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Abstract 

Improved knowledge about material properties together with process variables may 

enhance an efficiency of briquettes production and should bring densified products of higher 

quality with desired properties. The composition of the biomass and fraction size of a material 

to be pressed are key parameters in the process of densification that govern the formation  

of briquette structure, which has influence on the mechanical quality of produced solid biofuels. 

In this Thesis, the dependence of briquettes quality on their structure and material composition 

was investigated. The miscanthus, industrial hemp and pine sawdust, the representants  

of compositionally different biomass materials, were grinded by hammer mill into three 

differently sized test materials (4, 8 and 12 mm). Important input parameters - moisture content, 

particle size distribution and materials’ bulk density were determined. Apart from the general 

particle size characterization done by traditional sieve analysis, the more precise approach – 

photo-optical analysis, considering the irregular shape of the biomass particles, was applied. 

Selected materials were pressed into the form of cylindrical briquettes by the hydraulic piston 

briquetting machine. The structure of briquettes was studied by microscopy and special software 

for image analysis to identify agglomeration and binding mechanisms and especially the locality 

concentration of larger particles. Effects of particle size as well as lignocellulosic structure 

(content of cellulose, hemicellulose and lignin) on the mechanical quality of final briquettes were 

evaluated. Complementary chemical analyses were included as well to present the main fuel 

properties of selected materials. Obtained data were summarized by descriptive statistics and the 

data from particle size measurement of the briquette cross-sections were tested by Kruskal-Wallis 

test. The results showed that there are statistically significant differences in the particle size  

on the briquette surface. In case of miscanthus and pine sawdust, larger particles are generally 

concentrated on the front side of briquettes and vice versa smaller are on the rear side as well as 

larger particles are centred in the briquette cross-sections and smaller particles are located on the 

briquette bottom. These two materials obtained the highest mechanical durability for the fraction 

8 mm. On the other hand, the hemp briquettes exhibited more even size distribution of particles 

on the surface and reached greatly superior mechanical qualities for all fraction sizes, with  

the best results for 4 mm fraction. Mechanical quality was ensured by its fibrous nature  

and creation of inter-locking bonds, rather than by the content of lignin and its ability to excrete 

and form solid bridges during the densification, as it occurred in pine sawdust briquettes.  

Key words: solid biofuels, agglomeration, bonding, macrostructure, particle size, image 

analysis, mechanical properties, durability, strength 
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1. Introduction  

Energy plays a vital role in a socio–economic development and raising standards  

of human beings. Nowadays an energy sector faces to several serious problems due  

to the population expansion and related increasing energy demand and consumption (Hiloidhari 

et al. 2014). These factors along with the gradually depleting supplies of fossil fuels and their 

adverse environmental impact have led the population to seek for an alternative and sustainable 

energy sources to meet its basic needs (Zhang & Guo 2014; Bajwa et al. 2018). Therefore,  

the use of biomass has become a feasible possibility and important part of the global energy mix 

thanks to its huge potential for the substitution of fossil fuels with significant reduction of CO2 

emissions without causing negative effects on ecosystems (Cheng 2017). Biomass including 

various energy crops and agricultural & forest organic residues has a great potential capacity for 

an energy production (Gokcol et al. 2009), however in its original form the biomass faces many 

limitations because of its high moisture content, irregular shape and sizes, low volumetric energy 

density and diverse chemical composition (Puig-Arnavat et al. 2016; Shuma & Madyira 2017; 

Dhyani & Bhaskar 2018). One of the promising methods overcoming above-mentioned 

limitations is a densification and especially briquetting technology which converses biomass into 

solid biofuels of uniform form (Tumuluru et al. 2010; Gendek et al. 2018). Compare to liquid 

and gaseous biofuels, solid biofuels have been leading contributor to biomass capacity since 2005 

and this trend will certainly continue in next years (Scarlat et al. 2015; Bajwa et al. 2018). 

Increased interest in bio-energy goes hand in hand with demand for quality biofuels with 

appropriate mechanical, chemical and energy features (Shaw 2008), so better and more 

comprehensive knowledge of feedstock material properties and other variables influencing 

densification process is generally needed (Ramírez-Gómez et al. 2014). Up-to-date data about 

material properties together with process variables may enhance efficiency of densification 

processes and thus may bring optimal densified products of higher quality with desired properties 

(Ndindeng et al. 2015).  

Purpose of densification process is to create dense, strong and durable bonding between 

particles and efficiency of this process can be determined by evaluation of briquette strength  

and durability (Pietsch 2002; Kaliyan & Morey 2009). These parameters of quality may be 

influenced by the structural and rheological behaviour of feedstock material and variables that 

govern development of a briquette structure (Pietsch 2002). The structure rests on the processes 

engaged in formation of final agglomerate and various parameters related to particles 

composition and morphology including particle size and its distribution, macroscopic as well as 

microscopic shape of particle and roughness (Pietsch 2002; Muntean et al. 2013). Generally, 
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particle size and particle size distribution are counted among the major factors affecting many 

properties of particulate as well as densified materials and are useful indicators of material 

performance and quality (Pietsch 2002; Tumuluru et al. 2011b; Guo et al. 2012; Zhang & Guo 

2014). They play important roles in bulk density, compressibility of bulk solid material  

and durability of densified products (Ganesan et al. 2008; Kaliyan & Morey 2009). 

One of the methods by which structural properties of densified biofuels can be nowadays 

rapidly, objectively and precisely visualized and evaluated is computer vision and image analysis. 

It is a highly useful and effective technique with versatile range of application in industry and 

science (Davies 2018), where increase of efficiency, quality and performance of controlled objects 

is highly demanded. It includes tasks, among others, visual inspection of prescribed parameters, 

estimation of size, shape, structure and texture and object counting and defects identification 

(Gongal et al. 2018; Manish et al. 2018; Smith et al. 2018; Su et al. 2018). Development of machine 

vision and image analysis is still on the rise and its applications have got into research of biomass 

materials for energy purposes, where it has been used for observation of surface and interior 

structures of agglomerates (Yang et al. 2009; Miao et al. 2015) and for identification of particle 

size and particle size distribution from loose samples (Igathinathane et al. 2009a; Igathinathane 

et al., 2009b; Souza & Menegalli 2011; Kumara et al. 2012; Guo et al. 2012; Gil et al. 2014; 

Pothula et al. 2014; Pons & Dodds 2015; Febbi et al. 2015) or directly from the image  

of compact’s cross sections (Chaloupková et al. 2018a). In case of solid biofuels, it was used only 

for basic observations and as complementary part to a research (Kaliyan & Morey 2010; Stelte  

et al. 2011b; Muntean et al. 2013; Zhang & Guo 2014). Hence, the purpose of this theoretical 

and experimental study is to provide more complex insight into this actual topic. 

In this Thesis, the dependence of briquettes quality on their structure and material 

composition was investigated. The miscanthus, industrial hemp and pine sawdust,  

the representant of compositionally different biomass materials, were grinded into three different 

size fractions (4, 8 and 12 mm) and pressed into the form of cylindrical briquettes by the hydraulic 

piston briquetting press. The structure of briquettes was studied by computer vision and image 

analysis to identify agglomeration and binding rules and especially the location(s) of 

concentration of the larger particles. Particle size and shape were deeply studied using traditional 

and modern method and their effect as well as lignocellulosic structure (content of cellulose, 

hemicellulose and lignin) on the mechanical quality (density, mechanical durability and 

compressive strength) of final briquettes was evaluated. Complementary chemical analyses were 

included as well to present the main fuel properties of selected materials. The study results are  

a part of the comprehensive knowledge required for the designing an optimal and efficiency 

production of quality biomass briquettes as a renewable energy resource. 
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2. Literature review 

2.1. Biomass as a source of energy 

Biomass is one of the renewable energy sources with a greater capacity for energy 

production (Gokcol et al. 2009; Bahng et al. 2009) and nowadays, there is worldwide growing 

interest in its application and development (Kim & Dale 2015; Scarlat et al. 2015; Cheng 2017). 

Biofuels in solid, liquid and gaseous form have been produced and evaluated by countless authors 

during last 15 years (Guo et al. 2015). This interest has been caused mainly by rising energy 

demand, which is expected to rise by 48% to 2040 (Fournel et al. 2015) and inevitable need for 

decrease of dependency and use of gradually depleting fossil fuels, today’s the main energy source 

worldwide, which burning results in many negative environmental effects that may cause global 

climate changes (Karunanithy et al. 2012; Zhang & Guo 2014). This trend is supported and 

accompanied by change of EU policy, which now assumes 20% consumption share of energy 

from renewable sources by 2020 (Directive 2009/28/EC 2009) and up to 2030 there is a proposal 

for 27% (Directive proposal COM/2016/0767 2016). Also, national strategies of countries 

around the world has set off towards development and higher share of bio-energy (Xu et al. 

2015; Zhou et al. 2016; Agarwal et al. 2017; Kang et al. 2017). Share of renewable energy in the 

global final energy consumption is shown in Figure 1. As it can be seen the estimated share of 

biomass in 2016 in the total consumption was 18.2% (REN21 2018). 

 

Figure 1. Estimated share of renewables in the total final energy consumption (2016) 

Source: REN21 (2018) 

Biomass energy production is more and more expanding field. It is due to its renewable 

and sustainable nature, abundance of materials and their versatile composition, local availability, 

possibility of conversion into many useful products and positive environmental effect owing to 

carbon-neutrality and very low sulphur content (Melero et al. 2012; Pothula et al. 2014; Kim  



Literature review 
 

 

 

4 

& Dale 2015). Biomass has a considerable advantage in terms of its capacity to produce different 

products, among other biofuels that can be modified according to applied technology and 

pathway of processing, which is absent in other energy sources, and used for various purposes 

(Cheng 2017). Many bio-energy conversion pathways are well established and fully available 

on commercial level, while others are so far at the development, demonstration or 

commercialisation stages. In 2016, the bio-energy was mainly used for heat in buildings and 

industry and less in electricity generation and transport sector (Figure 2); however, the electricity 

sector has experienced the highest rate of growth in bio-energy consumption (REN21 2018). 

 

Figure 2. Shares of bioenergy in the total final energy consumption, overall and by end-use sector (2016) 

Source: REN21 (2018) 

For these biomass materials and their specific composition there are many conversion 

processes available to produce energy, bio-fuels and bio-chemicals (Ganesh & Raveendran 

2008; Melero et al. 2012), including but not limited to direct combustion, co-combustion, 

mechanical densification, gasification, pyrolysis, anaerobic digestion, hydrolysis, hydrogenation 

or fermentation (Agarwal et al. 2017; Cheng 2017; Akhtar et al. 2018; Arregi et al. 2018; Dhyani 

& Bhaskar 2018; Molino et al. 2018). Today, there are different types of solid, liquid or gaseous 

biofuels, but the most widely used and commonly available in the market are densified solid 

biofuels (Scarlat et al. 2015; Zhou et al. 2016; Pradhan et al. 2018). It is caused by their easier 

production with attractive price (Havrland et al. 2011). Solid biomass used for heating, cooling 

and electricity generation is the leading source of renewable energies in EU, thus solid biofuels 

market is still more and more developing and growing field, and this trend will continue till 2020 

and may greatly contribute to achieving energy targets not only in EU countries, but also around 

the world (Chen et al. 2009; Scarlat et al. 2015; Xu et al. 2015; Bajwa et al. 2018). A quite varied 

set of industries is participating in growing, harvesting, supplying, processing and using solid 
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biomass to produce heat and electricity, ranging from the supply of traditional biomass (e.g. 

wood), to the locally based supply for small-scale heating units, to regional and worldwide 

subjects involved in large-scale district heating and power generation technology supply and 

operations (REN21 2018). Solid biofuels as a source of energy has a high potential mainly in 

rural areas as well as in low income regions owing to their local availability, great adaptability, 

low cost and sustainability (Zhou et al. 2016; Shuma & Madyira 2017).  

Utilization of biomass for production of electricity and/or heat may involve the usage 

of biofuels close to their source, such as municipal solid waste, residues from agricultural and 

forestry operations and purposely grown energy crops (REN21 2018). As indicated, there is a 

wide range of biomass materials available for energy purposes. A solution that helps to avoid 

using of food-crops and firewood causing food competition, deforestation and problems 

associated with them, is a use of lignocellulosic biomass and forest & agriculture residues 

(Xu et al. 2015; Oh et al. 2018). Lignocellulosic biomasses (also called energy crops) are non-

food, purposely grown crops with high energy potential and low requirements for soil conditions, 

nutrition and growth (Dhyani & Bhaskar 2018). It includes lignocellulosic woody crops such as 

poplar, willow or eucalyptus, and, lignocellulosic herbaceous crops like miscanthus, hemp, 

common reed, giant reed, switchgrass, cynara cardu, canary grass, bamboo or indian shrub 

(Tumuluru et al. 2011a; Krzyżaniak & Stolarski 2017; Dhyani & Bhaskar 2018).  

Apart from the purposely grown biomass, huge amounts of non-edible biomass and 

organic residues are produced every year around the world (Agarwal et al. 2017; Sutrisno et al. 

2017). It means materials from wood processing and forestry activities such as sawdust, wood 

shavings, barks, as well various urban organic residues and agricultural organic wastes, including 

husks and straw from cereals (e.g. rice, maize, wheat), husks from sunflower and coffee, cotton 

stalks, coir pith, sugar beet leaves, waste flows from bulb sector, olive pits etc. (Grover & Mishra 

1996). A significant amount of waste is also produced by pruning activities of permanent crops 

(vineyards and orchards) in Europe (Manzone et al. 2016; Pari et al. 2018; Toscano et al. 2018). 

All these residues can be potentially used for energy production (Popp et al. 2014; Xu et al. 2015; 

García-Galindo et al. 2016; Picchi et al. 2018). More materials suitable for production of densified 

biofuels are cited in the Chapter 2.5.  

Most of the agricultural residues available after harvest are unutilized or improperly 

processed (Agarwal et al. 2017; Sutrisno et al. 2017); they are used as fodder or fertilizer, just left 

on the field or burnt (Kumar et al. 2015). The open field burning is cheap and helps to avoid 

propagating fungal stem rot diseases (Kadam et al. 2000), however it is than associated with 

extensive air pollution due to high emission of unburned hydrocarbons and particulate matter, 

https://www-sciencedirect-com.infozdroje.czu.cz/science/article/pii/B9780124095489101289#!
https://www-sciencedirect-com.infozdroje.czu.cz/science/article/pii/B9780124095489101289#!
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and, consequent health problems as well as with decreased soil fertility (Matsumura et al. 2005; 

Kumar et al. 2015). Altogether, the use of waste biomass for energy purposes is not only a green 

technology, but it is also the technology of proper waste management since it eliminates 

problems with waste disposal (Cardozo et al., 2014; Agarwel et al. 2017; Brunerová et al. 2018). 

2.2. Biomass composition 

Biomass is a contemporaneous (non-fossil) and complex organic product generated by 

natural and anthropogenic processes from plant and animal materials, living or recently died 

(Vassilev et al. 2010). It is very porous cellular material containing mainly large organelles full of 

water or air in case of dry material (Stelte et al. 2011b; Dhyani & Bhaskar 2018). In case of plant-

based biomass, the product of the photosynthetic process, plant cell wall consists mainly of 

cellulose, hemicelluloses (carbohydrate polymers) and lignin (phenolic polymers) and minor 

quantities of extraneous elements (Zeng et al. 2014; Cheng 2017), as it can be seen  

in the Figure 3. Proportion of these constituents differs according to both plant species and age, 

stage of growth and other circumstances influencing plant’s life cycle, like sunlight, location, 

climate, soil type etc. (Sarkar et al. 2009; Vassilev et al. 2010). Divergences in plant cell walls were 

reported for both plant part, cell types inside one tissue and even inside one particular cell (Knox 

2008; Frei 2013). In general, dry biomass contains 40–50% of cellulose, 20–25% of lignin, 15–

25% of hemicellulose and 5–10% of other minor extraneous components (McKendry 2002; Faik 

2013) like alkaloids, proteins, essential oils, fats, waxes, resins, glycosides, gums, terpenes, 

mucilages, pectins, phenolics, saponins and starches (Dhyani & Bhaskar 2018). 

Relative proportion of the main compounds serves as a fundamental determining factor 

for suitability of particular feedstock for energy-based conversion pathway (McKendry 2002). 

Ganesh & Raveendran (2008) developed assessing criteria for this biomass suitability for the 

conversion process to produce solid, liquid and gaseous fuels. Following subchapters provide 

brief description of biomass main components.  

2.2.1. Cellulose 

Cellulose is the major constituent of biomass and the most copious naturally occurring 

material on the planet (Stelte et al. 2011b; Zeng et al. 2014). Its quantity differs from species to 

species (Fengel & Wegner 1983); woody biomass contains 40–50%, agricultural residues  

30–45% and herbaceous biomass 25–50% (Fujita & Harada 2000; Pérez et al. 2002). High 

content of cellulose is found in natural fibres – cotton (up to 98%), kapok, jute, flax, hemp etc. 

(Cheng 2017). 
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In chemical terms, cellulose is a long linear polymer consisting of repeating chains  

of β-D-glucopyranose units connected by β-1,4 bonds with chemical formula (C6H10O5)n (Shaw 

2008; Kumar & Turner 2015; Cheng 2017). These chains, bonded by hydrogen covalent bonds 

and van der Waals forces (Pérez et al. 2002), are organized into strands of high crystallites, so-

called microfibrils, and characterized by high mechanical strength and chemical stability (Zeng 

et al. 2014; Cheng 2017; Dhyani & Bhaskar 2018). In interaction with functional groups of other 

compounds, the microfibrils are organized into fibres – major structural elements of a plant cell 

wall (Stelte et al. 2011b). Cellulose is found more in the secondary cell wall, than in the primary 

one (Pérez et al. 2002; Zeng et al. 2014). 

 

Figure 3. Simplified model of plant cell wall structure 

 (A) The structure consists of three main layers: the middle lamella and the primary and 

secondary walls. (A and B) The main polysaccharides and lignin which form the surrounding 

structure for the plasma membrane are presented in the primary (B) and secondary wall (C) 

Source: Rytioja et al. (2014) 

2.2.2. Hemicellulose 

Hemicellulose, unlike cellulose, is a heterogeneous group of very branched 

polysaccharides of β-1,4-(and sporadically β-1,3)-linked glucose units (Stelte et al. 2011b), mainly 

composed of xylose, mannose, galactose, glucose, arabinose, methyl-glucuronic, galacturonic and 

glucuronic acids (Pérez et al. 2002; Scheller & Ulvskov 2010; Dhyani & Bhaskar 2018). Besides 

being heteropolymer, hemicellulose differs from cellulose in degree of polymerization, 

amorphous structure, molecular weight, physical strength and small thermal stability (Pérez et al. 

2002). Morphology and quantity of hemicellulose varies according to species. Woody biomass 
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has generally 25–30%, agricultural residues 20–25% and herbaceous biomass 15–30% (Cheng 

2017).   

Hemicellulose is found in primary and secondary cell wall though higher quantity occurs 

in the primary cell wall (Scheller & Ulvskov 2010). It surrounds the cellulose fibres and acts as a 

joining bridge between cellulose and lignin, so it helps to strengthen the cell wall by interaction 

with cellulose through hydrogen bonds and by forming covalent bonds with lignin (Zeng et al. 

2014; Cheng 2017). 

2.2.3. Lignin 

Lignin is a very complex insoluble three-dimensional polymer consisting of highly  

cross-linked phenylpropane units (mostly guaiacyl, sinapyl and p-hydroxyphenyl) bonded by aryl 

ether or C-C bonds (Rowell et al. 2012; Zeng et al. 2014). Lignin proportion varies (Knox 2008; 

Sarkar et al. 2009; Frei 2013); most herbaceous biomass and hardwood contain 15–25% and 

softwood up to 40% (Cheng 2017). Usually, lignin can be detected by histochemical staining, 

Raman microscopy or using ultraviolet light to provoke blue fluorescence (Agarwal 2006; Kaliyan 

& Morey 2010; Zeng et al. 2014). 

From biological standpoint, lignin serves as a binder between cellulose and 

hemicelluloses and contributes to higher strength of the cell wall (Fujita & Harada 2000; Stelte 

et al. 2011b; Dhyani & Bhaskar 2018), where it has supporting, mechanical and protective 

function against microbial attacks and oxidative stresses (Pérez et al. 2002). Regarding to energy 

production, lignin plays opposing roles (Frei 2013). In case of solid biofuels, lignin softened by 

high temperatures performs as a natural binding agent during densification process. Lignin 

helps to bond particles together, which results in increased strength properties and makes a final 

product more durable (Chou et al. 2009; Kaliyan & Morey 2010; Gendek et al. 2018; Qin et al. 

2018). Biomass consisting of more lignin, protein or starch has better agglomeration properties 

compare to a material with higher cellulosic content (Tumuluru et al. 2011b). Alaru et al. (2011) 

studied content of lignin in different fibre hemp plant types and sunflower and their ability to 

produce durable briquettes. Lignin can be extracted by steam explosion and used as binding 

agent, as it was studied by Gravitis et al. (2010) on wood composites. On the other hand, the 

lignin is one of the slowly decomposing components of a dead plant material (Tutt & Olt 2011) 

and it can cause difficulties in saccharification process for production of liquid biofuel (Li et al. 

20113). Zeng et al. (2014) summarized the negative roles of lignin in biochemical processes for 

production of lignocellulosic biofuels, including microbial fermentation and enzyme hydrolysis, 

requiring some type of chemical pre-treatment. 
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2.3. Importance of densification 

Biomass, in its original form, is characterized by high moisture content (between 10 and 

70%), hygroscopic nature, diverse chemical composition, irregular dimensions, low bulk density 

and associated low energetic density and rapid burning (Thoreson et al. 2014; Shuma & Madyira 

2017; Dhyani & Bhaskar 2018). Generally, herbaceous biomass has a bulk density of 112 to 160 

kg.m−3 and woody biomass, like wood chips, 220–265 kg.m−3 (Tumuluru et al. 2015). These 

factors go hand in hand with troublesome and inefficient handling, storing, transporting, feeding 

into the boilers, burning properties and overall utilization in its primary state without any sort of 

pre-treatment, which leads to commercial limitations of biomass as a biofuel and bio-power 

source (Puig-Arnavat et al. 2016; Shuma & Madyira 2017; Tumuluru et al. 2018). To make the 

raw biomass approachable and convenient for different uses, the challenges of these feedstocks 

should be addressed (Ganesh & Raveendran 2008).  

One of the approaches bringing up-and-coming resolution to get over the aforesaid 

barriers is a mechanical densification of biomass into products with specific shape, size and 

volume, such as pellets, briquettes, logs or cubes (Ahiduzzaman & Sadrul Islam 2013; Xu et al. 

2015; Bajwa et al. 2018). It is a process of forcing loose particles together into harder and more 

compact solids by employment of external mechanical force to generate particle-to-particle 

bonding (Shaw 2008; Kaliyan & Morey 2010). Densification converts biomass into high-density, 

high-energy, saleable and aerobically stable products with great potential for heating applications 

(Xu et al. 2015; Antwi-Boasiako & Acheampong 2016; Tumuluru et al. 2018). It increases bulk 

density up to 600–1300 kg.m−3 and produces homogenous products that may be easily and 

efficiently handled, dosed (even automatically), transported and stored (Kaliyan & Morey 2009; 

Tumuluru et al. 2010). It follows that expenses related to mentioned logistic operations are 

reduced (Karunanithy et al. 2012; Thoreson et al. 2014). Such uniform and symmetrical products 

may be managed without any troubles using standard logistic equipment and employed both in 

direct combustion, pyrolysis, gasification and in other biomass-to-energy conversion processes 

(Kaliyan & Morey 2009). Densified biomass relates to lower possibility of degradation since the 

moisture content (MC) is decreased during the compaction process and higher resistance to air 

humidity (Karunanithy et al. 2012). Up to 70% of relative humidity does not have any effect on 

storage conditions of commercially available briquettes (Singh 2004). Moreover, densified 

biomass is characterized by improved burning properties including uniform combustion, rate 

of combustion comparable to coal and reduced entrained particulate emissions as well as lower 

possibility of spontaneous ignition in storage place (Werther et al. 2000; Tumuluru et al. 2010). 
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To densify loose biomass efficiently and sustainable also issues related to biomass 

densification in terms of energy consumption, emissions, and costs of densification and process 

use of the densified biomass should be particularly considered (Puig-Arnavat et al. 2016; Muazu 

et al. 2017; Mladenović et al. 2018). Economic, social and/or environmental assessments  

of biomass densification for various feedstocks in different regions have been done e.g. by 

Karkania et al. (2012), Feng et al. (2013), Pirraglia et al. (2013), Stolarski et al. (2013), Hu et al. 

(2014), Kolaříková et al. (2015), Xu et al. (2015) and Toscano et al. (2018). 

There is a wide range of densification technologies commercially available, including 

pellet press, briquette press, cuber, agglomerator, tablet press, roller press and screw extruder 

(Tumuluru et al. 2011b; Ahiduzzaman & Sadrul Islam 2013; Kaliyan et al. 2013). Generally, there 

are two main approaches: pressure agglomeration (including mechanical compression)  

and tumble agglomeration involving application of binding additives (Kaliyan & Morey 2009), 

but which is no longer commonly used in biomass densification (Tumuluru et al. 2011b).  

The technologies are produced with a capacity of 0.1 t.h−1 (for smaller woodworking joinery 

plants) up to a performance of 5 t.h−1 for large pellet plants following up on large power plants 

and heating plants. There are three systems of briquetting presses. 

Before densification process itself, proper material drying and reduction of particles size 

are indispensable operational steps in production process (Dai et al. 2012). The purpose is to 

reduce MC as well as to decrease particle size and enlarge a number of contact points for further 

inter-bonding among particles (Bajwa et al. 2018) leading to higher mechanical strength of 

produced compacts (Zhang & Guo 2014). Size reduction also allows the loose particles to dry 

more rapidly (Kaliyan & Morey 2009). Such prepared material may undergo further pre-

treatments to improve densification process and/or final product quality, like blending with 

additives and fats, preheating, steam conditioning to expand material temperature and MC or 

torrefaction (Tumuluru et al. 2010; Gaitán-Alvarez et al. 2017; Wilk & Magdziarz 2017). All life 

cycle of biomass densification then includes drying, size reduction, blending, densification, 

cooling, screening, packaging and transportation (Muazu et al. 2017) and optimisation of this 

biomass supply chain is essential to enhance the development and sustainability of a competitive 

market with densified biofuels (De Meyer et al. 2014). 

2.4. Insight into agglomeration process 

In general terms, agglomeration is a process of joining loose particles into a compact 

agglomerate. The process can occur naturally or with application of external actions, and, is 

accompanied by activity of natural short-range physical or chemical forces among particles 
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themselves, by physical or chemical transformations of solids or by binders, compounds that 

adhere chemically or physically to solid surfaces and develop stable bonds among particles 

(Pietsch 2003). The main purpose of agglomeration process is to create a compact with specific 

characteristics (defines size, shape and volume) that enhance certain physical features, including 

stability, dispersibility and bulk density (Tumuluru et al. 2010; Bajwa et al. 2018). Agglomeration 

can be carried out by heat/sintering, tumble/growth or pressure technology (Pietsch 2002); this 

Thesis deals only with the pressure agglomeration approach. 

2.4.1. Process of pressure agglomeration  

During any pressure densification structural, elastic and plastic stages of particle 

deformation occur (Pietsch 2002; Shaw 2008; Muntean et al. 2013). Firstly, when low pressures 

are applied, particles make rearrangement to change the shaky arrangement of loose mass and 

create a closely packed and stabilized formation. Further, the space between particles is 

continually reduced while particle properties, size and shape, retain in their original state. As 

pressure rises, particles move into vacant spaces, air is reduced and extended contact and 

interaction among particles appear. During this step, dimensional character of the input particles 

is still not changed or just slightly. As the pressure increases particles are forced against each 

other and brittle particles break, malleable particles deform and porosity is further reduced, this 

cause further rearrangement leading to close interaction of particles and creation of binding 

mechanisms like mechanical interlocks. When the temperature overcomes certain melting limit, 

local melting among particles arises. High pressure has influence alongside on particles 

themselves as well as on tissue’s morphology, cell organelles, membranes, and at the 

atomic/molecular level (Shaw 2008). In all stages, binding agents play important role in the 

biomass agglomeration process. Process of particle rearrangement remains until final density is 

achieved. All these steps help to change elastic deformation into a permanent plastic 

deformation. After the pressing action, when the agglomeration is finished, elastic spring-back 

recovery in case of biomass can occur to some extent (Pietsch 2002; Qin et al. 2018). The porosity 

of final agglomerates is very important factor for the characteristics and further applications of 

these products (Pietsch 2003). 

2.4.2. Binding mechanisms 

When the particles are brought closer enough due to external applied (mechanical) 

forces, binding mechanism may develop (Sastry & Fuerstenau 1973). Binding mechanisms are 

physical and chemical impacts resulting in adhesion and bonding among surfaces of solid loose 
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particles during compaction. Based on the traditional theory, they can be classified into following 

major groups: stable bridges, adhesional and cohesional forces, surface tension and 

capillary pressure, attraction forces between solids, and, mechanical interlocking bonds 

(Rumpf 1962; Sastry & Fuerstenau 1973; Pietsch 2002), see Figure 4. Bonding mechanisms are 

greatly influenced by the particle structure and fraction size (Kaliyan & Morey 2009). 

 

Figure 4. The binding mechanisms of agglomeration process 

Source: Pietsch (2003)  

During densification process, when the high pressures and temperatures are employed 

stable solid bridges can be created at the points where particles touch each other by molecules 

diffusion among particles. Solid links may be provoked by chemical reactions, hardening and 

plasticization of binders, crystallization of dissolved substances, partial melting or sintering 

(Rumpf 1962; Pietsch 2002). This mechanism is mainly formed after the final agglomerate drying 

or cooling (Kaliyan & Morey 2009). Very finely grinded particles attracting easily free atoms or 

molecules contain the gentle stable adsorption levels that can create strong bonding among 

adjacent particles. It is enabled due to even out surface roughness, growth of the contact space 

between particles or by declination of the inter-particle distance and presence of the 

intermolecular attractive forces involved in the bonding mechanism (Ghebre-Sellassie 1989). 

Greatly adhesive binders, like molasses and bitumen, adhere to the surfaces of solid particles to 

form strong ties, highly similar to those of solid links. Many viscous binders stiffen after cooling 

and create the solid bridges, too (Pietsch 2002). Presence of liquids, like free water in particles 

pores, induces capillary attraction between the particles owing to the air-liquid interfacial tension 

and thus improves adhesion (Sastry & Fuerstenau 1973; Grover & Mishra 1996). Solid particles 

are attracted by natural (physical) short-range forces, such as molecular (valance and van der 
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Waals’), magnetic or electrostatic charges, that can originate adhesion of solid particles to each 

other if the particles get closer enough together (Sastry & Fuerstenau 1973). During the 

compaction process, close bonds are created when fibres, flat or unevenly shaped and bulky 

particles intertwine, twist, fold and bend about each other. Since the surface of these solid 

particles is not smooth and is full of lock and key points at which they may be connected together, 

these morphological changes lead to mechanical interlocking effects (Pietsch 2002; Kaliyan & 

Morey 2009), which may contribute to adequate mechanical strength to control the destructive 

forces caused by elastic phenomenon after the pressing process (Rumpf 1962). 

2.4.3. Binding agents 

Binding agents (binders) play important role in densification process as well as in quality 

and performance of final densified products (Zhang et al. 2018). The raw biomass itself contains 

various own types and concentrations of naturally occurring binding agents such as water-soluble 

carbohydrates, lignin, protein, pectin, starch and fats (Chou et al. 2009; Kaliyan & Morey 2010; 

Tumuluru 2014; Urbanovičová et al. 2017) that are activated and released at high pressures and 

temperatures occurring during compression to work as a sealant of particles. Later, when 

pressure and temperature action cease, the natural binding agents harden or “settle down” 

creating links or ties between particles, resulting in compact, strength and durable products 

(Kaliyan & Morey 2010). It supports the necessity of adequate strength for logistic operations of 

these products (Pietsch 2002; Shaw 2008). Various papers have reported feedstock materials with 

sufficient binding features without using additional binding materials (Shaw & Tabil 2007). Li 

and Liou (2000) studied a high-pressure binderless compression of wood processing wastes and 

other organic residues, like hardwood, softwood, and bark in the forms of sawdust, mulches and 

chips. Kaliyan and Morey (2010) investigated the function of natural elements in switch grass 

and corn stover briquettes and pellets forming stable and strong particles’ bonding mechanisms.  

 There are many additive binders that can be added extra such as organic, inorganic and 

compound binders offering different mechanical strength and thermal stability (Zhang et al. 

2018).  Inorganic ones can be represented by limestone, lime, calcite, clay, bentonite etc. (Wang 

et al. 2012; Zhang et al. 2018). Additives can increase particle adhesion, abrasion resistance and 

compressive strength and can decrease the energy cost of production (Muazu & Stegemann 

2017). Briquette quality in terms of calorific value (CV) and ash sintering characteristics can be 

improved with additives too (Wang et al. 2012; Zhang et al. 2018).  

 Many studies investigating briquettes mixed with additives have been conducted. 

Thabuot et al. (2015) evaluated briquettes from palm fibre, bamboo sawdust, corn con with 
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additive – molasses. With the same additive Jittabut (2015) produced and assessed briquettes 

from rice straw and sugarcane leaves in various ratios. Rajaseenivasan et al. (2016) studied the 

effect of binder – neem powder on sawdust briquettes. The results showed that mixing of neem 

powder with sawdust significantly increased briquettes strength, but lowered CV compared to a 

briquette made of sawdust alone. Chou et al. (2009) studied rice straw briquettes with rice bran, 

soybean residues and Acacia confusa sawdust additives. Rahaman and Salam (2017) investigated 

binder properties of sawdust in briquetting of rice straw. Additive increased CV and decreased 

ash content. Mitan et al. (2018) evaluated addition of starch and calcium hydroxide in various 

ratios into durian peel briquettes. Other material like cow dung and cactus (Shuma & Madyira 

2017) were studied as briquette binders. Also, water acts as a film type binding agent due to van 

der Waals’ forces and increased surface interaction among particles (Grover & Mishra 1996; 

Pietsch 2002). Several papers reported increased strength and durability of densified products 

with higher MC (Kaliyan & Morey 2009). Yank et al. (2016) reported that adding of cassava 

wastewater into rice husk had positive effect on briquette quality. 

2.5. Briquetting technology and current research 

Briquetting is a well-known and broadly used technology of material compaction when 

fine grinded biomass is compacted, with or without additives, under high pressure  

and temperatures that emerge from the high friction between densified material and press 

matrix/die walls of a briquetting machine (Shaw 2008; Kers et al. 2010). Final products – 

briquettes are clean and green biofuels combustible in special furnaces, boilers or in open fire 

(Tumuluru et al. 2010). Given by used densification procedure and shape of a 

stamping/compacting/pressing channel/chamber (Pietsch 2002; Ivanova 2012) biomass can be 

shaped into blocks of specific size, shape and volume (Figure 5) – cylinders, prisms or 

hexahedrons with or without a hole in the centre and, with diameter ranging from 40 to 100 mm 

and length up to 300 mm (Stupavský & Holý 2010) and specific density around 600–1300 kg.m−3 

(Tumuluru et al. 2015). 

 
Figure 5. Dimensions of briquettes 

Source: BS EN ISO 17225-3 (2014) 
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Briquetting technology has developed into two directions: hydraulic or mechanical piston 

press technology and screw press technology (Grover & Mishra 1996; Tumuluru et al. 2011b). 

In mechanical piston press biomass mass is pressed in an open press chamber where the 

material is punched through a matrix by a pressing piston. The briquette is formed by pressing 

the material by rectilinear reciprocating movement of the piston; each stroke of the piston forms 

a thin sheet - one briquette (Križan et al. 2009). The output is around 1 t.h−1. The piston press 

has long life of wearing parts and low power consumption. It can be used to compress a wide 

range of raw biomass materials including corn straw, peanut shell, ground nut shell, cotton stalks, 

sun flower stalks, etc., and with MC 10−15% (Grover & Mishra 1996). Contrarily, the piston 

press needs a higher level of maintenance and the briquettes have lower quality and cannot be 

carbonized if compared to the screw press (Zeng et al. 2007).  

On the other hand, in hydraulic piston briquetting machine (Figure 6), the energy 

to the piston is transferred from an electric motor (1) through a high-pressure hydraulic oil 

system (Grover & Mishra 1996). Briquettes are formed by each stroke of the piston (2), when 

the mass is pressed in closed pressing chamber (8).  

 

Figure 6. The block diagram of hydraulic piston briquetting machine BrikStar CS 50 

0 - metering chamber; I and II working zones of pressing chamber and III – additional compression and strain 

relaxation. 1. hydraulic system provided with electric drive and adjusting elements; 2. the pressing piston of the 

main hydro-cylinder with a punch 3.; 4. feeder of the raw material from the bunker with screw and valve 5; 6. 

dosing chamber; 7. matrix with a slit; 8. pressing chamber; 9. system of a clip on the matrix with hydraulic drive 

10; 11 device for additional briquette compaction and relaxations. According to it, on the scheme are shown: 

ρ0 - initial density of an initial material; ρIII - final density of a briquette; Р0 - axial pressure created by a punch 

3; d-diameter of a punch; Рг - pressure in a hydrosystem; D - diameter of the piston of the hydrocylinder; PхI, 

PхII, PхIII - axial pressure in various zones of pressing; V0 - volume of an initial portion; VI, VII, VIII - volumes 

of briquettes portions changing during pressing; Рсж - effort of compression of the cut part of a matrix 

Source: Muntean et al. (2010) and Havrland et al. (2011) 
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It works with lower pressures than other briquetting types, which can cause crack 

formation on cylinder structure (Križan et al. 2009). Compared to the mechanical machine, it 

results in lower outputs (0.05 to 0.5 t.h−1), but it can tolerate higher MC of agricultural residues 

(Zeng et al. 2007). They are generally cheaper (Havrland et al. 2011). 

In a screw press, the biomass is extruded continuously through a heated, tapered matrix 

with help of rotating screw (Grover & Mishra 1996; Tumuluru et al. 2010). Screw press produces 

more stable and strength briquettes with smooth and noiseless operation, however, this 

technology is associated with higher requirements for a power consumption and maintenance 

(screw) compared to the piston press (Tumuluru et al. 2010). It is possible to create different 

shapes, from cylindrical to n-angled, with or without a hole. As the material is pressed 

continuously, presence of structural failures is reduced in comparison to piston presses (Križan 

et al. 2009). The briquettes are formed as infinite and then divided into the desired lengths. 

Continuous material pressing ensures a high degree of compaction and a high level of mechanical 

quality indicators (Havrland et al. 2011). The outer surface of the briquette from the screw press 

is partly carbonized which facilitates ignition and combustion. This also prevents the briquettes 

from catching ambient moisture (Grover & Mishra 1996). 

Many studies have actively investigated densification of herbaceous and woody biomass 

employing piston or screw presses (Tumuluru et al. 2010). Ahiduzzaman and Sadrul Islam (2013) 

studied rice husks briquettes made with screw extruder. Chou et al. (2009) evaluated optimal 

conditions for production of rectangular briquettes from rice straw using a piston-mold process. 

Granada et al. (2002) investigated the biomass densification mechanism and improved hydraulic 

briquetting machine. Li and Liu (2000) using high-pressure piston-and-mold densification 

approach compressed the wood processing wastes and other residues. Thabout et al. (2015) 

evaluated biomass wastes briquettes produced by a manual hydraulic press. Yank et al. (2016) 

studied rice husk and bran briquettes densified using a manual press as well. Helwani et al. (2018) 

tested the manual hydraulic press on empty friut bunches with quite positive results. 

 As there is a wide range of feedstock materials, numberless investigations have been 

performed to produce biomass briquettes from diverse agricultural and forest residues and 

to evaluate their physical, mechanical and energy properties. Chin and Siddiqui (2000) 

compressed rice husks, peanut shells, coconut fibres and palm fruit fibres into briquettes by 

piston and matrix type presses. Coates (2000) and Akhmedov et al. (2017) studied briquettes 

from cotton plant residues. Yank et al. (2016) studied rice husk and bran briquettes under a low-

pressure densification for rural applications. Brand et al. (2017) analysed briquettes from mixtures 

of husk and rice straw and rice husk ash. Stolarski et al. (2013) assessed briquettes from 



Literature review 
 

 

 

17 

agricultural and forest biomass residues and determined their quality and production costs. 

Srivastava et al. (2014) studied the energy use of briquettes from a vegetable market waste. 

Brunerová et al. (2017a) evaluated mechanical properties of briquettes made of straw and seed 

pods of poppy and wheat husks produced by the hydraulic piston press. 

Other studies actively evaluated briquettes made of olive refuse (Yaman et al. 2000), olive 

cake (Al-Widyan et al. 2002), palm fibre and palm shell residues (Husain et al. 2002), sugarcane 

leaves (Jittabut 2015), sugarcane skin and bamboo fibre (Brunerová et al. 2018), wheat, barley, 

oat, and canola straws (Tumuluru et al. 2015), corn stalk, vine shoots, rape straw and cereal straw 

(Ramírez-Gómez et al. 2014), composite of mango seed shell and cashew nut shell (Huko et al. 

2015), Cerbera manghas (Sutrisno et al. 2017), fruit wastes form durian, coconut, coffee, cacao, 

banana and rambutan (Brunerová et al. 2017c), corn cobs (Kaliyan & Morey 2010; Muazu & 

Stegemann 2015), corn stover (Yuan et al. 2010; Thoreson et al. 2014; Tumuluru 2018), banana 

tree waste (Ku Ahmad et al. 2018), guava fruit tree residues (Ivanova et al. 2018), cashew waste 

(Sawadogo et al. 2018), eucalyptus bark (Sette et al. 2018), durian peel (Mitan et al. 2018), 

groundnut shells and bagasse (Lubwama & Yiga 2018), cones of Scots pine, Norway spruce and 

European larch (Gendek et al. 2018).  

Also many studies reported a potential of various types of purposely grown biomass for 

bio-fuels production, e.g. perennial grasses, such as Caragana korshinskii Kom (Zhang & Guo 

2014), miscanthus (Ivanova 2012), giant knotweed, switchgrass (Kaliyan & Morey 2010; 

Tumuluru 2018) and giant reed (Ivanova 2012); annul plants – hemp (Alaru et al. 2011; Ivanova 

2012; Kolaříková et al. 2014; Chaloupková et al. 2018a) and sunflower (Alaru et al. 2011). 

Urbanovičová et al. (2017) investigated briquettes from energy crops: Spartina pectinata, Miscanthus 

sinensis, Sida hermaphrodita, Salix viminalis, Polygonum sachalinensis, Rosa multiflora and Helianthus 

tuberosus.  

Residual woody biomass as a traditional material for densified fuel production has been 

investigated by countless studies. Woody sawdust was studied, among others, by Chin  

and Siddiqui (2000), Lehtikangas (2001), Bergström et al. (2008), Yumak et al. (2010), Tembe  

et al. (2015), Antwi-Boasiako and Acheampong (2016), Lela et al. (2016). Garrido et al. (2017) 

produced and evaluated properties of briquettes from sawdust and date palm trunk and Križan 

et al. (2015) from beech biomass. 

In the last years research is also focused on potential pretreatments of biomass before 

densification process and torrefaction is one of them. The torrefaction was recognized as 

improver of biomass quality in terms of decreasing moisture content and increase of 

heating/calorific value (Chen & Kuo 2010; Wilk & Magdziarz 2017). 
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2.6. Key variables in briquetting process 

Densification process and the quality of densified product is influenced by combination  

of following factors: feedstock variables such as MC and particle size and shape, fibrous and 

non-fibrous nature, biomass composition, including protein, fat, cellulose, hemicelluloses and 

lignin content, usage of additional binders, and, process variables, i.e., matrix temperature, 

matrix geometry, compression pressure, speed, and retention time (Kaliyan & Morey 2009; 

Tumuluru et al. 2010). From this list it is obvious that the quality of final fuel is influenced not 

only by material and densification process itself, but also by initial pre-treatment processes such 

as proper material drying and particle size reduction. Particle factor is in detail described in the 

following Subchapter 2.6.1. 

MC of feedstock material before the briquetting should be inside of the optimal range of 

8-15%. When the MC is lower and, vice versa, higher, the particles are not cohesive and densified 

compact disintegrates. Especially residual biomass from agricultural production tends to higher 

MC (Chen et al. 2009). High MC can cause problems in grinding, densification and subsequent 

firing and excessive energy is required for drying (Grover & Mishra 1996). Type of feedstock 

material and its properties has the major effect on energy characteristics (CV, burning time, fuel 

ignition), content of heavy metals, volatile matter content, ash content, ash fusibility and other 

parameters (Davies & Abolude 2013; Poddar et al. 2014; Antwi-Boasiako & Acheampong 2016; 

Sutrisno et al. 2017; Monedero et al. 2018). Ratio DM/MC significantly affects CV. Water 

evaporates during combustion and it reduces the basic CV of the biomass dry matter (Werther 

et al. 2000). Field of solid biofuels production goes hand in hand with evaluation and control of 

feedstock influence on combustion facilities too (Fournel et al. 2015; Huko et al. 2015). Pressure 

of compaction is the most important variable with the main influence on briquette strength; with 

increasing pressure the density and strength of briquette increase (Križan et al. 2009; Tumuluru 

et al. 2010). Compacting pressure is related to compaction temperature, which determines the 

segregation of lignin from the cellular structure of the biomass. The optimal value of pressing 

temperature for lignin plastification (that corresponds to glass transition temperature of lignin) 

depends on the type of material which is densified, but generally it is approximately 120ºC 

(Križan et al. 2009). With an increasing pressing temperature, there is lower need of compacting 

pressure and vice versa (Kaliyan & Morey 2009; Križan et al. 2009).  

An influence of mentioned variables has been actively investigated. Yank et al. (2016) 

studied the influence of a binder type on quality of rice husks briquettes. Jirjis (2005) evaluated 

the role of particle size and pile height on storage processes and fuel quality of chopped Salix 

viminalis. Yumak et al. (2010) briquetted Russian tumbleweed (Salsola tragus) with three moisture 
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levels (7%, 10%, and 13%) in hydraulic press with two dies (cylindrical and square) using three 

pressure levels (15.7, 19.6 and 31.4 MPa). Tumuluru et al. (2015) studied impact of briquetting 

pressure, hammer mill size, and MC on briquette quality properties of wheat, barley, oat, and 

canola straws briquettes. Tumuluru (2018) evaluated effect of MC and hammer mill screen size 

on briquette properties of woody (pine wood chips) and herbaceous biomass (switchgrass, corn 

stover). Thoreson et al. (2014) investigated the effect of compression pressure, MC, particle size, 

and material composition on quality of briquettes from raw corn stover. Kaliyan and Morey 

(2009) presented that achieving a temperature averaging 75 °C was essential to activate binding 

components of cellulosic materials and to produce stable products. Ndiema et al. (2002) densified 

briquettes under pressure ranging from 20 to 140 MPa and reported pressure of 80 MPa beyond 

which no significant gain in bonding may be achieved. Demirbas et al. (2004) produced quality 

briquettes made of spruce wood sawdust and pulping reject with initial MC of 12% (w.b.), matrix 

temperature of 130 °C and compression pressure of 12.5 MPa. Pampuro et al. (2018) reported 

that compression pressure, in the range of 40–80 MPa, significantly affected the specific 

compression energy requirements, the final density and the durability of the produced compacts. 

Al-Widyan et al. (2002) reported that retention compression times between 5 and 20 seconds did 

not have a significant effect on durability and density of olive cake briquettes. Further studies 

were done by Havrland et al. (2011), Stelte et al. (2011b), Wrobel et al. (2013), Zvicevicius et al. 

(2013), Rynkiewicz et al. (2013), Poddar et al., (2014), Križan et al. (2015), Miao et al. (2015), 

Harun and Afzal (2016), Muntean et al. (2017), Whittaker and Shield (2017). 

2.6.1. Particle size and shape 

Understanding of particle morphological and rheological behaviour as well as measuring 

particle size and understanding how it affects processes and final products can be critical to the 

success of many manufacturing businesses and industries (Shekunov et al. 2006; Vaezi et al. 2013; 

Agimelen et al. 2017; Cardona et al. 2018). In case of biomass it is significant in fields associated 

with particle handling, transportation, mixing, dosing, fluidization, possibility of densification, 

gasification or combustion (Dai et al. 2012; Gil et al. 2014; Ahmad et al. 2016; Holmgren et al. 

2017; Trubetskaya et al. 2017; Knoll et al. 2019). In case of the biomass densification, 

understanding the morphological behaviour of input material is crucial to optimise design of 

used equipment, reduce energy consumption and improve the quality of products  

(Mani et al. 2014b). 

Reduction of biomass size into appropriate particle size is an important pre-processing 

operation in using biomass for energy purposes (Igathinathane et al. 2010). It should lead to finer 

particle grind and to the breakage of compacted structure of the lignocellulose by disruption of 
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its microfibers to improve the availability of bioactive substances specific surface area for further 

processing and conversion processes (Sun & Cheng 2002). Generally, aim of size reduction is to 

increase an accessible surface area, size of feedstock porosity and enlarge number of contact 

points for further adhesion and binding between particles (Shaw 2008; Guo et al. 2012; Bajwa et 

al. 2018). Decreased particle size also lets the loose particles to dry more rapidly (Kaliyan & 

Morey 2009). Biomass size reduction decreases pressure and specific energy requirements to 

about 50% (Miao et al. 2015). Moreover, grinded biomass produces more stable flame, lower 

CO2 and ash emissions and high burnout during combustion when compared briquettes to bales 

(Tumuluru et al. 2014). 

Efficient grinding of biomass to an appropriate particle size fraction is one of the 

challenges in the development of systems based on manipulation with reduced particle size 

(Holmgren et al. 2017) since rather small particles are required, but conversely fine milling is high 

energy demanding (Mani et al. 2004; Dai et al. 2012; Wang et al. 2018a), thus balance between 

energy efficiency and costs should be established (Gil & Arauzo 2014). Consumed energy is 

influenced by material type and its physical and mechanical properties, grinding machine type 

and blade edge sharpness (Womac et al. 2005; Tumuluru et al. 2014). There are several types of 

grinding machines available such as hammer mill, knife mill, disk mill, crusher and roller mill 

(Grover & Mishra 1996; Svihus et al. 2004; Guo et al. 2012). The grinders may produce particles 

with different dimensional properties; hammer mills may produce more fines and more 

prolonged particles than grind from knife mill (Paulrud et al. 2002). Angular speed of hammer 

and mesh size are the most important variables influencing the grinding process (Gil & Arauzo 

2014). Angular speed of grinders influences variability and dispersion of size; higher the angular 

speed of hammer, the lower the dispersion on particle size and contrarily physical conditions of 

the biomass have a negligible effect on particle size distribution (Gil & Arauzo 2014). There are 

several studies focused on milling of herbaceous, woody and agricultural residual biomass in 

mentioned grinding devices (Paulrud et al. 2002; Bitra et al. 2009a; Bitra et al. 2009b; Lisowski et 

al. 2010; Gil et al. 2012; Williams et al. 2016; Tumuluru 2019). Kirsten et al. (2016) evaluated the 

performance of three different grinding techniques: cutting, impact and hammer mill with 

different variables as mesh sizes of 2, 4, and 6 mm, with or without additional aspiration, and, 

found out that the hammer mill with a 4 mm screen size produced optimal feedstock for 

production of densified fuels with desired bulk density and durability while having the lowest 

specific energy input. Grinding with the hammer mill is the most effective to grind the fibrous 

material and produce the required wide particle size distribution (Kirsten et al. 2016) 

 Because of the high and varied proportion of cellulose, hemicellulose and lignin in 

biomass composition, which is different for all plant species, particle morphology can be 

https://www-sciencedirect-com.infozdroje.czu.cz/topics/chemistry/bulk-density
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greatly irregular (Guo et al. 2012). Particles shape can be spherical (one-dimension shape – 

diameter of sphere) and non-spherical, which is in practice more probable (Dai et al. 2012). 

Due to the anisotropy in spatial structure, biomass particles have prolonged shape (Guo et al. 

2012). There are several shapes qualitatively described by various studies, for instance flakes, 

rod-like and needle-like particle (Guo et al. 2012), or plate, slab, prism, cylinder, rod and sphere 

(Liliedahl & Sjoèstroèm 1998; Saastamoinen 2006). Gil et al. (2014) described particle shape as 

circle, square, rectangle, rectangle fibrous, hook and hook fibrous (Figure 7). Particle size 

and shape can be modified during the densification process itself, especially in case of brittle 

particles (Pietsch 2002).  

 

Figure 7. Effects of particle shape and size for poplar and corn stover 

Source: Gil et al. (2014) 

 Particle size is a complex parameter (Fernlund 1998), thus at least two parameters are 

necessary to describe particle size/shape (Trubetskaya et al. 2017). It can be represented by 

several variables, such as length, width, diameter, perimeter, surface area, volume and descriptors 

calculated from them, like sphericity, roundness and ratios of two object dimensions (Murphy 

1984; Vaezi et al. 2013; Bagheri et al. 2015; Zhao & Wang 2016). Often, particle morphology of 

more or less regular shapes is simplified by a single parameter size, assuming sphericity or 

circularity (Lu et al. 2010; Ulusoy & Igathinathane 2016). Already in 1953 Powers (1953) defined 

six roundness classes for characterization of sedimentary particles (Figure 8).  

 

Figure 8. Roundness and sphericity scale for sedimentary particles 

Source: Powers (1953) 
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 Behaviour models of spherically-shaped particles have been studied for many years 

(Walpole 1972; Militzer et al. 1989; Tripathi et al. 1994; Riguidel et al. 1994; Niazmand  

& Renksizbulut 2003; Antonyuk et al. 2005). However, assuming sphericity for biomass particles 

may result in large errors at most biomass particle sizes (Lu et al. 2010). Slowly there is a progress 

in studies predicting and describing behaviour of irregular biomass particles (Bagheri et al. 2015; 

Dioguardi & Mele 2015; Wang et al. 2018b; Elfasakhany & Bain 2019; Knoll et al. 2019). Despite 

numerous studies on biomass particle morphology, there is no universal consensus on how to 

represent a biomass particle size and shape in some details, thus the combination of several 

descriptors is needed (Pons et al. 1999). 

Particle size and shape measurement has long tradition in soil and sediment sciences 

(Cox 1927; Wadell 1932; Krumbein 1941; Koerner 1970) and core of biomass morphology 

characterization originates from these disciplines. Classification of particular matter/material 

based on dimensional properties has long been based upon sieve analysis where the material is 

separated by sieves of differently sized apertures into fractions of particle size distribution 

(Fernlund 1998). Biomass fuels rarely consist of particles of uniform size, for this reason not only 

a mean size should be measured, but also particle size distribution (hereafter referred as PSD). 

PSD analysis procedure serves for evaluation of dimensional and morphological properties of 

particulate/granular materials (Igathinathane et al. 2009a; Vaezi et al. 2013). PSD is an important 

characteristic in various industries as pharmaceuticals, agrochemicals, detergents, pigments and 

food industry (Agimelen et al. 2017). Commonly, output from PSD analysis is composed of 

percentage of particles retained on sieves with descending opening sizes, cumulative undersize 

distribution (Figure 9), geometric and arithmetic mean value and associated standard deviation, 

and many more characteristics that in specific manner describe the size distribution of particles 

depending on an applied method (Igathinathane et al. 2009a).  

 

Figure 9. Typical cumulative PSD of milled biomass  

Source: Gil et al. (2014) 
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To determine PSD precisely quite large numbers of particles are required. Masuda and 

Gotoh (1999) estimated by the application of theoretical equation that about 61000 particles are 

needed to obtain the mass median diameter of particles within 5% error with 95% probability 

for a particular material having a geometric standard deviation of 1.60.  

For determination of PSD there are several approaches available, including laser 

diffraction, acoustic spectroscopy, light scattering, cascade impactors, traditional mechanical 

screening/sieve analysis whose procedure is generally standardized (e.g. EN ISO 17827-1 2016) 

for biomass and lately developed machine vision and image analysis (Igathinathane et al. 2009b; 

Gil et al. 2014). Classical sieve analysis separates the material by sieves of different sized 

apertures/openings; the approach is widely used in various fields, standardized, inexpensive, easy 

to perform and giving a possibility to physically separate the particle size fractions (Al-Thyabat 

& Miles 2006; Ulusoy & Igathinathane 2016). On the other hand, this method has several 

disadvantages as: limited set of available standard sieves, bounded number of sieves that can be 

held by a shaker, non-suitability for fine fractions under 38 μm (Persson 1998), assumption of 

particle spherical shape (Mora & Kwan 2000), and longer analysis time for smaller sieve openings 

(Persson 1998). A number of studies has reported the PSD results of different biomass materials, 

e.g. wheat straw, switchgrass, corn stover (Bitra et al. 2009), barley straw (Mani et al. 2006), Cynara 

cardunculus L. (Igathinathane et al. 2009b), miscanthus, pine sawdust (Igathinathane et al. 2009b; 

Chaloupková et al. 2016), wood sawdust and shavings mixture (Vítěz & Trávníček 2010), 

industrial wood particles (Li et al. 2014) and hemp (Dinh 2014; Chaloupková et al. 2016).  

How particles size affects quality and physical properties of briquettes was 

investigated by several authors. Bergström et al. (2008) reported no significant effect of the PSD 

of Scots pine sawdust (P. sylvestris L.) on the briquetting process as well as on the physical and 

thermo-chemical characteristics of produced pellets, however, claimed that the results are not 

applicable to other types of biomass materials. Lisowski et al. (2010) compared PSD of seven 

energetic plant species, including Miscanthus × giganteus. Černá et al. (2016) evaluated influence of 

PSD on durability of digestate briquettes. Rahaman and Salam (2017) investigated the effect of 

particle size together with pressure and mold diameter on the physical characteristics of rice straw 

briquettes. Urbanovičová et al. (2017) evaluated effect of particle size on physical and mechanical 

properties of briquettes made of various energy crops. Wang et al. (2018a) investigated the effects 

of the particle size on the rice straw briquetting process, energy consumption, maximum 

extrusion force, product compressive strength and product density. Sette et al. (2018) evaluated 

impact of particle size on the quality of eucalyptus bark briquettes. 
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Basically, we can say that the particle size of the fraction affects the pressing process 

itself. It influences the smoothness of the pressing process and the resulting product quality. 

Generally, agricultural residues have poor flow characteristics that can cause problems during the 

pressing and principally irregular particle size and shape have significant effect on this behaviour. 

The granular homogeneous materials (preferentially 6–8 mm in size) that may flow easily in 

conveyors, feeders and storage silos, are appropriate for densification (Grover & Mishra 1996). 

The higher input fraction size requires more pressing power. The product has lower homogeneity 

and strength. As the size of the fraction increases, the bonding forces also decrease, resulting in 

a rapid disintegration of the compact (fast burning of the densified biofuel is undesired). The 

pressing pressure increases as the size of the pressed material fraction increases. In case of binder-

free compaction, the surface of the feedstock particles should touch the largest surface of each 

other. The size of the contact surface increases with increasing fineness of the material and with 

increasing pressing pressure (Križan et al. 2015). 

2.6.2. Briquette structure 

Structure of briquette is an important variable affecting many briquettes properties and 

performance. The structure (internal structure) of a material is defined by the character and 

geometric arrangement of solid particles and the nature of the bonds between them. Generally, 

it is greatly affected by employed type of agglomeration and binding mechanisms prevailing and 

involved in a compact creation (Pietsch 2002). Regarding pressure agglomeration (e.g. 

briquetting), the structure is affected by degree of structural, elastic and plastic phase of 

deformation and applied pressure level (Pietsch 2002). The structure is given by the particle 

nature and arrangement and depends on various characteristics related to particle morphology 

and rheology like particle size and PSD, macroscopic and microscopic shape of particle and 

roughness (Pietsch 2002; Muntean et al. 2013). Composition of an input material is of a great 

influence on the final structure. Grind biomass material is characterized by its porosity, which 

considerably decreases during the compression (Miao et al. 2015) and in case of the final densified 

product a high porosity is undesirable. Mainly in the course of high-pressure agglomeration 

variables related to the input particles may modify, especially size and shape of brittle particles 

(Pietsch 2002). However, on micro-structural level, particles exposed to high pressures show no 

fractions and disruptions in the cell walls (Miao et al. 2015). 
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2.7. Computer vision & image analysis – tool for structure and particle 

visualization 

Artificial vision and related image analysis are another method for inspection and quality 

evaluation. In general, machine (or computer) vision and image analysis are highly helpful  

and effective tools with varied scope of employment in diverse fields of industry and science 

(Batchelor & Bruce 2012; Davies 2018), where greater precision, efficiency, quality and 

performance of observed objects are highly demanded. It includes tasks as visual examination of 

prescribed parameters, pattern recognition, estimation of size, shape, structure and texture, 

colour, object counting and defects identification (Gongal et al. 2018; Manish et al. 2018; Smith 

et al. 2018; Su et al. 2018; Tan et al. 2018) of wide range of materials including metals (Wang et 

al. 2015), plastics (Kim et al. 2016), glass (Huang et al. 2018), wood (Gutzeit & Voskamp 2012), 

ceramics (Bao et al. 2017), rubber (Kuang et al. 2019), gravel (Kumara et al. 2012), concrete (Shah 

& Kishen 2011; Ozen & Guler 2014), fruit (Cubero et al. 2014; Song et al. 2014; Rady et al. 2017), 

vegetable (Pace et al. 2015; Pan et al. 2017), nuts (Sunoj et al. 2018), meat (Girolami et al. 2013) 

and other food products (Morais de Oliveira et al. 2015; Calvo et al. 2016).  

Use of these artificial-vision-based techniques has expanded to biomass-to-energy 

applications. Artificial vision and imaging applications are suitable for assessment  

of briquette/pellet structure, particle size and shape properties (Wang 2006; Pothula et al. 

2014; Pons & Dodds 2015).  

There are many studies that have researched the 2D shape factors of biomass  

by microscopy (Guo et al. 2012), 2D digital imaging (Gil et al. 2014), and 3D particle through 

reconstruction algorithms to calculate particle surface area and volume (Lu et al. 2010; Bagheri 

et al. 2015; Williams et al. 2016). In the Figure 10 we can see a schematic illustration of different 

protocols used to measure dimensions of an irregular particle. 

 

Figure 10. Variables determined for a particle projection using ImageJ and MATLAB software 

Source: Bagheri et al. (2015) 
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Briquette surface and/or interior structure is possible to visualize and study by image 

scanning of a briquette cross-section that may bring information and knowledge on particle size 

and its distribution, porosity, binding mechanisms, and, with the application of appropriate 

specific software, a shape factor, particles’ specific surface area and many other parameters. 

Precision may be broadened by examination of multiple cuts of the same agglomerate and further 

statistical data analysis (Pietsch 2002). 

 Computer vision algorithms evaluate images obtained usually from the interaction of 

visible light with the observed object or less commonly from the scanning of surface with a 

focused beam of electrons (Ribeiro & Shah 2006). Images can be taken with a real size of the 

object or with some level of magnification, e.g. use of microscopy. On nano- and micro-levels 

a scanning electron microscopy (SEM) is an effective technique enabling these advantages 

(Pietsch 2002). For example, Zhang and Guo (2014) using the SEM examined structure of 

briquettes from perennial grass Caragana korshinskii Kom regarded to their porosity (Figure 11). 

Kaliyan and Morey (2010) using SEM and light microscopy investigated structural bonding 

mechanisms on micro level in corn stover and switchgrass briquettes and pellets (Figure 12). 

Stelte et al. (2011b) studied fracture surfaces of beech pellets using also SEM to understand inter-

particles bonding. Huang et al. (2008) studied the structures of biomass briquettes from corn 

stalks by microscopy. Miao et al. (2015) evaluated a particle porosity of compressed miscanthus 

and switchgrass using SEM. The same technique used also Okot et al. (2018) in investigation of 

the main bonding mechanisms in briquettes form corn cobs produced during different 

densification conditions. Roman and Świętochowski (2016) studied briquette structure using X-

Ray analysis. Zhao et al. (2015) investigated structure of carbonized anthracite briquettes 

obtained at different pyrolysis temperatures by surface area measurements, SEM, Fourier 

transform infrared spectroscopy, Raman spectroscopy and X-ray photoelectron spectroscopy. 

 

Figure 11. Scanning electron microscopy (magnification at 50×)  
images of cross-sections of briquettes.  

Source: Zhang and Guo (2014) 

 

In case of a visualization of loose particles with real size, the computer vision-based 

method can be used for PSD analysis, where it is an interesting alternative or even substitution 

for traditional sieve analysis method (Igathinathane et al. 2009a; Igathinathane et al. 2009b; Souza 
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& Menegalli 2011; Kumara et al. 2012). Unlike the sieve analysis, the image analysis is an 

approach sensitive to the geometrical particle shape and considering more parameters than just 

sphericity which leads to more precise results. Besides accuracy, PSD analysis using imaging 

offers time savings, individual measurement of all particles, and it gives an additional information 

relating to the size, shape, texture and the number of particles (Fernlund 1998; Igathinathane et 

al. 2009b; Shanthi et al. 2014). Souza and Menegalli (2011) suggested a number of particles 

required for such analysis and the statistical methodology to be used in its evaluation. Paulrud  

et al. (2002) studied PSD of wood particles using image analysis to compare different grinding 

machines. Febbi et al. (2015) used image analysis with multivariate modelling approach to 

construct cumulative PSD curves based on chip mass. Gil et al. (2014) compared effectiveness 

of PSD of poplar and corn stover via sieve method and image analysis. PSD can be also analysed 

using photo-optical analyser, which quantitatively measures all particles in real time 

(Chaloupková et al. 2018b). This method undoubtedly provides several merits, yet the material 

is not physically separated. On the contrary, this is offered by another method of machine vision 

– by sensor-based sorting, which enables physical separation of granular material into predefined 

classes in real time (Maier 2017). Nowadays it is used in the field of waste management (Kępys 

2016), food processing (Narendra & Hareesh 2010) and mining industry (Lessard et al. 2014). 

 

Figure 12. Scanning Electron Microscopy (SEM) (magnification at 600×) and UV-Auto-

Fluorescence (UV-AF) (magnification at 145×) images of corn stover (Fig. 12a and b)  

and switchgrass (Fig. 12c and d) grinds before briquetting or pelleting. The green or yellow-

green represents protein compounds and whitish fluorescence represents the cutin (cuticle). 

Source: Kaliyan and Morey (2010) 
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2.8. Briquettes quality attributes 

Quality requirements for woody and non-woody bio-briquettes and pellets are generally 

standardized, in EU for instance by EN ISO 17225-2,3,6,7 (2014). These international norms 

define physical, chemical and mechanical properties of briquettes/pellets. As described  

in the Chapter 2.6. densification process is influenced by several factors, such as feedstock  

and process variables (Tumuluru et al. 2010). Quality of final products is evaluated from its 

chemical, physical-mechanical and energy aspect. 

2.8.1. Moisture content 

Lower MC of the briquettes should be secured already before densification  

and by the briquetting process itself (Grover & Mishra 1996). Densified biomass relates to lower 

possibility of degradation since the MC is decreased during the compaction process and higher 

resistance to an air humidity (Karunanithy et al. 2012). Up to 70% of relative humidity does not 

have any effect on storage conditions of commercially available briquettes (Singh 2004). High 

MC can result in a poor ignition, decrease of combustion temperature, which in turn hinders the 

combustion of the reaction products and consequently affects overall the quality of combustion 

(Werther et al. 2000). Higher MC may also have effect on storage conditions since it leads to 

less-durable and stable products with susceptibility to spoilage (Tumuluru et al. 2010). 

2.8.2. Chemical properties 

The composition of biomass in terms of C, H, and O differ among different biomass 

sources. Table 1 presents proximate and ultimate analyses of several types of biomass  

and bituminous coal (Bapat et al. 1997; Allica et al. 2001). Typical (dry) weight percentages for 

C, H, and O range 30 to 60%, 5 to 6%, and 30 to 45%, respectively (Khan et al. 2009).  

N, S and Cl are found in amounts usually less than 1% dry matter, but sporadically well 

above this. N is a micronutrient for plants, and a crucial element to their growth. Some inorganic 

compounds may be found in higher concentration too.  Compare to coal, biomass in general has 

lower content of C, more O, more SiO2, Cl and K, less Al, Fe, Ti and S, and occasionally more 

Ca (Khan et al. 2009).   

Volatile matter (VM) refers to the part of the biomass that is released when the biomass 

is heated. In comparison with coal and wood, agricultural residues and herbaceous biomass are 

characterized by higher contents of VM (up to 80%). This indicates that the materials are easier 
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to ignite and to burn, however, the combustion is supposed to be quick and difficult to control 

(Werther et al. 2000). Content of VM affects the overall combustion process. 

 
Table 1. Analysis of some biofuels and bituminous coal (mass basis) 

Fuel Proximate analysis Ultimate analysis 

MC 

% 

VC 

% 

FC 

% 

Ash 

% 

C 

% 

H 

% 

O d 

% 

N  

% 

S  

% 

Cl 

% 

Pine pellets  4.9 80.4 14.5 0.2 45.5 6.6 47.7 Lld Lld Lld 

Demolition wood 

pellets 

9.1 69.6 19.7 1.7 45.7 6.3 36.2 0.9 Lld 0.1 

Palm fibre 36.4 43.6 12.0 5.3 51.5 6.6 40.1 1.5 0.3 - 

Pepper plant 

residue 

6.5 60.5 19.5 13.5 33.8 4.0 39.1 2.5 0.5 0.1 

Greenhouse 

residue 

2.5 61.0 5.50 31.0 47.1 7.4 10.9 1.0 Lld 0.1 

Wheat strawa 13.9 77.9 21.5 6.8 56.7 6.7 48.8 1.0 0.2 - 

Sunflower pellets 11.2 65.2 19.5 4.1 44.1 5.17 34.6 0.5 0.1 0.1 

Olive cake pellets 11.9 64.2 15.7 8.2 42.1 4.99 31.0 1.3 0.1 0.3 

Sewage sludge 6.9 44.6 7.0 41.5 52.0 6.3 32.1 6.3 3.1 - 

Bituminous coal c 4.9 32.3 48.1 14.7 65.7 5.6 7.7 1.2 0.5 Lld 
a,c Ashing at 815 °C d by difference; Lld ~ below the lower detection limit; - ~ Not reported 

 

The ash content is an indicator of slagging behaviour of the biomass (Grover & Mishra 

1996). Generally, the higher ash content means the greater slagging behaviour and corrosion 

problems (Grover & Mishra 1996). Herbaceous biomass and mainly straws have higher ash 

content, ranging from 9 to 22% (Zevenhoven 2010; Schmitt & Kaltschmitt 2013). These negative 

aspects can be overcome by the addition of mineral additives or mixing with other biomass 

materials that can raise the melting temperature (Steenari et al. 2009; Wang et al. 2012). Biomass 

can contain also heavy metals, namely the harmful ones As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Se, Tl and 

V that remain in the ash after combustion (Nzihou and Stanmore 2013).  

2.8.3. Calorific value 

The calorific value (CV ), also called heating value, represents the fuel energy content on 

a dry basis. It is one of the most significant characteristic indicators for design calculations and 

numerical simulations of thermal systems (Werther et al. 2000). CV can be expressed on two 

bases, as gross calorific value (GCV) or higher heating value and net calorific value (NCV) 

or lower heating value and can be determined experimentally by using a bomb calorimeter, which 

measures the enthalpy change between reactants and products. The GCV refers to the heat 

released from the mass of fuel during complete combustion with the original and generated water 

in a condensed (liquid) state, while the NCV is based on gaseous water component as the product 

and in practice it is calculated by subtracting the energy consumed to evaporate the MC of the 
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fuel. Biomass has usually lower heating value compared to coal (Khan et al. 2009). Generally, C 

and H increase the heating value while O decreases it. The lignin content of the lignocellulosic 

fuel is greatly correlated with the heating value. The GCV of lignin was reported to be higher 

than the cellulose and hemicellulose. It is because they have higher degree of oxidation (Demirbas 

2005). The heating value of fuel rapidly reduces with increasing MC (Werther et al. 2000). 

2.8.4. Briquettes’ strength and durability 

Purpose of densification process is to create dense, strong and durable bonding between 

particles to produce highly durable and stable products more resistant to damages during 

handling (Mani et al. 2006). During the logistic operations, briquettes are subjected to several 

forces from any directions that may cause degradation or failure (Gilvari et al. 2019). The acting 

forces can be divided into three main groups, namely compressive forces, shear forces, and 

impact forces (Kaliyan & Morey 2009). 

Efficiency of briquettes’ compactness can be determined by testing product’s maximum 

strength/resistance to withstand forces and stresses (compressive resistance, impact resistance, 

water resistance) and durability/abrasion resistance – ability of briquette to withstand abrasion 

(Pietsch 2002; Kaliyan & Morey 2009).  

Compressive resistance (strength/hardness/crushing resistance) is the maximum 

compressive load a briquette may withstand before cracking or breaking (Kaliyan & Morey 

2009). Compressive strength tests simulate the compressive forces acting on a specimen during 

transportation and storage operations (Gilvari et al. 2019) with application of various devices, 

including universal testing machine (Kaliyan & Morey 2009). A compressive resistance can be 

calculated both as compressive force in cleft, i.e. force applied on briquette’s side and divided by 

briquette length (Brožek et al. 2012; Brunerová 2018), and, compressive axial force applied on 

briquette’s cross-section divided by area of the cross-section (Kers et al. 2010; Huko et al. 2015). 

The first mentioned method considers the briquette length, which varies more among the 

samples unlike the briquette diameter (Brožek et al. 2012). 

The impact resistance (or shattering resistance/drop test) determines the resistance of 

sample when this sample is dropped from a known height onto a specific floor material (Gilvari 

et al. 2019). Beside others, Okot et al. (2018) used this method in evaluation of corn cob 

briquettes mechanical properties, Li and Liu (2000) for oak, oak bark, pine and cottonwood 

briquettes or Rajaseenivasan et al. (2016) for sawdust briquettes blended with neem powder. The 

last mentioned also tested the same material by water resistance test, when the briquettes were 

immersed in water and maintained at the atmospheric temperature for 30 seconds to determine 
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the percentage of water resistance to penetration. The test indicates the storage behaviour of 

briquettes during the contact with water, like rain etc., (Kaliyan & Morey 2009). 

Mechanical durability (DU) also called abrasion resistance is defined as an ability of 

briquettes to remain intact, e.g. without abrasion and dust/fines production during handling and 

transportation (EN ISO 16559 2014) and is determined by placing a specific mass of screened 

briquettes into the device, which enables briquette-briquette and briquette-wall interactions 

during a specified time period. Then amount of fine particles (abraded matter) produced during 

the test is determined using sieving and finally, the DU is expressed as the percentage fraction of 

mass remained on sieve divided by the initial mass (Kaliyan & Morey 2009; Gilvari et al. 2019). 

Various devices of different designs are used by researchers to determine the DU of solid biofuels 

such as the rotating drum (Temmerman et al. 2006; Gendek et al. 2018), tumbling can 

(Rajaseenivasan et al. 2016), Holmen device (Obidziński et al. 2019), ligno tester (Obernberger 

& Thek 2004), and electronic friabilator (Zainuddin et al. 2014). The working principles and 

some examples of each test device are explained and summarized by Gilvari et al. (2019). 

2.8.5. Volumetric mass density 

Besides above-mentioned properties, volumetric mass density (or density) is another 

important indicator of briquette quality (Tumuluru et al. 2010) mainly from the viewpoint of 

manipulation, transportation, burning speed and briquette stability (Križan 2007). The final 

density of the produced briquettes is the major parameter characterizing the pressing process 

and it generally depends on height of applied pressure (Havrland et al. 2011). Higher density 

means desired longer burning time (Križan 2007; Kers et al. 2010). 

Many researchers including Chin and Siddiqui (2000), Rabier et al. (2006), Kaliyan and 

Morey (2009), Ivanova (2012) evaluated the quality of the densified products in terms of 

briquette/pellet strength, stability and/or DU. Zhang and Guo (2014) studied impact of input 

and process variables on density, compressive strength and impact resistance of briquettes made 

of Caragana korshinskii Kom. Karunanithy et al. (2012) evaluated physio-chemical properties of 

briquettes made of different bio-materials. Demirbas et al. (2004) studied quality of briquettes 

made of spruce wood sawdust and pulping reject in term of MC, shatter index, water resistance, 

compressive strength, CV and combustion properties. Gaitán-Alvarez et al. (2017) studied 

density, internal density variation, MC, water absorption and compression force of torrefied 

biomass pellets of five wood species. Physical and mechanical properties of briquettes were 

further studied by Thabuot et al. (2015), Tumuluru et al. (2015), Yank et al. (2016), Urbanovičová 

et al. (2017).  
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3. Hypotheses and aims of the Thesis 

3.1. Hypotheses 

The research of the Thesis has been conducted under certain hypothetical 

considerations, based on the gained experience and observations conducted during the past 

studies and investigation.  

 

Hypothesis 1  

There are differences in particles size in different briquettes surface locations, larger 

particles are generally located on the front side of briquettes cross-section and vice versa smaller 

ones on the rear side, larger particles are centred in the middle of briquette  

cross-sections and smaller particles are located on the briquette bottom.  

 

Hypothesis 2  

Structure of briquettes influences their main mechanical properties. Particle size  

and particle size distribution affect the mechanical stability of briquettes as well as non-uniform 

distribution of particle sizes on the briquette surface has negative influence on the briquette 

mechanical strength.  

 

Hypothesis 3  

There are links between excretion of binding agents and mechanical strength  

of the briquettes. 

3.2. Overall objective 

The main objective of the present Thesis is to assess surface structure of briquettes  

in order to identify agglomeration rules and to determine relationships between briquettes 

structure and their mechanical properties.  
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3.3. Specific objectives 

To achieve the above-mentioned goal, the overall objective of the Thesis has been 

supported and supplemented by specific objectives that had been defined as follows: 

– to determine important input parameters (moisture content, particle size 

 distribution and bulk density) of selected biomass materials;  

– to produce briquettes of different biomass materials and fractions;  

– to analyse briquette surfaces structure at various locations using microscope technique 

and special software for image analysis;  

– to determine particles properties (their size and particle size distribution)  

on the  briquette surface);  

– to identify principles of particles agglomeration and binding mechanisms created 

 during the compaction  in the briquetting machine (pressing chamber);  

– to analyse excretion and role of binding agents (lignin);  

– and, to confront briquettes main mechanical properties (volumetric mass density, 

mechanical durability and compressive strength) with structural and compositional 

characteristics of feedstock materials.  
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4. Methodology 

4.1. Materials 

In this study, material and briquettes made from the following three biomass types were 

researched: miscanthus (Miscanthus × giganteus), industrial hemp (Cannabis sativa L.) and pine 

sawdust (Pinus sp.) and their selection as study materials was driven by the undermentioned 

reasons. Perennial herbaceous crop Miscanthus × giganteus was selected as it has a great energy 

potential and currently it attracts significant scientific attention (Brosse et al. 2012; Xue et al. 

2016; Wilk & Magdziarz 2017). Industrial hemp, other representative of herbaceous biomass, is 

an annual fibre plant which application as a bio-energy crop is an interesting alternative (Das et 

al. 2017), even for production of solid biofuels (Prade et al. 2012). Both crops produce high yields 

of above ground biomass and are characterized by low-intensive cultivation (Alaru et al. 2011; 

Wilk & Magdziarz 2017). And pine sawdust as a wooden material represents a traditional input 

material for solid biofuels production (McKendry 2002; Deac et al. 2016), thus this residual 

material has been included to the study as well. The intention was to analyse three 

compositionally different feedstocks - herbaceous, fibrous and wooden biomass and to compare 

them. Brief descriptions of selected materials are presented below. 

4.1.1. Miscanthus   

Miscanthus is a large perennial rhizomatous grass from Poaceae family with C4 

photosynthesis (McKendry 2002; Lewandowski et al. 2003; Clifton-Brown et al. 2004; Dufossé 

et al. 2014). This non-food energy crop has its origin in the East Asia, however, it is widely 

cultivated in temperate climates throughout the world (Lewandowski et al. 2003). It is fast-

growing grass with low input requirements, easy to maintain, resistant to pathogens and estimated 

life time of a plantation of 20–25 years (Lewandowski et al. 2003; Wilk & Magdziarz 2017). The 

cultivation of miscanthus is a good option for areas that are polluted with industrial 

contaminants, since it is characterized by quite high uptake of heavy metals from the soil (Wanat 

et al. 2013; Pidlisnyuk et al 2019). Miscanthus can be also planted as an anti-erosion plant 

(Szulczewski et al. 2018). Miscanthus × giganteus (hereafter referred to as miscanthus) has vigorous 

growth up to 3–4 meters and can yield annually 20–50 t.ha−1 of dry matter for early harvests and 

10−30 t.ha−1 for the late harvest (Clifton-Brown et al. 2004). Other study reported harvestable 

yield values of miscanthus on arable land of 18.1–44.2 t.ha−1 per year and yield potential on 

marginal land of 2.1–32.4 t.ha−1 per year (Xue et al. 2016). Miscanthus gives higher yields of 

biomass dry matter as almost twice comparing to the yields of Miscanthus sinensis (Ivanova 2012). 
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Therefore, for its high yield and good combustible properties miscanthus is a promising 

biomass source for renewable energy generation (Hodkinson et al. 2002; Brosse et al. 2012; Xue 

et al. 2016; Wilk & Magdziarz 2017). CV varies from 14 to 17 MJ.kg−1 and the MC, depending 

on the time of harvest (spring/autumn) and climate conditions, varies from 15% to 30% 

(Szulczewski et al. 2018). In Europe, miscanthus has been used mainly for heat and electricity 

generation (Lewandowski et al. 2003). Even though the miscanthus is lignocellulosic material it 

is not used for bio-ethanol production as appropriate commercial technology is still not available 

(Brown & Brown 2013).  

Miscanthus used in this Thesis was cultivated under the natural conditions without any 

additional inputs in the experimental field of CULS in Prague. The experimental field was 

established in 2009 from underground tufts of the two years old young plants. The energy crop 

biomass for the present research was harvested in the spring 2017. The harvest was done 

manually using the gasoline-powered hedge trimmer Husqvarna (model 123 HD 65 X, 

Husqvarna Group, Husqvarna, Sweden). For the study purpose all above ground parts of the 

plant, i.e. stem, leaves and flowers, were used. 

4.1.2. Industrial hemp 

 Industrial hemp (Cannabis sativa L.) is an annual herbaceous fibre crop from 

Cannabaceae family with C3 photosynthesis originated from Western Asia and India and 

traditionally cultivated for its long and strong bast fibres and seeds with multipurpose application 

(Kyzas et al. 2015; Johnson 2018). Industrial hemp (hereinafter referred to as hemp) produces 

great yields of above ground biomass ranging from 10 to 20 t.ha−1 of dry matter and as other 

energy crops is characterized by low-intensive and high-adaptable cultivation (Kreuger et al. 

2011). Whole plants of hemp can be harvested either as a green plant in the autumn or as a plant 

with lower water content in early spring (Kolaříková 2017). Strašil (2005) compared different 

energy crops from autumn and spring harvests (Table 2). 

Table 2. Moisture and yield losses according to harvest time at selected crops (average for period 2001−2004) 

 Autumn harvest Spring harvest   

Crop MC  
(%) 

DM yield  
(t.ha−1) 

MC  
(%) 

DM yield  
(t.ha−1) 

MC loss 
(%) 

Yield loss 
(t.ha−1) 

Hemp 52 10.25 24 7.06 28 31.1 

Miscanthus 50 15.57 25 12.11 25 22.3 

Reed canary 
grass    

50 7.21 19 5.22 31 27.3 

Fescue grass     48 7.25 19 5.15 29 28.9 

Bohemian 
knotweed      

62 23.06 20 14.96 42 35.1 

Source: Strašil (2005) 
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 Hemp has a high potential to become a promising commodity crop for production of 

biofuels since its parameters are comparable with other energy crops (Das et al. 2017). The whole 

plant can be used to produce solid biofuels (briquettes, pellets) for heating or electricity 

generation purposes (Prade et al. 2012; Kolaříková 2017). In Sweden, the hemp briquettes are 

commercially available for households (Prade et al. 2011). In case of burning properties, it can 

compete with miscanthus, reed canary grass and other perennial crops; regarding to energy 

balance of hemp, the combustion scenarios show high net energy yields and high energy output-

to-input ratios (Prade et al. 2012). The GCV is about 18 MJ.kg−1 d.b. and NCV 13.6 MJ.kg−1 

w.b. (Kolaříková 2017). Industrial hemp fibre is one of the strongest and stiffest available natural 

fibres (Pickering et al. 2005); its average tensile strength is 857 MPa and a Young’s modulus is 

58 GPa (Pickering et al. 2007). Therefore, it has high potential for use in composite materials, 

thus a production of hemp briquettes may bring products with good mechanical properties.  

Whole plant can be also used for bioethanol production (Tutt & Olt 2011) and biogas 

production (Kreuger et al. 2011). The seeds on the other hand can be utilized for production of 

biodiesel (Patel et al. 2014). Besides the energy carries production, hemp could play important 

role in bioremediation of heavy metals from contaminated soils (Kyzas et al. 2015). Tanase et al. 

(2014) studied phytoremediation process in soils contaminated by copper and lead using rapeseed 

cultivation with hemp shives (hurds) as soil natural amendments in Romania with favourable 

results.  

Hemp for the Thesis was also cultivated under the natural conditions without any 

additional inputs in the experimental field in Strašín, in the Plzeň Region of the Czech Republic. 

The cultivation was established in 2016 and harvested in the spring 2017. After harvesting, the 

crops were dried out naturally to the MC suitable for storing. For the study purpose all above 

ground parts of the plant (stem, leaves and flowers) were used. 

4.1.3. Pine sawdust 

The last studied biomass material was pine sawdust, a representative of woody biomass. 

Pine (Pinus sp.) belong to coniferous tree species that account for the majority of harvested forest 

tree species (Timbal et al. 2005). Sawdust, the by-product or residual product of wood processing 

operations is a traditional woody feedstock material for densified biofuels production (Deac et 

al. 2016). Compare to herbaceous biomass, woody biomass has higher CV, in case of pine 

sawdust it is approx. 18 MJ.kg−1 (Szyszlak-Bargłowicz & Zarajczyk 2009). Table 3 shows 

comparison of CV of pine sawdust with other coniferous and deciduous tree species. The CV 

of coniferous species is generally a bit higher than in broadleaved or deciduous tree species 

(Huhtinen 2006).  
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This wooden material was obtained as a residual material from CULS joinery in Prague, 

Czech Republic thus further information about its origin was not available. The material was 

naturally dried out to the MC suitable for storage. 

Table 3. CV of selected kinds of sawdust 

Material 
GCV  

(MJ.kg−1) 

NCV  

(MJ.kg−1) 

MC  

(%) 

Pine (Pinus sp.) 18.40 18.10 11.8 

Pinus sylvestris L. 19.96 18.66 0.0 

Norway spruce 19.61 18.32 0.0 

Silver fir 20.59 19.29 0.0 

Oak 18.00 17.90 7.7 

Walnut  16.60 15.90 2.8 

Ash  14.60 13.70 3.2 

Sources: Szyszlak-Bargłowicz and Zarajczyk (2009), Aniszewska and Gendek (2014) 

4.2. Methods 

All methods used in the experimental part of the Thesis are summarized in following 

scheme (Figure 13).  

 

Figure 13. Summary of used methods in the Thesis 
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4.2.1. Pre-processing of material and sample preparation 

At RIAE, the material for briquette production was grinded into three different initial 

fraction sizes of 4, 8 and 12 mm (Figure 14) by the hammer mill (model STOZA ŠV 15, Stoza 

s.r.o., Lány u Dašic, Czech Republic) with energy input 15 kW and vertical axis of rotation (more 

technical information is provided in the Table 4 below). Applied grinding machine influences 

the properties of grinded feedstock (Paulrud et al. 2002). And specifically hammer mills are the 

most effective to grind the fibrous material and produce the required wide particle size 

distribution compared to other grinding machines (Kirsten et al. 2016). Such grinded materials 

(not mixed with any other materials or additives) were used besides briquette production also for 

determination of MC, bulk density and PSD. 

 

Figure 14. Grinded studied materials  

 

Table 4. Technical specification of the used hammer mill STOZA ŠV 15 

Parameter Unit Value/Specification 

Drive method - Electric motor 

Energy input kW 15 

Dimensions of inlet opening mm 300 × 300 

Material throughput t.h–1 2.2–3.2 

Type of grinding body - 16 hammers with vertical axis of rotation 

Wrap angle ° 360 

Feeding method - Manual 

Weight of the mill t 0.4 

Source: Souček (2008) 
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In accordance with EN ISO 14780 (2017) analytical samples for other analyses were 

prepared by further grinding using a laboratory mill (model Foss Cyclotec 1093, Foss, Denmark) 

and a screen with the diameter of 0.5 mm. The uniform samples were dried up at 105 ºC (more 

details in the Subchapter 4.2.2.1.). 

 

4.2.2. Analytical methods 

A concise characterisation of studied materials was carried out, based on the latest 

European standards/International Organization for Standardization for solid biofuels. 

Analytical standard methods used for the material characterization are summarized  

in the Table 5 and described in detail in following Subchapters (4.2.2.1.–4.2.2.5). Since the topic 

of presented Thesis is focused on physical and mechanical aspect of input material and produced 

briquettes, detailed chemical analyses (content of S, O, Cl, inorganic elements, heavy metals, ash 

composition and melting behaviour etc.) have not been done, even the used chemical analyses 

were carried out for the materials without considering the factor of fraction size. Thus,  

the analytical testing samples for these analyses were prepared as the mixture of all three fractions 

within the material. Only the MC was determined also for fractions since this parameter highly 

influences the densification process. 

Table 5. Summary of used analytical methods 

Parameter Unit Reference 

Proximate analysis 
  

MC % w.b. EN ISO 18134-2 (2017) 

VM % d.b. EN ISO 18123 (2015) 

Ash (550 °C) % d.b. EN ISO 18122 (2015) 

Fixed carbon (FC) %  By differencea 

FC % d.b. By differenceb 

Ultimate analysis   

C % d.b. EN ISO 16948 (2015) 

H % d.b. EN ISO 16948 (2015) 

N % d.b. EN ISO 16948 (2015) 

Calorific value   

GCV MJ.kg−1 d.b. EN ISO 18125 (2017) 

NCV MJ.kg−1 d.b. EN ISO 18125 (2017) 

a FC is a remainder after the percentages of total moisture, ash, and volatile matter are subtracted from 100% 
(EN ISO 16559 2014), b for better comparison the MC was excluded, and FC was calculated as  
FC=100%−VC −Ash (Vassilev et al. 2010) 
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4.2.2.1. Moisture content analysis 

MC w.b. of materials was determined according to EN ISO 18134-2 (2017) using the 

oven drying method in the oven JP-Selecta Dry-Big (model 16/2, JP Selecta S.A., Abrera, 

Spain), dried out within 24 hours at 105 ºC to constant weight. For sample weighting a scale 

Kern (model EW 3000-ZM, Kern & Sohn GmbH, Balingen, Germany; readout d = 0.01 g) was 

used. MC was calculated using following formula (Eq. 1):  

                                           𝑴𝑪 =
(𝒎𝒘− 𝒎𝒅)

𝒎𝒘 
 × 𝟏𝟎𝟎%                                                  (Eq. 1) 

where:  mw  –  wet material mass (g), 

  md  –  dry matter mass of the dried material (g). 

The final results were calculated as an arithmetic means of the two measurements for 

each material and each fraction with respect to repeatability precision, i.e. difference between 

two individual results of each sample was not more than 0.2%. 

4.2.2.2. Volatile matter determination 

Content of volatile matter (VM) was determined according to EN ISO 18123 (2015) 

standard as the loss in mass when the analytical sample placed in a crucible was heated  

at 900 °C for a period of 7 minutes. For the sample weighting a scale Mettler Toledo (model 

AX304, Greifensee, Switzerland; readout d = 0.1 mg) was used and for the sample heating a 

muffle furnace Horbesal (model JM 3/16, Ovens Hobersal SL, Caldes de Montbu, Spain) was 

applied. The VC in the samples, expressed as a % by mass on the d.b., was calculated based on 

following Eq. 2: 

V𝑪 =
𝒎𝟐−𝒎𝟑

𝒎𝟐−𝒎𝟏
 × 𝟏𝟎𝟎%                                    (Eq. 2) 

where:  m1 –  mass of the empty crucible and lid (g), 

  m2 –  mass of the crucible with measured sample and lid before heating (g), 

  m3 –  mass of the crucible with measured sample and lid after heating (g). 

The final result is reported as the mean of duplicate determinations with respect to 

repeatability precision. 

4.2.2.3. Ash content determination 

Ash content, mass of inorganic residue remaining after sample heating under specific 

conditions, was determined according to EN ISO 18122 (2015) norm. The analytical samples 

(<0.5 mm) put in crucibles were heated up to 550 ºC in a muffle furnace LAC (model LH 
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30/13, LAC, Židlochovice, Czech Republic). For sample weighting a scale Mettler Toledo 

(model AX304, Greifensee, Switzerland; readout d = 0.1 mg) was used. The results were 

expressed as % of the mass of the dry matter in the sample. 

4.2.2.4. CHN analysis 

Amount of carbon, hydrogen and nitrogen (hereafter as C, H, N) was determined in 

accordance with EN ISO 16948 (2015) norms using automated CHN analyser Leco (model 

TruSpec, LECO Corporation, St. Joseph, MI, USA). Dried analytical samples of approx. 0.1 g in 

aluminium foils were put into the equipment and combusted to oxidize the sample into simple 

compounds that were then detected with thermal conductivity and infrared detectors. For sample 

weighting a scale Mettler Toledo (model AX304, Greifensee, Switzerland; readout  

d = 0.1 mg) was used. The results were expressed as % by mass. 

4.2.2.5. Calorific value determination 

CV was determined according to EN ISO 18125 (2017) using automated calorimeter 

IKA (model C-5003, IKA-Werke GmbH & Co. KG, Staufen, Germany). For sample weighting 

a scale Mettler Toledo (model AX304, Greifensee, Switzerland; readout d = 0.1 mg) was used. 

The gross calorific value (GCV) was calculated by the calorimeter itself and net calorific value 

(NCV) was calculated according to following Eq. 3:  

𝑵𝑪𝑽 = 𝑮𝑪𝑽 − 𝟐𝟒. 𝟒𝟐 × (𝑴𝑪 + 𝟖. 𝟗𝟒 × 𝑯𝒂)                         (Eq. 3) 

where:    GCV   – gross calorific value (J.g−1), 

24.42  – coefficient corresponding to 1% of the water from the sample at 25 ⁰C,  

   MC   – water content in the sample (%),  

8.94 – coefficient for conversion of hydrogen to the water, 

Ha  – hydrogen content in the sample (%). 

4.2.3. Cellulose, hemicelluloses and lignin analysis 

For evaluation of agglomeration process and its efficiency, it is important to know the 

composition of biomass, since several substances have higher positive effect on densification. 

Thus, analysis of cellulose, hemicellulose and lignin content was processed in the laboratory  

of CIEMAT (Madrid, Spain) according to the Laboratory Analytical Procedures (LAP)  

for biomass analysis, provided by the National Renewable Energies Laboratory (NREL, Golden, 

CO, USA). The procedure used a two-step acid hydrolysis to fractionate the biomass samples 

into forms that are more easily quantified (Sluiter et al. 2012). Results were expressed  

as % of dry weight mass. 
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4.2.4. Thermogravimetric analysis 

 It has been recognized that the lignocellulosic structure (cellulose, hemicellulose and 

lignin) of biomass can be qualitatively identified by means of derivative thermogravimetric 

analysis and can be distinguished from the course of weight loss intensity of biomass (Chen & 

Kuo 2010). For this purpose, the thermogravimetric analyser Setaram Setsys Evolution (model 

S60, Setaram Instrumentation, Tours, France) was used to study the weight mass loss of input 

materials as a function of time and rising temperature. For thermogravimetric analysis (TGA) 

dried analytical samples of <10 mg were put in the analyser with the heating medium being air 

with specific flow rate and heating rates 10 °C per minute. The samples were heated from a room 

temperature to 1000 °C. The outputs were expressed as TGA (in Annex)/dTGA graphs. 

4.2.5. Bulk density determination 

 Bulk density (BD) of studied materials and fractions was determined in accordance with 

EN ISO 17828 (2015) using a cylindrical container with stated volume of 5 l. Material was 

weighted by a scale Bosch (model PE 612, Bosch, Jungingen, Germany; readout d = 1 g). Each 

measurement was repeated for three sample refills, within a short period of time, but not 

simultaneously. The BD was calculated by following Eq. 4:  

𝑩𝑫 =
𝒎𝟐−𝒎𝟏

𝑽
, kg.m−3     (Eq. 4) 

where:  m1  – mass of the empty container (kg), 

  m2  – mass of the filled container (kg), 

  V  – net volume of the measuring container (m³). 

The final result of bulk density for each material fraction was calculated as the mean 

value of three repetitions and with repeatability precision equal to a maximum 3.0%. 

4.2.6. Sieve analysis – Particle size distribution  

Particle size and its distribution is important factor for densification process and 

mechanical behaviour of final briquettes (Al-Thyabat & Miles 2006; Ulusoy & Igathinathane 

2016). Sieve analysis (SA) was used to determine the weight and percentage representation of 

individual fraction sizes of each material, and, it was performed according to a valid standard EN 

ISO 17827-1 (2016). For this purpose, a horizontal mechanical sieve shaker Cisa (model PR 08, 

Mervilab, S.A., Madrid, Spain) together with the standard round sieves with diameter of 20 cm 

and opening size of 16, 8, 3.15, 2.8, 2.0, 1.4, 1.0, 0.5, 0.25, 0.125, 0.063 mm and bottom pan were 

used to sort particles in decreasing size classes. For the hemp material two more sieves (size 31.5 
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and 45 mm) were added because of its fibrous nature and previous testing (Chaloupková et al. 

2016). For sample weighting a scale Kern (model EW 3000-ZM, Kern & Sohn GmbH, Balingen, 

Germany; readout d = 0.01 g) was used. A representative weighed sample was spread on the top 

sieve with the largest opening size and 30-minute sieve shaking time and amplitude 3.0 mm/“g” 

were applied. After the operation, a material retained on each sieve was weighted. The percentage 

of particles’ weights retained on the sieves was determined by Eq. 5. Three repetitions were done 

for each material and fraction (with sieving loss error approx. 0.3%) and their average value was 

reported as the final result.  

                         % 𝐑𝐞𝐭𝐚𝐢𝐧𝐞𝐝 =
𝑾 𝒔𝒊𝒆𝒗𝒆

𝑾 𝒕𝒐𝒕𝒂𝒍
 × 𝟏𝟎𝟎%                                             (Eq. 5) 

where:  W sieve   –  weight of aggregate in the sieve (g), 

  W total  –  total weight of the aggregate (g). 

Cumulative percentage of material retained in the nth sieve was determined by Eq. 6: 

     % 𝐂𝐮𝐦𝐮𝐥𝐚𝐭𝐢𝐯𝐞 = 𝚺 𝐑𝐞𝐭𝐚𝐢𝐧𝐞𝐝                                               (Eq. 6) 

4.2.7. Photo-optical analysis – Particle characterization & Particle size 

distribution  

The conventional SA considers only one parameter: general particle shape. Thus, to 

obtain detailed information about particle shape and size a computerized photo-optical particle 

analyser Harver (model CPA 4-2, Haver & Boecker OHG, Oelde, Germany) was used to 

identify particles dimensional properties. The analyser worked under the particle measuring range 

from 0.091 up to 90 mm, which was selected with respect to the material character (according to 

the manual another measuring possibility is a range of 0.035–15 mm, but it is suitable mainly for 

fine materials like ash). The analyser consisted of a feeding unit with the height of 6 mm being 

set for the regular particles spread on a vibration channel, a vibratory channel itself, a CCD-line 

digital scan camera with the high-resolution (4096 pixels line resolution), which scanned all 

freefalling particles of the studied samples against the background of a LED lighting array 

module with a high recording frequency (up to 28000 line scans per second) (Haver & Boecker 

2015). The analyser and process of gathering data can be seen in the Figure 15. Amplitude of 

the vibrating feeder was automatically regulated by the analyser. Minimum and maximum values 

of optical density were set as 0.5 and 2, respectively. Shape model was set as “elongated” and 

volume model as “elliptical segment”. Control of the entire measurement process and data 

evaluation was performed from a portable computer equipped with a Gigabit Ethernet (GigE) 

interface as well as a RS 232 interface, which were connected to the analyser. 
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Figure 15. Photo-optical analyser measuring falling particles of pine sawdust 12 mm and obtained tabulated 

data ready for statistical processing 

All passed particles were individually recorded, measured (in mm) and their 2D 

profile parameters were processed via Haver CpaServ software (Haver & Boecker OHG, 

Oelde, Germany). The data were transferred into the spreadsheet for further analyses. To 

compare PSD outputs from this analysis with outputs from the previous SA, the maximum 

feret diameter (Xmax) was set as a measurement algorithm (see Table 6) for particle length 

(Dražić et al. 2016; Kirsten et al. 2016). This parameter gives the value of the minimum sieve size 

through which the particle can pass through without any obstacle (Shanthi et al. 2014). To 

compare PSD results with the conventional sieve method, the data were grouped into the groups 

in accordance with the particles’ distinct lengths corresponding to the sieve sizes used in the 

screening method. PSD analyses were confronted as the percentages of particles’ weights 

retained on the sieves (SA) and the percentages of particle numbers retained on virtual sieves 

(photo-optical analysis, POA). Beside Xmax, other significant parameters of particle size and 

shape were evaluated. The scanned particles were analysed in terms of variables stated and 

defined in the Table 6. 

Table 6. Variables measured by the photo-optical analyser used to evaluate the particle size and shape 

Variable and definition Diagram 

Minimum feret diameter (Xmin) 

Minimum distance of two tangents, which can be placed in parallel 

onto the outer particle contour (Haver & Boecker 2014) 
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Length (L) 

The length is determined perpendicularly to the minimum feret 

diameter and it corresponds to the long side of a rectangular shaped 

projection area; used for calculation of length/width ratio (Rlw) 

(Haver & Boecker 2014) 

 

 

Maximum feret diameter (Xmax) 

Maximum distance between two parallel tangents of the particle 

contour (Haver & Boecker 2014)  

 

Maximum width (Wmax) 

Maximum extension of the particle projection area orthogonally to 

the maximum length (Haver & Boecker 2014) 

 

Equivalent diameter (Xa) 

Diameter of a circle, the surface area of which corresponds to the 

projected area of the particle (Olson 2011) 

𝑋𝑎 = √
4∗𝐴1

𝜋
               (Eq. 7) 

Projection area (A1) 

Sum of the areas of individual pixel (Olson 2011) 

𝐴1 = ∑ 𝑎𝑝                       (Eq. 8) 

Where ap is area of each individual pixel 

 

 

Feret diameter* (X) 

Distance between two parallel tangents of the particle contour, 

vertical to the direction of measurement (Haver & Boecker 2014) 
 

Martin-diameter* (Xm) 

Length from the particle projection, it is the line that cuts the area 

in half, horizontally to the direction of measurement (Haver & 

Boecker 2014) 
 

Circularity (Ci) 

Degree of similarity of the particle projection area with a circle 

(Haver & Boecker 2014) 

𝑪𝒊 =
𝑈𝑝

(2∗√𝜋∗𝐴1)
                 (Eq. 9) 

Where Up is measured perimeter of particle and A1 measured 

projected area 
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Sphericity (ψ) 

Degree of similarity of the particle with a sphere 

𝜓 =
𝜋∗𝑑𝑣 

𝐴0
                              (Eq. 10) 

Where A0 is the particleʼs calculated surface area and dv is the 

diameter of an equal volume sphere (Wadell 1932) 

 

Roundness (Rd) 

Degree of roundness the particle corners and edges (Wadell 1932) 

𝑅𝑑 =
1

𝑛
∑ 𝑟𝑖

𝑛
𝑖=1

𝑟𝑚𝑎𝑥
                             (Eq. 11) 

where ri is the radius of the i-th corner curvature, n the number of corners, and rmax the radius of the maximum 

inscribed circle  

Length/width ratio (Rlw) 

The ratio of length to width was calculated from the ratio of length 

to the minimum feret diameter of the projection area (Haver & 

Boecker 2014) 

𝑅𝑙𝑤 =
𝐿

𝑋𝑚𝑖𝑛
                          (Eq. 12) 

 

where L is length and Xmin minimum feret diameter 
 

 

Aspect ratio (Ar) 

Ratio of maximum (Xmax) to minimum (Xmin) feret diameter 

(Agimelen et al. 2017) 

𝐴𝑟 =
𝑋𝑚𝑎𝑥

𝑋𝑚𝑖𝑛
                                (Eq. 13) 

 
 

Symmetry (Sm) 

For symmetry, the area centroid of the particle is determined. Axes 

of symmetry run through the centroid. These axes are rotated in 1° 

increments. Here the ratio of radii is computed. The smallest result 

is denoted as the symmetry (Haver & Boecker 2014) 

𝑆𝑚 =
𝑟1

𝑟2
                                (Eq. 14) 

where r1 is the smallest radius and r2 the largest radius 

 

 
Perimeter (Up) 

Total length of the particle boundary (Olson 2011) 

𝑈𝑝 =
𝜋

𝑁
∑ 𝐼𝛼 𝑑𝐿

𝜋
𝛼                  (Eq. 15) 

Where I is number of intercepts, formed by series of parallel lines, 

with spacing dL, exploring N directions, from α to π 

 

Notes:  * position-dependent size 

All diagrams adopted from Haver & Boecker (2014) 
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4.2.8. Briquetting of the materials 

The ground materials (without any additives) were subsequently pressed to the form  

of briquettes by the hydraulic piston briquetting machine BrikStar (model CS 50, Briklis, Malšice, 

Czech Republic; Figure 16 on the next page) with the diameter of a pressing cylinder 

(matrix/die) of 65 mm, which corresponds approximately to the diameter of produced 

briquettes.  

The BrikStar press is designed for production of cylindrical briquettes from various 

biomass types, including sawdust and straws and works under the maximum compression 

pressure 18 MPa and maximum pressing temperature 60 °C (Briklis 2011), other technical 

parameters are listed below in the Table 7. From each material and fraction, five briquettes were 

selected for the study. The briquettes’ selection was carried out in the middle of pressing process 

when the maximum temperature and pressure were reached out. 

Table 7. Technical parameters and working conditions of briquetting press BrikStar CS 50 

Parameter Value 

Necessary voltage 400 V 

Control circuit voltage 24 V 

Power input required 5.6 kW 

Electric intensity of protection circuit breaker 16 A 

Pressing duration without adding hydraulic liquid 6−8 h 

Calculated production capacity 50 kg.h−1 

Overall equipment mass 790 kg 

Raw material hopper volume 1.0 m3 

Piston 6 runs.min−1 

Length of piston run 180 mm 

Level of acoustic pressure 90 dB 

Expected lifetime of matrix, piston and hydraulic pump 2000 h 

Maintenance (change of filters in the hydraulic system) after 500 h 

Acceptable MC of raw materials 8–12% 

Maximum working pressure 18 MPa 

Maximum working temperature 60 °C 

Optimum temperature of the environment (at pressing) between +5 + 35 °C 

Source: Briklis (2011) 
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Figure 16. Scheme of hydraulic piston briquetting press BrikStar CS 50 

Source: Havrland et al. (2011) 

 

4.2.9. Briquette volumetric mass density determination  

Basic parameter of investigated briquette samples related to their dimensions and mechanical 

quality was a volumetric mass density ρ (kg.m–3). ρ of the produced briquettes was found  

as a ratio of weight and volume determined from the briquette shape and dimensions. Their 

length (L) and diameter (D) were measured in accordance with EN ISO 17225-3:2014 and 

EN ISO 17225-7:2014 by the electronic digital caliper (model Mitutoyo Absolute IP66, Aurora, 

Illinois, USA; d = 0.01 mm) as it is seen in the Figure 17 (the position of points A and C is 

explained in the Subchapter 4.2.12. “Process of image analysis”).  

 

Figure 17. Scheme of dimensions measurement 
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The volume of briquette (Vb) was calculated according to following formula (Eq. 16): 

                                                               𝑽𝒃 =
𝑫𝒂

𝟐 × 𝝅 ×𝑳

𝟒
, mm3                                (Eq. 16) 

 where:    Da – average value for 6 measurements of each briquette (mm), 

    L – length (mm). 

The weight of briquettes (wb) was determined by scale Kern (model EW 3000-ZM, 

Kern & Sohn GmbH, Balingen, Germany; d = 0.01 g) and subsequent calculations of ρ were 

performed by using of following equation (Eq. 17). 

                                                              𝝆 =
𝒘𝒃

𝑽𝒃
 , kg.m–3                                           (Eq. 17) 

 where:    wb – weight of the briquette (kg), 

    Vb – volume of the briquette (m3).  

4.2.10. Mechanical durability determination 

According to the standard EN ISO 17831-2 (2015) a DU of produced briquettes was 

measured using a rotation abrasion drum (Figure 18). The briquettes (test portion 2±0.1 kg) 

were subjected to shocks by collisions of briquettes against each other and against chamber’s 

wall of the rotation drum with 21±0.1 rpm for 5 min. The DU was calculated from the mass 

remaining after a separation of abraded mass (Eq. 18) and the result for each material type and 

fraction was reported as the mean value from the results of five replications. 

 

𝐷𝑈 =
𝑚𝐴

𝑚𝐸
× 100, %               (Eq. 18) 

where:        mA – the mass of sieved briquettes after the drum treatment (g), 

        mE – the mass of pre-sieved briquettes before the drum treatment (g). 

 

Figure 18. Rotation drum used for DU testing 

Source: Brunerová (2018) 
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4.2.11. Briquette compressive strength determination 

Principle and procedure of briquette compressive strength test is not defined by any valid 

technical standard for densified biofuels but originates from previous research works (Plíštil  

et al. 2005; Kers et al. 2010; Brožek et al. 2012; Mitchual et al. 2013; Brunerová 2018; Wang  

et al. 2018a). In case of bio–briquette fuel, the test simulates the influence of briquette 

transportation, handling and storage in reality and the potential damages (Gilvari et al. 2019).  

The product compressive strength was determined by a universal tensile strength testing machine 

(model ZDM 50, WPM Werkstoffprüfmaschinen Leipzig, Dresden, Germany). The briquette 

was placed on the test platform vertically and exposed to the action of the force F (N) which is 

perpendicular to the briquette axis of symmetry. The briquette was pressed at a constant rate 

equal to 20 mm.min–1 and maximal force equal to 500 kN until the briquette broke (Figure 19). 

The maximum force F was recorded and the compressive strength σt (N.mm–1) was calculated 

by dividing the maximum load F by the length L (mm) of the specimen; the L was calculated as 

mean of two measurements, as indicated in the Subchapter 4.2.9.  

 

Figure 19. Compressive strength test  

4.2.12. Image-based macroscopic analysis 

The produced briquettes were subjected to image-based macroscopic analysis aimed to 

analyse and assess the briquette cross-sectional surface structure in order to determine 

particle size and its distribution and better understand the behavioural pattern of input material 

during agglomeration process in the pressing chamber of a briquetting machine and to identify 

potential principles and rules in behaviour and interaction between particles at different locations 

on the surface of the briquette within different sources of biomass material. 
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System setup 

Macroscopic analysis of biomass briquettes was done in laboratory of image analysis at 

the Department of Physics and Measurements of the UCT. Following hardware and software 

was employed to the research (Figure 20).  

 

 

Figure 20. Equipment employed for macroscopic analysis of briquettes 

Stereomicroscope Zeiss Stemi (model Stemi 2000, Carl Zeiss, Jena, Germany) equipped 

with illumination Schott VisiLED (MC1500, Schott, Mainz, Germany), Sony digital camera 

(DFW-SX 910, Sony Corp., Minato, Tokyo, Japan) with CCD detector of resolution 1392×1040 

pixels, personal computer (PC), IC Capture 2.3 image acquisition software (The Imaging 

Source Europe GmbH, Bremen, Germany), and, above all NIS-Elements Advanced Research 

3.2 (Laboratory Imaging s.r.o., Prague, Czech Republic), special software for the image analysis 

and data measurement.  

Process of image analysis 

 Steps of the image analysis process chain are schematically shown in the Figure 21 

below. 

 

Figure 21. Scheme of macroscopic analysis process 
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Cross-sections of selected briquettes were observed via stereomicroscope with 6.5 times 

magnification and scanned by digital camera through IC Capture software. Precisely, briquettes 

were scanned at 10 specific points on the surface (A, B, C, D, E, F, G, H, I, J), see Figure 22. 

The points A, B, C, D, E were placed on the front side, which is a breaking area of the briquettes 

leaving from the briquetting press. Points F, G, H, I, J were located at the rear side, where the 

piston pressed during the compaction. Points A, C, E, D, E, F, H, I, J were placed approximately 

five millimetres from the briquette edges, and points B and G in the middle of the circular cross-

section.  

 
Figure 22. Scheme of scanned points where the particle size was measured 

From each briquette ten images of each location were scanned, which means 50 images 

from each biomass source and fraction were obtained, thus in total 450 colour 2D images. The 

taken images was analysed through the NIS-Elements software for the image processing and 

data measurement. Before the measurement itself, image calibration using reference object 

(graph paper) was done for each briquette (the calibration values range around 6.97 μm.px−1). 

Then the manual measurements of particles’ size in terms of areas were carried out along the 

outer edges of the particle (Figure 23) and with the readout 0.01 μm2 within images. The 

measurements were done for particles with clearly defined edges. From manually defined 

particles areas, the software calculated particles’ max feret diameter (in μm). 

To compare behavioural pattern of specified surface locations (points A–J), 10 particle 

measurements for each point within one briquette was recorded, and thus 50 measured particle 

areas for each point/location (10 measurements × 5 briquettes). All in all, 50 measurements were 

obtained for each scanned point, 500 measurements (50 measurements × 10 points) for all 

images within one biomass material and fraction (points A, B, C, D, E and F), and totally 1500 

measurements of particle’s lengths and areas for one material (500 measurements × 3 fractions). 

In total 4500 measurements (3 materials × 1500 measurements) were recorded.  
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Figure 23. Measuring of particle size using NIS-Elements AR 

Further, lignin as the glassy coating on the surface of particles was detected using 

thresholding function (Figure 24) on each image taken at the scanned locations. Thresholding 

(type of image segmentation) isolated the glassy coating as the same colour segments of pixel 

value and highlighted it in red colour. The area of the segments was bounded (highlighted in 

green colour), calculated and their sum gave the total area (in μm2) of glassy coating per image. 

 

Figure 24. Thresholding of glassy coat on the particles 
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4.3. Data processing and analysis 

Collected data from above described methods were organized, cleaned, processed and 

statistically analysed using Microsoft Office Excel (version 2013, Microsoft, Redmond, WA, 

USA,) and Statistica software (version 12, TIBCO Software Inc., Palo Alto, CA, USA).  

Organized and cleaned data were analysed by descriptive statistics. Data were 

summarized by measures such as arithmetic means, medians, minimum and maximum values, 

variance, coefficient of variance and/or standard deviation etc. Data from macroscopic analysis 

(measured areas and max ferets) were described by inferential statistics and underwent statistical 

hypothesis testing with respect of set Thesis hypothesis and objective. For this purpose, a test 

ANOVA of main effects, with significance level α 0.05, for comparing the independent samples, 

i.e. particles sizes measured at different surface locations on the briquette structure, was intended 

to use. However, compliance of mentioned variables with the assumptions of normality (Shapiro 

Wilk test) and homoscedasticity of variance (Levene’s test) was not verified (see Annex). Thus,  

the non-parametric alternative of ANOVA, Kruskal-Wallis H test was used (α 0.05) to compare 

particle size between materials, fractions and mainly between points at which the measurements 

of areas and max ferets were done, and, to make inference about the particle size distribution on 

the surface of the briquettes. 

Obtained results were listed in tables or visualized in graphic form and subsequently 

interpreted, evaluated and discussed with other studies. Parameters measured according to the 

valid EN ISO standards were also compared with EN ISO 17225-3:2014 (pine sawdust) and EN 

ISO 17225-7:2014 (miscanthus and hemp) standards specifying the requirements for woody and 

non-woody bio-briquettes. 
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5. Results and Discussion 

5.1. Evaluation of physical and chemical material characteristics 

Proximate and ultimate analysis and CV is the most common method used to describe 

the quality of solid fuels (Khan et al. 2009). Both the proximate and ultimate analysis  

of studied materials are summarized in the Table 8 and discussed in detail in following 

subchapters. In the Table 9 the results are compared with other biomass types and conventional 

fuels.  

Table 8. Physical and chemical characterization of studied materials 

Parameter Unit Miscanthus Hemp Pine sawdust 

Proximate analysis 
  

  

MC % w.b. 8.95 8.62 8.27 

VC % d.b. 79.78 79.70 83.38 

Ash  % d.b. 4.46 4.60 0.26 

FC 

FCa 

% 

% d.b. 

6.81  

15.76 

7.08  

15.70 

8.09 

16.36 

Ultimate analysis     

C % d.b. 45.48 44.11 50.69 

H % d.b. 5.89 5.59 6.14 

N % d.b. 0.12 0.72 0.17 

Calorific value     

GCV MJ.kg−1 d.b. 19.15 18.86 20.80 

NCV MJ.kg−1 d.b. 18.39 18.43 19.13 

a moisture-free values
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Table 9. Proximate and ultimate analyses of selected types of biomass and conventional fuels 

Crop Proximate analysis Ultimate analysis GCV References 

 
MC 

(%) 

VM 

(%) 

FC 

(%) 

Ash 

(%) 

C 

(%) 

H 

(%) 

N 

(%) 

(MJ.kg−1 

d.b.) 
 

Miscanthus 7.28 - - - - - - 18.62 Ivanova (2012) 

Miscanthus sinensis 8.23 - - - - - - 17.70 Ivanova (2012) 

Miscanthus × giganteus ‘Nagara’ 2.0 87.5 11.7 a 0.8 46.7 6.0 0.2 18.5 Kambo and Dutta (2014) 

Miscanthus 2.0 80.5 16.0 1.5 45.52 5.93 0.13 - Kok and Özgür (2013) 

Miscanthus 10.2 72.03 15.63 2.13 48.75 5.94 0.39 19.00 Roesch et al. (2011) 

Torrefied Miscanthus × giganteus 

‘Nagara’ 
- 84.8 14.2 a 0.9 49.6 5.7 0.1 20.3 Kambo and Dutta (2014) 

Hemp b 7.31 - - - - - - 17.55 Ivanova (2012) 

Hemp 10.7 66.88 15.81 6.6 48.46 6.27 5.67 20.17 Roesch et al. (2011) 

Hemp c - 87.9 8.9 a 3.2 - - - - Branca et al. (2017) 

Switch grass - 76.69 14.34 a 8.87 46.68 5.82 0.77 18.06 Jenkins et al. (1998) 

Wheat straw 8.87 82.12 10.98 a 6.90 42.95 5.35 - 17.99 Channiwala and Parikh (2002) 

Rape straw 8.68 76.54 17.81 a 4.65 46.17 6.12 0.46 18.34 Tortosa Masiá et al. (2007) 

Corn straw 7.44 73.15 19.19 a 7.65 44.73 5.87 0.60 17.68 Tortosa Masiá et al. (2007) 

Rice husk 8.47 61.81 16.95 a 21.24 38.50 520 0.45 14.69 Channiwala and Parikh (2002) 

Coconut shell 8.27 77.19 22.10 a 0.71 50.22 5.70 43.37 20.50 Channiwala and Parikh (2002) 

Almond shell - 76.00 20.71 a 3.29 49.30 5.97 0.76 19.49 Jenkins et al. (1998) 

Palm kernels 11.01 77.28 17.59 a 5.14 48.34 6.20 0.46 20.71 Tortosa Masiá et al. (2007) 

Bamboo fibre 7.62 - - 1.16 50.42 5.75 0.48 19.76 Brunerová (2018) 
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Bamboo wood 11.50 86.80 11.24 a 1.95 48.76 6.32 0.20 20.55 Channiwala and Parikh (2002) 

Pine bark 14.02 - - 1.87 - - - 18.60 Brunerová (2018) 

Pine chips 7.6 72.40 21.65 a 5.95 49.66 5.67 0.51 19.79 Tortosa Masiá et al. (2007) 

Pine sawdust 15.3 70.4 14.2 0.1 51.0 6.0 0.1 - Vassilev et al. (2010) 

Pine sawdust 4.55 84.57 14.82 a 0.61 50.75 6.29 0.17 20.31 Gong et al. (2016) 

Pine sawdust 1.93 81.59 15.96 0.52 46.63 6.43 0.20 - Muley et al. (2016) 

Larch sawdust 14.36 - - 0.43 45.00 6.61 0.09 17.42 Brunerová (2018) 

Willow wood - 82.22 16.07 a 1.71 49.90 5.90 0.61 19.58 Jenkins et al. (1998) 

Oak wood 40.62 80.82 16.18 a 3.00 48.62 6.52 2.58 19.24 Miranda et al. (2009) 

Poplar wood 1.0 74.0 24.0 1.0 45.44 6.03 0.36 - Kok and Özgür (2013) 

Eucalyptus wood - 75.35 21.30 a 3.35 46.04 5.82 0.3 18.64 Parikh et al. (2005) 

Coal 9.15 35.41 52.09 a 12.50 71.00 4.85 1.53 28.55 Tortosa Masiá et al. (2007) 

Bituminous coal 11 35 45 9 73.1 5.5 1.4 34 c McKendry (2002) 

Lignite 34 29 31 6 56.4 4.2 1.6 d 26.8 c McKendry (2002) 

Coke - 0.92 91.47 a 7.61 89.13 0.43 0.85 31.124 Spiers (1962) 

Charcoal - 9.88 89.10 a 1.02 92.04 2.45 0.53 33.04 Rose and Cooper (1977) 

Peat 14.6 57.8 24.3 3.3 67.6 3.9 3.9 22.8 Theis et al. (2006) 

- ~ not reported, a moisture-free value, b var. Bialobrzeskie, c var. Eletta Campana, c NCV MJ.kg−1, d combinated N and S
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5.1.1. Moisture content 

One of the most important parameters of raw material that can have influence on the 

briquetting process and the quality of solid biofuel is MC (Kaliyan & Morey 2009; Tumuluru et 

al. 2010). Average MC of materials used in this research before briquetting was presented in the 

Table 8. The MC, quantity of water in the material, expressed as a percentage of the materialʼs 

weight, of examined ground biomass materials and their fractions before compaction process is 

presented in the Table 10 together with MC of briquettes from these materials.  

From the Table 10 it is visible that MC of materials before briquetting ranged between 

8.13% and 9.11%. The MC in biomass differs depending on biomass type, growing conditions, 

time of harvesting, level of drying and storage conditions (Heidenreich et al. 2016). It is important 

to mention that all studied materials and briquettes from this Thesis were stored under laboratory 

conditions at room temperature. Following authors investigated the same type of the materials 

as studied in this Thesis and their MC values are as follows: Chaloupková et al. (2018b) reported 

MC for Miscanthus × giganteus, industrial hemp and pine sawdust 9.91%, 8.82% and 10.35%, 

respectively, all materials grinded with a screen hole diameter of 12 mm. Miao et al. (2013) 

measured MC of Miscanthus × giganteus before densification 11.5%, Ivanova (2012) 7.28%. For 

hemp material Ivanova (2012) found MC of 7.31%. In case of pine sawdust, Stolarski et al. (2013) 

determined MC 10.85±0.02% and Guo et al. (2012) 9.3%. 

Table 10. MC of studied materials and fractions 

Fraction Unit Miscanthus Hemp Pine sawdust 

Material before densification    

4 mm % w.b. 8.78 8.54 8.29 

8 mm % w.b. 8.96 8.65 8.13 

12 mm % w.b. 9.11 8.68 8.39 

Briquettes     

4 mm % w.b. 7.34 7.10 6.52 

8 mm % w.b. 7.46 7.84 6.50 

12 mm % w.b. 8.19 7.82 6.82 

 

Demirbas (2004) reported that the increasing MC (7–15%) of spruce wood sawdust and 

pulping reject resulted in stronger briquettes. Li and Liu (2000) determined ideal MC for wood 

compactions ranging from 5 to 12% and recommended optimal content 8% for ideal value of 

briquette density. According to Wamukonya and Jenkins (1995) and Kaliyan and Morey (2009) 

feedstock MC should be 12–20% since it may help the binding mechanisms occurring during 

densification process under room temperature. Kers et al. (2010) determined optimal material 

MC of 10–18%. According to Mani et al. (2006b) low MC of corn stover (5–10%) results in 
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denser, more stable and more durable briquettes than high moisture stover (15%). Tumuluru et 

al. (2015) produced high-quality briquettes from cereals with MC ranging from 9 to 12%. Okot 

et al. (2018) produced quality briquettes with feedstock MC 7–8% and small particle size (<4mm). 

Particles size has effect on MC, since decreased particle size also lets the loose particles to dry 

more rapidly (Kaliyan & Morey 2009), as it was also true in case of studied materials and fractions. 

In case of briquettes’ MC, the values are lower than MC of materials before 

densification (7.66%, 7.59%, 6.61% in average for miscanthus, hemp and pine sawdust, 

respectively). It was caused by the briquetting process itself since the process was accompanied 

by an increase of the temperature (up to 60 °C) and additional drying occurred (Muntean et al. 

2017). The final moisture content of biomass briquettes is greatly dependent on processing 

conditions, such as already mentioned initial moisture content, further, temperature and pressure, 

and also, on storage conditions (Matúš et al. 2015). According to the technical norm (EN ISO 

17225-1 2014) and its general requirements for solid biofuels, MC of quality solid biofuels should 

not exceed limit of 15%. The same value, as the critical MC for safe storage without microbial 

degradation of biomass is recommended by Kaliyan (2008). Optimum MC of solid biofuels 

intended for combustion differs from study to study. According to Chen et al. (2009) MC should 

pertain to a range of 10–15%. The same range is recommended by Grover and Mishra (1996) as 

well and reported the best results for 12% MC, since with increasing MC the CV and burning 

properties of fuel rapidly deteriorates (Werther et al. 2000). 

 To conclude, MC of studied biomass materials is appropriate for densification without 

any operating difficulties and MC of produced briquettes enables their safe storage with no 

degradation processes and offers good environment for combustion. 

 

5.1.2. Volatile matter 

VM is another factor, which may influence the combustion behaviour and thermal 

decomposition of biofuels (Qin et al. 2018). Samples of pine sawdust demonstrated the highest 

VM content (85.38%), resembling result was reported by Gong et al. (2016), see Table 9. 

Miscanthus and hemp showed similar contents, 79.78% and 79.70%, respectively. Kok and 

Özgür (2013) and Branca et al. (2017) also determined analogous values. These results 

correspond with general description of agricultural residues and herbaceous biomass that are 

characterized by higher VM contents up to 80% in comparison with coal and wood (Tortosa 

Masiá et al. 2007). This indicates that the biomass materials are easier to ignite and to burn, 

however, the combustion is supposed to be quick and difficult to control (Werther et al. 2000). 
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5.1.3. Ash content 

 As it can be seen from the Table 8, hemp demonstrated the highest ash content (4.60%); 

Roesch et al. (2011) and Tutt and Olt (2011) reported even higher values. Very similar ash content 

to hemp determined Tortosa Masiá et al. (2007) for rape straw. Hemp value was closely followed 

by miscanthus (4.46%). However other authors from the Table 9 (Roesch et al. 2011;  

Kok & Özgür 2013; Kambo & Dutta 2014) published lower values. Both miscanthus and hemp 

comply the ash content requirements for briquettes from herbaceous biomass class A, which is 

less than 6% (EN ISO 17225-7 2014). Ash content of pine sawdust was the lowest from the 

studied materials (0.26%) and it corresponded with data of other authors (Vassilev et al. 2010; 

Gong et al. 2016; Muley et al. 2016). Wood has in general ash content less than 1% (Khan et al. 

2009). The limit of <1% is the requirement for graded wood briquettes of category A (EN ISO 

17225-3 2014). Ash, the inorganic matter left out after complete combustion of the biomass has 

no energy value and high ash-content may cause problems in thermochemical processes  

(Thy et al. 2006), like greater slagging behaviour and corrosion problems (Zevenhoven 2010; 

Wang et al. 2012). 

5.1.4. Fixed carbon 

FC is the solid combustible residue that remains after biomass is heated and the moisture 

and volatile matter is expelled (Vassilev et al. 2010). The FC content of biomass can be easily 

associated with the CV as it has a positive effect on the energy potential of biomass (Özyuğuran 

& Yaman 2017). We can see from the Table 8 that the highest FC had the pine sawdust and the 

lowest one the hemp that also corresponds with the results of CV presented later in the 

Subchapter 5.1.6. FC of miscanthus and hemp were similar to results of Roesch et al. (2011), and 

FC of pine sawdust closely corresponds to Muleyʼs et al. (2016) investigation. 

5.1.5. CHN content 

 Elementary composition of waste biomass influences its CV and behaviour  

of subsequently produced biofuels during combustion. The higher percentage of C content in 

fuel means higher CV (Sutrisno et al. 2017), which corresponds with following results 

(Subchapter 5.1.6.). The highest content of C has pine sawdust (50.69%), which is according to 

Rybak (2019) characteristic value for wood in general, since dried wood contains 49.5% of C, 

6.3% of H, 44.2% of O, 0.04−0.26% of N and 0.20−2.30% of mineral compounds. On the other 

hand, N element causes pollution in combustion as it can react with the surrounding air  

and producing NOx, thus the amount of N should not be higher than 1% (Sutrisno et al. 2017). 
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The miscanthus (0.12%) and hemp (0.72%) comply the standard’s quality requirement of N 

content less than 1.5% (EN ISO 17225-7 2014) and pine sawdust (0.17%) less than 0.3% (EN 

ISO 17225-3 2014). 

5.1.6. Calorific value 

CV is one of the main indicators of briquettes quality expressing the usability of the fuel 

in combustion process and the energy generated (Urbanovičová et al. 2017). From the Table 8 

it is evident that pine sawdust has the highest CV (GCV d.b. 20.80 MJ.kg−1) in comparison with 

herbaceous biomass (miscanthus 19.15 MJ.kg−1 and hemp 18.86 MJ.kg−1). CV of dry 

herbaceous biomass generally lies in the range of 15 to 21 MJ.kg−1 (McKendry 2002; 

Urbanovičová et al. 2017). Ivanova (2012) reported GCV for miscanthus 18.62 MJ.kg−1 (MC 

7.28%) and moisture-free sample 20.78 MJ.kg−1 and for hemp 17.55 MJ.kg−1 (MC 7.31%) and 

19.18 MJ.kg−1 d.b. Miscanthus was harvested from the same field of CULS (in 2010/2011) as the 

miscanthus from the Thesis. All studied materials comply the requirements of NCV for 

briquetted biofuels of category A1 (>15.5 MJ.kg−1) according to the EN ISO 17225-3 (2014)  

and A (> 14.5 MJ.kg−1) by EN ISO 17225-7 (2014).  

Since the particle size does not provide a significant effect on the calorific value of 

briquettes (Huko et al. 2015; Tembe et al. 2017; Helwani et al. 2018), the factor of particle size 

versus CV was not examined in this Thesis. 

5.2. Cellulose, hemicellulose & lignin content 

Proportion of cellulose, hemicellulose and lignin in the biomass has effect on 

agglomeration behaviour of particles and mechanical strength of final product (Tumuluru et 

al. 2011b). In order to characterize the studied materials and to draw conclusions on possible 

binding mechanisms the analysis of these main biomass components was done. Table 11 and 

Figure 25 presents results from the lignocellulosic analysis and the Table 12 compares these 

results with other authors and with other plants. 

Table 11. Cellulose, hemicellulose and lignin content of studied materials 

 Unit Cel. a  Hem. b Lignin 

total 

Lignin 

insol. c 

Lignin 

soluble 

Acids Ash Total 

Miscanthus % d.b 40.26 21.93 29.69 24.33 5.36 3.44 4.46 99.78 

Hemp % d.b 51.82 17.25 23.68 19.51 4.17 0.85 4.60 98.20 

Pine sawdust % d.b 45.71 20.80 34.02 32.68 1.34 2.62 0.26 103.41 

a cel. ~ cellulose, b hem. ~ hemicellulose, c lignin insol. ~ lignin insoluble 
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Figure 25. Cellulose, hemicellulose and lignin content (% d.b.) of studied materials 

As it is clear from the Table 11 and Figure 25 the highest amount of lignin has the pine 

sawdust. It corresponds with the composition of softwood in general (Malherbe & Cloete 2002). 

Lignin helps to bond particles together, which results in increased strength properties and makes 

a final product more durable (Chou et al. 2009; Kaliyan & Morey 2010; Gendek et al. 2018;  

Qin et al. 2018). Biomass consisting of more lignin, protein or starch has better agglomeration 

properties compared to the material with higher cellulosic content (Tumuluru et al. 2011b). The 

more lignin is contained in the material the more of it can be released and then the briquette 

quality is higher as the lignin brings about higher material strength (Križan et al. 2009). These 

assumptions, nevertheless, do not correspond with the results of DU and compressive strength 

test presented in the Subchapter 5.8., where the hemp briquettes showed better mechanical 

properties than pine sawdust and miscanthus with higher lignin content. 

Generally, herbaceous biomass has lower content of lignin and the increased presence 

of cellulose and hemicelluloses (McKendry 2002). However, in this case, miscanthus and hemp 

exhibited quite high content of lignin, 29.69% and 23.68%, respectively. Grams et al. (2019), see 

Table 12, reported similar results for miscanthus composition, although with a little bit lower 

value for lignin. Tutt and Olt (2011) presented even 4× lower value of lignin for Miscanthus 

saccharifloris. In case of hemp Faruk et al. (2012) and Lavoie and Beauchet (2012) measured 2× 

lower content of lignin. Lignin content is related also to CV. Since lignin oxides less than 

hemicelluloses and celluloses, it has higher CV and this, thus wood has generally higher CV 

compared to herbaceous biomass (Demirbas 2001). This is also confirmed in the previous 

Subchapter (5.1.6.), pine sawdust with higher lignin content has higher CV than other materials. 
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Table 12. Content of ash, cellulose, hemicellulose and lignin in different biomass samples 

Crop 
Ash 
(%) 

Cel. a 
(%) 

Hem. b 
 (%) 

Lignin 
(%) 

GCV 
(MJ.kg−1) 

Reference 

Miscanthus × gig. 3.0 41.9 20.6 23.4 17.70 Grams et al. (2019) 

Miscanthus 
saccharifloris 

5.37 42.00 30.15 7.00 - Tutt and Olt (2011) 

Hemp 5.25  53.86 10.60 8.76 - Tutt and Olt (2011) 

Hemp - 68 15  10  - Faruk et al. (2012) 

Hemp  3.2 40 26 19 - Lavoie and Beauchet (2012) 

Sunflower 9.78 34.06 5.18 7.72 - Tutt and Olt (2011) 

Jerusalem artichoke  5.15 20.95 5.48 5.05 - Tutt and Olt (2011) 

Tobacco leaf - 43.45 41.54 15.01 17.70 Demirbas (2001) 

Corn straw - 51.53 30.88 17.59 18.27 Demirbas (2001) 

Rice husk - 35−45 19−25 20 - Martí-Ferrer et al. (2005) 

Willow 2.77 59.72 20.06 20.22 18.37 Chen and Kuo (2010) 

Softwood - 45−50 25−35 25−35 - Malherbe and Cloete (2002) 

Hardwood - 40−55 24−40 18−25 - Malherbe and Cloete (2002) 

Hardwood - 45.85 32.26 21.89 18.97 Demirbas (2001) 

Oak wood 3.00 48.61 13.28 21.87 19.24 Miranda et al. (2009) 

Pine sawdust 0.61 47.64 14.32 29.57 20.31 Gong et al. (2016) 

a cel. ~ cellulose, b hem. ~ hemicellulose, - ~ not reported 

Compare to the miscanthus and pine sawdust, hemp is a specific plant. Its stems are 

composed of about 65% woody core fibers (hurds/shives) with high lignin content and 35% 

bast fibers. The core fibers contain 40–48% cellulose, 18–24% hemicellulose and 21–24% lignin. 

On the other hand, the bast fibers contain 57–77% cellulose, 9–14% hemicellulose and 5–9% 

lignin (Capelle 1996). Variety “Belobrzesky” contains even 65–80% shives of the stalk with high 

lignin content (Andzs et al. 2013). The gummy polysaccharides of lignin, pectin and hemicellulose 

are localized on the surfaces of the hemp fibres, as can be seen in the SEM image (Figure 26), 

and they are expected to provide the direct bonding between the agglomerating particles 

(Väisänen et al. 2018). 

 

Figure 26. SEM micrographs of mechanically treated hemp (Väisänen et al. 2018) 

https://www.sciencedirect.com/science/article/pii/S096085240600085X#bib6


Results and Discussion 

 

 

64 

5.3. Thermogravimetric analysis 

Biomass composition based on cellulose, hemicellulose and lignin content influences the 

process of decomposition during combustion (Yang et al. 2006; Burhenne et al. 2013). The 

supplementary information about combustion behaviour of studied materials is presented 

below in dTG graphs (Figures 27―29). The blue curve represents the heat rate, green curve the 

weight loss (TG) and the orange curve the derivate weight loss (dTG) as a function of 

temperature. TGA graphs without derivated weight loss are enclosed in the Annex. 

 

 

Figure 27. TGA graph of miscanthus with derivated weight loss dTG 

The results from the thermal analysis showed three stages of combustions that are clearly 

seen from the peaks of the dTG curves. In the first stage (peak), the material lost the weight due 

to MC removal which started at around 35 ºC and ended at around 150 ºC (Oladokun et al. 

2016). Than the devolatilization of the studied materials started at low temperatures of 200 ºC 

(Ti – initial degradation temperature) for miscanthus and hemp and of 250 ºC for pine sawdust. 

This first stage represents the reactivity of biomass fuels. Than the heating rate increased (blue 

curve on the graph) and the combustion of FC occurred. Around 300 ºC, temperature of the 

maximum devolatilization rate, the devolatilization was rapid and the most significant weight 

losses were recorded, specifically for miscanthus approx. 59.66% at 290 ºC, for hemp 58.00% 
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at 300 ºC and for pine sawdust 68.77% at 330 ºC. These dTG peaks are associated with the 

decomposition of cellulose and hemicellulose (Chen & Kuo 2010; Yang et al. 2006; Burhenne et 

al. 2013; Oladokun et al. 2016; Farrokh et al. 2018). The process of degradation continued till 

approx. 450 ºC and associated with other significant weight loss at 400 ºC due to decomposition 

of lignin (Oladokun et al. 2016). Above 500 ºC the weight remained more or less constant.  

 

 

Figure 28. TGA graph of hemp with derivated weight loss dTG 

From the weight loss curves it can be seen that the pine sawdust contained less ash than 

other two materials which resulted to complete combustion with almost 100% weight loss till 

the end of the measurement. The results revealed the highest combustibility of miscanthus, which 

is clear from its Ti, dTG peak, then it is followed by hemp and finally pine sawdust. These results 

indicated that pine sawdust needed a higher activation energy to decompose that can be explained 

by higher lignin content (Burhenne et al. 2013). TG results of miscanthus and hemp were similar, 

despite the fact that the miscanthus has higher content of lignin. 
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Figure 29. TGA graph of pine sawdust with derivated weight loss dTG 

5.4. Bulk density of the material 

Bulk density is a main physical characteristic in designing the logistic system for biomass 

handling (Bhagwanrao & Singaravelu 2014). The results of bulk density determination of studied 

materials and fractions before briquetting (in kg.m–3) are presented in the graph below (Figure 

30). The numerical values of the mentioned graph are tabulated in the Annex (Table II.) 

 

 
Figure 30. Bulk density (kg.m–3) of studied materials and fractions  
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The bulk densities of studied materials increased according to a power-law 

relationship with a decrease of aperture screen size of grinding mill (McKendry 2002; Oladeji 

& Enweremadu 2012) as can be clearly seen in the Figure 30. The implication of this fact is that 

the smaller particles are surrounded by less pore spaces and more mass of the material per given 

volume occurs that is required for densification (Dai et al. 2012).  

As it is visible from the Figure 30, initial material with the lowest bulk density is the 

hemp, which shows the minimum density 71.0 kg.m–3 for fraction 12 mm and maximum density 

80 kg.m–3 for fraction 4 mm. Material grinding to smaller fraction may increase the bulk density, 

but in the same time leads to higher costs for additional milling (Guo et al. 2016). The highest 

bulk density from the studied materials has pine sawdust with a minimum density 145.0 kg.m–3 

for fraction 12 mm and maximum 159.67 kg.m–3 for fraction 4 mm. Greatly comparable results 

were obtained by Muntean et al. (2017) for hemp and Miscanthus × giganteus obtained from the 

same source as the author of the Thesis and grinded into the same fraction sizes. The bulk density 

is not only affected by fraction size, but also by MC, shape of the particles, particle density and 

particle texture (Bhagwanrao & Singaravelu 2014). 

Bulk density of the feedstock is related to the energy consumption during its pressing 

(Guo et al. 2016) and we can assume that also selected materials with the higher fraction size (12 

mm) would have higher energy consumption compare to fractions 8 and 4 mm, as it was reported 

by Muntean et al. (2017) for the same materials and fractions of Miscanthus × giganteus, Miscanthus 

sinensis, hemp and apple sawdust.  

5.5. Particle size and shape characterization 

Particle size, shape and PSD are one of the most significant parameters influencing 

physical and mechanical properties of biomass briquettes (Zhang & Guo 2014). As it defines 

agglomeration behaviour during densification process (Pietsch 2002) as well as the quality 

performance of final briquettes (Harun & Afzal 2016), it is important to determine these 

parameters for ensuring the efficient and quality production.  

Firstly, the PSD analyses of studied materials, using conventional sieving method (SA) 

and novel photo-optical (POA) approach were performed and their results are presented in the 

following subchapters. And secondly, detailed information about particle size and shape of all 

individually measured particles from POA is presented as well. 
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5.5.1. Evaluation of particle size distribution  

The SA is a standard approach (EN ISO 17827-1 2016) for classification of a particular 

material based on dimensional properties of the sieve through which the material passes;  

the material is separated by sieves of differently sized apertures into fractions of PSD (Fernlund 

1998). And, as it was mentioned in the Methodology (Subchapter 4.2.6.), the PSD from the SA 

was calculated as percentage of particles’ weights retained on each sieve. On the contrary,  

the POA is a non-conventional approach for characterization of particle size and shape and 

for the classification of particular material based on dimensional properties of individual 

particles. Numbers of analysed particles for each material and their fractions bring precise 

statistical data, as they were greatly higher than 61000, which is value required to get the mass 

median diameter within 5% error with 95% probability for a powder having a geometric standard 

deviation of 1.6 (Masuda & Gotoh 1999; see Subchapter 2.6.1.). The PSD from the POA was 

calculated as the total percentage of particle number retained on virtual sieves and sorted 

according to the particles’ distinct lengths (Xmax). These virtual sieves corresponded to the sieve 

sizes used in the sieve method, as described in the Methodology. 

Miscanthus 

PSD of miscanthus material from the SA is presented in the chart in Figure 31  

and Table 13. The results of POA are presented in the Figure 32 and Table 14. Results of PSD 

analyses were confronted as the percentages of particles’ weights retained on the sieves (SA) and 

the percentages of particle numbers retained on virtual sieves (POA), for each material and 

fraction separately. In the mentioned Tables, the highlighted (bold) values represent the highest 

percentage amount/number of the material caught by a sieve during the analyses.  

  
Figure 31. PSD of miscanthus via the SA 
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Figure 32. PSD of miscanthus via the POA 

It is obvious, that in case of SA, most of the miscanthus material from all three fractions 

was captured by the sieve 3.15 mm; in case of fraction 12 mm it was more than 64%. Then  

the material was distributed more or less regularly among the sieves of 0.25, 0.5, 1.0 and 1.4 mm. 

On the other hand, the analysis showed that this material does not contain very fine particles, 

the sieve 0.125 and less captured infinitesimal amount of the particles.  

Table 13. Detailed PSD of miscanthus (SA) 

Sieve 
opening 

size 
(mm) 

Fraction  
4 mm 

Fraction 
8 mm 

Fraction 
12 mm 

(g) (%) (cum% a) (g) (%) (cum% a) (g) (%) (cum% a) 

<0.063 0.01 0.04 0.04 0.01 0.04 0.04 0.01 0.04 0.04 

0.063 0.09 0.37 0.41 0.02 0.09 0.13 0.05 0.21 0.25 

0.125 0.42 1.74 2.15 0.14 0.62 0.75 0.17 0.72 0.97 

0.25 2.71 11.23 13.38 1.64 7.24 7.99 1.26 5.34 6.32 

0.5 3.87 16.03 29.41 2.62 11.57 19.57 2.35 9.96 16.28 

1.0 4.09 16.94 46.35 2.38 10.51 30.08 1.76 7.46 23.74 

1.4  4.05 16.78 63.13 1.76 7.77 37.85 1.04 4.41 28.15 

2.0 1.62 6.71 69.84 1.57 6.93 44.79 0.47 1.99 30.14 

2.8  0.24 0.99 70.84 1.75 7.73 52.52 0.11 0.47 30.61 

3.15  7.02 29.08 99.92 10.1 44.61 97.13 15.19 64.39 95.00 

8 .0 0.02 0.08 100.00 0.60 2.65 99.78 0.96 4.07 99.07 

16.0 0.00 0.00 100.00 0.05 0.22 100.00 0.22 0.93 100.00 

a cumulative % 

In contrast, the POA showed that the majority of the miscanthus material is regularly 

distributed among sieves 3.15 and 2.0–0.05 mm. From the presented comparison, in SA a less 

amount of particles was captured by the lower sieves and the majortity was cought by one sieve 

3.15 mm, which should not occur based on the POA. This is called a clogging phenomenon 
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and it was reported by Igathinathane et al. (2009a), Glé at al. (2013) and Chaloupková et al. 

(2016). The particles clogged the sieve apertures and the they could not pass further to the smaller 

sieves. 

Table 14. Detailed PSD of miscanthus via the POA 

Sieve 
opening 

size 
(mm) 

Fraction 
4 mm 

Fraction 
8 mm 

Fraction 
12 mm 

(N) (%) (cum% a) (N) (%) (cum% a) (N) (%) (cum% a) 

<0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.125 11480 3.97 3.97 8451 4.92 4.92 3293 4.95 4.95 

0.25 14241 4.93 8.90 9881 5.75 10.67 3068 4.61 9.56 

0.5 54597 18.88 27.78 34218 19.92 30.59 9022 13.56 23.13 

1.0 44808 15.50 43.28 26778 15.59 46.18 8682 13.05 36.18 

1.4 53406 18.47 61.75 30610 17.82 64.00 11531 17.34 53.51 

2.0 49026 16.96 78.71 26917 15.67 79.67 11824 17.78 71.29 

2.8 14070 4.87 83.57 269 4.23 83.90 3759 5.65 76.94 

3.15 44558 15.41 98.98 24585 14.31 98.21 13509 20.31 97.25 

8.0 2827 0.98 99.96 2789 1.62 99.83 1666 2.50 99.75 

16.0 108 0.04 100.00 285 0.16 100.00 164 0.25 100.00 

a cumulative % 

Hemp 

PSD of hemp from the SA is presented in the Figure 33 and Table 15. The PSD results 

from the POA are depicted in the Figure 34 and Table 16. All data are expressed as the total 

amount of the particles retained on the sieves together with the percentage and cumulative 

percentage values. 

 
Figure 33. PSD of hemp via the SA 
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Figure 34. PSD of hemp via the POA 

As we can see, in case of SA, large portion of the hemp material was captured on the 

sieves with opening size of 31.5 and 16 mm. Considerable amount of fraction 12 mm was 

captured by the sieve 3.15 mm. Due to the fibrous nature of hemp, it is not possible to ground 

long hemp bast fibres well and they may create tangled masses, which cannot fail through 

openings and thus stay on the first sieves (Chaloupková et al. 2016), as it happened also in this 

case (sieves 31.5 and 16 mm). Almost all the rest of the non-fibre part of stem and leaf tissues, 

i.e. epidermis, cortex, phloem, xylem, and mainly pith, passed through the sieves (however, some 

of them were caught and tangled by bast fibres on the first sieve, too) and significant amounts 

of the material were distributed among sieves 0.25 mm and 1.4 mm.  

POA confirmed what was clear from the visual assessment of SA, that also in this case 

the clogging phenomenon occurred at the sieves 31.5 and 16 mm. POA distributed the 

majority of the materials similarly for each fraction on the sieve 0.5 mm and neighbouring sieves. 

As it is evident from the Figure 33 and 34, due to the fibrous nature, SA of hemp did 

not yield absolutely reliable results on real PSD; however, it can be assumed that the material 

would behave in such manner as in the SA, fibrous material can cause problems during the 

grinding and subsequent briquetting, thus also SA had provided the helpful information 

about structural composition of the material. 
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Table 15. Detailed PSD of hemp (SA) 

Sieve 
opening 

size  
(mm) 

Fraction 
4 mm 

Fraction 
8 mm 

Fraction  
12 mm 

(g) (%) (cum% a) (g) (%) (cum% a) (g) (%) (cum% a) 

<0.063 0.10 0.44 0.44 0.10 0.46 0.46 0.06 0.27 0.27 

0.063 0.30 1.31 1.74 0.24 1.11 1.57 0.13 0.59 0.86 

0.125 0.76 3.31 5.05 0.77 3.56 5.13 0.45 2.03 2.88 

0.25 1.87 8.14 13.20 2.02 9.34 14.48 0.85 3.83 6.71 

0.5 3.34 14.55 27.74 2.91 13.46 27.94 1.15 5.18 11.89 

1.0 2.83 12.33 40.07 3.33 15.40 43.34 1.58 7.12 19.01 

1.4  2.14 9.32 49.39 2.76 12.77 56.11 2.47 11.13 30.14 

2.0 0.39 1.70 51.09 0.90 4.16 60.27 2.01 9.05 39.19 

2.8  0.04 0.17 51.26 0.22 1.02 61.29 0.46 2.07 41.26 

3.15  0.34 1.48 52.74 1.29 5.97 67.25 4.59 20.68 61.94 

8.0  1.35 5.88 58.62 1.12 5.18 72.43 0.85 3.83 65.77 

16.0  5.29 23.04 81.66 3.75 17.35 89.78 5.11 23.02 88.78 

31.5 4.21 18.34 100.00 2.21 10.22 100.00 2.31 10.41 99.19 

45.0 0 0.00 100.00 0.00 0.00 100.00 0.18 0.81 100.00 

a cumulative % 

 

 

Table 16. Detailed PSD of hemp via the POA 

Sieve 
opening 

size 
(mm) 

Fraction  
4 mm 

Fraction 
8 mm 

Fraction 
12 mm 

(N) (%) (cum% a) (N) (%) (cum% a) (N) (%) 
(cum% 

a) 

<0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.125 22582 8.61 8.61 26395 8.62 8.62 17341 13.60 13.60 

0.25 41044 15.66 24.27 51781 16.92 25.54 20923 16.41 30.02 

0.5 90460 34.51 58.78 110430 36.08 61.63 33715 26.45 56.46 

1.0 39656 15.13 73.91 43687 14.27 75.90 16096 12.63 69.09 

1.4 30781 11.74 85.65 32421 10.59 86.49 14518 11.39 80.48 

2.0 19148 7.30 92.95 20160 6.59 93.08 10313 8.09 88.57 

2.8 4713 1.80 94.75 5166 1.69 94.77 2944 2.31 90.88 

3.15 13346 5.09 99.84 15328 5.01 99.78 10866 8.52 99.40 

8.0 398 0.15 99.99 641 0.21 99.99 725 0.57 99.97 

16.0 15 0.01 100.00 38 0.01 100.00 36 0.03 100.00 

31.5 1 0.00 100.00 1 0.00 100.00 2 0.00 100.00 

45.0 0 0.00 100.00 0 0.00 100.00 0 0.00 100.00 

a cumulative % 
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Pine sawdust 

The size distribution of pine sawdust particles determined by the SA is presented in the 

Figure 35 and Table 17. The PSD results from the POA follow in the Figure 36  

and Table 18.  

 
Figure 35. PSD of pine sawdust via the SA 

 

Figure 36. PSD of pine sawdust via the POA 

 

In this case, the distribution of all pine sawdust fractions from the SA was more uniform 

than that for previous materials. And as it can be seen from the results (Figure 35, Table 17), 

all fraction samples had very fine particles. Majority of the material comprised of the particles 

with a size between 0.25 and 1.4 mm; for 4 mm fraction it was 86% of the material, for 8 and 

12 mm it was 71% and 77%, respectively. Previous study of Chaloupková et al. (2016) also 

determined that the pine sawdust fraction of 12 mm consisted mainly of the particles smaller 

than 1.5 mm. The sieves 8 and 16 mm did not capture any material. The minimum of the material 
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was captured by the sieve 2.8 mm as well as by the last smallest sieve 0.063 mm and the bottom 

pan. Besides, decreased screens’ opening size resulted in decreased particle sizes partly. 

Table 17. Detailed PSD of pine sawdust (SA) 

Sieve 
opening 

size 
(mm) 

Fraction 
4 mm 

Fraction 
8 mm 

Fraction 
12 mm 

(g) (%) (cum% a) (g) (%) (cum% a) (g) (%) (cum% a) 

<0.063 0.16 0.40 0.40 0.14 0.35 0.35 0.15 0.37 0.37 

0.063 0.59 1.48 1.88 0.44 1.10 1.44 0.53 1.32 1.69 

0.125 2.24 2.48 2.48 1.81 4.51 5.95 2.07 5.14 6.83 

0.25 9.93 24.87 32.36 8.00 19.93 25.88 7.98 19.82 26.65 

0.5 8.74 21.89 54.24 10.22 25.45 51.33 9.17 22.77 49.42 

1.0 8.93 22.36 76.61 7.67 19.10 70.44 6.15 15.27 64.69 

1.4  6.68 16.73 93.34 5.14 12.80 83.24 5.44 13.51 78.20 

2.0 1.44 3.61 96.94 1.52 3.79 87.02 1.84 4.57 82.77 

2.8  0.23 0.58 97.52 0.31 0.77 87.80 0.38 0.94 83.71 

3.15  0.99 2.48 100.00 4.90 12.20 100.00 6.56 16.29 100.00 

8.0  0.00 0.00 100.00 0.00 0.00 100.00 0.00 0.00 100.00 

16.0  0.00 0.00 100.00 0.00 0.00 100.00 0.00 0.00 100.00 

a cumulative % 

The results of POA in the Figure 36 and Table 18 below showed that the results of all 

fractions are very similar/more precise. PSD can be described as non-uniform with the finer particles 

dominated. In the case of POA, most of the material composed of the particles with a size between 

0.5 and 1.4 mm, where more than one third of the material had the length of 0.5 mm. 

Table 18. Detailed PSD of pine sawdust via the POA 

Sieve 
opening 

size 
(mm) 

Fraction  
4 mm 

Fraction 
8 mm 

Fraction 
12 mm 

(N) (%) (cum% a) (N)  (%) (cum% a) (N)  (%) (cum% a) 

<0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.063 0 0.00 0.00 0 0.00 0.00 0 0.00 0.00 

0.125 25599 3.48 3.48 18349 3.37 3.37 19527 3.64 3.64 

0.25 49767 6.77 10.25 36670 6.74 10.11 38071 7.10 10.74 

0.5 263131 35.78 46.03 204136 37.49 47.60 193457 36.08 46.82 

1.0 167081 22.72 68.74 127499 23.42 71.02 124463 23.21 70.04 

1.4 124805 16.97 85.71 88805 16.31 87.33 89291 16.65 86.69 

2.0 62227 8.46 94.18 41271 7.58 94.91 42031 7.84 94.53 

2.8 12419 1.69 95.86 8173 1.50 96.41 8196 1.53 96.06 

3.15 29648 4.03 99.90 18887 3.47 99.88 20253 3.78 99.84 

8.0 747 0.10 100.00 638 0.12 100.00 830 0.15 99.99 

16.0 26 0.00 100.00 23 0.00 100.00 42 0.01 100.00 

a cumulative % 
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The Figures 35–36 also indicated the mentioned “falling-through” effect of pine 

sawdust particles from the SA, which was previously detected by Ulusoy & Igathinathane et al. 

(2016) and Chaloupková et al. (2016). As it can be seen, starting from the sieve 2.8 mm (more 

markedly from the sieve 2.0 mm) physically longer particles passed through the sieves with  

the smaller apertures and passed until the sieve 0.125 mm, where the sieve 0.125 and especially 

the sieve 0.25 mm captured significantly more material than in a reality should retain. In case  

of the last sieve (0.063 mm) and the bottom pan it was not possible to compare the results  

of two methods due to the limited measuring range of the photo-optical analyser.   

Figures 37 and 38 (on the next page) present the cumulative % retained on sieve  

for SA and POA, respectively, and compares the PSD values for all materials and fractions. Wide 

PSD is generally required for the material intended for densification (Kirsten et al. 2016). Broad 

PSD is essential for creation of interlocking bonds and for decrease the pore space between the 

particles to increase the density (Kirsten et al. 2016). Optimal size distribution reduces the 

specific energy input during the densification process (Havrland et al. 2011). Wang et al. (2018a) 

reported that large chopped particles (15 mm) resulted in high briquetting energy consumption 

compared to smaller fractions (5 and 10 mm). However, Kirsten et al. (2016) found that small 

particle might also led to high energy consumption. The question of energy consumption and 

associated costs is inseparable component of socio-economic evaluation of whole biofuel 

processes and supply chains (Puig-Arnavat et al. 2016; Muazu et al. 2017; Mladenović et al. 2018); 

the issue is further slightly mentioned in the Subchapter 5.8.1. 

 From the SA cumulative curves (see Figure 37), it can be observed that the hemp has 

the widest PSD curves, on the other hand, the fractions of pine sawdust have more narrow 

cumulative curves. The curves also clearly show the clogging and falling-down of the particles. 

From the POA cumulative curves (Figure 38), the widest PSD has miscanthus. From the POA 

curves, it can be seen, that the materials and fractions have similar trend of PSD.  



Results and Discussion 

 

 

76 

 

Figure 37. Cumulative weights of all materials and fraction retained on sieves (%), SA 

 

 

Figure 38. Cumulative weights of all materials and fraction retained on sieves (%), POA 
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Besides the clogging phenomenon and the falling-through effect, the conventional SA is 

a time-consuming process, particles are not measured individually, and their shape highly affects 

the final result (Fernlund 1998; Febbi et al. 2015). The SA considers only one parameter: 

general particle shape. This is given by the aperture of a sieve (no detailed individual results  

of particles’ lengths, width or shapes could be obtained), thus it is solely suitable for spherical 

particles (Igathinathane et al. 2009a). Although biomass particles are characterized by highly 

irregular sizes and shapes (Guo et al. 2012; Febbi et al. 2015), these irregularities increase errors 

in the PSD estimation (Shanthi et al. 2014). SA also has limited set of available standard sieves 

and limited number of sieves held in the shaker. On the other hand, classical SA is an easy, 

simple, standardized and inexpensive tool (Al-Thyabat & Miles 2006) giving a possibility  

to physically separate the particle size fractions (Chaloupková et al. 2018b).  

Due to mentioned limitations of SA, many authors propounded that more precise results 

could be acquired by machine vision and image analysis (Igathinathane et al. 2009a; Igathinathane 

et al. 2009b; Souza & Menegalli 2011; Kumara et al. 2012; Vaezi et al. 2013; Gil et al. 2014; Febbi 

et al. 2015). In comparison, POA based on a machine vision and an image processing provides 

more accurate and precise PSD analysis results, time savings, particles are examined 

individually, and it gives an additional information relating to shapes and the number of particles. 

On the contrary, POA is associated with higher investment costs, only two-dimensional 

projection of the particles is captured and measured, and the method does not provide  

the possibility of separation of the particle size fractions (Fernlund 1998; Igathinathane et al. 

2009a, Chaloupková et al. 2018b). This shortcoming can be solved by another method  

of machine vision, which is sensor-based sorting, which enables physical separation of a granular 

material into predefined classes in real time (Maier 2017); nowadays it is used in the field of waste 

management (Kępys 2016), food processing (Narendra & Hareesh 2010) and mining industry 

(Lessard et al. 2014). Also, as it was observed in this study, the POA was limited by the given 

minimum measuring range.  

Regarding to the comparison with other authors, the results of the SA and the advanced 

POA (employing the photo-optical analyser) were not found to be confronted in any study 

before, and selected machine vision method was not applied for the studied materials. 
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5.5.2. Particle size and shape characterization 

Miscanthus 

POA provided also detailed information about particle dimensional characterization  

by measuring all particles contained in the sample. In the Table 19, the descriptive statistics 

(mean, maximum and minimum and variance values) of miscanthus material are presented.  

Table 19. Particle characterization of miscanthus  

 

Fraction 4 mm Fraction 8 mm Fraction 12 mm 
 

Mean Min e Max f Var g Mean Min Max Var Mean Min Max Var 

Xmin 
 a 0.50 0.09 12.80 0.16 0.55 0.09 23.27 0.24 0.61 0.09 19.12 0.27 

L a 1.97 0.09 59.92 2.66 1.98 0.09 47.82 3.74 2.38 0.09 50.95 5.18 

Xmax 
a 1.99 0.13 48.67 2.63 2.01 0.13 47.83 3.73 2.40 0.13 54.80 5.18 

Wmax 
a 0.48 0.09 13.38 0.13 0.52 0.09 16.14 0.18 0.57 0.09 18.23 0.21 

Xa 
a 0.82 0.10 8.75 0.25 0.85 0.10 12.67 0.34 0.97 0.10 13.11 0.42 

X a 1.80 0.09 59.92 2.33 1.79 0.09 47.23 3.18 2.15 0.09 74.79 4.72 

Xm 
a 0.53 0.09 14.20 0.27 0.58 0.09 25.94 0.38 0.64 0.09 15.83 0.41 

Ci d 0.63 0.07 0.97 0.03 0.65 0.10 0.97 0.02 0.63 0.06 0.97 003 

Ψ d 0.65 0.15 0.87 0.01 0.66 0.19 0.87 0.01 0.65 0.13 0.87 0.01 

Rd 
d 0.25 0.00 0.83 0.02 0.27 0.00 0.81 0.02 0.26 0.00 0.80 0.02 

Rlw 
d 5.11 1.02 87.89 19.99 4.53 1.02 107.98 15.89 4.96 1.01 77.50 20.99 

Ar 
d 4.84 1.07 71.34 17.02 4.24 1.08 337.40 13.17 4.59 1.09 82.74 15.75 

Sm 
d 0.61 0.00 1.00 0.06 0.61 0.00 1.00 0.06 0.60 0.00 1.00 0.06 

Up 
a 4.63 0.36 108.93 14.96 4.76 0.36 194.40 24.05 5.62 0.36 91.63 27.84 

A1 
b 0.72 0.01 60.17 1.02 0.83 0.01 126.04 2.36 1.07 0.01 110.26 3.69 

A0 
b 2.94 0.02 141.39 19.16 3.48 0.02 852.88 63.39 4.35 0.02 193.34 55.79 

V1
 c 0.37 0.00 462.51 2.59 0.56 0.00 953.83 24.87 0.71 0.00 209.88 8.61 

a unit in mm; b mm2; c mm3; d without unit; e ~ minimum; f ~ maximum; g ~ variance 

Diameter of irregular particles is mainly evaluated by X, the distance between two 

furthest points of the particle measured in a given direction (Igathinathane et al. 2009a; Dražić 

et al. 2016). In case of the studied miscanthus material, mean value of X for fraction 4, 8 and 12 

mm was 1.80, 1.79 and 2.15 mm, respectively. More useful information is given by max feret 

Xmax and min feret Xmin, since they calculate a diameter of the particle in all directions (Dražić 

et al. 2016). Xmax is often associated to the “length” of the particle (Pons et al. 1999). It gives  

the value of the minimum sieve size through which the particle can pass through without any 

obstacle (Shanthi et al. 2014). Length of the miscanthus particles ranged from its maximum  

of 54.80 mm (12 mm) to its minimum of 0.13 mm (which was given by the measuring possibility 

of the analyser) and with arithmetic mean of 1.99, 2.01 and 2.40 mm for 4, 8 and 12 mm.  

On the contrary, Xmin is related to the particle “breadth” (Pons et al. 1999). Xmin mean ranged 
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from 0.50 to 0.61 mm, min 0.09 mm and max values of Xmin ranged 12.80–23.27 mm,  

0.09 mm and 10.04 mm, respectively. Feret diameter as an algorithm for particle dimension is 

often used to evaluate particle size distribution (Igathinathane et al. 2009a).  

L, Wmax, Xm and Xa define particle size in different manners (Pons et al. 1999). Mean 

value for L ranged 1.97–2.38 mm, for Wmax 0.48–0.57 mm, Xm 0.53–0.64 mm and Xa 0.82–0.97 

mm. Mean Xm is smaller than Xa and both descriptors have smaller mean values than mean X; 

this corresponds with experimental evidence of other studies (Yang 2003). 

Shape of particles was defined by sphericity ψ, roundness Rd and circularity Ci, 

important parameters describing particle shape in several studies (Mora & Kwan 2000;  

Cruz-Matías et al. 2019). They were measured in the range of 0.01–1. ψ describes a compactness 

of a particle in terms of the surface area (Zhao & Wang 2016) and it is the most dependent on 

elongation (Olson 2011; Cruz-Matías et al. 2019). Rd is a characteristic affected by a form, it is 

not a degree of ψ (ψ is a measure of a form) even though Rd is the best manifested by a perfect 

sphere. Rd is mainly dependent on the sharpness/roughness of angular convexities  

and concavities of a particle (Cruz-Matías et al. 2019). Rd of the corners is the opposite  

of the angularity of the corners and plays significant role in the abrasive and perforation features 

of the particles (Mora & Kwan 2000). Wadell (1932) identified ψ and Rd as two independent 

aspects of a particle shape, however lately Zhao & Wang (2016) reported their dependency.  

In general, the particles that have larger ψ values also have larger values of Ar and mean Rd value 

(Zhao & Wang 2016).  

The sphericity index value of a perfect sphere is 1. In case of studied miscanthus the ψ mean 

value for all three fractions was 0.65, thus the particles can be described as irregular (non-

spherical) since their average ψ value is smaller than 0.8 (Zhao & Wang 2016). Figure 39 shows 

the scatter plot of ψ together with Rd according to Krumbein and Sloss (1963), where it can be 

seen where the values are mostly accumulated. Rd of all fractions lies around the value 0.25, while 

for an absolutely round and smooth object (i.e. sphere) the value of Rd is 1, for any other object 

the values is less than 1. According to the classification of Powers (1953), see Figure 40, more 

than 50% of particles can be classified as very angular and angular.  
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Figure 39. Roundness and Sphericity ratios of miscanthus 4 mm  

(Background modified according to Krumbein and Sloss 1963) 

 

 

Figure 40. Roundness scale for sedimentary particles 

Source: Powers (1953) 

Ci is a measurement of both the particle form and roughness (Olson 2011). It can also 

reach values ranging from 1, as it is in case of particle perfectly round and smooth circle, and up 

to 0, when conversely shape becomes more angular and rougher (Olson 2011). Average Ci value 

of analysed miscanthus was 0.63, which means that the particles have moderate surface 

irregularities.  
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Particle shape can be evaluated also in terms of symmetry Sm, ranging from 0 to 1. 

Perfectly symmetric objects (like sphere or cube) have Sm equal to 1. In case of measured 

miscanthus particles, mean Sm was 0.60, so the particles can be called moderately asymmetrical 

(Yang 2003).  

Length width ratio Rlw and aspect ratio Ar show the degree of particle 

elongation (Agimelen et al. 2017) based on two particle dimensions (Olson 2011). The ratios can 

reach values in range of 1–10000 (Haver & Boecker 2014). Value 1 is for object with symmetric 

shape (e.g. sphere or square) and 10000 theoretically for very elongated and thin objects, however 

the ratios are suitable only for particles that are not very elongated and curved (EN ISO 9276-6 

2008), for example particles of needle-like and acicular shape (Olson 2011), as it was in case of 

examined miscanthus material. Since biomass particles are in practise non-spherical and irregular 

(Dai et al. 2012), their ratios normally belong to the range 2–15 (Lu et al. 2010). The measured 

miscanthus particles have the average value of Rlw 4.87 and Ar 4.56.  

Additional information about the particle morphology gave Up, A1, A0 and V1. Despite 

the fact that surface area, volume and sphericity, representing 3D parameters (Zhao & Wang 

2016), were in this study calculated from 2D images, they offered valuable statistical data. 3D 

imaging could bring more precise results, however, this would be associated with additional costs 

of equipment, longer analysing time and smaller amount of analysed particles bringing lower 

statistical confidence (Bagheri et al. 2015). 

 

Hemp 

In the Table 20, the descriptive statistics (mean, maximum and minimum and variance 

values) of dimensional characteristics of hemp particles are presented. 

In case of hemp, the average values of Xmax and Xmin of all fractions are lower than in 

case of miscanthus, 1.99 mm and 0.34 mm respectively. Average C value of analysed hemp was 

0.67. Average ψ and Rd values were 0.67 and 0.30, respectively. Thus, the particles can be 

described as sub-angular (Powers 1953). Further, average value of all hemp fractions for Rlw 

was 4.60 and for Ar it was 4.57, which is a slightly higher value than in case of miscanthus, which 

means that the hemp particles are more elongated, however, with more rounded edges. Mean 

value of Sm was 0.65, so the hemp particles are more symmetrical than miscanthus and pine 

sawdust particles. 
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Table 20. Particle characterization of hemp 

 Fraction 4 mm Fraction 8 mm Fraction 12 mm 
 

Mean Mina Maxb Varc Mean Min Max Var Mean Min Max Var 

Xmin 
 a 0.33 0.09 19.88 0.08 0.30 0.09 16.99 0.07 0.38 0.09 18.73 0.16 

L a 1.13 0.09 35.55 1.14 1.10 0.09 35.56 1.23 1.30 0.09 33.72 2.15 

Xmax 
a 1.16 0.13 35.56 1.13 1.13 0.13 35.56 1.22 1.32 0.13 33.73 2.15 

Wmax 
a 0.32 0.09 18.57 0.07 0.30 0.09 14.40 0.06 0.37 0.09 15.86 0.14 

Xa 
a 0.51 0.10 19.17 0.13 0.48 0.10 17.18 0.12 0.57 0.10 18.43 0.27 

X a 1.06 0.09 34.83 1.07 1.04 0.09 35.56 1.16 1.18 0.09 29.99 1.92 

Xm 
a 0.34 0.09 19.29 0.12 0.31 0.09 12.56 0.10 0.39 0.09 14.56 0.23 

Ci d 0.67 0.11 0.97 0.02 0.67 0.10 0.97 0.02 0.67 0.05 0.97 0.03 

Ψ d 0.67 0.23 0.87 0.02 0.67 0.19 0.87 0.02 0.66 0.13 0.87 0.02 

Rd 
d 0.29 0.01 0.76 0.02 0.28 0.00 0.79 0.02 0.30 0.00 0.77 0.03 

Rlw 
d 4.28 1.03 143.13 14.59 4.66 1.02 33.93 23.65 4.14 1.01 99.63 15.69 

Ar 
d 4.17 1.08 111.15 12.91 4.58 1.08 33.93 22.09 3.98 1.08 109.57 13.32 

Sm 
d 0.65 0.00 1.00 0.08 0.66 0.00 1.00 0.08 0.64 0.00 1.00 0.09 

Up 
a 2.72 0.36 226.51 6.69 2.63 0.36 157.01 6.75 3.17 0.36 147.90 13.99 

A1 
b 0.30 0.01 288.71 0.73 0.28 0.01 91.64 0.39 0.47 0.01 266.91 2.79 

A0 
b 1.27 0.02 267.95 5.84 1.16 0.02 536.53 7.65 1.96 0.02 614.18 31.95 

V1
 c 0.13 0.00 343.76 0.82 0.12 0.00 651.05 2.37 0.31 0.00 287.29 5.12 

a unit in mm; b mm2; c mm3; d without unit; e ~ minimum; f ~ maximum; g ~ variance 

 

Pine sawdust 

Figure 41 shows the 2D projections of selected pine sawdust particles recorded  

by the analyser. As it can be seen, the material is composed of un-evenly shaped particles. According 

to the Gil et al. (2014) the particles can be characterized as rectangle, rectangle fibrous, hook 

and fibrous hook. Owing to the anisotropy of biomass materials, biomass particles have 

needle-like shape and large aspect ratio (Guo et al. 2012). However, presence of fines  

and more prolonged particles could by caused by application of the hammer mill for grinding 

(Paulrud et al. 2002). 

In the Table 21, descriptive statistics of pine sawdust particles are presented. In case  

of measured pine sawdust particles mean for all fractions Sm was 0.61, so the particles can be 

described as moderately asymmetrical (Yang 2003). The measured particles can be classified 

(Powers 1953) as subangular and subrounded since the average Rd is 0.35; approx. 53%  

of the material belongs to the range of 0.25–0.35 (subangular) and 0.35–0.49 (subrounded). More 

or less 15% of particles can be called angular and ~14% very angular. Particles of pine sawdust 

are a bit more rounded than particles of hemp and miscanthus. 
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Figure 41. 2D projections of selected particles of pine sawdust 

 

Table 21. Particle characterization of pine sawdust 

  Fraction 4 mm  Fraction 8 mm Fraction 12 mm 

  Mean Min e Max f Var g Mean Min Max Var Mean Min Max Var 

Xmin 
 a 0.49 0.09 66.05 0.12 0.51 0.09 10.23 0.1 0.51 0.09 10.04 0.11 

L a 1.25 0.09 74.86 0.89 1.21 0.09 40.33 0.83 1.23 0.09 28.26 0.90 

Xmax 
a 1.28 0.13 72.49 0.88 1.24 0.13 40.33 0.82 1.26 0.13 28.26 0.89 

Wmax 
a 0.48 0.09 65.69 0.11 0.50 0.09 9.86 0.10 0.50 0.09 8.73 0.10 

Xa 
a 0.64 0.10 54.86 0.13 0.65 0.10 7.19 0.13 0.66 0.10 7.66 0.14 

X a 1.14 0.09 77.58 0.79 1.09 0.09 40.31 0.72 1.12 0.09 28.26 0.78 

Xm 
a 0.50 0.09 78.26 0.17 0.53 0.09 8.55 0.15 0.52 0.09 12.19 0.16 

Ci d 0.71 0.11 20.86 0.02 0.73 0.11 0.97 0.02 0.73 0.12 0.97 0.02 

Ψ d 0.69 0.10 14.27 0.01 0.70 0.23 0.87 0.01 0.70 0.24 0.87 0.01 

Rd 
d 0.33 0.00 0.89 0.03 0.35 0.01 0.81 0.02 0.35 0.01 0.81 0.02 

Rlw 
d 3.41 1.01 164.39 10.63 3.01 1.01 162.31 6.74 3.04 0.09 90.67 7.03 

Ar 
d 2.61 1.04 120.65 10.54 2.50 1.09 89.08 7.93 2.93 0.10 55.02 5.77 

Sm 
d 0.61 0.00 1.00 0.05 0.61 0.00 1.00 0.04 0.62 0.00 1.00 0.04 

Up 
a 3.11 0.36 113.55 5.27 3.04 0.36 87.15 5.13 3.08 0.36 78.25 5.52 

A1 
b 0.21 0.00 336.03 0.80 0.43 0.01 40.58 0.39 0.45 0.01 46.11 0.47 

A0 
b 3.11 0.02 352.10 7.70 1.98 0.02 354.94 8.88 2.04 0.02 226.91 10.02 

V 0.21 0.00 167.12 1.08 0.22 0.00 326.15 145.
87 

0.24 0.00 127.04 0.93 

a unit in mm; b mm2; c mm3; d without unit; e ~ minimum; f ~ maximum; g ~ variance 
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The particles of all three materials can be described as irregular, slightly elongated 

with moderate degree of angularity, roughness and asymmetry. The particles of miscanthus 

are more elongated than hemp and pine sawdust. The hemp is the most symmetrical from all the 

materials, however, its value is still described as moderately symmetrical. The real size of all 

particles was much smaller than grinding size (fraction) and the fine particles were predominated, 

which is normal in the grinds produced by the hammer mill (Kirsten et al. 2016). 

5.6. Briquettes properties 

Weight and dimension of briquettes used in this study are presented in Table 22  

on the next page. It is evident, that the briquettes made of miscanthus had the largest L and D. 

On the contrary, the briquettes from hemp had the smallest dimensions. The briquettes with 

fraction size 4 mm had generally lower D than fraction 8 and 12 mm for all materials. All 

briquettes had slightly larger D than diameter defined by the pressing matrix hole  

of the briquetting machine (matrix diameter 65 mm), which indicated that briquettes slightly 

expanded after release from the matrix. This is owing to elastic nature of biomass which cause 

that deformation and densification are not permanent and elastic spring-back occurs after  

the pressure release (Pietsch 2002). This phenomenon was observed also by Brožek et al. (2012) 

and Qin et al. (2018). 

The D of briquettes made of hemp was the closest to the matrix diameter.  

On the contrary, miscanthus briquettes had the most distant D value from the matrix diameter. 

From the measured values it is possible to find down the dependence between the briquettes 

D and their ρ ( 𝑫 =  −𝟎. 𝟎𝟏𝟓 × 𝝆 + 𝟖𝟎. 𝟐 ; R2 = 0.81), that can be seen in the Figure 42. This 

dependency includes all materials and their fractions. With the same type of briquetting machine, 

similar results were obtained by Brožek et al. (2012) with the briquettes made of birch chips, 

poplar chips, pine bark, spine sawdust and spruce shavings and they calculated even closer 

dependence between the briquettes ρ and their D (D = –0.013 × ρ + 77.68; R2 = 0.95).  

From this dependence, it is evident that briquettes with higher density raise their D less  

than the briquettes with lower density. The briquettes diameter magnification compared with  

the matrix diameter is in the range from 3.2 to 5.6% (Brožek et al. 2012). This dependence could 

be assumed also in our case within visual assessment and manipulation, since the miscanthus 

briquettes having the largest D evinced characteristics of the lowest density and DU. However, 

the briquetting press works in this manner; with each piston stroke the different material amount 

gets into the pressing chamber. Then the briquette weight and length are dependent on the 

material amount which gets into the pressing chamber with each piston stroke  

(Brožek et al. 2012). 
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Table 22. Weight and dimensions of studied briquettes 

  Miscanthus Hemp Pine sawdust 

 Fraction No. of 

briquette 

Weight 

(g) 

D 

(mm) 

L 

(mm) 

Weight 

(g) 

D 

(mm) 

L  

(mm) 

Weight 

(g) 

D  

(mm) 

L  

(mm) 

  1 112.35 67.35 38.34 109.35 66.42 34.12 124.75 67.45 40.97 

  2 111.01 67.12 37.84 108.79 66.07 34.89 111.49 66.93 37.25 

4 mm 3 110.36 66.97 36.69 110.69 66.78 35.23 109.33 67.36 36.41 

  4 113.73 67.19 37.16 112.37 67.13 37.95 103.28 67.14 34.46 

  5 114.99 67.71 37.98 111.53 67.03 36.13 106.44 66.87 35.59 

  Mean 112.49±1.91 a 67.27±0.28 37.60±0.67 110.55±1.49 66.69±0.44 35.66±1.47 111.06±8.25 67.15±0.26 36.94±2.48 

  1 110.56 67.84 38.63 110.71 66.89 35.75 116.88 67.03 39.88 

  2 117.86 68.07 40.09 116.36 67.10 39.36 121.99 66.76 41.62 

8 mm 3 114.63 67.73 39.56 112.02 67.43 36.03 118.22 66.94 39.44 

  4 118.34 68.16 37.12 110.41 66.72 35.63 105.77 66.90 34.85 

  5 119.03 68.30 38.58 112.22 67.35 36.30 116.48 67.00 39.33 

  Mean 116.08±3.52 68.02±0.23 38.80±1.13 112.34±2.38 67.10±0.30 36.61±1.56 115.87±6.05 66.93±0.11 39.02±2.51 

  1 118.86 68.26 38.45 113.65 67.96 37.45 135.70 67.60 45.03 

  2 127.15 69.14 39.14 115.36 67.24 38.95 125.27 67.69 42.88 

12 mm 3 116.87 67.76 40.21 117.12 67.81 39.47 133.56 68.28 46.18 

  4 117.62 68.38 39.57 117.93 67.99 39.14 134.30 67.39 45.69 

  5 118.33 68.46 42.96 118.34 68.12 39.51 107.24 67.31 34.93 

  Mean 119.77±4.20 68.40±0.50 40.07±1.74 116.48±1.95 67.82±0.34 38.90±0.85 127.21± 67.65±0.35 42.94±4.65 

a ± standard deviation values 
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Figure 42. Dependence of briquette diameter on its volumetric mass density (all materials and fractions) 

5.7. Evaluation of briquettes structure 

The briquettes structure was evaluated based on the qualitative as well as quantitative 

assessment. Firstly, the qualitative evaluation was done through visualization of the briquette 

surface at different locations via microscopy and image analysis software. Secondly, quantitative 

part was performed based on the particle size measurement at these surface locations together 

with subsequent statistical analyses, and thus obtained data provided deductions about the 

concentration of the larger particles on the briquette surface. 

5.7.1. Characterization of briquette surface structure  

The output of the complex compaction process is presented in the Figure 43, where 

the images of scanned locations/points (see Figure 22, Subchapter 4.2.12.) of the miscanthus’ 

cross-sectional surface are depicted. Process of the structure alteration of the input material was 

dependent and inseparable associated with the process of applied pressing agglomeration, i.e. 

pressing of the loose particles of hemp, miscanthus and pine sawdust in the pressing chamber of 

the briquetting machine BrikStar CS 50 during which external forces and high temperature acted 

on the mass of particles. The process of material compaction was accompanied by a change in 

the state of the original material, as it is evident from the comparisons of the Figure 44, where 

the grind fractions of miscanthus before briquetting can be seen (the images are taken with the 

same magnification 6.5× as all images of briquette structure) and mentioned Figure 43 with the 

densified compacts’ surface structures. 
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Figure 43. Images of studied locations of cross-sectional surface of miscanthus briquette (8 mm) 
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4 mm 8 mm 12 mm 

   

Figure 44. Miscanthus particles before densification (magnification 6.5×) 

In the first stage, discrete particles did not have a definite and uniform formation, they 

gradually rearranged due to the application of lower pressures in the beginning to disrupt the 

unstable packing particle arrangement. Then, elastic and plastic deformation of particles occurred 

while the pressure increased, when the particles passed through the pre-chamber and the matrix. 

It resulted in particles’ flow into empty spaces, air removal and increased contact and interaction 

among particles. The particles of the original input materials, mainly fibres of hemp, flat-shaped 

of pine sawdust and elongated of miscanthus as well as other irregularly shaped particles, were 

weaved, twisted, and bended about each other and deformed during compaction which led to 

mechanical interlocking bonds between these particles. This process was clearly observed in 

the images of inner surface obtained from previous study (Chaloupková 2015). Kaliyan  

and Morey (2010) studied mechanical interlocking of corn stover and switchgrass particles 

through light microscopy with comparable outputs. On the other hand, Okot et al (2018) 

observed no evidence of interlocking bonds between particles of corn cobs briquettes by SEM; 

the main merit attributed to formation of solid bridges. 

Besides interlocking mechanisms, in our case, where no binding agents for increase in 

the briquette strength were applied, binding and adhesion of particular particles in the briquette 

pressing chamber occurred also due to secretion and activation of natural binders (Kaliyan 

& Morey 2010). During the briquetting process the temperature increases due to the friction 

caused by the movement of the material pressed through the matrix (Havrland et al. 2011).  

And when the temperature reaches the specific level which, is called the glass transition 

temperature (Tg), these natural binders can be squeezed out of particles (Alaru et al. 2011).  

Tg is the temperature range where a thermosetting polymer changes from a stiffness, rigid or 

“glassy” state to a more flexible state. Lignin is the only component of biomass that shows glass 

transition behaviour (Reza et al. 2012), Tg is generally in the range of 100−170 °C (Gravitis et al. 

2010). The MC of a feedstock can significantly influence the glass transition temperature  

of lignin (Stelte et al. 2011a). For the pressing compaction of a biomass at the Tg, a feedstock 

exhibits inter-diffusion or creation of a solid bridge between the particles. Irvine (1985) observed 
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for eucalypt and pine sawdust Tg of lignin in the temperature range 60–90 °C. However, the low 

densification temperature (60 °C) used in this study could have decreased the creation of a solid 

bridge between the particles. As the study of Muntean et al. (2017)1 showed, the same type of 

briquetting machine (BrikStar CS 50) reached temperatures during densification of miscanthus, 

hemp and apple wood values from 30 to 59 °C. The lowest temperatures reached the hemp 51.0, 

46.6, 44.1 °C for 4, 8 and 12 mm fraction size and the maximum temperatures for apple wood 

of 4, 8 and 12 mm 59.0, 57.7 and 54.7 °C, respectively. The higher temperature for wooden 

material can be explained by its higher content of lignin; higher degree of lignification as 

compared to herbaceous biomass causes more friction in the press channels (Kirsten et al. 2016).  

After densification process, when pressure and temperature were ceased  

and the briquettes cooled down, the natural binders hardened and formed solid bonds  

or bridges among particles. This mechanism causes high density and strength of the produced 

briquettes without binding agents’ addition (Muntean et al. 2012; Ivanova 2012). As it was 

mentioned in the Literature review (Subchapter 2.4.3.) the biomass materials contain, in various 

amounts, natural binders, such as water-soluble carbohydrates, lignin, cellulose, protein, starch 

and fats (Back 1987; Kaliyan 2008; Chou et al. 2009; Kaliyan & Morey 2010). These secreted 

natural binders behave as the transparent natural resin coats on the compacted particles and 

lignin is the only component of biomass that shows glass transition behaviour (Reza et al. 2012). 

The glassy coating of lignin on the compacted particles of pine sawdust is highlighted in the 

Figure 45. In case of studied material, pine sawdust contains high amount of lignin and bonding 

at lignin and cellulose surface areas was most probably accountable for the major kind of bonding 

mechanism in the press-drying process (Back 1987).  

 
Figure 45. Glassy coating on the particles (pine sawdust 4 mm) 

                                                   

1 A. Muntean is the member of the same research team (Biofuels research group of FTA, CULS) as 
the Author and his study materials Miscanthus × gig. and hemp are the same materials as the study materials of 
the Thesis (the same plantation, harvest year, grinding and briquetting), thus the Author plentifully has drown 
the data for the discussion 
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This process of particle agglomeration was reported by Kaliyan and Morey (2010) as well, 

on example of corn stover and switchgrass briquettes. By using fluorescence microscopy,  

they found that solid bridges were formed mainly by lignin and protein. Muntean et al. (2012) in 

their paper also detected lignin secretion as glassy coating on the particle surface by image analysis 

in case of briquettes made of mixtures of grapevine, straw and corn stalks. 

Figure 47 (on the next page) shows the distribution of secreted natural binders and 

especially lignin (as previous studies’ findings indicates) on miscanthus briquettes’ surface via 

thresholding function, which counterpointed in red colour areas of glassy coating. Figure 46 

below shows the lignin distribution contrasted by RGB image models. 

 

Figure 46. Surface structure of miscanthus briquette (8 mm), point J and its RGB models 
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Figure 47. Scanned locations of miscanthus briquette (8 mm) with thresholding function highlighting  

the glassy coat of lignin 
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As it can be seen (Figure 47), the higher excretion of lignin exhibited the pith particles 

(lighter colour). In case of hemp the excretion pattern was similar, the distribution of the binders 

was concentrated mainly on non-fibre part of stem and leaf tissues – mainly pith, whereas the 

bast fibres exhibit no secretion. It can be explained by the composition of bast fibres, since they 

contain less lignin than pith, approx. 5–9% of total fibre (Capelle 1996; Gutiérrez et al. 2006). 

The Figure 48 shows quantified excretion of lignin detected by thresholding function, which 

is expressed as the total are of the glassy coating identified by the thresholding function. 

 

Figure 48. Total area of glassy coating on the particles detected by the thresholding function 
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It can be concluded that in scanned location the pine sawdust demonstrated higher 

amount of lignin excreted compare to miscanthus and hemp. It was confirmed the statement  

of Kers et al. (2010) that „the more lignin the material contains the more of it can be released to produce 

briquettes with higher quality”.  

Since the smaller particles possess of higher surface area (Sun & Cheng 2002) and during 

the briquetting of smaller fractions the higher temperatures were reached, it is not surprising that 

fraction 4 mm in general exhibited higher excretion of lignin. Also, it is evident, that  

the points F, H, I, J from the rear side of the briquette showed higher amount of glassy coating. 

The points from the middle of the briquette cross-section contained less glassy coating. It could 

be explained by the increased temperature at the lateral surface of the briquette due to the friction 

caused by the movement of the material pressed through the matrix (Havrland et al. 2011).  

The rear side of the briquette is in the contact with the piston, which pushes the material all 

through the matrix, thus this side of the briquette is exposed to the higher pressure  

and temperature that results in higher lignin softening.  

More precise results could be obtained using UV-fluorescence microscopy to detect 

natural binders, which generate blue fluorescence for lignin and yellow-green for protein 

compounds (Rost 1995; Kaliyan & Morey 2010). This method requires higher magnifications 

than the ones was used in this Thesis, however it do not allow the study of surface areas. 

5.7.2. Evaluation of particle size on the briquette surface structure 

Results of particle size measurements (areas and max feret) on briquette surface structure 

and related statistical testing, Kruskal-Wallis H test ~ non-parametric variant of ANOVA, are 

presented below. The squared points in the graphs represent the median values. 

First of all, the particle size was compared between materials and fractions. As it can be 

seen in the Figure 49–50 from the p-values (p>0.01), there are statistically significant 

differences in particles sizes among materials. From the chart (Figure 49 and 50) it is 

obvious that the hemp material has the largest size, both area and max feret. In case of 

miscanthus and pine sawdust the situation is different; miscanthus has lower area and higher max 

feret than pine sawdust. It is due to the fact, that miscanthus has longer and thinner particles 

than pine sawdust. 
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 Area:  KW-H(2;4500) = 259,1565; p = 0.0000
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Figure 49. Plot of particle size (area) grouped by the material 

 

 

 Max feret:  KW-H(2;4500) = 211,781; p = 0.0000
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Figure 50. Plot of particle size (max feret) grouped by the material 

 

In the Figures 51 and 52 the particles sizes are grouped by the fraction variable. It is not 

surprising that there are statistically significant differences among fractions and that with  

the increasing fraction size the size of the particles increases and that the biggest difference  

in particles size is between fraction 4 mm and 12 mm. On the other hand, the difference between 

fraction 8 mm and 12 mm is smaller than between fractions 4 mm and 8 mm. 
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 Area:  KW-H(2;4500) = 218,6265; p = 0.0000
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Figure 51. Plot of particle size (area) grouped by the fraction 

 

 Max feret:  KW-H(2;4500) = 248,5137; p = 0.0000
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Figure 52. Plot of particle size (max feret) grouped by the fraction 

 

Than the particle size was compared among different points (locations) A–J, what had 

been the main purpose of the particle size measurements. In the Figures 53–56 results of 

Kruskal-Wallis tests for area and max feret grouped by material and fraction are graphically 

presented. Based on the achieved significance level of the Kruskal-Wallis test (p <0.01), it was 

demonstrated a statistically significant difference (with more than 99% confidence) in particles 

areas and max feret among specified points within materials and fractions2.  

                                                   

2 Based on the fact that the p-value is lower than set significance level (0.05), we rejected the null hypothesis that the area 
(or max feret) data are equal in terms of medians, and thus alternative hypothesis, that at least two of the medians are 
different, was accepted.  
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Material: Miscanthus  Area:  KW-H(9;1500) = 331,374; p = 0.0000

Material: Hemp  Area:  KW-H(9;1500) = 74,735; p = 0.0000

Material: Pine sawdust  Area:  KW-H(9;1500) = 243,5406; p = 0.0000
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Figure 53. Particle size (area) at specified points (locations on the briquette surface)  

grouped by material 

 

 

Material: Miscanthus  Max feret:  KW-H(9;1500) = 276,8038; p = 0.0000

Material: Hemp  Max feret:  KW-H(9;1500) = 50,52; p = 0,00000

Material: Pine sawdust  Max feret:  KW-H(9;1500) = 238,1637; p = 0.0000
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Figure 54. Particle size (max feret) at specified points (locations on the briquette surface)  

grouped by material 
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From the sum of the ranks for the particular groups it was evident that the particles of 

miscanthus with the largest area are concentrated at the point B followed by points D, E, A, 

C, G, I, J, F and H, and, with the largest max feret at the point B, D, E, A, C, G, I, J, F and H. 

In case of the pine sawdust the trend was similar, as it is also presented in the Table 23, where 

the locations of the larger particles on the briquette surface are demonstrated. The points located 

on the front side of the briquette are highlighted in red colour. Which indicates the conclusion, 

that generally larger particles were located on the front side, contrarily the smaller ones 

were found on the rear side of the briquettes.  

Table 23. Location of the larger particles on the briquette surface ordered from the largest ones 

  The largest     The smallest 

Miscanthus Area B D E A G I C J F H 

 Max feret B A D E G I F C J H 

Hemp Area B D J I G A E F C H 

 Max feret B G J A I F D E C H 

Pine sawdust Area B D E A G I C J F H 

 Max feret B A D E G I F C J H 

 

For hemp material, the trend differs, we can see that the particles with the largest area 

are located at the point B, followed by D, J, I, G, A, E, F and H and with largest max feret at B 

as well, but followed by G, J, A, I, F, D, E, C and H. The smallest particles the same as for other 

studied materials are also concentrated in the bottom of the briquettes. However, the rule that 

the largest particles are concentrated on the front side as in case of other materials is not true for 

hemp. Large particles are distributed more evenly than in case of other materials, probably 

due to the presence of fibres and this could influence the lower abrasion of hemp briquettes. 

What is common for all materials, that the biggest particles are located in the middle 

of front side of the briquette, while the smallest particles on the bottom of rear side. If we 

consider the grouping according to the fraction instead of material, the situation is similar for all 

fractions as it can be seen in the Figures 55 and 56. 
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Fraction: 4  Area:  KW-H(9;1500) = 131,9617; p = 0.0000

   Fraction: 8  Area:  KW-H(9;1500) = 189,5352; p = 0.0000

   Fraction: 12  Area:  KW-H(9;1500) = 236,9978; p = 0.0000
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Figure 55. Particle size (area) at specified points (locations on the briquette surface) grouped by fraction 

 

Fraction: 4  Max feret:  KW-H(9;1500) = 132,9188; p = 0.0000

   Fraction: 8  Max feret:  KW-H(9;1500) = 143,0757; p = 0.0000

   Fraction: 12  Max feret:  KW-H(9;1500) = 207,872; p = 0.0000
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Figure 56. Particle size (max feret) at specified points (locations on the briquette surface) grouped by fraction 

 

Based on multiple comparisons and set significance level of 0.05, it was proved, that 

there is significant difference in areas and max feret mainly between points B and H, which was 

obvious from the above-mentioned testing (Figures 53−56). Further, there is significant 

difference primarily between B and F, B and D points. It is also evident that there are significant 

differences in areas between points on the front and their opposite on the rear side of briquettes, 

i.e. between the point A and its opposite on the other briquette side point F. The same 

observation is applied for the points B and G, C and H. 

As it follows from the results of the analysis, we can conclude that PSD on the briquette 

cross-section surface is not uniform; there are differences between the particle sizes in terms 
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of length and area on the briquette surface. Chaloupková et al. (2018a) obtained before similar 

results for the same studied materials grinded into fraction size 12 mm.  

In case of miscanthus and pine sawdust the pattern is very similar, generally,  

the largest particles are on the front side, while the particles with smaller dimension are 

on the rear side. In case of hemp, the PSD was more uniform, and it can be concluded that 

larger particles are located on the front side as well as on the rear side of the briquettes. 

The non-uniform PSD on the briquette surface leads to the increased abrasion as 

the results of DU testing showed (Subchapter 5.8.2.). Mixing of the material during  

the densification could decrease this non-uniformity in the distribution of larger and smaller 

particles, which could lead to an increase in the quantity of contact points for inter-bonding 

among particles, and thus, to higher mechanical strength and lower abrasion of the final products 

during handling and transportation (Wang et al. 2018a). Besides lower abrasion, mixing different 

sized grinded materials together can lead to lower energy consumption compared to one-sized 

grinded feedstocks. Generally, the mixing of differently sized materials may potentially leads to 

lower energy consumption, higher product compressive strength, and higher product density 

(Wang et al. 2018a). 

In most of the studies published so far the image-based analysis has been used for 

identifying particle size and its distribution from loose aggregate samples (Mora & Kwan 2000; 

Wang 2006; Womac et al. 2007; Igathinathane et al. 2009a; Igathinathane et al. 2009b;  

Souza & Menegalli 2011; Kumara et al. 2012; Gil et al. 2014; Pothula et al. 2014; Pons & Dodds 

2015; Febbi et al. 2015) before they are densified, in place of direct measurements from  

the compact’s cross-sections image (Ozen & Guler 2014), thus, to compare this part of the Thesis 

results with other references was not possible. 

5.8. Evaluation of briquette mechanical quality 

The important quality factor of briquettes are their mechanical properties that influence 

their storage time and handling during which collisions and abrasion of the material occur 

(Brožek et al. 2012). The most important mechanical parameters are density, mechanical 

durability and compressive strength. These parameters depend on the used material and its 

structure and fraction size, MC and compaction pressure (Plíštil et al. 2005). Applied compaction 

pressure was the same for all study materials and their MC values were similar, thus factor of 

material type, structure and particle size is highlighted and discussed together with the results. 
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5.8.1. Volumetric mass density 

Volumetric mass density ρ expresses the efficiency of densification process and 

suitability of feedstock material for briquette production and briquette burning ability (Brunerová 

2018). It is influenced by several factors like applied densification technology and applied 

pressure (Ndiema et al. 2002; Havrland et al. 2011), type of the material (Muazu & Stegemann 

2015) and fraction size (Plíštil et al. 2005). In this study, the hydraulic piston press operating with 

the pressure of 18 MPa and temperature up to 60 °C was applied. The results of density ρ of 

studied materials and their fractions are presented in the following Table 24. 

As it can be seen, the highest ρ had hemp briquettes. They were followed by pine 

sawdust briquettes and the lowest ρ value exhibited the miscanthus briquettes. 

Table 24. Volumetric mass density of studied briquettes 

 Fraction No. of briquette Miscanthus  

(kg.m–3) 

Hemp  

(kg.m–3) 

Pine sawdust  

(kg.m–3) 

  1 822.54 901.96 852.16 

  2 829.12 909.47 850.70 

4 mm 3 853.91 897.04 842.61 

  4 863.18 881.89 846.54 

  5 840.83 874.77 851.58 

  Mean±StD 841.92±16.85 893.03±14.35 848.72±4.06 

  1 791.79 881.25 830.53 

  2 807.85 836.01 847.00  
8 mm 3 804.24 870.63 851.71 

  4 811.22 886.32 863.41 

  5 832.73 867.76 840.02 

  Mean±StD 809.57±14.89 868.39±19.63 846.53±12.35 

  1 828.89 836.60 839.64 

  2 800.88 834.07 824.77 

12 mm 3 806.00 821.65 819.60 

  4 809.41 829.90 824.09 

  5 784.82 821.84 862.80 

  Mean±StD 806.00±15.89 828.81±6.88 834.18±17.69 

Total Mean±StD 819.17±22.28 863.41±30.53 843.14±13.48 

 

Further, it can be observed that ρ increases with decreasing fraction size (see Table 

24); fraction 4 mm has higher density than fractions 8 and 12 mm. It corresponds with the study 

of Oladeji and Enweremadu (2012), Mitchual et al. (2013) and Huko et al. (2015). The last 

mentioned reported the significant dependence of briquette ρ on their particle size (R2 = 0.95). 

On the contrary, Helwani et al. (2018) reported the highest ρ for the briquettes from palm empty 
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fruit bunches for fraction 8 mm, in comparison with fractions 6 mm and 10 mm. In our study,  

the differences between fractions are the most noticeable in case of hemp briquettes. In case  

of pine sawdust, the difference between 4 mm and 8 mm fraction was minimal. In contrast, 

miscanthus showed similar ρ values for fractions 8 mm and 12 mm. 

According to Oladeji and Enweremadu (2012) and Okot et al. (2018) besides increasing 

particle size, also increasing MC decreases briquette ρ and mechanical strength as well. In 

this case, the miscanthus had the slightly higher MC then other materials and its ρ is the lowest, 

pine sawdust fraction 4 mm has a bit higher MC than fraction 8 mm and its ρ was lower. Thus, 

maybe also the factor of MC had the impact on the final ρ. The briquette ρ increases with 

increasing compression force F and holding time of the briquette in the pressing chamber 

(Kaliyan & Morey 2009; Havrland et al. 2011; Tumuluru et al. 2015). Li and Liu (2000) 

investigated that 10-seconds holding time could result in a 5% increase in briquette density. 

However, in this case, all briquettes were made under the same operating conditions. A higher 

level of ρ provides longer briquette burning and higher amount of produced heat which is greatly 

demanded (Obernberger & Thek 2004; Križan 2007; Kers et al. 2010). In case of miscanthus, 

the smallest fraction size 4 mm with the highest ρ had the lowest value of DU. Thus, from all 

above-mentioned it is visible that the factor of particle size in interaction with other variables has 

different effects for various material. 

On the other hand, increasing ρ causes the increase of consumed deformation energy 

Ed, which means increase of financial expenses (Havrland et at. 2011; Brunerová et al. 2017b). 

Brunerová et al. (2017b) reported that miscanthus fraction size 8 mm was not possible to press 

to the briquette (D~65 mm) of ρ 900 kg.m–3 and higher, therefore additional Ed should be 

superfluous. All in all, it is important to set balance in the relation between ρ and associated Ed 

(financial expenditures) of the briquette densification process to obtain highest profitability and 

efficiency (Brunerová et al. 2017b). Several commonly used technical mandatory standards 

require ρ of woody briquettes higher than 1000 kg.m–3, for example Austrian ÖNORM M 7135 

(2000), EN ISO 13061-2 (2014) and ASAE S269.5 (2012). German standard DIN EN 14961-3 

(2011) even requires ρ higher than 1120 kg.m–3 (Stolarski et al. 2013). All studied material and 

fractions achieved lower ρ values, none achieved value higher than 890 kg.m–3; pine sawdust,  

the representative of woody biomass reported even lower value than hemp. Further, it can be 

mentioned that Plíštil et al. (2005) briquetted nine varieties of energy crops with the same 

briquetting machine BrikStar CS 50 and did not achieved the limit of 1000 kg.m–3 at all.  

They reported ρ values of 800–900 kg.m–3 for reed canary grass, knotweed, sorghum and other 

herbaceous crops. The study of Brožek et al. (2012) reported values of ρ from 692  

to 806 kg.m–3 for briquettes made of birch chips, poplar chips, pine bark and spruce sawdust. 
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However, in mentioned investigations the effect of fraction size was not evaluated. Based  

on the results of other studies, the ρ in the range of 800−1000 kg.m–3 is sufficient for high-quality 

briquettes on biomass basis, and, their production with higher ρ is not necessary considering  

the question of additional energy expenses (Kaliyan & Morey 2009; Brunerová 2018).  

Taking into account the energy consumption during the briquetting of different size 

fractions, it is also important to mention the amount of energy needed for the grinding process 

itself. Novotný (2017) measured energy consumption during grinding of hemp, Miscanthus × gig., 

Miscanthus sinensis and apple wood into the same fraction size (4, 8 and 12 mm) by the same 

hammer mill as was used in this Thesis, and, the results showed the highest consumption for 

fraction 4 mm and the lowest for fraction 12 mm, except hemp material. In case of hemp  

the fraction 8 mm had the highest energy consumption (111.47 kWh.t–1) and the lowest fraction  

4 mm (65.97 kWh.t–1).  

5.8.2. Mechanical durability 

DU represents the efficiency of briquettes’ compactness created during the densification 

process (Pietsch 2002; Kaliyan & Morey 2009). The DU of studied materials together with other 

materials grinded into the same size fraction (or similar) is presented in the Figure 57 

and Table 25. 

 

Figure 57. DU of studied briquettes grouped by the material and fraction 

As it can be seen, the hemp reported very high DU - more than 98% for all three 

fraction sizes and with the highest value for the smallest fraction 4 mm, followed closely by the 

fraction 8 mm and 12 mm. In this case, lower grind meant higher DU. Briquettes produced 

from miscanthus, with fraction size 8 mm and 12 mm although evinced DU of better quality 

than briquettes made from the materials with smaller fraction size 4 mm. It is worth mentioning 

that in the case of miscanthus, the lowest fraction size had the lowest DU. The similar trend 
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was observed for briquettes made of pine sawdust as well as, the fraction 4 mm had slightly 

lower DU value than fraction 8 mm. Similar results were reported for Miscanthus sinensis and apple 

tree wood (Novotný 2017; Muntean et al. 2017).  

Table 25. DU of studied materials together with DU of other materials 

Material 
Fraction 

size 

DU 

(%) 
References 

Miscanthus a 4 mm 92.72 Novotný (2017), Muntean et al. (2017) 

 8 mm 97.26 Novotný (2017), Muntean et al. (2017) 

 12 mm 95.12 Novotný (2017), Muntean et al. (2017) 

Hemp a 4 mm 98.34 Novotný (2017), Muntean et al. (2017) 

 8 mm 98.29 Novotný (2017), Muntean et al. (2017) 

 12 mm 96.36 Novotný (2017), Muntean et al. (2017) 

Pine sawdust 4 mm 94.40 Author (2019)  

 8 mm 94.83 Author (2019) 

 12 mm 94.26 Author (2019) 

Miscanthus b 3.8 mm 89.8 Ivanova (2012) 

 8 mm 91.9 Ivanova (2012) 

Hemp b 3.8 mm 97.7 Ivanova (2012) 

Miscanthus sinensis b 4 mm  95.80 Novotný (2017), Muntean et al. (2017) 

 8 mm 95.96 Novotný (2017), Muntean et al. (2017) 

 12 mm 97.35 Novotný (2017), Muntean et al. (2017) 

Apple wood c 4 mm 92.36 Novotný (2017), Muntean et al. (2017) 

 8 mm  95.13 Novotný (2017), Muntean et al. (2017) 

 12 mm 95.39 Novotný (2017), Muntean et al. (2017) 

a crops from the same harvest as the study material of the Thesis, b plant grew on the field plot of CULS 

(2010/2011) and grinded by the same hammer mill type as the studied material, c branches after pruning 

Since the abrasion test of different samples of briquettes followed the same procedure 

and was applied at the same device, it can be concluded that particle size has effect on 

briquette DU. Based on previous studies, there is prevailing opinion that finer particles of input 

material means higher durability and overall quality of solid biofuels (Kaliyan & Morey 2009; 

Karunanithy et al. 2012; Huko et al. 2015; Ndindeng et al. 2015; Harun & Afzal 2016; Okot et 

al. 2018). However, in this case of miscanthus and pine sawdust, it was not confirmed. Tendency 

that briquette quality increases with decreasing of feedstock particle size is restricted (Križan et 

al. 2018). Very fine grinding has also negative effect on DU as well as excessively large particles 

(Kaliyan & Morey 2009). As the results showed, the fraction size 8 mm seems to have the best 

effect on the DU if all selected materials are considered. The worst mechanical quality provided 

the fraction size 12 mm, for hemp and pine sawdust briquettes, in case of miscanthus the lowest 

mechanical properties reported surprisingly fraction 4 mm. Young and Khennas (2013) 

monitored that particle size 10–15 mm lead to the worse briquette quality. Grover and Mishra 
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(1996) recommend the size range 6−8 mm for quality briquettes. Comparable results were 

obtained by Brunerová and Brožek (2016), they found out that the briquettes from pine bark had 

the best mechanical quality (DU and ρ) with particle size of 6−12 mm, compare to the fraction 

size <6 mm and >12mm, however, the spruce bark had the best results with the smallest fraction. 

Okot et al. (2018) produced strong briquettes with particle size <2.36 mm, however the study 

stated that the durability can be maintained even for higher fractions (<4 mm) if the pressing 

temperature increases. Huko et al. (2015) reported the best DU results for fraction size of 3 mm 

(~98%) and the lowest DU for fraction size of 11 mm (~95%). On the contrary, Tembe et al. 

(2017) did not report any significant effect of particle size on sawdust briquette durability, 

nevertheless, all fraction sizes were of lower values (1.70, 2.36, 3.35 mm). Thus, we can see that 

particle size affect mechanical characteristics of densified biofuels, however, there is no 

consensus of professional community which particle size range is optimal. Even there is no 

obligatory technical standard specifying this parameter. 

In case of this study, the briquettes after abrasion test were examined/observed and it 

was clearly seen that front side of the briquettes, where the larger particle were located (as 

confirmed by the measurements), exhibited significantly higher abrasion than the rear side of the 

briquettes where smaller particle prevailed, as can be seen in the Figure 58a. From the visual 

assessment, this abrasion trend was the same for pine sawdust and miscanthus materials and their 

fractions. Higher abrasion was concentrated on the edges due to the direct collisions with the 

wall of durability drum. In the case of hemp, the abrasion of both sides was more uniform 

(Figure 58b), which was caused by the regular distribution of large particles tangled with fibres 

on briquette surface.  

 

Figure 58. Briquettes of pine sawdust and hemp (8 mm) after the abrasion test 

As the remarkable fact can be seen the contrast among briquettes made from hemp and 

other materials; it can be probably explained by hemp biomass structure - by better connection 

of fibrous particles (Ivanova et al. 2018). Natural fibers can serve as reinforcing elements with 
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different mechanical properties, since fibers have high tensile strength compare to other materials 

(Pickering et al. 2016). Generally, increasing fiber content in the agglomerate enhances  

the composite’s strength significantly (Faruk et al. 2012). However, increased fiber content 

increases the composite’s humidity absorption (Bledzki et al. 2008). Also, the measurements  

of particle size on the hemp briquette surface showed, that the particles are distributed more 

regularly, than in case of the miscanthus and pine sawdust, which means that the larger particles 

were not concentrated on the particular points and could not be easily abraded. In case of hemp, 

the high DU can be attributed to its fibrous nature, which enabled the creation of good  

inter-particle bondings, and not to the content of lignin, since its content was the lowest from 

the studied materials. 

On the other hand, lignin-rich composition could have a positive effect on DU in case 

of pine sawdust, as the lignin content was detected by chemical analysis as well as by the 

evaluation of the lignin excretion on the surface particles. Contrarily, miscanthus contained 

higher amount of lignin than hemp, however, its DU was lower than DU of hemp. 

DU is a parameter evaluating briquettes strength (Kaliyan & Morey 2009) and stronger 

briquettes have essentially better quality (Križan et al. 2009). Based on experimental results, it 

may be concluded that from the viewpoint of DU (DU>95.0%) the briquettes from hemp 

biomass belong to very high-quality biofuels (the highest category DU95.0 according to 

previously valid standard EN ISO 14961-1 (2010), in actual valid standard there are no categories 

distinguished and required), followed by the briquettes from miscanthus, fraction 8 and 12 mm. 

Closely below the highest DU category the pine sawdust briquettes were placed. And, still DU 

of miscanthus fraction 4 mm above 90% is considered to be good for transportation and 

handling purposes (Saikia & Baruah 2013). 

 

5.8.3. Compressive strength 

The results of compressive strength σt  (N.mm–1) of studied materials and their fractions 

are presented in Table 26 on the next page. 

Generally, the σt values ranged between 69 N.mm–1 and 110 N.mm–1; the highest values 

of σt  reached the hemp with more than 85 N.mm–1, followed by miscanthus (83 N.mm–1) 

and pine sawdust (81 N.mm–1). Regarding to the fraction size, desceasing fraction size 

resulted in higher σt. Bergström et al. (2008) and Križan (2007) also observed that the finer 

particles led to the higher compression strenght. In case of miscanthus this trend was a bit 

different, the fraction 8 mm had higher σt  than fraction 4 mm. Comparing the fractions without 

considering the material type, the highest average σt value reached fraction 8 mm, i.e. 
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89.86±19.30 N.mm–1. It was followed by fraction 4 mm with 88.56±23.51 N.mm–1. The lowest 

average σt was reported for fraction 12 mm − 71.48±24.29 N.mm–1. As it can be seen, the σt 

values are accompanied by higher variation, which was also reported by Brožek et al. (2012) and 

Brunerová (2018). 

Table 26. Compressive strength of studied briquettes 

Fraction size No. of briquette Miscanthus 

(N.mm–1) 

Hemp 

(N.mm–1) 

Pine sawdust 

(N.mm–1) 

4 mm 

1 49.99 99.44 77.73 

2 78.50 141.60 66.23 

3 76.28 106.15 66.26 

4 117.28 107.67 70.04 

5 82.30 96.15 92.76 

Mean±StD 80.87±24.02 110.20±18.18 92.76±11.18 

8 mm 

1 71.78 74.65 72.22 

2 121.40 90.54 68.72 

3 111.66 74.82 90.77 

4 83.96 71.05 83.79 

5 127.90 99.44 105.26 

Mean±StD 103.34±24.34 76.57±7.99 84.15±14.75 

12 mm 

1 75.41 49.47 83.48 

2 80.90 85.47 95.03 

3 53.11 61.69 76.25 

4 44.63 64.25 65.00 

5 70.73 71.79 98.90 

Mean±StD 70.73±15.41 69.00±15.46 83.73±13.83 
 

Mean±StD 83.06±25.84 85.26±22.90 80.83±13.16 

 

Brožek et al. (2012) tested compressive strength (in his tsudy called rupture force)  

of the briquettes made with the same briquetting machine (BrikStar CS 50) and tested by the 

same testing machine as in the Thesis. They reported the highest σt for poplar chips  

(81.2 N.mm–1), lower at briquettes from shavings from 90% spruce and 10% pine  

(68.6 N.mm–1) and spruce sawdust (58.2 N.mm–1); on the other hand, relatively low values were 

determined for briquettes from pine bark (31.5 N.mm–1) and birch chips (26.8 N.mm–1).   

Compare to briquettes made of various materials, Plíštil et al. (2005) reported following 

σt values: coriander 30–50 N.mm–1, crambe 25–55 N.mm–1, saphlor 40–70 N.mm–1, sorrel  

45–70 N.mm–1, sorghum 40–60 N.mm–1, reed canary grass 10–35 N.mm–1, knotweed  

45–80 N.mm–1. Brožek (2015; 2016) also determined σt for waste paper briquettes − 32 N.mm–1, 

for waste wood briquettes (plane tree chips) − 176.1 N.mm–1 and 203.4 N.mm–1 (depends on 

feedstock moisture contents) and for waste cardboard briquettes was equal to 153 N.mm–1. 
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Brunerová et al. (2017a) determined σt  of straw and seed pods of poppy – 58.73 N.mm–1 and wheat 

husks – 44.18 N.mm–1.  

Few authors reported difficulties with the repeatability of the outputs from  

the compressive strength tests for the same quality of densified biofuels (Li & Liu 2000;  

Mani et al. 2006; Brožek et al. 2012). During the compression strength test, Li and Liu (2000) 

noticed that sawdust logs were squeezed (shortened) by approximately one third of the initial 

size before the final breakage happened. Which means that the compression strength test does 

not have to exhibit the real compressive strength of the densified biofuels (Kaliyan & Morey 

2009). However, as it was stated, this test is still not standardized for densified biofuels. 

The comparison of the relation between the briquettes density, mechanical durability and 

the compressive strength is interesting, too. Table 27 summarizes the results of compression 

strength test together with results of DU and ρ presented in the previous Subchapters  

(5.8.1. and 5.8.2). From the highlighted values we can conclude that hemp briquettes with 

fraction size 4 and 8 mm achieved very good results of measured mechanical properties. 

 

Table 27. Summary of measured mechanical properties of studied briquettes (mean values) 

  Unit Miscanthus Hemp Pine 

sawdust 

4 mm ρ kg.m–3 841.92 893.03 848.72 

 DU % 92.72 98.34 94.40 

 σt N.mm–1 80.87 110.20 92.76 

8 mm ρ kg.m–3 809.57 868.39 846.53 

 DU % 97.26 98.29 94.83 

 σt N.mm–1 103.34 76.57 84.15 

12 mm ρ kg.m–3 806.00 828.81 834.18 

 DU % 95.12 96.36 94.26 

 σt N.mm–1 70.73 69.00 83.73 

Notes: the bold numbers represent the highest values, the red numbers the lowest values and the underlined 

ones highlighting the very good results 

As we can see, there is no significant dependence between measured mechanical 

properties. The results also confirmed the statement of Richards (1990) that higher density does 

not necessarily stand for stronger bonding. Also, according to Brožek et al. (2012) the general 

dependence between the ρ and the σt does not exist.  
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6. Conclusion 

Nowadays, there is an important aspect/task related to the efficient production of solid 

biofuels as a source of energy: to extend and improve existing knowledge on composition and 

properties of biomass materials and their influence on the quality of final products. This Thesis 

aimed to evaluate and confront the structure as well as biomass composition of herbaceous, 

fibrous and wooden biomass grinded into different fraction sizes (4, 8 and 12 mm) and to analyse 

their influence on quality of produced briquettes. Based on the results of experimental research 

together with the theoretical base and relevant findings of other authors, following conclusions 

were formulated. 

The results showed that the particles of miscanthus, hemp and pine sawdust are irregular, 

slightly elongated with moderate degree of angularity, roughness and asymmetry. And these 

particle characteristics we found to be not suitable for the sieve method, standard approach for 

the particle size characterization, since the falling-through effect and clogging phenomenon 

brought to some extend skewed outputs from the analysis. More precise data about particle size 

and shape were provided by the photo-optical analysis. The bulk densities of studied materials 

increased according to a power-law relationship with a decrease of aperture screen size  

of grinding (hammer) mill. Such materials pressed into the briquettes evinced the increasing 

volumetric mass density with decreasing fraction size; fraction 4 mm had higher density than 

fraction 8 and 12 mm. It is worth to mention that hemp briquettes had the highest density. Here 

it was also observed the effect of moisture content, since with increasing water content  

the briquette volumetric density decreased, as occurred in miscanthus briquettes. 

Evaluation of the briquette structure by microscopy technique and image analysis 

software showed that all scanned points of the briquette surface or better said behavioural pattern 

of the material at each scanned point has its different attributes that can be explicated by the 

demeanour of the material mass going through the pressing chamber of the piston briquetting 

press. The effectiveness of binding mechanisms, i.e. adhesion and bonding between surfaces  

of input particles, was affected, besides the others, by structural and chemical composition  

of material, particle size and shape, particle roughness, presence of irregularly shaped particles, 

like fibres and elongated particles, and presence of air cavities and pores. The surface evaluation 

showed that the bonding between particles was formed mainly through the inter-locking 

mechanisms and solid bridges, which were created by hardening of natural binders. It was 

evident, that the characteristic properties of the briquette surface locations are similar for all 

briquettes made of different biomass sources. It was observed that the agglomeration and 

compaction of particles occurred unequally in different zones of the briquette surface and zones 
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of an interaction of the pressed material with the piston of the briquetting machine. The results 

for miscanthus and pine sawdust confirmed (Hypothesis 1) that there are differences in particles size 

in different briquettes surface locations, larger particles are generally located on the front side of briquettes  

cross-section and vice versa smaller ones on the rear side, larger particles are centred in the middle of briquette  

cross-sections and smaller particles are located on the briquette bottom. The results of hemp were different 

as they revealed that the particles on hemp briquette surface are more evenly distributed both  

on front side and rear side, although also in this case the largest particles were located  

in the middle of the briquette, while the smallest ones on the bottom. 

Such irregular particle size distribution on the briquette surface structure was related to 

the mechanical quality of the briquettes. It was confirmed that structure of briquettes influences their 

main mechanical properties (Hypothesis 2). Particle size and particle size distribution affect the mechanical 

stability of briquettes as well as non-uniform distribution of particle sizes on the briquette surface has negative 

influence on the briquette mechanical strength. It was not proved the general opinion that finer particles 

of input material means higher durability and compressive strength. Basically, briquettes with the 

fraction size of 8 mm demonstrated higher mechanical durability and compressive strength 

compared to other fractions. Briquettes from the fraction 12 mm exhibited higher uneven 

distribution of larger particles on the briquette surface structure, which could lead to the higher 

abrasion of these larger particles concentrated at the specific locations. From the visual 

assessment, the front side of the briquettes, where the largest particles are concentrated, abraded 

more that the rear side with the smaller particles. 

The last assumption (Hypothesis 3), that there are links between excretion of binding agents and 

mechanical strength of the briquettes was partly verified. According to the studies, the main binding 

agent in biomass is lignin and the compositional analysis determined that the pine sawdust 

contains the highest amount of lignin, followed by miscanthus and hemp. The secretion of lignin 

on the particles surface was observed during the image-based macroscopic analysis and related 

calculations revealed that the excretion occurred the most on the pine sawdust briquettes that 

evinced high mechanical durability. On the other hand, the hemp particles exhibited the lowest 

secretion of lignin during the densification, which corresponded with the results of chemical 

analysis, while the hemp briquettes (mainly fraction 4 and 8 mm) demonstrated superior 

mechanical quality compared to the other materials. Thus, the mechanical properties of hemp 

can be attributed to its fibrous nature than to its ligno-cellulosic composition and ability of lignin 

to excrete during the densification.  

Regarding to the supplementary chemical analyses, the results demonstrated that  

the miscanthus, hemp and pine sawdust contain low amount of the precursor pollutant elements, 
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e.g. N. The low ash content indicates that the feedstock is unlikely to the encounter operational 

problems such as slagging and fouling during the thermal conversion. The heating/calorific value 

of the materials is considerably high, therefore, it should result in good thermal efficiency during 

thermochemical conversion.  

To conclude, the briquette quality is closely associated with the material properties as 

composition, particle size and shape and particle size distribution. Thus, presented work 

contributes to the better understanding of linkages between properties of raw input material and 

final briquetted product. The findings may help to improve regimes, parameters  

and technological aspects of briquetting equipment to ensure high quality biofuels with 

appropriate technological and mechanical properties according to the given standards. 

 

7. Recommendations for further research 

Development of image analysis is still on the rise and it can also find application in the 

study of physical properties of solid biofuels. Further research on the briquette surface structure 

based on macroscopic analysis is highly recommended, since, as it was stated, it may help to 

better understand the interaction of input biomass particles and their behavioural pattern  

and agglomeration mechanisms within the pressing process and thus it shall contribute  

to the improvement of the production process of solid biofuels. Extension of the research on 

more surface zones, including lateral surfaces that are in an interaction with the matrix/die, 

further on different sources of biomass and fraction size as well as different production 

conditions (pressure, temperature) is desirable. 

Further studying of lignin distribution as well as other natural binders among particles 

using fluorescence microscopy, which uses ultraviolet light to generate colour fluorescence 

according to the matter and presence of aromatic molecules in it (Rost 1995), is recommended.  

Particle size is related to the process of grinding, on that account it would be useful to 

analyse different grinding machines and their effect on produced particles size, mainly in case  

of hemp, since the produced briquettes are of high mechanical quality. This fibrous nature causes 

difficulties during the grinding and briquetting that are associated with increased energy 

consumption (Novotný 2017), therefore it would be desired to find out the balance in production 

technology between costs and quality of final product.
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Annex 1. 

Table I. Tests of homogeneity of variances: Levene’s test 

 

Effect: Material 
Degrees of freedom for all F's: 2, 4497 

MS MS F p 

Area 148698379694269 1782367580470.42 83.42745 <0.01 
     

  

Effect: Fraction 
Degrees of freedom for all F's: 2, 4497 

MS MS F p 

Area 270637402852936 1697422013733.01 159.4403 <0.01 

     

  

Effect: Point 
Degrees of freedom for all F's: 9, 4490 

MS MS F p 

Area 39765893463968 1742542604394.73 22.82061 <0.01 

     

  

Effect: Material 
Degrees of freedom for all F's: 2, 4497 

MS MS F p 

Max feret 55152011 755464.0 73.00415 <0.01 

     

  

Effect: Fraction 
Degrees of freedom for all F's: 2, 4497 

MS MS F p 

Max feret 82236508 721393.3 113.9968 <0.01 

     

  

Effect: Point 
Degrees of freedom for all F's: 9, 4490 

MS MS F p 

Max feret 10858047 729783.6 14.87845 <0.01 

 

 

Table II. Bulk density of studied materials and fractions 

 Unit Miscanthus Hemp Pine sawdust 

4 mm kg.m–3 109.00 80.00 159.67 

8 mm kg.m–3 103.00 73.70 149.67 

12 mm kg.m–3 84.30 71.00 145.00 
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 Area:   SW-W = 0,7086; p = 0.0000
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Figure I. Histogram of Area variable 

 

 

 Max feret:   SW-W = 0,8768; p = 0.0000
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Figure II. Histogram of Max feret variable 
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Figure III. Detailed image of area and max feret measurement 

 

 

Figure IV. TGA graph of miscanthus 
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Figure V. TGA graph of hemp 

 

 

Figure VI. TGA graph of pine sawdust 
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