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Abstract 

 

Rice is the staple food for more than half of the human population. As an agricultural residue, 

more than 600 million tons rice straw are produced yearly in Asia. In many countries of the 

world this straw is field burned after harvest. Not only is this practice polluting the 

environment but it is also a waste of potential revenues and energy. Alone for Southeast Asia, 

there is a potential quantity of 198 million tons of rice straw available. On a conservative 

attempt the average lower heating value is 14 MJ/kg. The amount of energy available from 

this rice straw is equivalent to 2772 PJ or 13.5% of the total primary energy supply in 

Southeast Asia. If the straw would be used for energy production, there would be some 

benefits. One is the reduction of greenhouse gas emissions and air pollution caused by field 

burning and anaerobic mineralization. Another is the reduction of traditional biomass use and 

therefore a decrease of deforestation. Additionally, the straw would gain a certain value which 

can increase the income on farm level. Solid biofuels made of rice straw would also increases 

the fuel availability on farm level which could have a significant impact on active food drying 

and though on the reduction of postharvest losses. The low density of rice straw makes it very 

unsuitable for transportation and storage. Furthermore, the low heating value per unit volume 

is making it technically unfeasible for direct use due to combustion and handling problems. A 

densification through briquetting can solve these problems. The combination of bale opener, 

straw chopper, and a hydraulic piston briquetting press produced high quality briquettes 

(14.57 MJ∙kg
-1

). Biomass materials, especially straw, often show a strong heterogeneity in 

their physical properties and chemical composition. Therefore a characterization of these 

properties as well as the determination of variance and a minimum number of required 

samples is important, these analyses have been performed according to DIN EN 14778. In the 

present experiment, during the dry season 2012 straw directly after harvest was collected and 

artificially dried to a final moisture content of approximately 8 % and processed to round 

bales. For the briquetting experiments, the particle size of the straw was varied between 7 and 

15 mm and the briquetting pressure was varied between 4, 6 and 8 MPa. The produced 

briquettes were cylindrically shaped, 66 mm in diameter and around 50 mm in length. This 

form enables them to be used as feedstock in automatic systems. Initial measurements of the 

consumption to output ratio show that the briquetting process only consumes 1.4% of the 

energy, the briquettes provide. With variation in pressure, solid densities of 0.74 to 0.97  

g∙cm
-3

 and bulk densities of 377 to 477 kg∙m
-3

 could be achieved. The briquettes durability 

was found to be between 87.3 % and 95.3 %. Beside the above-mentioned measures, also the 

static- and dynamic angle of repose as well as static friction on different materials were 

measured. Briquetting was found to be a promising option as pre-treatment for rice straw. 
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1. INTRODUCTION 

 

“Rice is the staple food for more than half of the human population“(IRRI, 2012; Lim et al., 

2009). In many countries of the world, residues from rice production such as straw are open 

burned after harvest (Suramaythangkoor and Gheewala, 2011). Not only is this practice 

polluting the environment but it is also a waste of potential revenues and energy.  

For Southeast Asia, due to data availability only referred to Indonesia, Malaysia, the 

Philippines, Singapore Thailand and Vietnam, there was a total primary energy supply 

(TPES) of 20,525 PJ in 2007. Combustible biomass and waste contributed to 22% of the 

TPES (IEA, 2010). The major part of this combustible biomass consists of traditional solid 

biomass such as wood, which is neither an effective solution for energy production and often 

not sustainable (IEA, 2010). Ndiema et al. (2002) claim, that in most developing countries, 

the demand for wood fuels is increasing faster than the sustainable supply, the consequence of 

which is the deforestation of vast woodlands. In contrast stands the abundance of rice straw 

which is still underutilized. The amount of rough rice produced in Southeast Asia in 2009 was 

198 Mt (FAO, 2010). With an average harvest index of 0.5, there is a potential quantity of 198 

Mt of rice straw available (IRRI, 2012). On a conservative attempt, in average rice straw has a 

lower heating value of 14 MJ/kg (Gadde et al., 2009). The amount of energy available from 

this rice straw is equivalent to 2772 PJ or 13.5% of the TPES in Southeast Asia. The IEA 

report “Deploying Renewables in Southeast Asia“(2010) certifies a very high potential to 

Southeast Asia for energy production form agricultural residues. If these residues are used, 

there will be some benefits, such as reduction of traditional biomass use and a decrease of 

greenhouse gas emissions, significantly caused by incomplete combustion of traditional 

biomass in the current systems (IEA, 2010). Furthermore, in the whole region, Thailand is the 

only country that uses biomass residues for power generation (IEA, 2010).  Since beside 

Thailand also Indonesia, Malaysia and the Philippines have introduced policies encompassing 

purchase of power generated using renewable energy, political will and financial instruments 

are present (IEA, 2010).  

Because of the warm climate in Southeast Asia, there is only little need for space heating but 

heat is required for many industrial and domestic processes such as drying of rice and other 

foods (IEA, 2010). If rice straw can be used for energy production, it would become a good 

with a certain value instead of a waste product. Therefore it would have the potential to 

increase income on farm level. If this implementation takes place, it also increases the 
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availability of processed, high quality fuels on farm level, which could have a significant 

impact on active food drying and though on the reduction of postharvest losses. 

Through the low density of rice straw, it is very unsuitable for transportation and storage. 

Furthermore, the low heating value per unit volume is making it technically unfeasible for 

direct use due to combustion and handling problems (Ndiema et al., 2002). A densification 

through briquetting can solve these problems. Chou et al. (2008) and Singh et al. (2012) 

investigated on preparation and characterization of briquettes made from rice straw and 

showed a very high potential to create valuable, solid biomass fuels. Beside of their articles, 

there are hardly any other publications on this special topic, so differing experimental setups 

are necessary to support a broad ability to implement this technology.  

 

The aim of this study is to investigate rice straw densification through briquetting with a state 

of the art briquette production line on small industrial scale. 

Main objectives were 

 

 To analyze the raw product for its chemical and physical properties  

 

 To state statistical data of rice straw for the use as solid biofuel 

 

 To investigate on the effect of particle size and pressure on the briquette’s solid- and bulk 

density as well as their durability and other mechanical properties 

 

 

 

 

 

 

  



State of the Art 3 

 

2. STATE OF THE ART 

2.1. Rice and its byproducts 

 

Rice belongs to the family of Graminae, there are two cultivated species – Oryza sativa and 

Oryza glabberima – as well as 21 wild species of genus Oryza (Khush, S., 1997). According 

to Lim et al. (2009), Asia alone contributed to 90% of the world’s rice output in the year 

2009. They follow up that, even with economic growth in some Asian countries and therefore 

a shift in food preferences, rice consumption will remain strong due to countries such as the 

United States, India, the Philippines and Vietnam that show an increasing trend in per capita 

consumption. Beneath the rice seed that is mainly used for human consumption, several other 

byproducts accrue, such as straw at harvest, which is considered to be a crop residue, as well 

as bran and husk, which are agro-industrial residues from the post-harvest processes (Lim et 

al., 2009). Rice bran is a protein rich product and it can be a valuable source of food 

ingredients, but currently it is still underutilized (Shih, F., 2011). Due to its high potential for 

nutritional aspects, it should be considered rather for food purposes or animal nutrition than 

for energy production. Rice husk is the outer layer of the rice seed and it is removed during 

the milling process (Lim et al., 2009). It accounts for 14 to 35% of the weight of harvested 

rough rice with an average of 20%, the average lower heating value is specified with 13 – 16 

MJ kg
-1

 (Natarajan et al., 1997). According to Gadde et al. (2009), rice husk is currently used 

for power generation in only a few countries of Asia. 

Rice straw usually has the highest share of mass within the production of rough rice. 

Nevertheless, amounts stated in literature cover a wide range. Lim et al. (2009) name the 

quantities with 0.41 to 3.96 kg of straw per kg of grain, but this highly depends on the 

production system.  

There are many different possibilities on how to use rice straw. Some only refer to getting rid 

of the straw; others make use of it in a beneficial way through substitution of inorganic 

fertilizer or provision of bioenergy. For example, in India, Thailand and the Philippines, open 

field burning is a common practice (Gadde et al., 2009). Incorporation of straw into the soil 

also is a common treatment, discussed by many scientists such as Kadam et al. (2000), F. 

Ponnamperuma (1984) and Flinn & Marciano (1984). Nevertheless, it also can be practice to 

compost rice straw first and to incorporate the already degraded material with the next crop 

(Hese, P.R., 1984). Krishnamoorthy et al. (1995) did inoculum investigations on the ruminal 

digestion of rice straw and found theoretical metabolisable energy similar to maize; therefore 

it can be used as a feedstock to ruminant animals as well. 
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Rice straw also has a high potential for industrial utilization. Its composition makes it suitable 

for fiber extraction, which can add value to the rice crop and prevent unfavorable disposal 

(Reddy & Yang, 2006). It has been used in houses for wall and roof constructions ever since. 

Also in the pulp and paper industry, straw paper has been available for centuries (Lim et al., 

2009). Modern use goes more towards composites, where rice straw has the potential to 

replace other materials that are not so abundant available or renewable. A more recent kind-

of-use is as adsorbent material in industrial waste water treatment, where the straw, either as 

activated carbon or only chemically pretreated, has the potential to remove contaminants from 

industrial effluents (Rocha et al., 2009; Johns et al., 1998).  

 

Besides the direct and industrial utilizations of rice straw it is also suitable for several 

attempts of energetic usage. Early researches prove the viability of anaerobic digestion for 

mixtures of rice straw and other organic wastes (Lim et al., 2009). Menardo et al. (2012) 

name the average Biogas yield for untreated rice straw with 197 LN∙kg
-1

 of VS (Volatile 

Solid) which can be further increased by different pretreatment techniques. Biological 

hydrogen production can be done by the same process of anaerobic digestion, only the last 

step of methane production by methanogens is left out. According to Kim et al. (2012), this 

technology is not ready for commercialization but it is practicable in research environments. 

They found out that rice straw, added in an appropriate proportion to sewage sludge, can be 

used for efficient biohydrogen production. Another process of biochemical conversion, the 

ethanol production from fermentation was discussed more detailed in the review of Lim et al. 

(2009). After taking into account several production technologies and research papers they 

conclude that there has been extensive research progress on the utilization of lignocellulosic 

biomass, such as rice straw, for the production of bioethanol. Nevertheless they follow up that 

its commercialization status has not been achieved yet.  

Thermo-chemical utilization covers the processes of direct combustion, pyrolysis and 

gasification. Direct combustion is the least sophisticated but the most utilized form of thermo-

chemical conversion. In most cases, the biomass is burned to either warm water or to produce 

steam that can be used in turbines or as process heat. Jenkins et al. (1999) showed the 

technical feasibility of using rice straw in conventional power stations. Though they refer to 

washed rice straw since the straw as available after harvest contains a considerable amount of 

troublesome elements causing slagging and fouling as well as accelerated corrosion (Jenkins 

et al., 1999). Pyrolysis is the conversion of biomass to charcoal, syngas and oil occurring at 

medium to high temperatures and under the absence of oxygen. The corresponding share of 

the products depends on the design of the reactor and can be controlled. Usually, the desired 
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product of pyrolysis is oil, but recently interest in the char is growing as well, since it can be 

used as soil amendment and is supposed to improve soil properties. Pütün et al. (2004) did 

pyrolysis experiments to determine the maximum oil yield of rice straw. They were able to 

achieve a yield of 35.86% of oil that was suitable of being used as a transport fuel. 

Gasification needs a sub-stoichiometric air supply that is just sufficient to gasify the feedstock 

into combustible syngas (Natarajan et al., 1997). Rice straw can produce a high quality syngas 

with a HHV of 5.14 MJ∙Nm
-3

 (Calvo et al., 2012). Rice straw gasification is not 

commercialized yet, but a number of pilot scale plants can already be found (Lim et al., 

2009).  

 

2.2. Properties of rice straw 

 

The properties, such as chemical composition, fiber length, moisture content or heating value 

determine the purpose the straw can be used for. In many cases, rice straw is very likely to 

cause difficulties when processed, especially due to its low heating value, its low bulk density 

but also because of the high amount of alkali and alkaline compounds (Kargbo et al., 2009). 

Pretreatment of the straw usually is necessary. According to Kargbo et al. (2009), this 

pretreatment can only be a simple process, such as sizing or washing, which increase the bulk 

density and removes some troublesome elements. It also can be done in more sophisticated 

ways, trough torrefaction, which is a partial thermochemical conversion to a more stable, 

dense and dry product (Kargbo et al., 2009). Thus, the suitability of straw to be used for 

different purposes will be increased.  

 

Chemical properties, such as the content of cellulose, hemicellulose, lignin, fat and protein are 

important for conversion. They influence the digestibility for ruminants, the heating value and 

the possible yield of methane or bioethanol. Straws are almost entirely made of cell-walls and 

cell-walls are made of highly lignified structural carbo-hydrates and small amounts of 

structural proteins and minerals (Antongiovanni & Sargentini, 1991). The composition varies 

between different rice varieties and cropping systems, Table 1 shows the composition as 

stated by different authors, names the means of the different findings and their variation. 
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Table 1 Composition of Rice straw as described by different authors: [1] Krishnamoorthy et 

al, 1994; [2] Antongiovanni & Sargentini, 1991; [3] Trach et al., 2001; the last line represents 

the means 
       

Hemicellulose 

[g∙kg
-1

 VS] 

Cellulose 

[g∙kg
-1

 VS] 

Lignin 

[g∙kg
-1

 VS] 

Ash 

[g∙kg
-1

 VS] 

Protein 

[g∙kg
-1

 VS] 

Fat 

[g∙kg
-1

 VS] 

Literature 

 

       

       

302.11 n/a n/a 166.4 69.6 8.2 [1] 

309.08 n/a n/a 202.6 64.2 9.4 [1] 

309.41 n/a n/a 170.7 72.5 12.1 [1] 

260.00 330.0 70.0 189.0 n/a n/a [2] 

353.90 455.7 74.2 n/a n/a n/a [3] 

       

306.90±33.3 392.8±89.9 72.1±3.0 182.2±16.7 68.7±4.2 9.9±2.0  

 

The amount of ash has an influence on the higher heating value, its composition influences 

ash-sintering and clogging of firing devices (Kargbo et al., 2009). Rice ash mainly consists of 

Silicon dioxide (SiO2) with a share of approximately 75%, Calcium oxide (CaO) with 3%, 

Magnesium oxide (MgO) with 1.75%, sodium oxide (Na2O) with 1% and potassium oxide 

(K2O) with 12% (Kargbo et al., 2009). The bulk density of rice straw is relatively low; Zeng 

et al. (2007) name it with 10-20 kg∙m
-3

, Singh et al. (2012) with 20 kg∙m
-3

. 

 

2.3. Thermal conversion 

 

There are three processes that are categorized as thermal conversion: combustion, pyrolysis 

and gasification. Direct combustion of biomass is referred to as a process of direct burning in 

the presence of sufficient air, usually to produce heat or steam (Goyal et al., 2006; Lim et al., 

2009). Combustion is essentially non-selective in its use of the biomass and reduces the whole 

fuel to simple products (Jenkins et al., 1998). The design of biomass boilers varies widely as 

does the number of different biomass types. This leads to different compositions and therefore 

differences in combustive behavior. It is mainly carbon and hydrogen that contribute to the 

calorific value but it is the inorganic constituents that are important to the critical problems of 

fouling and slagging (Jenkins et al., 1998).  Jenkins et al. (1999) performed full-scale 

experiments and fired rain washed straw in three different types of existing commercial 

boilers. Their results indicate that washed straw is technically suitable as fuel for direct 

combustion in existing and commonly used biomass boilers under normal operating 

conditions and temperatures, only modification to fuel feeding systems will be necessary. 
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Pyrolysis is a thermo-chemical conversion process in the absence of oxygen. The process runs 

at medium to high temperatures from 350 to 700°C and produces pyrolysis gas, a combustible 

liquid fraction as well as a carbon rich solid residue. Figure 1 illustrates the components in a 

more detailed way. With 38 %, Tsai et al. (2006) achieved a high yield of the liquid fraction 

from pyrolyzed rice straw with a calorific value of 20.4 MJ∙kg
-1

. Pütün et al. (2004) produced 

oil from straw pyrolyzed with another system. They achieved yields up to 35.86 % with 

calorific values up to 32.6 MJ∙kg
-1

. Currently, only little attention is being paid to the carbon 

rich solid residue. Tsai et al. (2006) name the calorific value with 20 MJ∙kg
-1

 which would 

make it suitable for combustion. Nevertheless, it can be argued if the use as fuel is the most 

promising way. Johns et al. (1998) processed the residue to activated carbon and found it to 

be very effective in removing organic and metal contaminants from water. Lou et al. (2011) 

used it as a soil amendment, the so called biochar. They found a significant reduction of the 

organic pollutant pentachlorphenol present in the soil without any toxicity caused by the rice 

straw derived biochar. According to Higman and van der Burgt (2008), the process of 

pyrolysis alone is of little importance in the gas production today and the term gasification is 

commonly used to describe the process of partial oxidation. As shown in figure 1, gasification 

is more of an extension of pyrolysis than an autonomous process. The main difference to 

pyrolysis is the partial oxidation through the presence of a gasifying agent (CARE, 2009).  

 
Figure 1 Reaction sequence for pyrolysis and gasification of coal and biomass (Edited after 

Higman and van der Burgt, 2008) 

 

Gasification usually is performed at temperatures above 850 °C because below, the reactions 

of partial oxidation proceed at very slow rates (Higman and van der Burgt, 2008). Calvo et al. 

(2012) certify rice straw to be a potential candidate for gasification. They were able to 

produce a fuel with a higher heating value of 5.14 MJ∙Nm
-3

. They discuss potential 

advantages and disadvantages of rice straw for gasification very properly. They state that the 

disadvantage of high ash contents generally found in rice straw is compensated by the large 

content of volatile matter which favors the gasification process. They also name the relatively 

low heating value as a major disadvantage but conclude that this can be eliminated by the 

pure abundance of rice straw.  
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2.4. Briquettes and briquetting technology 

 

Briquettes are highly densified particle agglomerates (Grover & Mishra, 1996). Ndiema et al. 

(2002) describe biomass briquetting as a viable technology for converting biomass materials, 

including agricultural residues into forms which are combustible in typical burners. They also 

name as advantages the ease of charging the furnace, the increase in volumetric calorific 

value, an improvement of combustion characteristics and the uniformity in size and shape. 

They state, that furnaces designed for fuels having common characteristics as wood and coal 

are also capable of being fed with briquettes. During the process of briquetting usually two 

binding mechanisms occur for bulky particles such as chopped rice straw: interlocking and the 

connection via a hardening binder. For the appearance of interlocking-bonds, compression 

and shear forces must always act on the system; the strength of the agglomerate depends only 

on the type of interaction and the material characteristics (Grover & Mishra, 1996). Lignin 

acts in the same principle as a hardening binder. It has a low melting point of about 140°C, 

when biomass is heated it can act in a thermosetting way, proteins behave similar (Chen et al., 

2009). Grover & Mishra (1996) describe binding mechanisms of high viscous bonding media, 

such as tar, as adhesion forces at the solid-fluid interface and cohesion forces within the solid 

and state that lignin and protein helps in binding in this way. 

  
Figure 2 Binding mechanisms for bulky particle briquettes, the interlocking mechanism (a) 

occurs due to mechanical deformation and interconnection of single particles while the 

hardening binder mechanism (b) occurs due to melting lignite and therefore a glue-like 

connection (Edited after Grover & Mishra, 1996) 

 

There are four different ways of briquette production. The roller press principle is based on 

two rollers rotating against each other. Each roller has regularly ordered notches and acts as 

one half of a pressing-matrix. Through the continuous rotation very high throughputs can be 

achieved, but this technology is rather used for coal briquetting. The press-chamber principle 

is simple. The equipment consists of two parts, usually a heated die that acts as the press-

chamber and a punch that fits in tight. When the die is filled with the substrate, the two parts 

are pressed together to form the briquette. The process is discontinuously.  

(a) Interlocking (b) Hardening binder 
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Figure 3 Different briquetting systems: (a) Roller-press; (b) Screw-press; (c) Press-chamber 

with heating plates; (d) Piston-press with flywheel (Images edited after (a) E.P Machinery, 

2012; (b)  Hedon, 2012; (c) Chou et al., 2009; (d) Werther et al., 2000). 

 

The screw-extruder principle is based on continuous extrusion of the feedstock by a screw 

through a heated taper die (Grover & Mishra, 1996).  The wear of the screw herby is high. By 

design of the press, the briquettes have a central hole incorporated (Grover & Mishra, 1996).  

The last principle is the piston-press. The biomass herby is pressed in a die by a reciprocating 

ram. The ram can either be attached to a flywheel or a high pressure hydraulic press system. 

The wear of piston-presses is generally lower than that of screw presses; the hydraulic 

systems can reduce wear marks even further (Grover & Mishra, 1996). 

 

2.5. Studies on rice straw briquettes 

 

The scientific work performed on the briquetting of rice straw is very manageable. Zeng et al. 

(2007) give an overview of briquetting-technologies for rice straw found in China. They state, 

that the dominant technique is the screw-press, mainly due to the advantage of stable 

operation, continuous production and easy combustion of the product. They name the solid 

density of the screw-press derived briquettes with 1100-1300 kg∙m
-3

 in contrast to the rice 

straw’s initial bulk density of 10-20 kg∙m
-3

. Nevertheless, this value is arguable. Singh et al. 

(b)  

(c)  (d)  

(a)  
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(2012) name the bulk density of loose paddy straw with 20.41 kg∙m
-3

, increasing to  71.3
 

kg∙m
-3

 when being chopped. Zeng et al. (2007) see the advantage of hydraulic piston presses 

in their capability of handling moisture contents up to 15%. They name the solid-density of 

briquettes produced by piston presses with 800-1200 kg∙m
-3

. Nevertheless, the “energy 

density” they state with 30 MJ∙kg
-1 

seems to be quite high. There are only two publications 

available, which investigates rice straw briquetting on a physical-mechanical attempt. Chou et 

al. (2009) used a heated press-chamber system with a maximum heating capability of 200°C 

and a maximum pressure of 9.8 MPa. They densified rice straw chopped to different sizes and 

blended with different amounts of rice bran at temperatures from 90-150°C to cube-formed 

briquettes. They then analyzed the briquettes for their solid density, their change in volume, 

their change in mass and the compressive strength. The heating value was derived by an 

arithmetic attempt, taking into account their findings for rice straw (16.1 MJ∙kg
-1

) and rice 

bran (20.5 MJ∙kg
-1

). Only the heating value and the solid density are treated by the standards 

of CEN/TC 335 this thesis is working with. The compressive strength could probably be taken 

as an indicator for the briquettes durability. They found out, that the smaller the rice straw 

particles, the higher the share of bran in the blend and the higher the pressing temperature, the 

higher were the compressive strength and the solid density. This is perfectly in accordance 

with the explanation of hardening binder bonds already discussed in chapter 2.4. Denaturized 

proteins from the bran and the thermoplastic behavior of heated lignin keep the interlocking 

bonds steady. This effect is illustrated very well by SEM micrographs in figure 4, they 

provide. Their conclusion certifies feasibility of use as a briquetted biomass fuel to rice straw. 

 

  
Figure 4 Bonds in straw briquettes (a) 100% rice straw, 9.8 MPa, no heating; (b) 80% rice 

straw, 20% rice bran, 9.8 MPa, 150°C (Chou et al., 2009) 

 

(a)  (b)  
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Singh et al. (2012) worked with a mechanic piston press with a capacity of 250 kg∙h
-1

. They 

do not state a compaction pressure or the particle size, the rice straw has been chopped to 

before densification. They measured some mechanical properties of the chopped straw such as 

the bulk density (71.3 kg∙m
-3

), static the angle of repose (37.3°) and the coefficient of friction 

on different materials (plywood: 0.351; aluminum: 0.413). For the briquettes, they only 

measured bulk density, calorific value, durability and moisture content. They added 10 to 30 

% of saw dust to the straw to investigate on the effect on the abovementioned properties. The 

pure rice straw briquettes had a bulk density of 395.4 kg∙m
-3

. The calorific value was 14.67 

MJ∙kg
-1

 and increased slightly as the share of saw dust increased. The durability of the rice 

straw briquettes was found to be 75.35 % and increased over 20 % as saw dust was added. 

After briquetting, they focused on burning characteristics of rice straw briquettes compared to 

coal briquettes with a water heating test. While coal burned nearly double the time of rice 

straw (125 vs. 75 min.) it also resulted in a way higher maximum temperature (78 vs. 42°C). 

As a final step, they compared the briquettes economical potential to that of coal. They 

conclude that the costs for paddy straw briquettes in India would be around 1/3 lower than 

that for coal briquettes, with the advantage of direct benefits to rice producers by adding value 

to the straw and the prevention of straw burning on the field after harvest.  
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3. MATERIAL AND METHOD 

3.1. Straw characterization 

 

Straw is the raw material used in the briquetting process. Basically the briquettes are 

extremely compacted straw. Therefore it can be assumed that the physical properties and the 

chemical composition of the briquettes are similar to those found in the raw material. Since all 

data except for the moisture content are measured on dry mass basis, a simple allocation with 

the briquette’s actual mass is feasible. Here, two different types of straw have been used: 

Straw stored outside in a shed directly after harvest for approximately half a year and straw 

freshly harvested, artificially dried in flat bed driers and processed soon after drying. The 

outside stored straw was used for the physical-chemical characterization and determination of 

statistical data. The freshly harvested straw was used as raw material for briquetting. The 

straw cannot be tracked back to a single variety of rice and is a broad mixture. 

 

3.1.1. Straw sampling 

 

The straw was stored in a small, static pile. According to DIN EN 14778 (2011), this kind of 

piles can be sampled by a visual splitting in three horizontal layers and taking a number of 

samples according to the layer’s share in the overall size. The straw pile present in the 

experiment was stored in a small shed and rather cubically shaped. The pile was also visually 

split into three vertical compartments from front to rear and three from left to right.  Samples 

were taken with a four-tined pitchfork by digging the pile. Fifteen throws of the pitchfork 

were discarded and the sample was taken from the 16
th

 throw. This procedure was repeated 

until 30 samples had been taken.  

 
Figure 5 Side view of an example of sampling positions in a small pile (DIN EN 14778, 2011) 
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The preparation of the samples was performed according to DIN EN 14780 (2011). For the 

moisture content analysis, the particle size was first coarsely reduced to approximately 20 mm 

with a scissor and then the sample pairs were created by quartering. The further reduction of 

the two sample parts was performed through repeated quartering until a sample of ca. 2 g 

remained. For the other analyses, the particle size was further reduced with a laboratory mill 

to a nominal screen size <2 mm; the samples then were divided with a precision sample 

divider 

 
Figure 6 Quartering for sample reduction (DIN EN 14780, 2011) 

 

 

3.1.2. Moisture content 

 

The Moisture content of a sample is the amount of water that is present in this specific 

sample. One should note, that biomass might contain volatile organic compounds that can 

vaporize during the determination of moisture content in a drying oven which may result in a 

reduction of precision (DIN EN 14774-1, 2009). For investigation on biomass, the gravimetric 

moisture content based on wet basis normally is applied. The amount of water is measured by 

drying the sample in an oven at 105±2 °C until the mass remains constant. The moisture 

content then can be calculated according to formula 1. 

 

 

        
     

     
     

(1)  

 

        

   

   

   

Moisture content wet basis [%] 

Mass of container [g] 

Mass of container and moist sample [g] 

Mass of container and dry sample [g] 

 

 

Discard 
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The moisture content is an important measure since it influences storability and the lower 

heating value of a solid biofuel. Furthermore, the solid- and bulk density are dependent to the 

moisture content and so is the angle of repose (DIN EN 15103, 2010; DIN EN 15150, 2012, 

Zareiforoush, H., 2009). 

 

3.1.3. Ash content 

 

The Ash content of a sample is the amount of inorganic residues that remain after burning the 

sample in relation to its dry weight (DIN EN 14775, 2010). Most inorganic plant nutrients 

such as phosphorus, potassium, magnesium, calcium and sulfur remain in the ash after 

combustion (Jenkins et al, 1998). Therefore, the ash content is also an important measure if 

residues after combustion are returned to the field as nutrients. Similar to the moisture 

content, the ash content has a direct impact on the calorific value (Kargbo et al., 2009). In 

contrary to the moisture content, that only influences the lower heating value, ash content 

influences both, the lower and the higher heating value. Ash content is determined by 

incineration of the dry sample at 550±10 °C. The ash content then can be expressed in percent 

according to formula 2. 

 

     
       

       
     

(2)  

 

     

   

   

   

Ash content in dry sample [%] 

Mass of container [g] 

Mass of container and dry sample [g] 

Mass of container and ash  [g] 

 

3.1.4. Calorific value 

 

There are two different readings for calorific value, the lower and the higher heating value. 

Only the higher heating value can be measured, the lower heating value must be calculated. 

The measurement takes place in a bomb calorimeter at 25 °C, where the sample is burned 

under excess oxygen and high pressure in a water vapor saturated atmosphere. Since the 

environment inside the bomb is saturated with water vapor, the water that is formed during 

combustion and the water that is inside the sample remain in liquid form. During the 

combustion process, byproducts are built because of the high-pressure oxygen environment, 

namely nitric- and sulfuric acid. The heat formed by these processes is artificial because it is 

not resulting from the sample’s combustion and has to be subtracted from the measured 

increase in temperature. According to DIN EN 14918, the HHV is calculated with formula 3. 
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                                [    

 
        ]

  
 

[    
 
         ]

  
 

(3)  

 

      HHV at constant volume [J∙g
-1

] 

     Mean value for the calorimeter’s effective heat capacity [J∙K
-1

] 

  Corrected increase in temperature [K] 

         Igniter’s share in combustion [J] 

                Ignition cable’s share [J] 

       Mass fraction of nitrate [mg] 

     Mass fraction of sulfur [%] 

   Mass of sample [g] 

 

According to DIN EN 14918, the HHV should be stated on water free reference base. Since 

the water present in the sample has no share to the increase in temperature but only affects the 

sample’s mass, its influence can be eliminated according to formula 4. 

 

              
   

     
 

(4)  

        

      

  

HHV at constant volume for a dry sample [J∙g
-1

] 

HHV at constant volume [J∙g
-1

] 

The gravimetric moisture content M [%] 

 

In the most common way of combustion, a process without recovery of the water’s heat of 

condensation, or expressed differently, where the water is not liquid, energy is needed for 

evaporation of the water. Per mole of H2O evaporated, exactly 44.01 kJ are needed.  

The lower heating value is the energy provided from this common process. The major 

difference to the HHV is the physical state of water in the products; hence, one must know the 

exact amount of water and hydrogen in a sample to calculate for the LHV. For better 

understanding, reaction kinetics of CH4 is given. 

  

                 (5)  

 

This can also be expressed as free enthalpy of reaction, the enthalpy of products minus the 

enthalpy of reagents. 

 

    
          

         
          

       (6)  

 

which is 
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)          

  

   
 

(7)  

 

Per gram of water, 2.443 kJ are needed for evaporation. Per gram of hydrogen (which forms 

8.94 grams of water), 21.83 kJ are necessary. In addition, oxygen and nitrogen in the sample 

contribute to the gaseous phase of the combustion product and need to be considered. 

 

The calculations in DIN 14918 refer to a sample of exactly one gram; therefore the enthalpy 

for hydrogen and water is expressed in J per 0.01g which represents a percentage base. The 

influence of the sample’s actual mass was already eliminated in the calculation of         

LHV is calculated according to formula 8.  

 

         {                       [           ]             }

                  

(8)  

         LHV at constant pressure for a gravimetric moisture content M [J∙g
-1

] 

        HHV at constant volume for a dry sample [J∙g
-1

] 

      The mass fraction of hydrogen for a dry sample [%] 

      The mass fraction of Oxygen for a dry sample [%] 

      The mass fraction of Nitrogen for a dry sample [%] 

M The gravimetric moisture content M [%] 

  

 

3.2. Briquette characterization  

 

For bulk materials, there are some very important parameters that should be measured to 

determine on the one hand side the materials quality and on the other hand side, to get 

knowledge about the materials behavior when handled. This especially is important if the 

material shall be used as fuel in an automatic system. Frictional properties are important in 

design of equipment for solid flow and structures for storage (Mohsenin, 1980). 

 

3.2.1. Solid density, bulk density and porosity 

 

The solid density of a material is its mass in relation to its volume (Griepentrog, 1994). It is 

dependent on the materials water content. The bulk density is the ratio of a materials mass to 

its volume in a container (Karaj & Müller, 2010). The relative positions of the single units of 

a bulk to each other determine how dense a material is packed. If a bulk material is filled in a 
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container, parts of the container will be occupied by the material and other parts will only be 

filled with air. Porosity indicates this amount of pores in the bulk material (Karaj & Müller, 

2010). According to the European Norm EN 15150:2011 or its German equivalent DIN EN 

15150 Solid biofuels – Determination of particle density, the solid density of a briquette can 

be determined in two ways. One way is the relation of the sample weight in air and its weight 

in a liquid with known density. Formula 9 then leads to the density at a moisture content M. 

 

      
  

     
    

(9)  

     

   

   

   

Solid density at sample moisture content M [g∙cm
-3

] 

Mass of the sample in air [g] 

Mass of the sample in the liquid [g] 

Density of the liquid [g∙cm
-3

] 

 

The other way is the stereometric volume estimation, where length and diameter are measured 

with a caliper gauge according to formula 10 and set into relation to the briquette mass 

according to formula 11. 

 

   
   

     

 
 

(10)  

   

  

    

Volume of the briquette [cm
3
] 

Length of the briquette [cm] 

Mean value of 6 measurements of diameter [cm] 

   

    
 

  
 

(11)  

    

  

   

Solid density at sample moisture content MC [g∙cm
-3

] 

Mass of the briquette [g] 

Volume of the briquette [cm
3
] 

 

The measurement of bulk density is described in the European norm EN 15103:2009 and in 

its German equivalent, the DIN EN 15103 Solid biofuels – Determination of bulk density. A 

container with a volume of 0.05 m³ is filled with briquettes until the maximum cone is 

reached. Then the container is exposed to a so called shock impact, a free fall to the ground 

from 150 mm. This causes a ground settlement of the sample material, the resulting hollow 

space then is refilled up to the rim of the container. 

The bulk density for a moisture content M is calculated according to formula 12. 

 

     
      

  
 

(12)  

     

    

   

   

Bulk density at sample moisture content M [kg∙m
-3

] 

Mass of bulk and container [kg] 

Mass of container [kg] 

Volume of container [m
3
] 

 

With solid and bulk density, the porosity can be calculated according to Karaj & Müller 

(2010) with formula 13. The porosity states, how much of the volume of a bulk is just filled 
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by air. It is important to note, that the material for measurement of the bulk density and the 

material for measurement of the solid density must have the same moisture content, in order 

to calculate the porosity correctly. 

 

   [  
   

   
]      

(13)  

   

     

     

Porosity of bulk at sample moisture content M [%] 

Bulk density at sample moisture content M [g∙cm
-3

] 

Solid density at sample moisture content M [g∙cm
-3

] 

 

  
Figure 7 Equipment for the determination of bulk- and solid density. Left: 0.005 m³ bin for 

measurement of bulk density. Right digital caliper gauge and precision laboratory balance for 

measurement of solid density. 

 

3.2.2. Coefficient of static friction 

 

The coefficient of friction µ describes the force of friction between two objects and the force 

pressing them together. For idling surfaces it is called the coefficient of static friction    . For 

bulky materials, it is interesting to know which force is needed to start sliding of the material. 

The coefficient of static friction     is the force  ⃗  required to slide an idling object over a 

surface divided by the normal force  ⃗ . Therefore µ is dimensionless. The force  ⃗  is reached 

when the downhill force  ⃗   overcomes the force of static friction   ⃗  . The point where 

 ⃗    ⃗   is called the maximum force of static friction, defined by the coefficient of static 

friction and the magnitude of the normal force, hence  ⃗         ⃗ . Since   ⃗   ⃗  , the 

coefficient of static friction     can be determined by calculation of the tangent of angle α, 

where the object just started to slide according to Formula 14.  
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 ⃗ 
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 ⃗      

 ⃗      
      

(14)  

 
Figure 8 Active forces on an object placed on an 

inclined plane 

 

For the experiments a tilt able, wooden frame mounted on a hinge with 0.7 m in width and 1.5 

m in length was used as baseplate for plywood, aluminum, stainless steel and rubber. A 

container of 0.5 m in width, 0.5 m in length and 0.2 m in height was used as a frame to hold 

the briquettes together. 

 

3.2.3. Static angle of repose: Filling 

 

The angle of repose is the maximum angle a stockpile will retain naturally (Kammel, 1991). It 

is measured from the horizontal to the pile surface. Size, shape, moisture content and 

orientation of the particles have a decided influence (Mohsenin, 1980). There are two angles 

of repose to refer to, the filling or static and the emptying or dynamic angle of repose. They 

are not necessarily the same; the filling angle of repose is usually less (Kammel, 1991). Figure 

9 shows both angles on a schematic pile of grain as explained by Kammel (1991). Here, angle 

α is the filling angle while angle β is the emptying angle. The filling angle can be determined 

according to DIN ISO 4324 - Surface active agents; powders and granules; measurement of 

the angle of repose (1983). However, the measuring device described in the norm is related to 

powders and not applicable for briquettes. 

 

 
Figure 9 Filling and emptying angle of repose in a schematic pile of grain (Edited after 

Kammel, 1991). 

 

  

 
α β 

 Grain surface at 

filling 

Grain surface at     

emptying 
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Hardly any investigations on the angle of repose of briquettes have been published yet, so an 

acceptable method had to be developed. Standish et al. (1991) describe in their publication 

“An experimental study of the packing of a coal heap” the formation of a coal pile through a 

conveyor belt which was constantly fed through a hopper and had a constant angle. 

Griepentrog (1994) described in his dissertation a method similar to the DIN ISO 4324 but 

with a ground plate with an all-round, small frame that forces the pile to form on a fixed lower 

bed of briquettes which eliminates the influence of the base plate’s roughness. These two 

methods in combination seem to be applicable to determine the filling angle of repose of 

briquettes. The briquettes here are a fed through a hopper falling free from a height of 0.9 m 

to a baseplate with a radius of 0.3 m that is elevated 0.3 m from the ground. The baseplate has 

an all-round frame of 40 mm height, according to the diameter of the produced briquettes 

which is 66 mm. Coal briquettes usually show an angle of repose of 30 °, it is not expected, 

that this angle will be exceeded widely, so a height of 0.6 m should be sufficient and will still 

provide a falling height of 0.25 m if the angle should go as far as up to 50 °. The investigation 

are performed with 0.17 m³ of briquettes and two repetitions. To form a cone with an angle of 

50°, only 0.035 m³ of test material would be necessary so the amount will be enough. As soon 

as the angle of repose is exceeded, the briquettes will fall down at the sides and only the pile 

on the baseplate will remain. After all the briquettes are distributed, the angle of repose can be 

calculated according to formula 15. 

 

     
  

  
 

(15)  

   
   

   

Angle of repose [°] 

Height of pile [mm] 

Radius of baseplate [mm] 

 

3.2.4. Dynamic angle of repose: Emptying 

 

The dynamic angle of repose is more important than the static angle since it occurs in all cases 

where the bulk is in motion, for example during discharge from bins and hoppers (Mohsenin, 

1980). No standard method can be found for the determination of this angle for briquettes, 

neither are there any publications that could be found dealing with this special topic. 

Nevertheless, many authors have described methods for smaller materials, such as Jatropha 

kernels, rice or faba beans. Karaj & Müller (2010) used a bottomless cylinder, filled with 

Jatropha kernels, that was raised slowly to allow the sample to form a natural slope. Mohsenin 

(1980) describes the experiments of Kramer in 1944 that used a container mounted to a tilting 

table to determine the dynamic angle of repose of rice. Nevertheless, the most common 

method seems to be the so called emptying box method, which is described by many authors. 
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Fraser et al. (1978) used a quadratic box with a removable front panel. After removing the 

panel quickly, the faba beans inside flew out to their natural slope. This method was copied 

and modified by many other authors, such as Singh & Goswami (1996) or Masoumi et al. 

(2003), who changed the size of the box or the size of the outlet, but never the quadratic shape 

of length to height. With respect to this fact, a box was built with the size (l∙w∙h) 550 mm ∙ 

550 mm ∙ 550 mm, elevated 1.1 m from the ground and attached to the hopper mentioned in 

chapter 3.2.3. When opening the front panel, the briquettes could flow naturally. One side of 

the box is transparent, so the dynamic angle of repose could be read directly.   

 

  
Figure 10 Testing equipment for static and dynamic angle of repose. Left: filled box to 

measure the emptying angle with attached hopper. Right: Hopper and baseplate for 

determination of the static angle of repose 

 

3.2.5. Briquette durability 

 

The so called briquette mechanical durability is a measure for the ability of compacted fuels 

to withstand impacts and abrasion occurring due to handling and transportation. It can be 

measured according to the European norm EN 15149-2:2010 or its German equivalent DIN 

EN 15210-2 Solid Biofuels – Determination of mechanical durability of pellets and briquettes 

– Part 2: Briquettes. To simulate these stresses, a rotating drum with a baffle plate is filled 

with the briquettes and rotated 105 times with a speed of 21 rounds per minute. All sample 

material then is brought to a sieve, with a mesh width of 2/3 of the original briquette diameter. 

The durability, a dimensionless value afterwards is calculated according to formula 16. 

 

   
  

  
     

(16)  

   

   

   

Briquette durability [%] 

Sieved mass of sample before treatment [g] 

Sieved mass of sample after treatment [g] 
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Figure 11 Testing equipment for durability. Left: Durability tester according to DIN EN 

15210-2. Right: Sieve with a 45 mm mesh size for the separation of intact and destroyed 

briquettes after the durability tester. 

 

3.3. Setup of the briquette production line 

 

The production line consisted of a bale opener type Muetek MHB 100 with a 7.5 kW roller 

and a 0.75 kW scraper floor, suitable for round and square bales up to a size of 2400∙1200∙800 

mm [l∙w∙h]. Directly attached to the outlet of the bale opener was a straw chopper type 

Muetek MHZ 100 with 11 kW electrical power and 2 different types of screens. An 

expanded-metal-screen with 7 mm holes and a round-hole sieve with 15 mm mesh size. 

 
Figure 12 Briquette production line from right to left: Bale-opener, straw chopper, flexible 

tube, briquetting press. 
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The straw chopper is capable of blowing the straw particles approximately 12 m; it was 

connected via a flexible tube to a hopper with filter bag, directly connected to the 1 m³ silo of 

the briquetting press Muetek MPP 130, a hydraulic piston press with 7.5 kW electrical power. 

The hydraulic operation pressure of the briquetting press was set to 15 MPa. The press itself is 

working in 3 stages. First, the feedstock is falling into the pre-compression unit, which is 

directly situated beneath the silo. The pre-compression unit opens twice and presses the 

feedstock inside the pressing block in Y-direction. As soon as a resistance of 8 MPa is 

overcome, the piston starts moving and densifies the feedstock in X-direction. At the open 

end of the pressing-block, a pressing-clamp is installed. The pressure at which this clamp 

opens determines mainly, how much the briquettes are compacted. It was varied from 4 over 6 

to 8 MPa. The briquette diameter, defined by the diameter of the pressing block’s opening is 

65 mm. The briquette horizontal lift under optimum conditions is 50 mm, the more 

compactable the material, the less the horizontal lift. 

 

 
Figure 13 Overhead-view on schematic pressing unit. (a) represents the pre-compression unit 

with (b) substrate being pressed in the (c) pressing block where it is further compacted by the 

(d) main piston. The (e) briquette is finally ejected from the (f) pressing clamp. 

 

 
Figure 14 Side-view on actual pressing unit. The pre-compression unit is not visible and lies 

behind the (c) pressing block. The (d) main piston is in the backward-position and the (f) 

pressing clamp is closed after having released the briquette from the previous pressing cycle. 

(a) 

(b) 
(c) 

(d) (e) (f) 

(d) 
(c) (f) 
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The pressure of the pre-compression Unit, the piston press and release pressure of the pressing 

clamp were read in bar and transformed to MPa. Briquettes were stored at the production site 

for two days before analysis. The water content is given gravimetric as a share of total mass 

on wet basis in percent. The ash content is given as share of dry matter in percent. Solid 

density is read in g∙cm
-3

. Bulk density is read in kg∙m
-3

. Porosity is given in percent. The 

coefficient of static friction on different materials is dimensionless and only stated as    . 

Static and dynamic angle of repose are given in degrees. Briquette durability is read in percent 

as well.  

 

3.4. Design of experiments 

 

The experiment was divided in two parts. Experiment 1 was to determine the variance of 

water and ash content, the chemical composition and the heating value, the variance of the 

measuring methods and therefore the minimum required amount of samples. The chemical 

composition, namely the carbon-, nitrogen-, sulfur-, phosphorus-, calcium-, magnesium- 

sodium-, potassium- and silicum-di-oxide content was analyzed by the Analytical Service 

Laboratory of the International Rice Research Institute.  

  

In experiment 2, fresh straw was dried in flatbed dryers until achieving three different 

moisture contents. The straw was then processed to round bales which were stored directly at 

the experimental site. The bales were resolved in the bale opener and afterwards chopped in 

the two different screens with 7 and 15 mm mesh size. The straw then was processed to 

briquettes using the three different release pressures of 4, 6 and 8 MPa. The experiment was 

set up in a split-plot design with four repetitions as shown in Appendix 1. After two days of 

storage on site, the briquettes were analyzed for their solid density, their bulk density and their 

mechanical durability. Furthermore, the briquettes were analyzed for their static friction on 

plywood, aluminum, stainless steel and rubber as well as for their static and dynamic angle of 

repose.  

The moisture content was measured directly before baling; resulting in moisture group 1 = 

11.3 ± 1.6 %, moisture group 2 = 14.4 ± 2.2% and moisture group 3 = 25.4 ± 3.0 %. The 

moisture of each bale was measured again during processing by taking samples from the silo. 

Within the 10 days between baling and processing, the straw from all groups had dried down 

to approximately 8.0 % moisture content as shown by table 2.  Even though, there was still a 

statistical significant difference between repetition 1 of moisture group 2 and the other 

repetitions, the difference was so small that it couldn’t be taken as a factor with influence on 
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the measurements anymore. Therefore group 1 and 2 were combined. The straw from group 3 

continuously clocked the stirrer of the briquetting press as well as the straw chopper so it was 

discarded after producing a small amount of briquettes. The new sample’s moisture content 

the experiments were conducted under was moisture group 0 = 7.8 ± 0.4 %.  

 

Table 2 Moisture content of the different moisture groups 
    

Moisture Group Block Mean [% MC]  n 

     

       

1 
1 7.68 ± 0.51 a 30 

2 7.48 ± 0.43 a 24 

2 
1 8.43 ± 0.60 b 24 

2 7.57 ± 0.49 a 18 

3 
1 10.32 ± 0.43 c 6 

      

 

 

3.5. Statistical methods 

 

Since the whole experiment was divided in two sub experiments, different statistical methods 

have been used. In experiment 1, the variance of the measuring method has been investigated 

by the analysis of the straw’s chemical and physical properties of at least 30 sample-pairs 

according to formula 17 
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Variance of the measuring method [%²] 

Difference between the sample-pairs 

Number of sample pairs 

 

The primary variance of the straw’s chemical and physical properties was calculated from the 

analysis of at least 30 samples according to formula 18 
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Primary variance [%²] 

Value of analyzed parameter 

Number of samples 

Variance of the measuring method [%²] 

 

 

The minimum required number of samples for further analyses then was calculated according 

to formula 19. 
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Minimum required samples 

Primary variance [%²] 

Precision level [%] 

Variance of the measuring method [%²] 

 

The analysis of experiment 2, where the particle size was arranged in the main-plot and the 

pressure in the sub-plot was conducted with an ANOVA. Conditional by design and 

randomization of a split-plot organization, the particle size’s degree of error is the highest, 

followed by the pressure-plot. Statistically significant differences between the treatments were 

analyzed a posteriori with a tukey-test. The arrangement as a split-plot was necessary due to 

technical reasons, since a bale of straw, once placed in the bale opener, only could be 

removed with a huge effort and therefore had to be used completely. It was a complicated 

work to change the screens of the straw chopper, so the particle size of straw was arranged in 

Main-plots. The pressure could be varied at all times, so it was arranged in the sub-plot. 

 

For all statistical analyses, values followed by different letters show statistically significant 

differences on the α=0.05% level.  
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4. RESULTS 

4.1. Experiment 1 

Table 3 shows the physical and chemical characteristics of rice straw, their primary variance 

VI, the variance of the measuring method VPT, the precision level PL and the minimum 

required number of samples Nmin to achieve this precision level as observed in the present 

experiment. The ash-content herby shows a very high level of 22.00 %. While the ash 

constituents are mainly represented by SiO2 with 18.01 %, the only other constituent with a 

remarkable quantity is Potassium with 1.77 %. Beside these two ash ingredients, the other 

elements are only present in very small quantities and no variances above or equal 0.01 %² 

could be measured. 

 

Table 3 Physical-chemical characteristics and statistical data of the straw pile. 
      

Parameter Unit Mean VPT [%²] VI [%²] PL [% ] Nmin 

       

         

Moisture  [% w.b.] 12.76 ± 1.94 0.18 4.34 2.0 6 

Ash [% d.w.] 22.00 ± 2.82 0.05 7.90 2.0 9 

C [% d.w.] 35.94 ± 1.52 0.11 2.21 1.0 16 

N [% d.w.] 1.18 ± 0.28 0.00 0.07 1.0 1 

HHV [MJ∙kg
-1

] 14.57 ± 0.09 - - - - 

SiO2 [% d.w.] 18.01 ± 2.49 0.03 6.15 2 7 

Ca [% d.w.] 0.25 ± 0.05 0.00 0.00 0.5 1 

K [% d.w.] 1.77 ± 0.51 0.00 0.27 0.5 5 

Mg [% d.w.] 0.14 ± 0.04 0.00 0.00 0.5 1 

Na [% d.w.] 0.06 ± 0.06 0.00 0.00 0.5 1 

P [% d.w.] 0.12 ± 0.04 0.00 0.00 0.5 1 

S [% d.w.] 0.12 ± 0.03 0.00 0.00 0.5 1 

         

4.2. Experiment 2 

 

Figure 15 shows the development of solid density between the three different categories of 

pressure. The solid density increased with increasing pressure. There was only a statistical 

significant difference between 4 and 6 MPa and between 4 and 8 MPa, but not between 6 and 

8 MPa. The statistical analyses did not show any significant differences between particle 

sizes.  
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Figure 15 Mean solid density of all repetitions for different particle sizes in each pressure 

group. Significances are represented by different letters and are referred to the means. 

 

Solid density must always be stated at the sample’s moisture content. The grey boxes in figure 

16 represent the mean moisture content of all briquettes of one repetition, measured two days 

after briquetting. The light bars represent the mean moisture content of the corresponding 

straw, taken from the silo of the press during briquetting. All mean values of briquette 

moisture content are significantly higher than the mean values of the straw they have been 

produced of. Note, that in the analysis of block 1 a methodical error occurred and the straw 

briquette-measurement was 4 weeks later. 

 
Figure 16 Mean moisture content of chopped straw and the mean moisture content of the 

briquettes produced from this straw for each block. Significances are represented by different 

letters and are referred to the means. 
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Figure 17 shows the development of bulk density for all pressure groups and links the 

corresponding particle sizes. Solid- and bulk density show a strong linear correlation with r = 

0.90 for both, the 7 mm and the 15 mm treatment. The bulk density showed exactly the same 

trend as the solid density and increased with increasing pressure. Only between production 

pressures of 4 and 6 MPa and between 4 and 8 MPa a statistical significant difference could 

be found, but not between 6 and 8 MPa. The ANOVA did not show any significant 

differences for the different particle sizes either.  

 

 
Figure 17 Mean bulk density of all repetitions for different particle sizes in each pressure 

group. Significances are represented by different letters and are referred to the means. 

 

Figure 18 plots solid density versus bulk density and shows the trend with a coefficient of 

determination of R² = 0.812 for the 7 mm and R² = 0.804 for the 15 mm treatment. Bulk- and 

solid density for both, the 7 mm and the 15 mm treatment, show a strong, positive, linear 

correlation within the measured range. 

a a 

b b 

b 

b 

4 MPa 6 MPa 8 MPa 
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Figure 18 Correlation between solid- and bulk density and trend for 7 mm (light dots) and 15 

mm (full dots) 

 

The calculated mean porosities of rice straw briquettes lie between 48.5 and 50.5 % and do 

not show any significant differences between the means as figure 19 shows. Nevertheless, 

extremes of up to 42.5 and 56.4 % are present, indicating a relatively high variety for these 

data. 

 
Figure 19 Mean porosity of all repetitions for different particle sizes in each pressure group. 

Significant differences are represented by different letters and are referred to the means. 
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Figure 20 Mean durability of all repetitions for different particle sizes in each pressure group. 

Significant differences are represented by different letters and are referred to the means. 

 

The briquette’s durability did not show any significant differences for the different particle 

sizes, but as figure 20 shows, the overall briquette durability was quite high.  

Figure 21 shows the dynamic and static angle of repose of the rice straw briquettes. The 

dynamic or emptying angle of repose (59.02 ± 3.70) was always higher than the static or 

filling angle of repose (38.78 ± 3.75). Both, the particle size and the production pressure did 

not show any significant influence on the two angles. 

 
Figure 21 Emptying and filling angle of briquettes. Since there were no significant 

differences, neither between the different pressures or between the different particle sizes all 

values were combined in one box. The means are significantly different. 
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Figure 22 Mean static friction    on four materials. One box includes all three production 

pressures and the repetitions. Significant differences are represented by different letters and 

are referred to the means.  

 

The coefficient of static friction did not show any significant differences between the 

production pressures on all four materials. Therefore, all pressures and repetitions for one 

particle size are combined in one box in the figure 22. No significant differences between the 

particle sizes were present. 
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5. DISCUSSION 

5.1. Experiment 1 

 

The moisture content’s primary variance is quite low and was not expected to be in that range.  

As already mentioned, most of these statistical data are not available for rice straw, so other 

straws need to be used for comparison.  The DIN EN 14778 names the primary variance of 

the moisture content for wheat straw with 100 %², a considerably higher value. The ash 

content is quite high; its primary variance nevertheless is unexpectedly high. While the 

variance of the measuring method matches the value the DIN EN 14778 names for wheat 

straw, the primary variance exceeds them considerably. The measurement has been repeated 

twice (two times 60 samples) without showing any significant differences. Since the analyzed 

straw was already stored for approximately half a year before being analyzed, an unequal 

decomposition of organic matter could be the reason for these unequal ash contents. However, 

the primary variance of the carbon content is way smaller and therefore weakens this 

hypothesis. It is much more likely that the pile consisted of straw derived from quite a number 

of different varieties and therefore natural differences in the chemical composition caused the 

high ash-variance. By taking a closer look at the ash compounds, especially the SiO2-values 

support this hypothesis. It represents nearly 80 % of the ash and shows a comparable primary 

variance. Abou-El-Enin et al. (1999) also showed in their screening of different varieties, that 

the SiO2 content is very inhomogeneous between different varieties. Beneath SiO2, only 

Potassium is present in a considerable amount. The quantity of the other elements is in the 

range of detection limits, why differences are hard to determine and therefore the primary 

variance is very small.  The higher heating value is with 14.57 MJ∙kg
-1

 rather on the lower end 

of the values stated by literature but still is approved by findings of other authors. (Gadde et 

al., 2009). As the ash content directly influences the heating value, 22 % of ash explain quite 

well why it is found at this low level. 

 

5.2. Experiment 2 

 

Unluckily, experiment 2 could not be conducted as scheduled. The moisture content is a very 

important measure for solid biofuels and especially for briquettes. Therefore it usually should 

be included as a factor for this kind of experiments. Since it was the first time IRRI was 

working with this amount of straw for bioenergy purposes there have been quite some 

logistical restrictions. After the straw had dried down so far unexpectedly, it was not possible 
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to get more bales of fresh straw and to dry them down to the intended moisture contents 

again. Additionally, the briquetting equipment was newly bought so that no experience on 

restrictions and real throughput was present. There have been many problems with clocking 

of the straw chopper and bridging in the briquetting press’ silo so that only half a bale of 

straw could be processed in one day instead of the intended two bales. Since one repetition of 

the respective moisture contents in the initial experimental design would have needed two 

bales of straw only that was enough of a restriction making it necessary to exclude moisture 

content as a factor. The relative humidity in Los Baños during October and November where 

the experiments have taken place is 80 % in average. The IRRI knowledge bank provides 

some rough data about the equilibrium moisture content of rice straw and names it with 12.5 

% at 80% relative humidity. On the one hand side, this explains why the straw dried down, 

but not why it dried down to approximately 8%. Luckily, another experiment has taken place 

just 20 m apart from the briquetting site, where the relative humidity was measured as well. 

These data show another pattern and name the relative humidity with 67% in average 

(Salvatierra, A., 2012). This fits in quite well with the equilibrium moisture content for straw 

stated by IRRI (2012). Figure 23 plots RH vs. EMC, the exponential trend through the data 

points is given by equation 20 that names an EMC of 8.75 % at a RH of 67 % which lies 

within the range covered by the measured data and can serve as an appropriate explanation for 

the drying. 

 
Figure 23 Relative humidity versus equilibrium moisture content of rice straw (data derived 

from IRRI knowledge bank, 2013) 

 

                     
(20)  

 

    

   

Equilibrium moisture content [%] 

Relative humidity [%] 
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The data for solid density fit well into the findings of other authors for this type of briquetting 

press that are found to be between 0.8 – 1.2 g∙cm
-3

 (Zeng et al., 2007). Only the solid density 

for the treatments with 4 MPa pressure lies slightly lower, nevertheless this is probably such a 

low a pressure that it would not be used in practical attempts and therefore it is not stated in 

common references. The increase in solid density with increasing pressure is quite expectable 

and can also be found in literature. Yunardi et al. (2011) show a trend of increased density 

with an increase in pressure; nevertheless their publication does not focus on this kind of 

trends but worked on a model for response surface methodology for process optimization. 

However, this is the only available publication in which the effect of different pressures on 

the density of rice straw briquettes was investigated, so it is important to take their findings 

into account, even if the methodology and technology they used differs from the one present 

in this thesis. O’Dogherty (1989) discussed the mechanical behavior of straw when 

compressed to high densities in general and finally concludes, that the required pressure 

increases exponentially with increasing solid density. This can explain the behavior of 

briquettes produced at 6 and 8 MPa, which did not show any significant differences in solid 

density, even though the applied increase in pressure was the same as from 4 to 6 MPa where 

the density increased significantly. The effect of an increase in particle size on the briquette’s 

solid density is rather hard to discuss. Naturally, one would expect the solid density to 

decrease with an increase in particle size, only by an increase in porosity caused by the worse 

filling of pores by huger particles. Chou et al. briquetted rice straw particles of 5-10, 2-5 and 

<2 mm and where able to show exactly this decrease in solid density with an increase in 

particle size.  This stands in contrast to the findings of O’Dogherty and Wheeler (1984) who 

found a similar densification for straw chopped to 25 and 50 mm. However, the 25 mm 

particle size stands far outside of the maximum particle size the hydraulic piston press used in 

this experiment was capable of handling, so it must be argued if this can be taken for 

comparison or if the pore filling and interlocking-behavior in this range of size is too 

different. Bhattacharya et al. (1989) even use another explanation for the effect of particle 

size. They say that finer material is easier to compact which means that a lower pressure could 

be applied do achieve the same compaction. Furthermore, they argue that the throughput 

should be increased due to a higher bulk density of the raw material. None of these effects 

could be seen in the present experiment, in the case of throughput probably only due to 

technical reason which will be discusses later. Also in this case, the available publications are 

very limited which makes a comparison to publications using similar methodology 

impossible. 
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An interesting phenomenon that needs to be discussed more precisely is the significant 

increase in moisture content all briquettes show compared to the raw straw. In case of block 1 

this is quite easy. This block has not been analyzed according to DIN EN 15150. After 

measurement of the solid density, the briquettes were left outside in a bag and forgotten for 

about a month; in the meantime animals had opened the bag so it was exposed to the weather. 

Therefore, this value must be regarded as invalid. Nevertheless, the analyses for Block 2, 3 

and 4 were performed strictly according to the standard. After production, the briquettes were 

left unattended for two days before their solid density was measured. Directly after this 

measurement, they were manually dissolved to the original particle size of the chopped straw 

and their moisture was measured with the 105 °C oven method. Therefore, the increase in 

moisture clearly shows a hygroscopic behavior. During densification in hydraulic piston 

presses, only by friction, temperatures between 150 °C and 300 °C are achieved 

(Bhattacharya et al., 1989). This also means that steam is formed inside the substrate. 

Therefore, piston presses are usually equipped with a long channel to cool down the briquettes 

and to condense the steam formed inside to prevent surface cracks caused by too high 

pressure on the inside. Bhattacharya et al. (1989) emphasize on the importance of keeping the 

temperature at the same level in order to achieve a constantly high briquette quality. 

Unfortunately, that could not be done in the present experiment. The more briquettes were 

produced, the hotter became the pressing clamp (which represents the abovementioned 

cooling-channel). Therefore, after some time of production, all the briquettes experienced 

surface cracks up on release, resulting in a higher surface are. This can explain the 

hygroscopic behavior and would also show an easy mechanism to avoid this remoistening 

during future production. 

The bulk density has a strong, positive linear correlation with solid density, as figure 18 

shows and as one would naturally expect. Therefore, the same explanation for the differences 

between the production pressures and the non-existent differences between the particle sizes 

as used for solid density is valid. The observed values are also in accordance with the findings 

of Singh et al. (2012) who name the bulk density of rice straw briquettes with 395.4 kg∙m
-3

, 

but have not produced briquettes with differences in pressure or particle size. As already 

mentioned, porosity is a derived value from solid- and bulk density according to formula 13. 

It is a measure for the percentage share of air in particle agglomerates or a bulk and therefore 

describes the looseness of the packing (Bhattacharya et al., 1989). Porosity does not show any 

significant differences between the treatments, which was expected in that way. Since the 

briquettes neither change their volume nor their shape and only the mass is reduced, the 

amount of air inside the bulk is not supposed to change either. Despite must be noted that 
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technically the porosity changes. The briquettes themselves due to their nature as particle 

agglomerates are already a porous material and the lower the density, the higher the porosity. 

If this internal porosity would be added to the bulk’s porosity one would be able to see a 

logistic decrease function with its limiting value close to the bulk’s porosity, as production 

pressure increases. Unluckily, the internal porosity could not be measured in this experiment. 

Porosity has a strong influence on the combustive behavior of solid biofuels, especially with 

regard on the ease of ignition (Demirbaş & Şahin, 1998). Therefore, also the internal porosity 

should be measured in future experiments. No values for the comparison of the bulk’s 

porosity are available. 

In the present experiment, the particle size never showed a significant effect on any of the 

dependent variables which in the case of durability is very unlikely, as O’Dogherty and 

Wheeler (1984), O’Dogherty (1989) and Tumuluru et al. (2011) showed. However, they are 

all working with particle sizes >15 mm and show a positive correlation: The higher the 

particle size, the higher the durability with significant effects up to the 0.001 level, depending 

on feedstock. Nevertheless there are quite some differences between the straws they analyzed 

(barley, canola, oat, wheat), so physical reasons are definitely present. Bhattacharya et al. 

(1989) and O’Dogherty (1989) explain the increase in durability with higher particle size 

through more folding and interlocking that huger particles are experiencing. Another 

mechanism with direct influence on the strength of bonds in particle agglomerates is the 

previously mentioned hardening binder effect. Although the mechanism by which compacted 

biomass attains self-bonding is not completely clear it is assumed that lignin, hemicellulose, 

pectin and other low-molecular weight substances play a major role (Bhattacharya et al., 

1989). This would also explain the abovementioned huge differences in durability between 

briquettes derived from different biomasses. In the case of rice straw it can be said that there 

definitely was a hardening binder effect. Figure 24 shows one of the produced briquettes. It 

can be seen that there is a reflection of light on the upper side of the briquette. This is due to a 

sort of coating that could be seen on the briquettes directly after release from the pressing 

clamp and that reminded of clear lacquer. The measurement of durability according to DIN 

EN 15210-2 is not an unarguable precise method. The standard demands at least five 

repetitions per sample which results in an overall testing time of 25 minutes, which can be a 

limiting factor. Temmermann et al. (2006) did statistical evaluations of this method and 

concluded that with this number of repetitions an appropriate accuracy level of 2 % only can 

be assured, if the durability is above 90 %. Briquettes below this level of durability would 

need to be tested with 39 repetitions to reach an accuracy level of 10 %, thus making a 

comparison of values below 90 % durability an imprecise issue. This finding also is supported 

http://www.refworks.com/refworks2/?r=references|MainLayout::init
http://www.refworks.com/refworks2/?r=references|MainLayout::init
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by the results of this experiment, where the mean durability of the 4 MPa-group is below 90% 

but shows a huge variation in extremes. 

.  

Figure 24 One of the produced rice straw briquettes with a typical shine and reflection that 

was very likely caused by the hardening binder effect. 

 

For the other two pressure groups, this kind of extreme can only be found for the 7 mm 

treatment in the 6 MPa-group outside the lower quartile. As already mentioned, the non-

existence of significant differences between the different particle sizes, especially in the case 

of durability is very unlikely and was not found in this way by other authors. It therefore must 

be argued, if the particle size itself really was significantly different between the particle 

groups, but this will later be discussed in detail. Singh et al. (2012) name the durability of 

pure rice straw briquettes, produced by a mechanical piston press with 75.36 %. By adding 

10% of saw dust, they were able to increase durability to 95 %. With the abovementioned 

restrictions in accuracy one can say, the briquettes produced in this study always were at least 

10 % more durable than the pure rice straw briquettes Singh et al. (2012) produced and show 

comparable durabilities to the briquettes they produced of rice straw and saw dust. Compared 

to the studies of Tumuluru et al. (2011), where straw from barley, canola, oat and wheat was 

compacted, the rice straw briquette’s durability still is higher. While their values rank from 42 

– 95 %, the here produced briquettes were found to be between 80 and 97 % with the means 

of the 6 and 8 MPa-treatments not below 93 %. Other authors avoid to clearly naming a 

satisfying durability index, but in regard to other findings, especially the ones of Sing et al. 

(2012) the achieved durability with pressures above 6 MPa can be seen as good. Not much 

discussion about the static and dynamic angle of repose is possible or necessary. In fact, Bates 

(2012) called it “a much over-valued measurement“. In general, but not necessarily, the 

dynamic angle is higher than the static angle. This means, when a silo is emptied, a steeper 

slope will be formed than when it is filled. The angles are good-to-have values, if a silo or a 

storage room for a biofuel is up to be built, so empty space on the top can be avoided and 

inclination of walls can be planned. Singh et al. measured the dynamic angle of repose of rice 

straw in their experiments and found it to be at 37.3°. Even so, rice straw has the tendency to 
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bridge, the angle is way smaller than the finding for the briquettes in this experiment, which 

was around 60°. 

 

Naturally, static friction is different on different materials. In the present experiment, the 

maximum friction was achieved on rubber and the minimum on aluminum. Since the 

coefficient of static friction only is dependent on the surface texture and not on mass, it is not 

surprising that the different production pressures did not result in differences in static friction. 

Also here, the particle size did not have any significant effect. Singh et al. (2012) measured 

the coefficient of static friction of loose rice straw on different surfaces; two of them were 

aluminum and plywood. Interestingly they find a different trend: While straw on plywood 

shows a lower coefficient of static friction with         , for aluminum it is higher 

with         . This stands in contrast to the findings for straw briquettes in this 

experiment, where    on plywood was            and on aluminum           . There 

are no values from other authors this experiment’s data could directly be compared to, but the 

trend in decrease from rubber to stainless steel was also noticed by Karaj and Müller (2010) 

for J. curcas seeds.  
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6. CONCLUSION 

The data collected during the experiments were quite extensive. This is the first study on 

briquetting of rice straw so far, that strictly worked with European standards developed by 

CEN TC 335 - Solid biofuels where it was possible. Thus it can be seen as a start and 

reference set of data for future work. However, working in this strictly defined environment is 

quite a challenge, especially for comparison to the already scarce work done by other 

researchers. The data collection on physical and chemical properties of rice straw conducted 

in experiment 1 is meant to provide general statistical data for rice straw analyses in future 

experiments. Since the pile that was analyzed here did not consist of a single variety, no clear 

conclusion on the actual composition of rice straw can be drawn. There have already been 

numerous analyses on different varieties and even more varieties have not been completely 

classified yet under the purpose of bioenergy utilization. The statistical data are meant to 

simplify and unify future analysis by providing a mutual basis and precision. Not all elements 

have been fully analyzed in this study. Especially the hydrogen and oxygen content as well as 

the higher heating value need to be examined properly. These analyses are currently being 

prepared and will soon be available. The briquetting in experiment 2 definitely is a pre-

treatment of rice straw to smooth the way for thermal conversion techniques. The produced 

briquettes reached high solid densities of up to 0.97 g∙cm
-3

, which is 48 times the bulk density 

of loose paddy straw. They did not reach the intended length of 50 mm and rather had an 

average length of 10 mm. This is because of the high threshold of rice straw in the silo which 

prevents it from filling the pre-compression unit completely as it would have happened with 

free-running material. This lessened the amount of substrate being pressed in one pressing-

circle far below the maximum. Therefore, the primarily planned evaluation of output and the 

determination of consumption-to-output ratio were not conducted in this experiment. The 

briquetting equipment is currently undergoing improvements to overcome the 

abovementioned restrictions. The experiments will be set up again including all factors that 

could not be analyzed in this study. With 477 kg∙m
-3

 the bulk density only is 23.4 times larger 

than that of loose straw or 6.7 times larger than that of chopped straw and thereby is not 

overwhelmingly high. While the solid density is the right measure for the energy providence 

per volume-unit fuel in small scale furnaces where the briquettes are fed one by one, bulk 

density must be taken for medium-scale and industrial application as well as for storage 

purposes. From this perspective it must be argued if briquetting will be a reasonable 

pretreatment in each instance. The durability values in general were quite high, especially for 

the treatments above 4 MPa of production pressure. In comparison to the durabilities other 
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authors achieved, be it with briquettes from rice straw or with straw from other biomasses, the 

6 and the 8 MPa treatments showed quite good results. The absence of significant differences 

caused by the differences in particle size is surprising and does not fit in the findings of other 

authors. Further analyses on the particle size distribution when using a 7 mm expanded metal 

screen and a 15 mm round hole screen should be done to determine if the chopped straw 

really is significantly different in size. In addition, briquettes of larger particle sizes should be 

produced to investigate if the increase in durability with an increase in particle size is 

probably limited to a certain size. The static and dynamic angle of repose and the static 

friction on different materials are good-to-have values that will come in handy as soon as 

straw briquettes are used on industrial scale. For now, the lack of comparable data does not 

provide much further room for discussion. As a final conclusion it can be said, that rice straw 

is an interesting option for bioenergy purposes. The high and unequal ash content can be 

problematic, but several authors have already shown that this issue can be overcome by 

washing and leaching. The higher heating value is not amazingly high, but the pure 

abundance of rice straw can easily overcome this problem. Briquetting with a hydraulic piston 

press has an advantage against other densification technologies by generally low energy 

consumption. Initial but statistically not verified measurements of the consumption to output 

ratio indicate that the briquetting process only consumes 1.4% of the energy, the briquettes 

provide. Hydraulic presses have a very low wear of mechanical parts which often is a 

restricting factor when processing rice straw mechanically. The equipment used during this 

study is not yet completely ready to be implemented on industrial scale for the processing of 

rice straw, but with some smaller adaptions it can be. However, this is only a first step. Rice 

straw has proven to be a very problematic feedstock that usually will not work properly with 

standard equipment. Proper equipment and technology for the following thermal conversion 

must be identified and adapted to make the huge potential of rice straw for energy purposes 

attainable. 
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8. Annex 

 

Split-split-plot design of experiment 2 

Block 1 

7 mm 15 mm 

Pressure 2 Pressure 3 Pressure 1 Pressure 1 Pressure 3 Pressure 2 

Pressure 2 Pressure 1 Pressure 3 Pressure 2 Pressure 3 Pressure 1 

7 mm 15 mm 

Block 2 

Block 3 

7 mm 15 mm 

Pressure 3 Pressure 1 Pressure 2 Pressure 3 Pressure 2 Pressure 1 

Pressure 2 Pressure 3 Pressure 1 Pressure 3 Pressure 1 Pressure 2 

15 mm 7 mm 

Block 4 
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