At high 
moisture content, water acts as a lubricant and reduces the binding property of the 
material even at high pressures, this leads to poor quality and low pellet density (Mani et 
al. 2006b). In the same manner moisture content has effect on the porosity of pellets. 
Colley et al. 2006 demonstrated that the porosity of pellets ranged from 51.61 to 62.62% 
with varying moisture contents. These researchers obtained a minimum porosity of 
51.61% at 8.62% moisture content. 

Studies have demonstrated that agricultural biomass residues are usually ground so as to 
increase the surface area, to produce denser pellets and enhance the pelleting capacity 
(Tabil 1996; Sokhansanj et al. 2005). Particle size reduction is very important in 
densification of biomass. In general, the finer the grind, the higher the dimensional 
stability and durability of the biomass compacts. Fine particles usually adsorb more 
moisture than large particles; hence, they undergo a higher degree of conditioning. Also, 
large/coarse ground materials tend to produce less quality compacts because they may 
create natural fissure points that cause cracks and fractures (cited by Tabil 1996; cited by 
Kaliyan and Morey 2009). Mani et al. (2004a) studied the grinding performance and 
physical properties of wheat and barley straws, corn stover and switchgrass. They 
concluded that the energy consumption for grinding increases as the particle size of the 
ground biomass becomes finer. Kaliyan and Morey (2006) investigated the effects of 
particles size (0.56 to 0.8 mm) on the densification characteristics of corn stover and 
switchgrass. They concluded that decreasing the geometric mean particle size of ground 
corn stover from 0.8 to 0.66 mm increased the density of briquettes by 5 to 10%, 
durability by 50 to 58% at 100 MPa pressure, and by 62 to 75% at 150 MPa at a moisture 
content of 10%. They also reported that such decreased in the particle size increased the 
specific energy consumption from 0.8 to 1.3 MJ/t. 

The stability, durability, strength of biomass compact, as well as the power requirement 
for densification significantly depends on the applied temperature. Heat is added to the 
densification process by means of preheating of the feed materials or by the use of heated 
die apart from the frictional heat generated resulting from compression ((Adapa et al. 
2009b). Mani et al. (2003) cited that the higher the temperature the lower the force 
needed to provide a given degree of compaction. Lignin plays a role in the bonding of 
particles during densification. When biomass is subjected to heat (temperature above 
140ºC) and high pressure, lignin tends to become soft, melts and exhibits thermosetting 
binder resin properties (Van Dam et al. 2004). However, densification temperature should 
not be more than 300ºC which is the decomposition temperature of biomass (Grover and 
Mishra 1996).  

Biomass density and durability increases as the applied pressure increases depending on 
the moisture content of the biomass. Densification of biomass under high pressure creates 
mechanical interlocking and increases adhesion between the particles, generating the 
intermolecular bonds within the contact area (Grover and Mishra 1996). Application of 
pressure enhances different binding mechanisms. The natural binding components such 
as starch, protein, lignin, and pectin in biomass materials are squeezed out of the particles 
under pressure, thereby contributing to inter-particle bonding (Kaliyan and Morey 2009). 
Mani et al. (2006a) reported that applied pressure had the highest effect on the total 
energy consumption.  
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Controlling the material and operating variables can lead to production of high quality 
and durable compacts. To explore the potential and feasibility of densification of solid 
biofuel, in this research, agricultural biomass residues: barley, canola, oats, and wheat 
straw have been densified into briquettes. The material properties (moisture content and 
particle size distribution) and operating variables (temperature and densification pressure) 
affecting the physical quality of biomass briquettes have been examined. The optimum 
combination of the above mentioned parameters are the driving force behind the 
production of dimensionally stable compacts with high density, durability, and at 
minimum cost. 

MATERIALS AND METHODS Four different types of agricultural biomass residues 
(barley, canola, oat, and wheat straw) were collected and used for the experiments. The 
straw samples were gathered during the summer of 2009 and chopped into three different 
particle size distributions using screen size openings of 19.1, 25.04, and 31.75 mm. Each 
of these three samples was conditioned to moisture content of 9, 12, and 15% w.b. based 
on American Society of Agricultural and Biological Engineers (ASABE) Standard 
S358.2 (ASABE 2006). The samples were subsequently stored in Ziploc bags at a 
controlled environment (4oC and 52% RH) prior to the commencement of the 
experiments. Three different particle size distribution and moisture content levels were 
used so as to investigate their influence on the physical properties of the biomass 
compact.  

Experimental plan In other to investigate the effects of the operating variables on the 
dependent variable physical properties (density, durability, and dimensional stability) of 
biomass compact, the experiment was design to densify the biomass samples under three 
pressure levels (7.5, 10, 12.5 MPa) and three levels of temperature (90, 110, 130ºC), 
while keeping the retention time of chopped biomass in the barrel at 30 ± 2 seconds. 
Table 1 depicts the response surface analysis of the experimental design plan. 

Table 1. Actual and coded levels for response surface analysis.  

Independent variables       Code Coded levels 

   -1     0        1 

Temperature, ºC        x1  90   110     130 

Moisture content (%)          x2   9    12      15 

Pressure (MPa)                 x3  7.5    10     12.5 

Particle Size (mm) x4 19.1   25.04      31.75     

The combination of the four independent variables yields 27 experiments (table 2). Ten 
replications were performed on each of the 27 experiments. Using the four chopped 
biomass residues, a total of 1080 experiments were carried out.  

Apparatus A laboratory hydraulic press briquetting machine was used to study the 
compression characteristics of the selected agricultural biomass residues. This briquetting 
machine has a cylindrical die that moves through a barrel surrounded by cylindrical wall. 
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The compartment is connected to a heater, which serves as source of heat to the chopped 
biomass. Six type ‘T’ thermocouples were installed on the cubing die to measure and 
control its temperature. Five out of the six thermocouples were connected to the data 
acquisition system, while the sixth one was connected to a temperature controller 
(thermostat). On the other end of the six thermocouples, four were used to sense the die 
core temperature, while the other two were installed on the outer surface of the cylinder 
and linked to a temperature controller to regulate the power input to the heater. Pressure 
transducers were connected to the top and bottom of the cubing press to measure the 
densification pressure. Both pressure transducers were calibrated to measure pressures in 
the range of 0-17.24 Mpa (0-2500 psi). The amplifier linked to the compartment is used 
to get an output voltage in the range of 0-5 V. The amplifier produces 1 V for each 3.45 
Mpa (500 psi) (briquetting manual). 

Table 2. Design for response surface analysis. 

Experiment         
   number  

                      Process variables 

   x1          x2          x3          x4 
1 0 0 0 0 
2 -1 1 0 0 
3 0 0 1 -1 
4 1 0 -1 0 
5 0 0 0 0 
6 0 0 -1 -1 
7 -1 0 1 0 
8 1 0 0 1 
9 0 1 1 0 
10 -1 0 0 1 
11 0 0 1 1 
12 -1 -1 0 0 
13 -1 0 -1 0 
14 0 -1 0 -1 
15 0 -1 0 1 
16 0 0 0 0 
17 1 -1 0 0 
18 1 0 0 -1 
19 -1 0 0 -1 
20 0 1 0 -1 
21 0 0 -1 1 
22 0 -1 -1 0 
23 1 0 1 0 
24 0 -1 1 0 
25 0 1 -1 0 
26 1 1 0 0 
27 0 1 0 1 
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Briquette formation and determination of physical properties The mass of samples 
used for making compacts was 10 ± 0.05 g. Three preset loads of 237.34, 316.5, and 
395.63 N corresponding to pressures of 7.5, 10, and 12.5 MPa, respectively, were used to 
compress samples in the barrel. After compression, once the preset load is attained, the 
plunger was retained in place for 30 ± 2 s in order to avoid spring-back effect of the 
chopped biomass (Mani et al. 2006b), and also to realized the three main stages of 
biomass densification, which are: a) particle rearrangement, b) elastic and plastic  

deformation, and c) mechanical interlocking of particles and local melting of some 
constituents (Tabil 1996). Thereafter, the compact was ejected out of the barrel by using 
the plunger. Ten replicates (briquettes) were made using each of the treatment 
combination as explained above for each straw samples, amounting to 270 experiments 
for each biomass residue and a total of 1080 experiments for the four samples (barley, 
canola, oat, and wheat straw). After compression, the dimensions (height and diameter) 
and mass of all the compacts were measured to determine the density in kg/m3. Samples 
were then stored in Ziploc bags at a controlled environment for two weeks. The durability 
of the compacts represents the measure of shear and impact forces that it could withstand 
in the course of handling, storage, and transportation process (Adapa et al. 2009b). 
Durability, dimensional stability, and moisture content tests were conducted after two 
weeks of storage of the briquettes. The dimensional stability was calculated based on 
percentage change in density of the compacts after two weeks of storage, which 
corresponds to changes in dimensions of the compacts. The compact durability was tested 
based on American Society of Agricultural and Biological Engineers (ASABE) Standard 
S269.4 (ASABE 2007), by tumbling 10 briquettes (representing the 10 replicates of each 
combination) in durability tester for cubes for 3 min at 40 rev/min. A size distribution 
index of the durability testing was also obtained. The moisture content of the compacts 
after durability test was determined based on ASABE Standard S358.2 (ASABE 2006). 
The unit densities of each of the compact were calculated based on ASABE Standard 
S269.4 (ASABE 2007), by direct measurement method. The average values of each of 
the 10 replicates were calculated and used for the analysis in the following section. 

RESULTS AND DISCUSSION The average densities, durability rating, and size 
distribution index of barley, canola, oat, and wheat briquettes are presented in table 3 (a 
& b), the average moisture contents after the durability test are also listed. Figure 1 shows 
compacts manufactured using canola straw sample at temperature of 130oC, 12% (w.b.) 
moisture content, pressure of 10 MPa, and 31.75 mm particle size. The combination of 
the four independent variables produced compacts with different physical qualities. The 
results showed that moisture content plays a predominant role in biomass densification 
process. Densities of biomass compacts decreased with increasing moisture content. 
Compacts with low moisture content 9% yields maximum densities as high as 729 kg/m3 
for barley, 747 kg/m3 for canola, 714 kg/m3 for oat, and 788 kg/m3 for wheat. Samples 
with 12% moisture content results in lower densities, while 15% moisture produced the 
lowest densities with more cracks observed on the surface. Grover and Mishra (1996) 
reported that low feed moisture content (8 & 10%) is required for the manufacture of 
biomass briquette free of cracks. Low moisture content (9%) provides the optimal 
condition for the particles to bind together by enhancing the binding properties of the 
material. Higher moisture content (15%) results in the expansion of the compact volume, 
therefore causing a decrease in the compact density. Similar result has been reported by 
Colley et al. (2006). 
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N.                   experiment number 
Density1        average density (kg/m3) of briquettes after briquetting 
Density2        average density (kg/m3) of briquettes after 2 weeks of storage 
ΔD                 % change in density after 2 weeks (dimensional stability) 
M.C.              average moisture content (% w.b.) after 2 weeks of storage 
SDI                size distribution index 
DR                 durability rating 
*                     numbers in parenthesis are standard deviation 
‡                     n=10 (number of replicates), and †  n=3 
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Table 3b Physical properties of the briquettes (oat and w
heat) 
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In this study, the least durability rating was produced at 15% moisture. This investigation 
indicates that higher pressure can produce better compact only if optimal combination 
 

                             
Before durability test                                         After durability test 

Figure 1. Canola straw briquettes before and after durability test.  

with other independent variables is made. It shows that even at low and moderate 
pressures (7.5 and 10 MPa, respectively) good quality compact can be obtained at 9% 
moisture. This implies that energy cost incurred by high pressure application during the 
densification process can be reduced if biomass with optimal moisture is used. Applied 
pressure has the highest effect on the total energy consumption as reported by Mani et al. 
(2006a). At high moisture content (15%), water acts as a lubricant and reduces the 
binding property of the material even at high pressure of 12.5 MPa; this resulted to the 
production of poor quality and low briquette density. Similar finding has been reported 
by Mani et al. (2006a) on chopped corn stover pellet.  

Briquette durability rating observed was in the range between 42-92 for barley, 72-95 for 
canola, 43-91 for oat, and 45-95 for wheat (table 3 a & b). At high temperature (130oC) 
and low moisture (9-12%), compacts with high durability rating were produced. At this 
temperature, the melting points of some constituents such as lignin was approached, 
alongside with local melting of other materials, this causes binding of the particles and 
production of compact that was able to withstand the shear, impact, tumbling, rotation, 
and other forces during the durability test. This work demonstrated that high temperature 
(130oC) with high moisture content (15%) resulted in the least density. Durability rating 
is dependent on local melting (which depends on temperature) of some constituent of 
biomass feedstocks during densification process at satisfactory and required moisture 
content. This study indicated that briquette with low density may withstand the shear and 
rotation during handling and transportation better than briquette with high density; 
inasmuch as melting points of biomass constituents was approached during densification.  
This implies that high temperature may not guarantee the production of briquette with 
high density, but may guarantee compact with high durability rating. Biomass produced 
at too low temperature may lead to disintegration of the briquettes during handling and 
transportation processes. Combination of low moisture (9%) and appropriate pressure 
resulted in high durability. However, in some cases the durability decreased at higher 
pressure (12.5 MPa) due to high moisture (15%) and surface cracks. Similar observation 
has been reported by Mani et al. (2004b). High moisture (15%) is predominantly 
responsible for low durable compact. Al-Widyan et al. (2002) also reported the high 
influence of moisture content on the durability of biomass briquettes. 
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The size distribution index (SDI) is a reflection of how many number of compact (for this 
case, the ten replicates) are able to withstand the shear, impact and rotation during 
handling, transportation, and usage (for this case, during the durability test). SDI has a 
direct correlation with the durability. The values obtained ranges from 69-367 for barley, 
229-381 for canola, 72-366 for oat, and 92-377 for wheat. A perfect SDI is 400 according 
to American Society of Agricultural and Biological Engineers (ASABE) Standard S269.4 
(ASABE 2007).   

Almost in all cases, there was decreased in density of the compact after 2 weeks of 
storage. The reason for this was due to the dimensional instability which was more 
significant in the axial direction (height) as compare to the lateral direction (diameter), 
which in some cases tended to be nil depending on the combination of the material and 
operating variables. Similar trend of expansion have also been reported by Mani et al. 
(2004b) on compaction of corn stover and Al-Widyan et al. (2002) on physical durability 
and stability of olive cake briquettes. The dimensional stability is mainly dependent on 
the available moisture content, pressure, and temperature. The change in density is more 
significant at 15% moisture and pressure of 7.5 Mpa. The high moisture content and low 
pressure does not provide the enabling condition for mechanical interlocking and the 
binding effect of the constituents. The dimensional stability of the biomass briquette was 
determined in terms of density change after 2 weeks of storage. Since the mass of all the 
briquettes are the same and the briquette density was calculated from the dimensions. 
Therefore, any dimensional expansion or change (with respect to height) will directly 
have equivalent effect on the density. The change in briquette density for barley was 
between 1.3-9%, 0-2.7% for canola, 0-6.1% for oat, and 0-11.4% for wheat. 9% moisture 
and 12.5 Mpa pressure generate compact with higher density stability. This investigation 
presents a distinction between the driving forces responsible for the manufacture of 
briquettes with high density and durability. Moisture content and temperature are the two 
dominating factors. It was observed that low moisture content and high pressure favours 
high density more, while, low moisture content and high temperature favours high 
durability with optimal treatment combination with particle size. 

Particle size play a role in the densification process, however, in this study the effect is 
not as significant as moisture content, pressure, and temperature. This is because of the 
large particle size of the materials used. High particle size (31.75mm) and high 
temperature (130oC) with moderate moisture (12%) and pressure (10 MPa) produced 
briquette with high durability.  

The measures of the variability or dispersion of the replicates from their mean are shown 
in parenthesis in table 1 (a & b) in appendix. The calculated standard deviations depict 
that the data points of the physical properties of canola tend to be closer to the mean than 
the other three feedstocks. Canola has low values of standard deviation. This demonstrate 
that canola tend to produce a more uniform and quality briquette with higher density, 
stability, and durability at low moisture. The high values obtained from barley, oat, and 
wheat feedstocks indicate that their data points are spread out over a large range of values 
from the mean. Hence, they produce less uniform briquettes as compare to Canola straw.    
Therefore, the optimal condition required to manufacture briquette with high quality is 
different for each biomass feedstock. 
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Table 4. Analysis of variance of the experimental data on the different physical quality 
parameter of briquettes of barley, canola, oat, and wheat straw. 

Biomass feedstock 
Material and 

process variables 
Barley Canola Oat Wheat 

Initial density 
x1 ns ns ns ns 
x2  (-)*** (-)***   (-)*** (-)*** 
x3 (+)**  (+)***          (+)*         (+)* 
x4 (+)**  (+)***   (+)**  (+)*** 

Final density 
x1 ns ns ns ns 
x2 (-)***   (-)***    (-)*** (-)*** 
x3          (+)*    (+)*** ns            (+)* 
x4          (+)*  (+)** ns (+)** 

Briquette moisture content 
x1 ns (-)* (-)* ns 
x2 (+)***    (+)***     (+)***  (+)*** 
x3          (-)* ns (+)*            (-)* 
x4          (+)* (-)* ns            (-)* 

Size distribution index 
x1         (+)** ns   (+)*** ns 
x2         (-)*** ns  (-)*** ns 
x3 ns ns            (-)** ns 
x4         (+)***      (+)***   (+)***     (+)*** 

Durability rating 
x1         (+)* (+)* (+)*** (+)* 
x2         (-)*** (-)* (-)*** (-)* 
x3 ns ns (-)*** ns 
x4         (+)** (+)*  (+)***  (+)* 

Note: *** = P<0.01; ** = P<0.05; * = P<0.1; ns = not significant; (-) = inverse correlation of variables; 
 (+) = positive correlation of variables; x1 = temperature;  
x2 = moisture content; x3 = pressure; x4 = particle size. 
 

Statistical analysis To further confirm the effects of the material and process variables, 
statistical analysis was performed using SAS software. Analysis of variance (ANOVA) was 
done on the experimental data on the different physical quality parameter of briquettes from 
the four biomass feedstocks. The analysis indicated that temperature (x1) during briquetting 
has no significant (ns) difference on the initial and final densities (density after briquetting 
and after two weeks of storage, respectively) of barley, canola, oat, and wheat straw 
briquettes (table 4). The results show that moisture content (x2) (M.C.) of the four feedstocks 
is extremely significant (p<0.01) on the initial and final densities irrespective of the type of 
feedstocks. This implies that the effect of M.C. on density of briquette will almost be the 
same if the experiments are repeated. The result reflects the significant role and binding 
characteristics of M.C. during the densification process. ANOVA analysis showed that M.C. 
negatively correlated with the briquette density, which confirms that increasing the moisture 
content resulted in the decrease of briquette density. A similar result has been reported by 
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Colley et al. (2006) and Mani et al. (2006a). It demonstrated that optimal M.C. enhances 
binding characteristics, which is required for the formation of briquette with good 
dimensional stability during the storage period (in this case, two weeks of storage). The 
applied pressure (x3) and particle size (x4) affect the density of briquette differently. This may 
be due to differences in chemical compositions of biomass feedstock. The effect of pressure 
on the initial density of barley straw briquettes is highly significant (p<0.05), but statistically 
significant (p<0.1) on the final density, extremely significant on the initial and final density 
of canola straw briquettes, statistically significant on the initial density of oat straw briquettes 
with no significant on the final density, and statistically significant on the initial and final 
density of wheat straw briquettes. These results indicate that the effect of M.C. is more 
significant than that of applied pressure for the formation of briquette with higher density, 
except for the case of canola where both effects are similar. Pressure presents a positive 
correlation with density of briquettes (i.e. the higher the pressure, the higher the density), 
except for the final density of oat where it has no significant. Particle size of the biomass 
straw is extremely significant on the initial density of canola and wheat, and highly 
significant on barley and oat straw briquettes. It is highly significant on the final density of 
canola and wheat, statistically significant on barley but not significant on oat. The particle 
size is positively correlated with the initial and final density, except for the final density of 
oat, where it is not significant. This correlation may be due to the combination of large 
particle size of materials with other variables used in this experiment. This implies that large 
particle size can produce briquette with high density inasmuch as appropriate combination 
with moisture and pressure is made. This result is in contrast with the studies of Kaliyan and 
Morey (2006) and Sokhansanj et al. (2005) that used particle size of 0.56 to 0.8 mm, and 3.2 
mm and 0.8 mm, respectively, in their investigations.  

The analysis demonstrates that temperature has inverse correlation and statistically 
significant effect on the M.C. of canola and oat briquettes, but has no significant effect on 
barley and wheat briquettes. The initial moisture of the four feedstocks has positive 
correlation and extremely significant effect on the M.C. of the briquette. Pressure and particle 
size also affected the M.C. of the briquette differently. The response depends on the type of 
biomass feedstocks. 

ANOVA showed that temperature has positive correlation with durability rating (DR) of 
biomass briquette, while M.C. has inverse correlation. High temperature used in producing 
briquettes resulted in better durability, which made the briquettes to withstand the shear, 
impact, tumbling, and rotation during the DR test. These results confirm the high values of 
DR in table 3 (a & b), where high briquetting temperature (130oC) with appropriate 
treatment combination with other material and process variables resulted in high durability 
briquettes. The reason for this may be due to the local melting of biomass constituents such 
as lignin and the occurrence of solid bridges at elevated temperature during densification 
process. These determine the strength and extend of durability of the final densified product 
as reported by Ghebre-Sellassie (1989). Under high temperature (130oC), these constituents 
act as adhesive binders and provide bonding effect. This analysis demonstrated that the 
higher the M.C. of biomass feedstocks, the lower the DR, because at high M.C., the 
residual moisture in the feedstock turns to steam during compression, which acts as a 
lubricant and tends to decrease the binding between particles even at high pressure. Similar 
result has been reported by Mani et al. (2006b). At high M.C., the natural binders (such as 
lignin) in biomass are possibly not completely released, and prevented from complete 
flattening due to the incompressibility nature of water, coupled with moisture that are 
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trapped within the particles as explained by Kaliyan and Morey (2006). Temperature is 
extremely significant on the DR of oat and statistically significant on barley, canola, and 
wheat straw briquettes. While, M.C. is extremely significant on the DR of barley and oat, 
and statistically significant on canola and wheat. However, densification pressure has no 
significant effect on the DR of barley, canola, and oat straw briquettes, but extremely 
significant and inversely correlated with oat briquettes. The results also depict that particle 
size has positive correlation with DR of briquettes. The reason for this may be also due to 
the large particle size of the materials used in this experiment. With optimal combinations 
with other variables, large particle size resulted in high DR (table 3 a & b). Larger particle 
size seems to be highly diverse with more particle rearrangement during densification, 
thereby enhancing better particle binding and compaction. Using chopped large particle 
size with appropriate combination with other material and process variables could help in 
cost reduction. Mani et al. (2004a) and Kaliyan and Morey (2006) reported that the energy 
consumption for grinding increases as the particle size of the ground biomass becomes 
finer. Since briquette is required for direct combustion, chopped large particle size (25-32 
mm) can be used for briquette formation, while, avoiding the high cost of milling or 
grinding. Therefore, to produce briquette at low production cost, with better durability and 
stability qualities, that could withstand the handling during storage and shear, impact, 
tumbling, and rotation during transportation, high temperature, low M.C., and large particle 
size with appropriate combination with the densification pressure are needed, so as to make 
biomass competitive with fossil fuels.  

CONCLUSION The various independent variables (moisture content, particle size 
distribution, densification temperature and pressure) are the underlined determining factors 
upon which the dependent quality parameters (density, durability and dimensional stability) 
rely upon. Proper and optimal combination of the independent variables is needed to 
manufacture biomass briquette with good quality. The right amount of moisture develops 
self-bonding properties in lignocellulosic materials like biomass.  
 

Canola straw produced briquette with better density, durability rating, and dimensional 
stability as compared to the other three biomass feedstocks. There is no fixed generic 
material and process variables for the densification of biomass feedstock due to their 
different chemical compositions and the interaction of the variables such as initial moisture 
and particle size distribution of the feedstock and briquetting temperature. Good quality 
briquettes can be produced with initial moisture contents of 9 to 12% (w.b.); however, the 
optimum moisture content for this experiment is 9% (w.b.). Durability rating is dependent 
on local melting (which depends on temperature) of some constituent of biomass 
feedstocks during densification process at satisfactory and required moisture content. At 
high temperature (130oC) and low moisture (9-12%), compacts with high durability rating 
were produced. At high pressure (12.5 MPa) and low moisture (9-12%), compact with high 
density were obtained. ANOVA demonstrated that temperature has positive correlation 
with durability rating and no significant effect on the density, while pressure is positively 
correlated with the compact density.  
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