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Abstract 

Current biomass pellets are susceptible to fines production during handling and transportation, 

moisture absorption, biological degradation, low specific energy content, off-gassing and poor 

flow and handling characteristics. The goal of this thesis was to create a novel pellet that 

addressed these issues. A new mould and die assembly was created to form spherical pellets using 

hybrid poplar that was torrefied in-situ. The new pellets were subjected to crushing, abrasion and 

tests of their hydrophilic performance. Additionally, ultimate and proximate analysis was 

performed. A “batch” torrefier was constructed to investigate the properties of torrefied poplar in 

order to compare the results to in-situ torrefied pellets. Mechanical and chemical tests which 

examined failure strength in compression, abrasion resistance, hydrophobic nature, gross calorific 

value, density, and size were used to determine where the new pellets ranked in comparison to 

standard cylindrical pellets. A set of designed experiments which used the aforementioned 

responses was created to formulate linear models which could predict the same responses based 

upon three two-level “factor” inputs: biomass particle size, moisture content of biomass, and 

temperature of torrefaction. The new spherical pellets withstood compressive forces of up to 

17.06 MPa, did not abrade, absorbed up to 29.4% moisture yet returned to an “air-dry” moisture 

content of <5% on a mass basis within 24 hours and obtained specific energies up to 22.09 

MJ/kg. In addition, spherical pellets did not disintegrate when immersed, but instead remained 

intact and possessed much of their original physical characteristics once dried. The designed 

experiments showed that torrefaction temperature was the most important factor which affected 

test responses. 
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Chapter 1 

Introduction  

 “As the world grows older it becomes not only conscious of new problems which it has to solve, 

but it becomes more keenly conscious of the importance of old ones which it has only imperfectly 

met.” [1]. 

This statement was made in reference to an energy problem, which aimed to address the 

stockpiles of garbage that were found in a city and to use these as a source of fuel. The uses of 

less than traditional, or residual sources of material, were found to be acceptable sources of fuel 

to meet the demands. Similarly, today we search for additional sources of energy to accommodate 

the energy demands of our growing population and our concomitant waste of it. In that respect 

the quote suggested that as a population we should look more closely at more efficient and 

effective utilisation of the sources of energy that are currently available. 

Canada and the USA are some of the heaviest users of fossil fuel resources on the planet [2], [3].  

In 2007, we used approximate 292.7 GigaJoules (GJ) per capita [4].  Europe is the next largest 

per capita consumer, which consumed only 151.6 GJ [4].  

Fossil fuels contain sequestered carbon (C) from plant and animal life, which has been stored 

underground and chemically altered to a form that can be used as a fuel. When combusted with 

oxygen (O2), these fuels form carbon dioxide (CO2) which is then released into the atmosphere. 

Studies have found evidence that increased atmospheric CO2 will increase the greenhouse effect 

and increase temperatures (global warming), which are projected to have an unprecedented 

impact on our planet, and should therefore be reduced [5], [6], [7], [8]. Additionally the IPCC 

(Intergovernmental Panel on Climate Change) has commented on the levels of CO2 in the 

atmosphere and the resultant effects on climate change [85]. 
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Concurrent with global warming is the fact that peak oil has been predicted to be reached very 

shortly if it has not already happened [9]. Verbruggen et al.[83] go on to say that peak oil reserves 

will not necessarily be met, as policy will change the way that oil is viewed, and that because of 

the decrease in the desire to use these fossil fuels, that policy will dictate that oil will not be used 

indefinitely into the future. They continue to say that increased levies which will be placed on oil 

will also go into the development of new sustainable or renewable technologies. 

European nations have demonstrated their ability to supply renewable energy on a scale more 

effective than in North America. The introduction of clean, renewable technologies such as 

district heating systems which use biomass fuels have allowed for a portion of their energy 

demands to be met [7],[10]. 

Woody biomass is an alternative fuel source, which is  claimed to be carbon neutral and to be a 

viable substitute, or eventual replacement for coal [7],[12]. The introduction of  biomass stocks 

that have short rotation times in growth and harvest mean that it is a renewable fuel [7],[11], [12]. 

The statement that the fuel is renewable is due to the fact that the biomass can be harvested and 

cultivated in a period of time much shorter that that associated with the use of fossil fuels.  

Biomass is an inhomogeneous fuel source that does not have the same energy density, specific 

density, and physical properties as either coal, or natural gas or oil. The inhomogeneous 

properties of biomass arise due to the constituent components of any different part of a plant 

which is destined to be used as a fuel.  

A study by Kumar [13] found that coal could be burned for a total cost of $30/MWhr. In 

comparison, the best case for whole forest biomass at an optimum plant size in Canada would be 

$47.16/MWhr. Coal typically contains 25-30MJ/kg; where as woody biomass contains 17-19 
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MJ/kg [14]. Thus, to replace coal large quantities of biomass will require increased transportation 

costs for the same energy delivered. 

Problems to Be Addressed 

At the time of writing this thesis, there is a standing policy goal that coal will no longer be used in 

Ontario for the production of electricity beyond 2014. As of 2003, Ontario relied on coal for 

approximately 25% of its energy, 7560 MW of  approximately 30000 MW [84].  This has created 

a need for a new energy supply to fill that void in order to meet consumer demand. In response to 

the phase out of coal, some energy producers have decided to use natural gas [15]. Biomass 

would be a more acceptable and renewable solution than to use natural gas due to its renewable, 

carbon neutral properties.  

Densification of biomass may be achieved by compressing biomass material into a pellet. The 

process of wood pellet production is further investigated in Chapter 3. On average, this produces 

wood pellets with a density of 1300 kg/m3, whereas non-densified wood density is approximately 

800 kg/m3. 

Significant barriers to pellet acceptance have been identified in the literature, including: 

1. the cost of transportation  [11], [12], [27], [30].  

2. energy density, which is determined by moisture content and may depend on biomass 

inhomogeneity from a feedstock perspective [12], [13], [27], [56]. 

3. mechanical characteristics of the fuel pellet which create storage, handling, and 

processing issues and may create fines [31], [32], [34]. 
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4. hygroscopic nature of biomass pellets, which can lower the energy density as well as 

cause storage concerns and may allow for biological degradation [27], [32], [37], [38], 

[62], [81]. 

5. composition of biomass pellets create issues with off-gassing in storage as well as with 

volatile combustible compounds when implemented in power plants [12], [31], [38], [82], 

also other mechanical properties associated with firing [35]. 

1.1 The Goal of the Thesis 

The goal of this thesis is to describe the development of a novel pellet that addresses the five key 

deficiencies in current biomass pellet properties identified above. 
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Chapter 2 

Literature Review 

 

As our world becomes more populated, developed and the need for energy increases, more 

sources of energy will need to be discovered and more work will be required to conserve so that 

there is enough to go around.  Demirbas et al. [7] noted “worldwide electricity demand is 

expected to nearly double over the next two decades”. 

Coal is widely used as a fuel; although it is used less in developed countries, developing countries 

still burn over 2.5 billion tons every year globally [12]. However, coal is considered a “dirty” fuel 

because, generally, it contains high levels of S (sulphur), and N (nitrogen), which form 

detrimental by-products when combusted that lead to increased smog production and pollution. 

“Compared to the coal it replaces, biomass reduces SOx (oxide of sulphur), NOx (oxide of 

nitrogen) and net greenhouse gas emissions of CO2 .” [17]. Coal mines also release CH4 

(methane), a greenhouse gas eight times as potent as CO2 on a molecule-molecule comparison 

[18] to the atmosphere when the “overburden” is removed to allow for mining. “Methane released 

from the coal seam is estimated at three times the methane contained in the actual mined coal.” 

[13]. Even “clean coal”, if it is assumed that all NOx and SOx compounds are removed, still sends 

CO2 into the atmosphere.  

Underutilised fuel sources that are capable of supply regeneration should be found that are able to 

meet current energy demands. Algae for instance has a growth period of 1 month, agricultural 

crops are grown from anywhere from 3 months to 1 year.  Field grasses take 1 year to maturity, 

and shrubs take 1-5 years. Trees reach maturity and are ready for harvest in the time span of 5-80 
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years depending on the species and growing conditions. Comparatively fossil fuels such as oil, 

gas and coal take 200 million years to become suitable as a fuel source [2].   

Biomass, particularly wood, was used prior to the industrial revolution as a fuel source for 

heating and energy, and was replaced only after fossil fuels became a more convenient option. 

Demirbas et al. [7] noted “Biomass, mainly in the form of wood, is the oldest form of energy 

used by humans.” Klass et al. [9] adds “lignocellulosic biomass is the most abundant organic 

chemical on earth, with an annual production in the biosphere of about 170 billion metric tons.” 

Currently only 40% of the available biomass on the planet, which is considered “woody”, is used 

today. The majority of that is used in Asia as raw split log fuel [20]. Other nations have the 

opportunity to utilise biomass as a more dominant fuel source.  

Hoogwijk et al. [19] showed that the theoretical terrestrial bio-energy supply is about 3500 EJ/yr 

(ExaJoules/year).  The above ground wood availability has been estimated by 166 countries and 

represents 99% of the forests on the planet. Three quarters of wood harvested globally could be 

used as a renewable fuel source.  Fourteen percent of the worlds’ energy needs are currently met 

by biomass and 75% of this amount is used in developing countries [20].  

When woody biomass is harvested, common practice finds that approximately one third of the 

material is left on-site [20]. From processing, one third is used and the remaining one third is 

residue. Sustainable biomass energy available to the world is 100EJ/yr. and woody biomass 

contributes 41.6 EJ/yr. of this [20]. In 2004, 30% of global energy consumption was provided by 

biomass material to which woody biomass contributed 12.5% [20]. Demirbas et al. [7] further 

suggested “Biomass is a renewable energy source and its importance will increase as national 

energy policy and strategy focuses more heavily on renewable sources and conservation.” This 

provides a substantial opportunity just from residual biomass. 
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Irrespective of the debate surrounding the causes of climate change, it is in the best interest to 

recognise that finite, non-renewable energy sources will run out [9].  Developed nations 

consistently criticise the developing world to reduce their carbon emissions as a major source of 

greenhouse gases. Yet, developed nations enjoy the benefit of superior technology to reduce and 

conserve the energy they use. As Swisher [21] states, “approximately 80% of the total emissions 

come from use of fossil fuels, mostly from industrialized nations. Much of the remaining 20% is 

believed to come from deforestation, mostly from tropical nations” This number has since 

increased by approximately 4% by 2003 [85]. On the other hand though, “Bio-energy plays a 

vital role in the energy supply of many developing countries. Bio-energy provides roughly 35% 

of energy demand in developing countries.”[7]. The major source of energy in the developing 

world is mainly still wood fuel, and even statistics and data on these wood fuels are mere 

estimates. In fact, 90% of wood fuels being produced are consumed by developing countries [20]. 

The technologies for high efficiency power and heat production do not necessarily exist nor are 

they available; consequently, open fire burning practices in rural farms and households is in the 

order of 7-15% thermal efficiency [22].  Residual biomass available for energy production in 

China is capable of producing 300-436 MTCE (Million tons of coal equivalent) or 13.5-19.6% of 

its 2005 commercial energy use [22]. 

“According to the IPCC (Intergovernmental Panel on Climate Change), carbon sequestration can 

be qualified as an increase in carbon stocks in any non-atmospheric reservoir.”  “One metric 

tonne of woody biomass would offset approximately 0.478 t (tons) of carbon emissions.”[11]. 

Another problem with the combustion of fossil fuels is the fact that the carbon contained within 

them has been brought up from below the surface of the earth and re-introduced to the carbon 

cycle. This increases the atmospheric CO2 as the combustion by-products offset the current 

balance achieved by the carbon cycle.  Combustion of biomass results in the production of CO2; 
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plants then reabsorb the CO2 through photosynthesis. The carbon is stored in the plant and root 

structure providing a “carbon neutral” loop. “Hall et al. [23] suggested 6x1012 m2 of bio energy 

based forest plantations globally as a theoretically sufficient measure to offset 50% of 1985 world 

CO2 emissions by the year 2050.”[11].  More carbon is sequestered from the atmosphere through 

photosynthesis of plants than is contained in the material which is subsequently burned for energy 

making biomass a better than carbon neutral fuel supply [7]. 

A secondary benefit involves the mitigation of CO2 from coal burning power plants when 

biomass is co-fired. Burning biomass also saves the waste that would occur if it were left to 

naturally decompose where it was grown, or thrown into a dump. This however, is dependant on 

the true mechanisms of carbon transfer to either the atmosphere or the ground.    Decomposing 

biomass releases CH4, which was explained to be a significant greenhouse gas [12]. 

 “Bio-electricity, excluding MSW (Municipal Solid Waste) to electricity, today represents a very 

small fraction of world electricity production, about 30 GW (Giga Watts) representing about 1% 

of installed capacity, but has a very strong potential for growth” [7]. 

Bio based feed stocks have the same option of being refined as petroleum based feed stocks into 

products that consumers desire [5]. Kaliyan et al. [24] reinforce this statement by noting, 

“Currently there is tremendous interest in using biomass materials in the US for producing liquid 

transportation fuels, combined heat and power, chemicals, and bio-products. In addition to 

numerous advantages, use of biomass materials in place of fossil fuels would result in low 

emissions of green house and acid gases.”. 

2.1.1 Woody Biomass  

Many different types of biomass stocks are available; however, some are better suited to certain 

tasks than others are. Food bearing crops such as corn contain enormous amounts of stored 
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chemical energy and are easy to convert into ethanol, but their properties are even better suited to 

remaining as a food grade feed stock. Grasses have a high calorific value, comparable to that of 

wood, but they can contain more ash than wood. Even certain species of wood, and then parts of 

the plant within that species are better suited to one task rather than another. In Canada the 

majority of the Boreal forest (in Western Canada) for the purpose of harvesting to burn,  

comprised of spruce could provide 74DT/ha (Dry Tons/Hectare) [13]. These types of wood are 

well suited to manufacturing and lumber industries, and they provide an excellent source of 

residual biomass from their processing. Hardwood is a type of wood that is denser than softwood, 

and therefore more desirable due to lower transportation costs per tonne. The energy content of 

softwood and hardwood are comparable, with soft wood containing slightly more energy than 

hardwood based upon its chemical makeup as described by Prins et al. [25]. Tops, limbs and 

sawdust from these are capable of being turned into fuel. For instance, in Spain “residues 

generated by the first and second timber transformation industry represent 20-30% in volume of 

all the raw material used” [26]. In Alberta, approximately 80% of logging operations leave 

treetops and limbs on the side of the road and these rot or burn. This material alone constitutes 

15-25% of the mass of the biomass in the forest [13]. Forest biomass is just a fraction of the 

biomass that could be used. The US department of Energy has found that agriculture has the 

ability to sustainably deliver 1 billion DT of biomass, whereas current forestry sources can only 

supply 370 MT [3]. 

Kumar et al. explain that the amount of dry material that is harvested from a hectare of land is a 

major factor in order to successfully supply biomass to power plants. It is also pointed out that 

because of this, shorter rotations of biomass on a given plot of land will allow for a greater yield 

of biomass to be harvested [13].   
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To supply such a large quantity of biomass more lands need to be developed to facilitate such 

growth. Diverting agricultural lands to grow biomass-for-energy is not practical as is displaces 

food production. Instead, marginal lands can be chosen, as these are not suitable for any other 

type of development. These lands generally are home to scrub brush and grasses and do not 

contain enough nutrients to support agricultural development. These lands can be used to grow 

certain species of hardy engineered woody biomass. Some such engineered varieties already 

exist. Poplar and willow hybrids, as well as certain grasses such as hemp, sorghum, switchgrass, 

and miscanthus have been developed by Performance Plants Inc. (and others) to survive on 

limited water, sunlight, and nutrients. These species can also be classified as short rotation crops 

(SRC) and have the benefit of supplying more biomass, on a shorter rotational period. 

2.1.2 Transportation Logistics and Power Plant Considerations 

Transportation 

There are many ways to transport wood fuel to its destination to, say, a power plant. Currently rail 

and road transportation are the appropriate methods for doing so. Biomass fuel is generally less 

energy dense than fossil fuel; therefore, in order to provide enough energy, more transport trucks 

would be needed than are currently used for coal. Transportation of wood pellets is currently by 

ship, rail and truck, but the costs associated with this raise the price per unit of wood fuel slightly 

higher than coal and therefore, other considerations aside (storage, handling, etc.) coal is usually 

chosen.  

One study, of a North American setting, by Mahmudi et al. [27] stated that it is only economical 

to transport straw 170 km by rail from its origin to destination if it is to be used for combustion. 

The same study stated that wood should only be transported 145 km by rail. Optimum plant sizes 

for biomass combustion are 900 MW for whole boreal forest, 450 MW for straw, and 130 MW 

for Refuse Derived Fuels (RDF). For the transportation of straw, this could only be accomplished 
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if a full transport truck of straw were delivered to the power plant every four minutes. Rail 

transport would be preferred, as fleets of trucks would only add traffic congestion to the road 

infrastructure. 

In Europe, studies have shown that rail is favoured for longer distances than even ship transport. 

[27]. “Kumar et al. [13] noted biomass projects have a transportation cost that varies with power 

plant capacity. This arises because the area from which biomass is drawn is proportional to the 

power plant capacity, and the haulage distance is proportional to the square root of the harvesting 

area.” “Whole forest biomass and straw can generate power for $47 and $50 per MWh 

(MegaWatt Hours) at their optimum size.” [27].  Mahmudi et al. [27] also stated that there are 

many specifics related to the transport that it really comes down to analyzing each case 

differently. However, Kelly et al. argued rail transport is very difficult to quantify even for 

experts for a number of reasons; for further information, readers should see Kelly et al. [28]. 

Crude oil and natural gas are well suited to be transported long distances through pipelines. Other 

solid materials can be pipelined as well in multiphase slurry and this can be very economically 

beneficial. Slurry pipelining is the cheapest method of transporting a load, followed closely by 

train and ship transport [27, 29]. James provided an excellent analysis of the possibility of 

pipelines for the transportation of slurry solids. “Pipelines are obviously suited primarily to fluids 

but under some circumstances it is both technically and economically feasible to convey solids 

through pipes.” The larger the pipeline, the cheaper material can be pumped; however it must be 

run continuously to make up for capital costs. Oil and gas are not considered in freight since the 

energy content of the medium is different from that shipped by truck. The weight of a shipment of 

goods is used to calculate the costs of transportation. In the case of oil or gases, which are shipped 

by pipeline, the volume of the material is instead used. If a comparison between coal and natural 

gas were to be used; both are heating fuels but one is solid and one is fluid. The mass of the gas is 
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negligible in comparison, so an energy analysis would need to be undertaken to look at the 

relative energies of the shipment to equate it to the amount of mass that would be shipped. Rail 

companies needed to slash their transport rates to compete with coal slurry pipelining, and did so 

to put the coal pipelines out of business. Later the coal pipelines tried to re-emerge but needed to 

place pipelines over or under rail lines, which the railroads would not allow for fear of 

competition. This showed that the rail lines felt that the pipelines could offer a more economical 

method of fuel freight transportation [29]. 

The study implied that pipeline transport would appear to be more desirable than rail transport, 

which is preferred over ship transport. Additionally “A large scale facility cannot depend on truck 

delivery of fuel because of high cost and the problem of high truck congestion”. “Pipeline 

capacity, distance and solids loading are key determinants of cost. Pipeline transport costs have a 

high economy of scale, while truck transport costs have a negligible economy of scale.” [30]. 

A pipeline would therefore offer an alternative method to transport a fuel supply that would allow 

it to compete with coal in terms of cost. Kumar et al. found “the initial stage of transport of 

biomass from the field is always by truck. One possible means of shifting the balance between 

truck congestion and transport cost versus larger plant size is the use of multiple pipelines to feed 

a large ethanol processing complex.” [30]. If pellets were not sent to an ethanol plant, as was 

considered in Kumar et al.’s study, the pipelines could also be used to send pellets to a 

combustion facility. 

Ideally then, the goal would be to make a pellet pipeline to ship pellets from their origin to their 

final destination. To slurry pellets in a pipeline would pose many new problems as the water 

absorbed in the pipeline both wets the fuel and destroys the pellet, which results in an undesirable 

pulpy product. The water absorbed during transport would need to be either evaporated or 
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removed from the fuel before it could be burned, and therefore the energy needed to remove this 

water would more than offset the energy reduction in transportation nullifying the benefit [30], 

[81] . 

Therefore, the challenge that faces slurry transport of wood pellets to serve as a fuel requires a 

hydrophobic pellet. Only with this advancement, could the slurry of biomass be more seriously 

considered.  

Two-Phase Flow and Loading Factor 

To pipeline biomass as slurry is more complex than simply piping a single fluid phase such as oil, 

natural gas, or water. The introduction of a second phase allows for particle interactions with the 

carrier fluid as well as particle interactions with the walls of the pipe and each other. No work has 

been conducted on the slurry transport of wood pellets, as the current technology of pellet 

construction does not produce a hydrophobic pellet.  A literature search indicated that analyses of 

slurry transport were all based on particles approximated as small spheres, generally with a 

specific gravity much greater than their carrier fluid. Current biomass pellets are manufactured in 

a cylindrical form and these shapes have not been considered in the literature on slurry transport. 

Clearly, slurry analysis is based upon the sphere as this shape is characteristic of many crushed 

materials that are slurried. The representation of any particle by a sphere enables flow problems 

to be addressed more easily; and it is this feature that has prompted the current work to develop a 

spherical biomass pellet.  

2.1.3 Power Plant Considerations 

Comparing our current renewable energy industry to areas such as Europe, there is a vast market 

for new technologies. Biomass has been used in district heating plants as a sustainable fuel for at 

least the last 20 years. Many district heating systems are established which fully allow for both 

heat and electricity to be produced. Firing in a cogeneration plant on a smaller more distributed 
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grid has worked in Europe. Yet, in North America, we have failed to develop the technology to 

the same level necessary to facilitate sustainable generation. To make biomass pellet fuel more 

appealing to users, cost reductions are needed, while maintaining a similar heating value.  

In terms of the feasibility of a biomass supply large enough for a power plant, Kumar estimated 

that 84 t/ha could support a large power plant for a thirty year life or longer [13]. This would be 

possible with a selective cutting harvest practise.  

Storage and Handling 

The storage of biomass in unprotected environments, as is done currently with coal, is not 

feasible.  “The storage of wood pellets is substantially different from the storage of unprocessed 

raw materials.” [31]. Biomass and biomass pellets are prone to absorbing water, disintegration, 

off gassing CO (Carbon Monoxide), CO2, and bacterial degradation. Certain treatments such as 

torrefaction can improve the storage characteristics of biomass, and extractive compounds in the 

wood do help keep the pellets from breaking down and absorbing water [31].  

Handling is another issue, as the pellets must be transported from bulk storage areas to the power 

station burners. While in transport from these bulk piles to the burners, pellets can see drops as 

much as 10-15 m. The pellets are carried by conveyors and fed through chutes along their journey 

to the power station coal pulverisers. Along the way, pellets have been found to form blockages 

and halt operations because of their shape. The aspect ratio (AR) of the pellets and size can be 

partly to blame. When pellets are to be burnt in their densified form (not crushed by a pulveriser), 

they are found to burn more evenly when they are smaller. Smaller pellets make for more even 

combustion, and short pellets allow for easier flow and handling characteristics [32]. 

Handling also causes fines production, which can then become airborne as a dust that causes a 

risk of explosion. The Atikokan Generating Station, (AGS), which was a case study for this 

thesis, experienced one of these dust explosions. Due to this risk, fines from pellets need to be 
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reduced or eliminated. Additionally fines are more susceptible to moisture absorption that would 

lower the overall heating value [31]. 

Firing 

Biomass can be either co-fired with coal or it can be used solely for power generation.  “Co-firing 

biomass with coal in existing coal-fired power plants has emerged to be an attractive way for 

increased use of biomass as an energy source [33]. “Dry biomass and dry coal have similar 

adiabatic flame temperatures even though their as-fired heating values differ by over 33%.”[12]. 

However, the uneven, fluffy, and dusty characteristics of biomass often make the material 

difficult to store, transport, and utilise. When biomass is co-fired with coal, the difference in 

density between biomass and coal makes the energy density of the two fuels different, and causes 

difficulties in feeding the fuel into the boiler.” [34]. 

The use of enhanced fuels such as torrefied biomass or torrefied wood pellets is a more attractive 

option when biomass is to be used in a power plant. It also allows certain equipment and fuel 

compatibility; for instance, the friability of torrefied wood in a pulveriser, and the enhanced fuel 

behaves much more like coal [17]. Wood particles of 1 mm are needed in a coal burner since coal 

dust of 0.1 mm is normally burnt. This is because of the different burning rate of the two fuels.  

However, this is addressed, as the torrefied material is much easier to comminute (pulverise) than 

raw wood. This is of interest as the quantity of fines (of size less than 100 micro-meters) 

produced after pulverisation must be higher than 10% of the original mass to ensure optimum 

burning conditions.  This would also circumvent the necessity to install separate pulverisers for 

the biomass [35].  
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2.1.4 Densification 

Origins and Necessity for Densification 

The first patent for the production of a fuel made out of biomass originated in 1880 in Leeds, 

England.  The fuel was made of sawdust, which was compacted at 65ºC with a hammer that 

operated using steam. The goal was to create a fuel from the refuse of other processes, which then 

spawned the acronym RDF (Refuse Derived Fuel). RDFs were densified to the level of 

bituminous coal. In 1938 engineer Frances Holbrook advocated “… the refuse [be] … reduced to 

a uniform product with its moisture and combustible constituents evenly distributed throughout 

the mass.” d-RDF (densified-RDF) was used as a marketing ploy in 1975 by the U.S. EPA 

(United States Environmental Protection Agency) to bring attention to the fuel. By 1912, there 

were 76 power plants burning RDF in England, and 17 more installed in other countries. The 

inclusion of steam power into these plants made them more expensive, and they started to recede 

in preference as fossil fuels became more abundant and efficient [8]. Obernberger et al. [36] also 

added “The development of automatic biomass heating systems with a comfort similar to oil or 

gas fired heating systems was only possible because of the market introduction of pellets with 

uniform size and shape.”  

Benefits of Densification 

When biomass is harvested, it is obtained in a very loose and inhomogeneous form. The need is 

apparent to reduce it to a much denser form in order to allow for reduced shipping costs and 

improve the handling characteristics.” [12]. 

One of the other benefits of densification is that the production of material can be standardised. 

When the product is standardised, it must stand up to strict limits on energy, ash content and 

physical properties. This is good for the consumers of the product as is makes for little ash 

removal, high energy, and simplified transportation and storage [37], [38]. 
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In reference to the original invention from 1880, the material was heated to 65ºC to create pellets. 

Higher temperatures have been found to lower the pressure needed to compact pellets as well as 

increase their density and strength [39], [37]. 

Densification of biomass may seem like a very simple process, but very little has been done to 

investigate the process in depth and there is the need for more research. 

 
Current Technologies and Processing of Biomass 

Europe has been the leader in biomass densification technologies, and it has not been widely 

accepted in North America yet. Specifically, Europe has been producing 5 MT (Million Tonnes) 

of biomass pellets annually. Sweden is the largest contributor to this quantity with an annual 

production of 1 MT/yr. The North American market had produced only 1.5 MT/yr as of 2005 [40] 

The process involved in the formation of biomass pellets proceeds as follows: small particles of 

biomass are combined and forced through small openings in a die. Sawdust is usually desired for 

this task as it is a residual product which is ideal for densification. If sawdust is unavailable then 

chips or strands of material may be reduced in size to a consistency more like sawdust to achieve 

the same task. The smaller the particle, the more bonding sites and contact points are available for 

adhesion. The particles resist the motion of the ram or roller that forces them through the die 

openings. This resistance causes friction which heats up the dies, particles and begins to soften 

the lignin in the wood which acts to bind the particles together into one piece [24],[26],[41]. 

Lignin is one of the constituent components of biomass that acts as a glue. Lignin will be 

discussed in more detail later, in a section on wood chemistry.  

Characteristically wood pellets must be made out of particles smaller than four mm. Anything 

larger than this does not allow for enough bonding sites, and the resultant product will not stick 

together. Small particles of biomass tend to fill in voids between particles and create higher 
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density pellets [42].  The pellets upon exiting the mill must then cool to let the lignin solidify and 

strengthen the pellets. Pellets are often referred to as being in their “green” state when first 

removed from the mould and are hot and soft.   

An important factor, which dictates the success of pellet creation, is sufficient moisture content in 

the biomass. Water may be sprayed onto the raw material if its moisture content is too low. Water 

plays a very important role to hydrate the fibres and allows for plastic deformation. This will be 

explained further in the wood chemistry section. 

The biomass used for pelletisation may come from a sawmill, or straight from the forest where it 

was collected as a residual product. At this stage, it generally contains too much moisture. The 

moisture must be reduced prior to pelletising. A general guideline for successful pelletisation is a 

MC (moisture content) of 8-15% [38].The type of wood is also a factor and this requires careful 

selection of source material for pelletization. Softwood is preferred over hardwood due to its 

higher lignin content. In most situations softwood is not as dense as hardwood but that is 

overcome by the pelletisation process [40]. 

To further develop pelletisation of biomass Rhén et al. [37] suggested, “Higher temperatures 

should be evaluated as well as the chemical reactions occurring during compression of raw 

material, which may give further insight into the process.” This was independently determined 

from preliminary experimentation, and constitutes some of the material that is covered by this 

thesis. 

2.2 Wood Chemistry 

One of the problems associated with the utilisation of biomass in an energy application is that it is 

an inherently inhomogeneous resource. Within the same species, or same plant the wood can vary 

significantly in terms of its chemical makeup and physical properties. This results in an 
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interesting engineering challenge to be able to create a product with uniform and predictable 

characteristics. 

2.2.1 Basic Wood Chemistry 

Wood can be broken down into two categories – extractives (which comprise 1-5% of the wood 

mass) and cell wall components. These can then be broken down into the holocellulose and lignin 

components. The holocellulose fraction can then be broken down even further into the pure 

cellulose component and the hemicellulose component, which has a much more branched 

structure. Hemicellulose has many more sugar structures, and is much more complex than the 

cellulose molecule, which is crystalline, and “rope-like” [43]. 

Extractives 

Extractives are materials that are contained within a cell. There are far too many to list, but they 

are of great interest to pharmaceutical and chemical companies. Extractives are comprised of 

resins, fatty materials, phenolic substances, alcohols, mineral constituents (referred to as ash), 

proteinaceous matter and pectic substances. Extractives comprise up to about 5% of biomass [43].  

Cellulose 

Cellulose is the main crystalline structure of a basic wood cell. It gives the structure its shape and 

is wound together into what are called “microfibrils”. Cellulose has no major branched molecular 

structures on its peripheries, and is built on average of approximately 10000 glucose molecules.  

Cellulose constitutes approximately 50% by weight of biomass [43]. 

Hemicellulose 

Hemicellulose is a more complex structure than cellulose with more branching compounds 

attached to it. It is only comprised of a few hundred sugars. It is a partially amorphous material 

with a slight degree of crystallinity and is fibrous in nature. Hemicellulose bonds to the cellulose 
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base structure in the cell. It acts as a binding site to allow lignin to fill the gaps between 

microfibrils and hold together the cell structure. Hemicellulose constitutes 20% of the biomass. 

Lignin 

Lignin is a more complex molecule than cellulose or hemicellulose. It is comprised of two to 

three phenylpropane groups (the Coumaryl, Guaiacyl, and Syringyl) and their derivatives, and, 

unlike cellulose, contains no sugars. Lignin is light brown in colour but chemical treatments of 

this molecule can turn it very dark and even black. Lignin works like glue to hold together the 

fibrous structure of wood and gives it strength and durability. Twenty percent of wood is 

generally comprised of lignin [43]. Lignin is also very valuable as it is the highest contributor to 

calorific value upon burning. The more lignin, the higher quality of the pellet and the milder the 

densification conditions can be [40]. 

One of the main contributors to the strength of a biomass pellet is lignin. Lignin performs an 

important role in the adhesion of particles and does so by its intrinsic thermo-setting and 

softening properties. This is highly dependant on factors such as temperature, pressure, moisture 

content and particle size [12]. 

Lignin has also been found to possess qualities of a thermosetting polymer, van Dam et al. [44]. 

The cured thermopolymer is called a thermoset, and has been found to be a crucial component of 

forming strong and durable biomass products [44]. Thermosetting polymers can exist in a viscous 

or malleable form prior to treatment. Lignin, a waxy/malleable glue that helps bind together 

biomass is just this kind of polymer. A thermosetting polymer is a type of polymer that 

irreversibly cures through the aid of heat, generally above 200ºC. When the material sets, it does 

so permanently and cannot return to its original state. Thermosetting polymers are also often 

referred to in this paper as thermoset plastics. 
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Species Variation 

The differences between species of wood can most easily be broken down into deciduous and 

coniferous categories. This does not serve as a rule, but does allow for an easier characterisation 

of biomass materials. 

Wagenführ et al. states that “Coniferous wood may contain slightly more lignin than deciduous 

wood (25–35 wt% versus 18–25 wt %), slightly less cellulose (35–50 wt% versus 40–50 wt %) 

and, on average, comparable amounts of the hemicelluloses (20–32 wt% versus 15–35 wt %)” 

[45]. Additionally stated is that “… the composition of the polysugars that form the 

hemicelluloses fraction is very different. In the case of deciduous wood, the hemicelluloses 

contain 80–90 wt% of 4-Omethyl glucoronoxylan (referred to as xylan) whereas they contain 60–

70 wt% of glucomannan and 15–30 wt% of arabinogalactan for coniferous wood” [45].  Prins et 

al. [25] found that “… the coniferous larch reacts slower than the hardwoods. Although some 

researchers have attributed the lower weight loss for coniferous wood to higher lignin content, 

Ramiah [46] has experimentally shown that differences in composition of the hemicellulose 

fractions in deciduous and coniferous wood (xylan- and mannan-based, respectively) may be the 

main explanation.”. 

2.2.2 Heating Regimes and By-products 

The thermal treatment of biomass causes drastic changes in the chemical composition and affects 

a variety of mechanical characteristics. Various researchers have tried to quantify the individual 

physiochemical reactions that take place in biomass as it is heated. These reactions affect 

differently each of the three components of wood. The reactions are very dependant on the 

temperature of the treatment. Not only is the absolute temperature important, but so are the rates 

at which these temperatures are reached.  
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The following terms are used to explain the reactions, which take place during the heat treatment 

of biomass: 

Depolymerisation is the result of heating a long molecular chain to a point where bonding sites in 

the molecule no longer hold together. The long molecular chains of cellulose and hemicellulose 

break down into much shorter polymers. This both increases sites that are available for other 

structures to bond to as well as decreases the strength of the material. Repolymerisation reactions 

are simply the reverse of this and may be referred to as “cross-linking” reactions later in this 

thesis. 

Devolatilisation reactions involve the loss of volatile material usually into a gaseous or liquid 

phase from the wood. This may involve extractives, water, and light hydrocarbon materials that 

have a lower boiling point than the remaining solid structure. This is also where the term “off 

gas” applies, as when the materials are removed they generally are in a gaseous mixture 

containing both condensable liquids and pure gases. 

Condensation reactions describe the phase change of some of these volatilised materials back into 

a liquid phase where they may or may not re-bond to the residual solid structure of the wood. 

Carbonisation reactions describe the increase of the relative amount of carbon that remains in the 

solid by-product of the heat treatment. The increase in relative carbon content is due to the 

devolatilisation reactions that remove lighter compounds that are less carbon rich. Carbonisation 

in its more extreme case will leave a pure carbon solid at the end of the reaction. Regardless of 

how far the reaction does go, the higher carbon content residual product is referred to as char. 

Very little happens in the range of 0-100 ºC and only once the temperature reaches 120 ºC do 

reactions begin to take place.  All of the reactions that do take place occur very gradually over a 
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large temperature range so it is difficult to describe them individually. Hemicellulose is the most 

reactive of the components and shows the highest reaction rate in the heating process. 

van Dam et al. [44] stated that at 120 ºC lignin might begin to loose its ability to have a high 

bonding potential. It is speculated that by this temperature, all of the depolymerisation reactions 

have already occurred and that the new cross-links formed. Hakkou et al. [47] stated that by 160 

ºC all of the moisture, which comprised about 7% of its mass, had evaporated. From 160-200 º C, 

the extractives in the wood will have off gassed.  Bergman et al. [16] analysed this section of the 

reaction by observing that from 100-150 ºC hemicellulose began to dry and lignin began to soften 

and melt, and that from 150-200 ºC hemicellulose began to depolymerise and recondense.  

van Dam et al. [44] stated that 180-230 ºC was the range in which thermal degradation of lignin 

began. The lower temperature was more characteristic of young plants and the high temperature 

for old plants. Bergman et al. [16] found that lignin began to depolymerise and recondense in the 

range of 160-210 ºC but did so very minimally. 

Once the temperature reached 200ºC hemicellulose underwent limited devolatilisation and 

carbonisation. This occurred while the cellulose underwent depolymerisation and recondensation. 

From 240-260 ºC, lignin underwent limited devolatilisation and carbonisation, and from 250-270 

ºC, cellulose did the same [47], [44], [16]. 

At temperatures over 260 ºC, hemicellulose will have extensively deteriorated according to van 

Dam et al. [44]. At this point many cross-linking reactions have taken place and “electrophillic 

substitutions on aromatic nuclei have occurred.” 

Bergman et al. [16] also found that from about 250-300 ºC that extensive devolatilisation and 

carbonisation of hemicellulose occurred.  
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Temperatures over 270 ºC caused extensive devolatilisation and carbonisation of lignin and 

cellulose. van Dam et al. stated that very little alterations to the structure of lignin occurred at 

temperatures less than 380 ºC [47], [44], [16]. 

Fig. 2-1 was created from a similar diagram made by Koukios et al. [48], and attempts to 

graphically compare the reactions that take place and the temperature ranges in which they do. 



 

 25 

 

 

Figure 2-1 Physiochemical reactions occurring during biomass heating. Adapted from Bergman 

et al., Koukios et al., and van Dam et al.[14, 48][44] 

By-products of the heat treatment are generally categorised into three classes: solids, liquids and 

gases. The two main contributors to mass loss in the heating process are CO2 and water. These 

two products do not contain energy that would add to the calorific content, and consequently are 

the main explanation for the specific energy increase in heat-treated biomass.  The exact method 

of bond cleavage and formation of products will not be thoroughly investigated here, but it is of 

interest to mention the products. In terms of pure gases, the heat treatment of biomass will 

generally release CO2, CO, and some CH4. The liquids or condensables produced are mostly 
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acidic and come from the cleavage of the hemicellulose molecules. Water (vapour) is the most 

common condensable liquid removed from the biomass. Acetic acid is also present, as are 

methanol, formic acid, lactic acid, furfurals, hydroxyl acetone and phenol to name a few. The 

solid fraction that remains is comprised of the remaining wood and is referred to as char [16], 

[49]. 

2.2.3 Hydrophobicity 

Theories are presented below that suggest some of the processes that allow a biomass fuel to gain 

hydrophobic qualities when it is heat-treated. 

Gosselink et al. [50] found that when pine was treated in an oven at 275 ºC, the depolymerisation 

and condensation products of the non-crystalline carbohydrates resulted in more hydrophobic 

polymeric products. These products resemble lignin, which is in itself partially hydrophobic. 

Hakkou et al. [47] commented on the same type of reactions and products that were formed to 

account for the hydrophobicity of the wood product. The explanation also stated that the non-

cellulosic carbohydrate components were also removed. These are the most nutritious and 

sensitive to microbial growth and can partially explain why torrefied biomass is resistant to 

microbial degradation.  This does not add to the hydrophobicity but is still a very important trait 

when it comes to wood product storage. Hakkou et al. [47] also suggested another explanation for 

the hydrophobic nature of heat-treated wood.  Once water was removed from the material, the 

mobility, and hence crystallinity, of the cellulose was frozen. The crystal structure of the cellulose 

molecule may not allow for hydrogen bonding and hence water absorption. Hakkou et al. [47]  

provided yet another explanation based on the plasticization of lignin, which was described as the 

“conformational reorganization of polymeric components of wood among which are 

polysaccharides.” Hakkou et al. [47]  stated that the glass transition temperature of lignin was 
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150ºC. If the lignin had not begun to melt from its glass form, it would not be hydrophobic.  If it 

did melt and then had the opportunity to cool down and harden, then the wood would be 

hydrophobic. 

Zandersons et al. [51] summarised some explanations from external authors on the reason behind 

the hydrophobic nature of heat-treated wood. Pilipchuk et al. [52] stated that the accumulation of 

partly melted and insoluble high-molecular substances in the voids of capillary and sub-micro 

capillary systems would prevent the soaking of water into the cell walls. It inhibited the swelling 

and secured the water resistance of the wood base laminate. Additionally a partial loss of the most 

active chemical groups provided a certain hydrophobisation of the wood “plastic”. Mobarak et al. 

[53] stated that there must be water in the cell walls in order for the wood products to be plastic-

like, to obtain good strength and have water resistance. The presence of some water or water 

vapour is essential for any plastic deformation.   

Bergman et al. [14, 40] added that torrefied biomass is a product with very low moisture content. 

The reactions that occur destroy (hydroxyl) OH- sites in the molecular chains of biomass that 

result in the inability to form hydrogen bonds with water. In addition to the destruction of these 

hydroxyl groups, there are non-polar structures, which are formed that further increase the 

hydrophobicity of the material.  

2.2.4 Treatment Options for Biomass Alteration 

There are varieties of options available to alter the structure and characteristics of biomass for the 

particular application in which it will be used. These treatments generally involve some sort of 

heat application that serves to create a uniform product. The following section describes a few of 

the options that are available and assesses their applicability to the current work. 



 

 28 

Steam Explosion 

Steam explosion is a treatment where biomass fibres are subjected to an atmosphere of high 

pressure 4.14 MPa (600 psi.) in the presence of water at a high temperature (185-220 ºC). The 

biomass is allowed to become saturated with water and then the pressure is released. The biomass 

undergoes explosive decompression, which rips the fibres and cells apart and allows for easy 

separation of the components of lignin, cellulose, and hemicellulose. This treatment is designed 

mainly for wood that is to be subsequently treated by enzymatic hydrolysis for the production of 

ethanol. This process involves no chemicals and completely recovers all of the necessary 

biopolymers [54]. Steam explosion instantly depolymerises and then recondenses the lignin in the 

biomass. However, as van Dam et al. [44] found, the thermal treatment of lignin at temperatures 

over 120 ºC may cause the beneficial bonding properties of lignin to be used up. This makes 

subsequent heat treatment and densification much more difficult. 

Pyrolysis 

Pyrolysis is the thermal treatment of biomass in an O2 free atmosphere to produce condensable 

vapours. These vapours are liberated from the biomass by similar mechanisms to torrefaction, yet 

the process is carried out at an elevated temperature to torrefaction. The solid product  of this 

process is char  The pyrolysis process is steered by reaction rate, temperature and the chemistry 

of the biomass involved in the reaction [12],[55]. The process removes too much energy from the 

system to utilise the remaining solid product as a fuel.�

Gasification 

Gasification is also a form of torrefaction and pyrolysis but is performed at higher temperatures 

and reaction rates. The goal of gasification is not to produce a solid product, or condensable 

vapours, but for the actual gases that are liberated by thermal degradation of the fuel. These gases 

are generally comprised of CO, H and CH4 together with CO2 and N2. The gases are of medium 
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to low calorific value, and can be burned in a combustion engine, or turbine for the production of 

heat and electricity [12]. Again, this process removes too much energy from the biomass for the 

remaining solid to be used as a fuel. 

Torrefaction 

Torrefaction is a name given to heat treatment of biomass in the temperature range of 200-300 ºC. 

It is complicated and not well understood [17] yet it is the same process that is used to roast 

coffee beans. It involves heating biomass in an O2 free environment such that it will not burn. The 

particle heating rates should be less than 50 ºC/min [14].  Torrefaction creates a brittle structure 

due to a thermal degradation of hemicellulose and cellulose components of biomass. Of the initial 

100% mass, 30 % of the mass is lost to off-gases. However, only 10% of the energy of the 

biomass is contained in the 30% that is lost such that the final product still contains 90% of the 

original energy content. This increases the energy density of the biomass, which reduces 

transportation costs, which are based on unit mass. Recall that in the previous section that energy 

density is a main impediment to the implementation of biomass as a fuel source [56]. 

Torrefaction is a useful method to upgrade biomass.  Prins et al. [25] states: “Although a wealth 

of research data is available about pyrolysis of wood, relatively few address the temperature 

range of torrefaction. Therefore, more research is required to obtain better understanding of the 

chemical and physical processes occurring in torrefaction, especially reaction mechanism, 

reaction kinetics, optimization of process conditions and selection of particle size.” 

 
Heat Regime 

 
Torrefaction takes place in the temperature region of approximately 200-280 ºC as described by 

Bergman et al. [14]. The heat treatment of wood follows the same depolymerisation, 

devolatilisation, and condensation reactions. Torrefaction can then be split into a high torrefaction 
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and low torrefaction level. The low-level torrefaction takes place from 200-250 ºC and is 

characterised by biomass decomposition of mainly the hemicellulose fraction. The hemicellulose 

devolatilises and carbonises creating a darker coloured product. The higher temperature 

torrefaction is characterised by the temperature range of 250-280 ºC and is characterised by 

extensive hemicellulose devolatilisation, carbonisation, limited devolatilisation, and carbonisation 

of lignin and cellulose. Bergman et al. also state that the “Temperature determines the possible 

decomposition reactions and their kinetics. These are normally strongly non-linear.” [14]. 

The volatiles and liquids, which are products of the process, consist mainly of acetic acid, water, 

CO2 and CO. There are other compounds that are produced from the process but their 

concentrations are insignificant in comparison to the previously mentioned components. These 

constituents are from the carbonyl group and contain hydroxyl acetone, methanol, propanal, 

furfural, and phenols. There are also trace amounts of CH4 of approximately 0.52% of the volume 

of the volatile gas.  CO2 makes up 64.5-78.7% of the gaseous phase and CO makes up 21.2-

34.9%, and the variation is based mainly on the oven temperature and the length of time left to 

torrefy [49]. 

Lipinsky et al. [17] speculated that torrefaction did not need to be an inherently slow process. The 

torrefaction reaction time depended on the atmosphere in which the material is torrefied and on 

the material quality. The particle sizes in the reaction were found to be a factor that affected the 

rate that torrefaction proceeded. Lipinsky et al. also found that a superheated steam atmosphere 

might aid in the rate reaction and allow for a more successful result.  Prins et al. [49] found that 

the type of wood is of great importance to the reaction rates and products of heat treatment. 

Benefits 

Torrefied wood is desired because of the beneficial qualities that are granted to it. “An important 

advantage of torrefied biomass is the increase uniformity in product quality” [14]. These qualities 
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make it a more desirable material for the goal of burning than regular sawdust of log fuel provide 

which are inhomogeneous fuels. The moisture content of torrefied wood is reduced, and remains 

much lower than raw biomass. Torrefied wood is also found to reach an equilibrium moisture 

content of 3% [17].  Torrefied wood also shows signs of being water resistant. Pentananunt et al. 

[57] found that the moisture of torrefied wood is less than that of charcoal. Additionally it was 

found that that torrefied wood had a significantly higher burning rate and combustion reactivity 

than regular wood. Prins et al. [49] discovered that the chemical composition of torrefied wood is 

comparable to peat.  

Off-Gases 

The energy change in torrefied biomass is due to the gases that are liberated from the 

hemicellulose, lignin, and cellulose compounds. The combustible portions of these volatile gases 

carry the energy away [49]. Extractives may also add to this energy change but to a lesser extent. 

Prins et al. found that in torrefaction, the energy loss to volatiles is higher in deciduous plants 

than in coniferous ones [49]. The positive or negative alteration to the final energy content of the 

biomass is dependant on the specific energy of the gases liberated. 

Bergman et al. stated that torrefaction of biomass can be a process which operates at a 92-96% 

efficiency level “as long as the liberated torrefaction gas can be combusted to produce heat for the 

process itself,….” [14]. Bergman et al. coined this type of feedback process as “Auto-thermal 

Operation”. This provided a use for the energy released in the gas, but was dependant upon the 

torrefaction treatment used. Pach et al. [56] found that from the wood biomass considered, the 

total energy after torrefaction recovered was between 94-98%. This is a significant result as it 

implies that torrefaction is an almost energy neutral process. 
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The exact result of the torrefaction process and the degree to which the biomass is heated will 

affect the final energy content. Ståhl et al. [38] found that the lower the VOC (volatile organic 

compound) emissions were from torrefied biomass, the higher the final specific energy would be. 

Friability 

Friability refers to the ability for a material to be reduced to a smaller size with little effort. This 

term is of importance to the comminution of biomass for its injection into furnace burners, where 

high fines content is required. 

Bergman et al. [14] stated “On the basis of an extensive set of lab and bench-scale torrefaction 

experiments, it is believed that hemicellulose decomposition together with the depolymerisation 

of cellulose is the most important mechanism reducing the fibrous structure and tenacity of 

biomass.” Hemicellulose, which binds together microfibrils of cellulose, depolymerises and 

allows for disorientation of the fibres to allow for easier comminution. Depolymerisation of the 

cellulose fibres allows for size reduction and shortening of the fibres, and allows for easier 

particle size reduction. Cumulatively this allows the material to be hammermilled with energy 

savings of 50-85% to the original energy requirement of hammer milling raw biomass [16]. 

2.2.5 Combined Torrefaction and Pelletisation 

Simultaneous densification and torrefaction is beneficial as it halved the energy needed to 

pelletise biomass, Bergman et al. [14].   Bergman et al. also introduced the concept of “auto-

thermal operation”. By collecting and burning the gasses liberated from the torrefaction process, 

the total heat demand of the operation can be almost met. This depended on temperature, and 

highly depended on the moisture content of the biomass to be torrefied. With respect to the 

energy savings by the proper use of the off gases, it should also be noted that much less energy is 

used in the comminution of biomass after torrefied. 
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Bergman et al. provided the vast majority of research conducted on the beneficial properties 

achieved by torrefaction. “According to the experiments at ECN [Energy Centre of the 

Netherlands], torrefied pellets can withstand 1.5 to 2 times the force exerted on conventionally 

produced pellets before breakage.”  An economic analysis was also completed and found that the 

Torrefied and Pelletised product (TOP) had the lowest production cost per ton. This was in 

comparison to purely torrefying, pelletising or pyrolysing raw material and was even more 

advantageous than just pelletising. It should also be added that this analysis was performed on a 

specific case of the transportation of TOP pellets from Brazil to Western Europe [55]. At the time 

of writing this paper, very few cases of the transport of torrefied pellets had been examined. This 

unfortunately leaves limited opportunity for comparative analysis. 

Bergman was the only source of information that could be found who examined the qualities of 

combined torrefied and pelletised material. Bergman [40] provided responses to moisture, GCV, 

density, strength, dust, water uptake, degradation and handling characteristics of the pellets. It 

was also found that TOP pellets could provide cost savings associated with implementation at a 

power plant. TOP pellets could be treated just like coal, which meant that no new infrastructure or 

capital needed to added into existing facilities [40]. 

2.3 Mechanical and Physical Characteristics 

The novel pellet, which was suggested above in section 1.1, requires that the mechanical and 

physical qualities granted to it meet or exceed those of coal. The ability to survive transportation, 

storage and handling are required to meet the deficiencies that were outlined. 

2.3.1 Formation  

In general, pellets are created using an extrusion mill.  There are a very complex set of 

interactions that occur between the material choice, the physical process of densification, and 
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additional treatments, which may be done to the material.  These effects ultimately determine 

how well a pellet is produced and at the current state of the art, they are not well understood. 

Kaliyan et al. [24] considered the various pelletising technologies and practices available today.  

For the purpose of analysing individual factors on pellet production, and densified material, 

single replicates of a pellet may be formed. An Instron, or manual press is typically used to 

compact the material into a mould. The force and rate of application of the force can be measured 

directly [26]. This procedure is done in order to evaluate effects upon pellets based on various 

inputs. When the input material was preheated, it was found to be beneficial to the formation of 

biomass pellets.  The elevated initial temperature of the feed allowed for the binders inherent in 

the material to soften and form better bonds with the particles. The heat also allowed for more 

plastic particle deformation, which in turn led to better pellet quality [24]. 

Isotropy 

To materials science, isotropy is defined as the uniformity in all directions of “grains”, or in this 

case, particles of dust. The particle orientation within a wood pellet will ultimately affect the 

response of that pellet to compressive and abrasive forces. When a material is formed, the 

particles within it undergo rearrangement, distortion, and elongation depending on the physical 

properties of the particle itself. This will lead to certain behavioural changes in that material as it 

is stressed by external sources. Anisotropy is the definition of a material in which the particles are 

not evenly, but more randomly distributed. The result is that the material will not behave the same 

in all directions.  

Pressure 

The formation pressure used to create biomass logs was studied by Li et al. [34]. Experiments 

were performed in a range of 34-138 MPa. The abrasive resistance, impact resistance and 
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compressive resistance of the logs increased when the biomass material was subjected to a higher 

formation pressure. 

Binding Mechanisms 

Particle Sizes and Deformations 

On a particulate level, Kaliyan et al. [24] suggested five categories of types of bonding 

mechanisms: solid bridges, attraction forces between solid particles, mechanical interlocking 

bonds, adhesion and cohesion forces, interfacial forces and capillary pressure.  Solid bridges can 

be formed from high pressure and temperature, and the movement of molecules from on particle 

to another. They can also be due to crystallisation, chemical reactions, hardening of binders, 

solidification of melted components (i.e. lignin, or condensation products). These bonding 

mechanisms are related to the cooling and drying step. Attraction forces between solid particles 

can be due to attractive forces such as van der Waals forces. Mechanical interlocking of particles 

can occur during the compression stage of pelletisation. Particles can bend, break and realign to 

clamp together and bond. Viscous binders can use the same principle of van der Waals forces, 

and can smooth out surface roughness in order to have more particle-particle contact. They can 

also harden and form solid bridges. Moisture can create agglomerations of particles because of 

van der Waals forces and capillary action.  

Choice of particle size is an important factor in the creation of a pellet. Smaller particles have the 

ability to provide more contact sites and surface area for bonds to form, and the ability to fill in 

voids and gaps [42]. Larger particles also are needed in a pellet to ensure strength and durability. 

The larger particles are able to bend, break and deform, which allows for increased cohesion [32]. 

A less desirable side effect of larger particles is that they will form cracks and natural weak 

planes of fracture if they shrink or swell.  It is therefore necessary to understand the binding 
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mechanisms and particle compaction mechanisms to properly design a pellet. A mixture of 

particle sizes would be optimum to reduce the voids in the particles [24]. 

Binding Agent 

Binding agents are used in pellet manufacture to take advantage of the cohesion forces.  Water is 

the basic crucial component necessary to allow for pellet formation if no other binders are used. 

Moisture acts as a lubricant as well as to increase the availability of van der Waals forces in a 

pellet, which allows for greater adhesion of particles. The optimum mass of water was determined 

to be 8-15% [24]. With too much water, the particles will not properly bind nor will the lignin be 

as easily distributed throughout the particle matrix to allow for adhesion. Lehtikangas [32] found 

that with increasing moisture content, the pellets did have increased durability. 

Many other type of binding agent can be used in the creation of a pellet and it is primarily up to 

the designer to choose one. Molasses, starch, fat, distiller’s grain, and lignin are all popular 

binding agents. The benefit of using any binder should be weighed against the relative cost of 

adding it to the biomass feed stock. Binders should also only be used if it is necessary in the 

proper formation of a pellet.  It has been determined that molasses and starch help to bind rice 

husks, but water alone was even more effective [59]. The use of binders may increase the price 

associated with pellet production as well as create undesireable firing. Water would be ideal as it 

would evaporate when the material was burned. Other types of binder may cause reactions in the 

burner vessel with unintended side effects. The binders also increased the relaxed density of the 

biomass and increased the shear strength. Lignin as a binder has specifically been found to 

increase the strength of material and durability [32], [60]. 
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Size 

Spring Back 

The amount of spring-back or, the expansion of the pellet after compression and removal from the 

mould has been investigated. The spring-back depends mainly to the hold time or residence time 

in compression. Pine sawdust behaved poorly even at optimum conditions in comparison to oak 

sawdust at the same operating conditions of 8% moisture and 138 MPa. The most rapid expansion 

occurred within the first two minutes of removal from the mould [34].  

Aspect Ratio 

The aspect ratio (ratio of length to width, or height to diameter) of a pellet determines the 

handling characteristics and the type of forces that a pellet may experience in transportation and 

handling. Although it was mentioned earlier, it is of relevance to mention that smaller pellets 

make for more even combustion, and short pellets allow for easier flow/handling characteristics 

[32]. 

Density 

Shaw et al. and Mani et al. investigated how the density of pellets was affected by variations in 

moisture content, particle size, hold time, compaction speed, and die temperature. The bulk 

density, (of randomly packed pellets in a container, refer to ASTM standard E873.23790) and 

pellet density were determined. To measure individual pellets, material was measured with 

callipers immediately after removal from the die, then again after 14 days [60], [61]. Moisture 

was found to increase the density of the pellet [60]. Particle size had no real impact on density of 

the pellet [32].  

Lehtikangas [32] found that the hold time in the mould did affect the pellet density. Tests were 

performed on biomass logs (another type of densified product) and the density was measured two 

minutes after ejection. Slightly higher densities (5%) were achieved if the material was held in 
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place for 20 s. but after 24 hr., the density decreased significantly. Therefore, the hold time really 

did not have any practical application, as the benefits were lost. Additionally Lehtikangas found 

that hold time in the mould made for more compact pellets that broke more easily. 

Li et al.found that an increase in compaction speed resulted in a negative effect on the density of 

biomass pellets up to the point of 3.0MPa/s where it then became unaffected [34]. 

In the tests performed by Shaw et al. [60], the pellet densities obtained ranged from 966 kg/m3 to 

1341 kg/m3.  Shaw et al. also found that an increase in the die temperature served to increase 

initial density, decrease expansion, increase shrinkage and increase tensile strength.  

2.3.2 Materials Testing Methods 

Pellet damage may be classified into three categories: compression that result in the crushing of 

pellets; impact forces, which cause shattering along weak planes; and shearing forces, which 

result in damage to the outer surface of the pellet due to abrasion [24]. There are two types of 

tests that may be applied to examine the strength of biomass pellets: static and dynamic. The 

static tests examine the compressive forces applied to pellets and the dynamic tests examine the 

impact resistance and shear strength. These tests are used to calculate the stresses and forces on 

cylindrical or disc shaped materials. There is no single standardised test method for the 

determination of the strengths of pellets. The result is that there is no unanimous agreement in the 

methods used to calculate these, and therefore acceptable values are spread over a large range 

[58], [32]. Additionally, these tests are only designed to calculate the strength of cylindrical and 

disc shaped pellets, and therefore cannot be used to calculate the strength of spherical pellets. The 

physical geometries of the pellets and the dimensions used in the calculations are inapplicable to 

the spherical shape.   
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The affect of binders on pellet strength has been explored. Die pressure, moisture and binder 

contents and temperature were investigated to determine how they affected pellet strength [59], 

[26]. A brief summary of the findings are provided below.  

Compressive Test for Tensile Strength 

Compression of brittle pellets results in internal tensile stresses that inevitably cause the pellets to 

fail. A diametrical compression test for cylinders or disks is similar to the ASTM C39-96 test for 

the maximum tensile strength. Kaliyan et al. [24] used an Instron machine fitted with a load cell 

to test this parameter of force, displacement and load to characterise the strength of a pellet. The 

pellet was placed between two platens, which were larger than the pellet. The Instron was run 

until the pellet loaded, and then failed, while the stress-strain curve was recorded. The point of 

failure was taken as the ultimate strength, or ultimate tensile strength. Chin et al. [59] performed 

a similar test and noted that the tensile strength would be the force that would cause the pellet to 

break in shipment or handling.  

The results showed that the most important factors in achieving high strength were moisture, the 

pressure and temperature used to form the pellet [26],[61]. Moisture was found to increase the 

mechanical strength of the pellet by increasing the tensile strength [60]. Particle size and shape 

were found not to be of significant influence [61], [26]. 

Granada et al. [26] produced equations from a similar test that described the model of the 

compression strength of Canadian Oak and African Mongoy. Additionally, Granada et al. found 

that the compression velocity was unimportant in the determination of the pellet strength, and 

suggested that it not be used in subsequent tests. 

Abrasion and Impact Resistance 

The abrasion behaviour of pelletised materials can be correlated to the results of compressive 

testing [32]. The abrasion resistance of pellets can be calculated in two ways. The first method 
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requires that a pellet be dropped on a hard surface, and the mass of any fragmented pieces is to be 

determined. The second uses a tumbling “can” to abrade the surface of the pellet. 

Drop Test 

The drop test is used to calculate the Impact Resistance Index (IRI) as follows. Pellets are 

dropped from a height of 1.83 m to a hard surface. The broken pellet pieces are weighed and then 

dropped again for a total of N times. Pieces less than 5% of the weight of the original pellet are 

removed from the calculation. The number of pieces remaining after N drops is n and the IRI is 

calculated using Eqn. 2-1. �

n

N
IRI

)100( 
 �� � � � � � � 2-1�

The maximum IRI is dependant on the mumber of drops which are used to calculate the index. Li 

et al. [34] used 2 drops as a standard which meant that the maximum IRI would be 200. The 

larger the IRI, the more resistant to impact damage the pellet is.  

The impact resistance test showed that even though smaller particles of biomass were ideal for 

forming pellets with higher strength, they did not perform as well when dropped. The larger, 

longer particles were thought to better hold the pellet together, which allowed for better 

performance [34], [26]. 

Tumbling Can 

There are a number of variations of the tumbling can test used to determine the abrasion 

resistance of biomass and pellets. Because of the variation in tumbling can tests, it is hard to 

compare results. Coal is tested under the ASTM D441-86 standard that involves a tumbling can 

test run at 60 rpm for 40 min. The variation in testing procedures occurs since there is no standard 

test for biomass. Differences in the test method involve rotational speed, container size, and the 

inclusion of baffles on the inner wall of the can. The types of pellets would also influence the 
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results of the test. Metal nuts and bolts have been included in some tests to increase the rate at 

which particles abrade [58].  

Abrasion resistance is characterised by a value called the Pellet Durability Index, which may also 

referred to as the mechanical durability. The PDI is measured by taking 500g of sample material 

(msample) and tumbling for 10 min. The remaining material is then screened for fines (mfines) and 

the remaining pellets are weighed against the initial mass to create the PDI, which is defined as:  

PDI 
msample  mfines

msample

x100          2-2 

 

The tumbling can test has been used to test friability and abrasion resistance.  Pellets made of 

longer particles of mulch were found to bind and interlock more effectively making them superior 

in abrasion resistance and impact resistant [26], [34]. 

The Holmen Tester and Ligno-Tester use compressed air to break the pellets as they are tumbled 

around in a container. These tests were much harsher than the tumbling can method. In order to 

quantify pellet damage, the tumbling can method would need to be run for approximately 10 min. 

In comparison, the Holmen and Ligno-tester only need to be run for 30 s. [24].  

Moisture Absorption and Evaporation Sensitivity 

Very little work has been done on the absorption of water into and no literature on evaporation 

from biomass pellets. This type of information is necessary if the outdoor storage of materials is 

to be considered. Increased moisture content will lower the heating value of the fuel. Water will 

cause pellets to swell, breakdown, and can even lead to bacterial growth all of which leave the 

material worthless as a fuel. Biomass pellets swell and breakdown in high humidity environments 

because the material is highly hygroscopic.  
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A pellet may be hydrophobic due to its hard outer surface that is formed during its manufacture; 

however, the broken ends of a wood pellet may not be as resistant to water as the hard exterior 

shell [32]. 

Absorption 

Two types of tests have been used to investigate the absorption of water. The first involved 

pellets that were placed in a climate controlled chamber at a specified humidity and temperature. 

The second test involved the immersion of pellets in water. The pellets were examined for mass 

gain and physical deformation.  

Biomass logs lasted no more than 5 min. in water at room temperature and disintegrated very 

rapidly [34]. The logs were also left in the lab and exposed to relative humidity. The amount of 

moisture absorption and swelling was observed and recorded as elongation. Li et al. [34] found 

that the optimum moisture content to form pellets out of sawdust was 8%, which was equal to the 

relative humidity in the lab. This moisture content minimised moisture uptake from the air, and 

produced the strongest and most durable pellets with the least breakage [34]. 

A relative humidity and an immersion test were performed by Lehtikangas [31].  Prior to either 

test, the pellets were dried to 103 ± 2ºC. For the humidity test, pellets were left in a humidified 

chamber for 30 days.  The immersion test involved placing the pellets in water at 20ºC for 30 

min. Fines were more susceptible to moisture absorption, presumably due to increased surface 

area.  It was also suggested “…extractive compounds have a capacity to keep the pellets intact 

despite the water absorption.”[31]. 

Hartley et al. [62] found that when biomass pellets swelled from moisture absorption that the 

trend was non-linear and the moisture absorption of the pellets did not match that of normal 

(solid) wood.  
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Gosselink et al. [50] performed a test on torrefied/carbonised wood and found that “During 

immersion in water carbonised wood reaches almost the same moisture content as untreated wood 

because of its open porous structure,… and the uptake of capillary water.” 

Pellets created from torrefied biomass showed much better performance in water immersion tests 

[40]. The pellets were placed in water for 15 hr. to investigate their absorption characteristics. 

The pellets were observed to either withstand the moisture or disintegrate. Pellets were weighed 

after the test to evaluate the degree of water absorption. Torrefied pellets showed very little 

disintegration and absorbed very little water, “7-20% on a mass basis, depending on production”. 

Pellets that were not torrefied disintegrated [40]. 

2.3.3 Chemical Testing Methods and Standards 

Biomass has many of the same properties as coal, especially once heat-treated or torrefied. ASTM 

standards are the North American standard for determination of the ultimate and proximate 

analysis of coal, and can be used to evaluate biomass.  

Ultimate  

The ultimate analysis provides results of the elemental makeup of the bio-fuel. The quantities of 

C, H, O, N, and S may be determined and the O content is then calculated based on the total mass 

of the sample. The ASTM standards applicable to these tests are D4239 for S, D5373 for C, H, N, 

and D3176 for O. 

Proximate 

To calculate the calorific value of a fuel source, models are often used to predict the energy that 

may be derived and compared to experimental results. An equation for the calculation of the 

HHV of coal is available, [63]. This equation uses the ultimate analysis and percentage 

composition of H, C, S and O to determine the calorific value of the fuel. Theoretically, it could 

be used to calculate the energy of biomass fuels as well. The equation only applied to fuels with 
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an O content of less than 10% of the whole sample mass and therefore could not be used to 

calculate the calorific value of biomass [63]. Dulong’s equation in this case calculates the GCV of 

coal on a KJ/kg basis: 

SOHCGCV 93)8/(1442337         2-3 

Where C, H, O and S refer to the mass percentage of carbon, hydrogen, oxygen and sulphur 

respectively.  

ASTM standards for proximate analysis of coal are ASTM D3302 for MC, ASTM D3174/5142 

for ash and ASTM D5865 for gross calorific value (GCV).   

2.4 Chapter Conclusion 

The literature search has provided information on biomass properties and testing regimes. These 

are essential for the creation of both experimental procedures and material test methods to allow 

for the proper classification of the characteristics and properties of woody biomass pellets. There 

was no evidence to suggest that any type of spherical biomass pellets had been invented, which 

reinforces the goal of the thesis to address a significant gap in the current technology in the bio-

energy market. The factors that were found to most likely influence the creation of a pellet must 

be more specifically determined. The methodology of this task is therefore explained in depth in 

the next chapter, Experimental Methods. 
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Chapter 3 

Experimental Methods 

 

3.1 Introduction 

The following chapter provides the methods used to prepare material for experimental data 

collection. It covers the procedures used to create, treat and test material and then use DOEs 

(Design Of Experiments) to analyse the response of the tests on the newly formed products. 

Cylindrical pellets were formed from poplar dust. These pellets were made from hammer milled 

poplar that was then pelletised in a  50-100 kg/hr (110-220 lb/hr.) pelletiser. These pellets are 

referred to as “New Cylindrical (NC)” pellets. Additional cylindrical pellets were supplied from 

an industrial producer, Pellet Flame, which are referred to as “Old Cylindrical (OC)” pellets. The 

two sets of pellets were used to examine the mechanical and physical properties of these types of 

densified biomass product.  

As neither a spherical biomass pellet existed nor a method available for its manufacture, so new 

methods and approaches were created. Methods of densification of biomass by agglomeration and 

compression of dusts were found, but no methods that additionally met the guidelines outlined in 

Chapter 1 (recall biomass pellets are too costly, susceptible to fines production during handling 

and transportation, moisture absorption, biological degradation, low specific energy content, off-

gassing and poor flow and handling characteristics.)An iterative process was followed whereby 

the pellet making process was constantly improved until an acceptable product was formed. 

Torrefaction was investigated as it was found from research to be a means of biomass upgrading 

which could help to solve some of the issuses encountered. A batch torrefier was constructed to 
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allow for the examination of the material properties of torrefied poplar. The material properties of 

in-situ torrefied poplar pellets were also examined.  

The physical and mechanical characteristics of biomass pellets were examined by their 

comparison to tests on materials with similar structures, shape, and material properties. The 

ultimate tensile strength in tension, density and abrasion resistance were determined. The 

moisture sensitivity of the materials was also examined. In addition to these tests, the biomass 

specimens were sent to SGS North America Ltd. (a fee-for-service) for ultimate and proximate 

analysis by ASTM standards in order to determine their fuel value and appropriate characteristics. 

These tests could be categorised into three stages of procedures that consisted of pre-production, 

production, and then postproduction.  

Design of Experiment procedures (DOE) were used to create models of the response of any 

treatment based on the level of factor input, that is to say, the alteration of paticle size, 

temperature and moisture content on the creation of a pellet. DOEs provide insight as to exactly 

how various factor input (variables) used to create the pellets affected the outcomes. These 

models provide a basis for future optimisation designs to create pellets and allow greater control 

over the choice of experimental parameters. 

3.2 Cylindrical Pellet 

A pellet mill (model P220) and hammer mill (model PP H 1000E) were purchased from Pellet 

Pros. The pelletiser is a 220V single-phase 5HP rated for production up to 50-100 kg/hr. (110-220 

lbs/hr.) The hammer mill is run by a 10HP 220V single-phase motor and is rated to produce up to 

454 kg/hr. (1000 lbs/hr.)  A pellet mill is used to densify sawdust, or other loose biomass material 

into pellets. If sawdust is not available, or if the material which is available must be reduced in 

size further, a hammer mill is used. This machine has a bank of rotating metal hammers that 
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rotate at high speed and break apart fibrous material to a much smaller fraction, similar to 

sawdust. These machines were initially unfit for use in North America. New motors were 

installed, as were safety mechanisms to ensure safe operation.  The pellet mill can be seen below 

in Fig 3-1. 

 

Figure 3-1 Pellet Mill P220. 

 

The pellet dies are 7.94 mm (5/16th ″) in diameter by 38.10 mm (1.5″) thick. These dimensions 

had an impact on the length and quality and density of pellets produced. Prior to its first use, the 

dies needed to be cleaned and polished. This was accomplished using a mixture of flour, 

vegetable oil and silica sand. This mixture was recycled through the machine a number of times 

until clean solid pellets were produced. A new mixture without any sand was then run through to 

clean out any residue. 

An initial attempt was made to produce pellets from poplar and switchgrass. To successfully 

pelletise biomass, the pelletiser needed to warm up. The poplar and switchgrass were supplied by 

the Eastern Ontario Model Forest (EOMF). These materials were used in order to experiment 

with the qualities of the pellets that were produced, and to learn the limitations and capabilities of 

the pelletiser. 
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Poplar dust was chosen as an exclusive material as the pellets were to be designed to burn in a 

power plant. Switchgrass would have been an acceptable material, but grass biomass feed stocks 

tend to have higher ash content and are therefore less desirable as ash builds up on boiler walls 

and causes fouling [12]. 

After approximately 20 runs of the poplar dust through the mill to clean out the residual 

Switchgrass, the pellet mill was ready to produce the first batch of pellets for chemical testing. A 

new batch of  “air-dry” (approximately 10% moisture content on a mass basis) poplar chips (as 

delivered from EOMF) was hammer milled and this was used in all tests reported in this thesis. 

The dust was too dry upon delivery from the hammer mill to form high quality pellets so water 

needed to be added to the mixture. This was done on an as-needed basis until solid cylindrical 

pellets that would not crumble, and had a hard exterior shell were formed. The dust-pellet mixture 

was collected under the chute of the hammer mill machine in a large pail and recycled back into 

the inlet to allow for an even distribution of moisture in the material. Excess water was added to 

the mixture, and the pellets began to disintegrate once more due now to an excess of moisture. 

The material was recycled back through the machine, where the excess water was evaporated as 

steam, and the pellets began to once more form strong, smooth pellets. This process was used to 

determine the optimal moisture content, and subsequently best pellet production.  

The onset of steam produced from the pelletiser indicated that high quality pellets would be 

formed. At this point, the compression screws, which adjust the internal rollers, were tightened to 

produce denser pellets. Once the pellets were approximately 38.10 mm (1.5″) long (the full length 

of the die) and did not show any obvious signs of defects, cracks or gaps on their surface, they 

were removed and left to cool.  
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A cooling rack made of screen was constructed to allow for the pellets to fully harden, and for 

lignin to set. The pellets were spread out evenly on the screen into a layer no more than 12.70 mm 

(0.5″) thick, which allowed for air circulation and evaporation of residual water. 

3.3 Spherical Pellet Press 

3.3.1 Initial Trial 

An investigation on the current technologies for production of spherical pellets was carried out. 

The food and pharmaceuticals industry was investigated most thoroughly to see if such 

technology existed. Additionally manufacturing technologies for ball bearing and marbles were 

investigated. The results of the investigation demonstrated that there were no methods for 

producing spherical pellets out of particulate matter through compression. Agglomeration was a 

popular method that used high percentages of binder, but no pure compressive method was 

identified. The closest practice was in the pharmaceutical industry with the manufacture of pills, 

but even here, binders are used.  

The dies were milled into hemispheres out of 12.70 mm (0.5″) bar stock. The two milled rods 

were designed to fit into a metal sleeve that would guide them as they were compressed.  Sawdust 

of an unknown origin had been provided for this preliminary test with an unknown moisture 

content or species type.  This material was only used as a preliminary test to examine how 

material would compress in the mould and if it were at all possible to make spherical pellets from 

sawdust. 

The bottom die was placed on a flat surface and 1.6g of sawdust was placed in the sleeve. The top 

die was then placed back on top of the sawdust and the apparatus was placed in a large vice to 

press the two together. A mark was set to show when the two hemispheres would meet and the 

punch was pressed to this level in a shop press to produce a full sphere.  Fig. 3-2 shows the basic 
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set-up from this preliminary test with the two inner mould halves, the sleeve, and a block to hold 

the apparatus vertically when placed in the press. Also shown in Fig. 3-2 is the result of the 

attempt at pelletisation of raw sawdust.  The pellets produced were very weak and tended to 

fracture at their equator. They also often stuck in the hemispheres of the milled out dies. 

 

 
 

Figure 3-2 Preliminary pelletisation apparatus and results. 

To remedy the problem of the central plane weakness, the particles were sorted into well-defined 

size fractions. The material was sifted using a Fritsch Vibratory Sieve Shaker Analysette 3, and 

was designed to be used for rocks and sand. The dust was shaken for 15 minutes at an amplitude 

of 1mm. 

Fractions were initially chosen to be   <4.76 mm, <2.38 mm, <1.70 mm, <1.18 mm, and >1.18 

mm. This produced two fractions that were determined to be applicable for pellet production. The 

larger three fractions were not acceptable as the particle sizes were too great to allow material to 
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be packed into the mould, and because there was not enough surface area to allow for proper 

particle cohesion. The smallest particle size in this case also had too many fines in it, which 

would not allow for proper adhesion. Particles that were larger than the fines fraction had also 

been observed by Lehtikangas [32] to help bind pellets by their folding and clamping interactions.  

In order to create a pellet with a density of 1300-1400 kg/m3, 1.5g of sawdust needed to be placed 

into the pellet press and compacted into the 12.70 mm (0.5″) cavity. This density was used as it 

was comparable to that of high quality wood pellets available from commercial sources. 

 With better control over the size of the particles, the factors affecting pellet adhesion properties 

were observed.  

The pellets still stuck to the surface of the dies, which caused the pellets to break upon removal. 

The die surfaces, which were milled with a ball end mill, had remnant striations where the tool bit 

had cut away material. These striations increased the surface area that may have lead to more 

adhesion to the mould and die.  The striations were removed by a Dremmel hand tool that 

employed a felt brush in conjunction with high shine polishing paste. Eventually the inner 

surfaces of the die were polished to a mirror finish. 

The temperature of the system was increased using a heating tape element to allow lignin to melt 

which would allow for better adhesion of particles and easier pelletisation.  

The first attempt to produce a pellet with this new set of conditions did produce an intact sphere 

as observed in Fig.3-3. The pellet did not feel warm to the touch after removal and may not have 

heated enough to utilise the full binding potential of the lignin. This was presumably due to the 

fact that wood is inherently an insulator and that the sawdust was a very sparse material full of air 

gaps (which are also good thermal insulators). These two factors may have meant that the 

biomass did not enter the temperature range necessary to allow for adhesion of particles. 



 

 52 

 

Figure 3-3 Pellet produced from polished dies and mild heating (scale in cm). 

 
The true force needed to form a complete pellet could be determined accurately only when 

enough material had been included to completely fill the spherical void. Without enough material, 

the die would become flush to the mould and the load cell would only read the force of 

compression on the metal assembly. As a benchmark for the applied force, calculations were done 

for 1814 kg (4000 lb), 2722 kg (6000 lb), and 4536 kg (10000 lb) loads. These forces resulted in 

the pellet forming pressure of 140.5, 210.8 and 351.3 MPa. Li et al. [34] studied the effects of 

compressing sawdust at 138 MPa, comparably in the compression of wood dust by the method 

described in this thesise, internal stresses of 140-211 MPa were created. Li et al. [34] found that 

the density, strength and abrasion resistance of pellets increased marginally between the 1814 kg 

(4000 lb) and 2722 kg (6000 lb) forces, yet did so even less between the 2722 kg (6000 lb) and 

4536 kg (10000 lb) force. This indicated that 140.5 Mpa which was achieved through the 

pelletisation method in this thesis was a suitable minimum compressive stress that could be used  

to create the pellets. 
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3.3.2 Addition of Offset Die, Heat and Polish 

The central plane/equator of pellets that continually fractured and separated was determined to be 

an area where there was poor opportunity for interlocking mechanisms and frictional forces to 

help bind the pellet together. With this hypothesis, a new design was created to eliminate this 

plane of symmetry.  

An analogy of a snowball may be used to explain this. When formed, a snowball is essentially 

squished by one hand at the bottom and a second hand rotated 90º around the plane of the palm. 

This allows forces to be applied uniformly throughout the volume.  

A similar approach was needed with the pellet so that all of the material could be deformed, 

rotated and compressed together. In the original hemispherical design, the material was deformed 

and rearranged at the upper and lower volumes, but at the central plane, only normal compressive 

forces were produced. At the centre-plane, particles never moved from their original location and 

did not interact with their neighbours across the equator.   

To overcome this problem, a new design was created which was formed around the ideal 

spherical pellet shape. Two halves of a mould and die were designed such that they split the pellet 

on its vertical axis. The die was used to force material down a shaft into the void that would 

eventually be the pellet. The die axis did not descend directly overtop of the pellet centre; the 

intent was to force material to re-orient itself to fill a void that was centred. Refer to Fig.3-9 later 

in this section for a visual description of how the material is thought to orient itself in the die. 

This ensured that all of the material would undergo rotation and provided an increased 

opportunity for particles to interlock and bind. This design also contained the striation effects 

mentioned earlier, which needed to be polished out with the Dremmel tool. Fig. 3-4 below shows 

the design of this new mould and die assembly. Fig. 3-5 shows a new iteration on the design that 
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allowed material to be loaded more easily. The die of this new design was created from a 

hardened tool steel.  
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Figure 3-4 (a) ¾ of mould and die assembly, unpolished. (b) Pellet in mould disassembled. (c) Broken pellet with portion 
stuck in die top. 

 

 

 

Figure 3-5 Exploded assembly view of mould and die with hidden 

lines shown 
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3.3.3 In-situ Torrefaction and Pelletisation 

As mentioned in the literature review, the electrical energy drawn to run a pellet mill and extrude 

material through dies (the densification energy) was halved when biomass was pre-heated [64]. 

Torrefaction was implemented at this stage in the design process to increase the availability of the 

naturally occurring lignin in the material to act as the binder.  Additionally the process needed to 

be done in the absence of O2. To accomplish this, the mould and die would be used to physically 

separate the material from O2 rather than shield it in an inert atmosphere. The biomass placed into 

the apparatus was pressed by hand into the sleeve cavity and the top die was placed back into the 

mould slot over top of the material. This squeezed air out of the system and created an 

environment that was presumed to be protected from any air. A 210W heating tape was placed 

around the sleeve to conduct heat into the mould and die. The heating tape, controlled by a 

Variac, was heated to 300ºC. The temperature was measured by a K-type thermocouple. The 

assumption made throughout this thesis was that steel, which is an excellent thermal conductor, 

would provide an estimation of the temperature of the wood in the mould, as it was too difficult 

to insert a thermocouple directly into the pellet. The biomass was initially “cooked” for varying 

lengths of time in order to determine if this in-situ torrefaction would work and to determine the 

time needed to achieve the desired product. Finally, the temperature of 280ºC was used as it 

provided about a 30% mass reduction, which was an indication that the desired level of 

torrefaction of material had been acheived.  

The material lost 30% of its mass as steam, CO2 and VOCs while it was torrefied at 280ºC for the 

duration of the test. This mass reduction lead to a volumetric reduction that meant that there was 

no longer enough material to fill the cavity. In order to compensate for this, an additional 30% of 

the mass of the desired pellet needed to be added in the initial stage. 
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The first attempt lead to a pellet with a very shiny exterior surface. The heating tape was 

manually controlled by a Variac to achieve the desired temperature. Initially the Variac was set to 

120 V output to raise the temperature of the mould and die assembly. At 10-15ºC prior to the set 

point, the voltage was reduced to ensure that there was minimal overshoot. The value of the set 

point was determined from the literature review on torrefaction. A value of 280ºC was used to try 

to obtain the most beneficial effects of the treatment to the pellet. Careful attention during manual 

control of the Variac allowed the set point to be achieved to within ± 3ºC, with an average set 

point error of ±2ºC or less. Two grams of biomass from the lab at ambient moisture content was 

packed into the mould. The mould was heated to 280ºC and the material cooked for 10 min. with 

the die on top to prevent O2 entry into the system. The assembly was then moved to a shop press 

and compacted to more than 4536 kg (10000 lb) to ensure that the die halves met to form a 

sphere.  Although previous attempts with this method had resulted in material that stuck to the 

mould, this attempt lead to the first satisfactory spherical pellet to be created. The pellet is shown 

in Fig. 3-6 below. 
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Figure 3-6 First successful spherical pellet (grid size 6.35mm (1/4″)). 

 

3.3.4 Heat Treatment 

Although one pellet did successfully form, the pellets still frequently stuck to the mould and die. 

See Fig. 3-4(c) for evidence of this problem. It was thought that altering the mould and die 

surface material or material finish may help to reduce the adhesion. Teflon would have been a 

good solution but the operating temperature of this experiment is greater than the 300ºC limit of 

Teflon.  It was observed that material did not adhere to the central die (which was made of a 

hardened material). It was decided that the remainder of the mould should also be heat treated to 

prevent adhesion. The 1018/1020 steel was too mild to harden and there was not enough time to 

completely remake the mould and die out of a harder material. Carburisation was used to try to 

increase the level of hardness of the case of the mould and die material instead.  

The mould and die assembly were placed in oven at 925ºC for 13 hr. in a box filled with Bio-

graphite to allow carbonaceous gases evolved from the media to interact with the surface layer 
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and dissociate carbon atoms into the steel. Based on the time, heat and available carbon, the 

penetration should have reached about 2.2 mm into the case.  

The material was removed from the carbonaceous atmosphere and left in the furnace for two 

more hours at 925ºC to allow carbon to diffuse inwards from the presumably saturated outer 

edge. The material was oil quenched to harden. 

The measured hardness of the treated mould and die was RC ~ 12-15, which indicates that the 

material was still too soft.  In comparison, the centre die made from tool steel had RC =32, after 

being quenched and tempered. The mould was heated back up to 925ºC in the oven for 1.5 hr. and 

water quenched. Upon removal from the oven, a scale build-up was noticed. This indicated that 

all of the surface layers of carbon steel must have oxidized as the material took on characteristics 

of cast iron. The surface was bumpy and pitted and 5-10% material was ablated from the surface 

as can be seen in Fig. 3-7 (a). The surface did not harden, but instead accidentally de-carburised. 

This was due to the lack of an inert atmosphere in the oven. 

Consequently, all of the parts needed to be remade. Much harder steel was chosen to do this, and 

it was heat treated as well, - in an inert atmosphere. M2 tool steel was chosen, as it is a popular 

material for mould and die manufacture. This new mould and die set was used extensively for the 

rest of the work reported here. Fig. 3-7(b) shows the disassembled mould and die assembly. 
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Figure 3-7 (a) Heat-treated mould with ablated surface. (b) New mould and die assembly heat 
treated and polished. 

 

3.3.5 Final Spherical Pelletiser Design 

The increased mould surface hardness did not seem to have an impact on the formation of the 

pellets as they still uncontrollably stuck or broke in the mould. If they did not split at the mould-

die interface, they would stick to the bottom of the die.  

Two theories were proposed to attempt to explain this. First, it may be possible that the locations 

where the material stuck were local cold points in the mould and this was where material 

hardened and cooled most rapidly and therefore fused. To solve this assumed problem, the mould 

was placed on a block of Oak. The Oak was used under the mould as it performed well in 

compression. Additionally, the Oak thermally insulated the mould from the press. 

The problem was not remedied by the thermal boundary, so a second assumption was made that 

the material stuck because of an inaccurate temperature reading. The thermocouple was observed 

to be shorting where it touched the mould. This showed that the thermocouple only read the 

external temperature of the mould shell. The exterior was at 280ºC so the inside of the mould was 

likely in excess of 300ºC. At this temperature, the heat treatment would have progressed from 
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torrefaction on to carbonisation. The carbonisation could have possibly fused the lignin or 

hemicellulose to the mould, which caused material to stick. 

A new set of thermocouples was purchased as well as high temperature cement to bond the 

thermocouples to the mould. This firstly ensured a consistent temperature reading location and 

secondly ensured that thermocouple no longer shorted out. One-half of the mould had a slice of 

material removed from its circumference by a zip disk. The thermocouple was placed and 

cemented in a location where the probe junction was outside of the centre of the pellet. With 

temperature properly controlled, the mould insulated and polished, and every possible precaution 

addressed the material still stuck.  

A last attempt to solve the issue was to thoroughly polish the die faces wipe out the waxy 

polishing paste, and then thoroughly wash with soap and warm water to ensure that the paste did 

not act as a binder between the pellet and the mould surfaces.  

This still did not work. In the majority of cases, the material stuck to the mould (see Fig. 3-8 and 

Fig. 3-9 below). However, the material always stuck at the same location the very bottom of the 

mould half. It was concluded that this material would be bypassed by the rest of the sawdust and 

experience no substantial shear at this location. It is believed that this ensured that the material 

glued itself to the mould as it is never had the opportunity to re-orient, or rotate. Further 

experimental or modeling work would need to be done in order to find a solution to this problem.  

One proposed solution is provided in the discussion.  
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Figure 3-8 Burnt biomass on mould post pellet removal. 

 

 

Figure 3-9 Mould and die assembly showing location of material adhesion area. 
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3.3.6 Torrefaction ex-situ 

Torrefaction is a process of thermally treating biomass in the range of 200-300ºC for upgrading 

the fuel to a type more like coal. The grindability, calorific value, hydrophobic nature and energy 

densities are improved. 

As of 2005, no commercial facilities existed to create torrefied biomass for fuel. As of 2009, there 

were a few plants operating in the US; Integro Earth Fuels is one example. A by-product of the 

torrefaction process is the gas that is liberated. This by-product was not studied in this thesis.  

Torrefied wood was produced using a vacuum oven. The vacuum oven enabled the removal of 

O2, which by its removal prevents combustion. This torrefied wood was to be used to make 

spherical pellets.  A few grams of the original material was placed in the vacuum oven and heated 

to 300ºC for 10 min. The sample lost approximately 30% of its weight, was darker in colour, 

shinier, and more friable than the raw wood in its original form. This material in both its initial 

and torrefied forms can be found in Fig. 3-10.  

 

Figure 3-10 Vacuum oven torrefied biomass. Particle size 1.18mm. 

 

The torrefied material was used in the preliminary pelletising apparatus, section 3.3.1 in this 

thesis; it did not improve the quality of the pellet produced. In fact, the pellet produced using the 
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torrefied biomass was of lower quality, and fractured into small pieces. These fractures were 

along particle-particle contact planes, and it seemed that the torrefied material did not cohere 

well. 

3.4 Batch Torrefier 

A batch scale torrefier was built to study the characteristics of torrefied biomass. The torrefied 

material was also to be used to validate the in-situ torrefaction performed on the pellets. 

The design of this torrefier was derived from [14]. 

An aluminium tube 10.80 cm (4.25″) D x 30.48 cm (12″) L was used to construct the main body 

of the torrefier. This would allow for approximately 1 kg of material to be torrefied at a time. N2 

that was supplied from a high-pressure tank flowed through a flow rate meter. The N2 then passed 

through a fluid heater which preheated the gas and then into the torrefaction vessel.  

The torrefier tube, which was surrounded by another heating tape, was insulated with fibreglass 

similar to that used for home insulation. The insulation was then covered in a sheet of aluminium 

shim and taped together with high-temperature aluminium duct-tape.  

The cap was fastened with a set of four screws and had a high temperature gasket that stopped 

flow from leaving or entering the torrefier. The cap also had an insulated cover placed on top of it 

during operation. This stopped unnecessary heat loss through the top by natural convection and 

radiation.  

The gas left the chamber through a 90º bend to a ball valve that could be adjusted to control 

internal pressure, and prevent back flow. The gas was distributed in the bottom of the chamber by 

a flat plate that spread the jet outwards and presumably enabled for even distribution prior to flow 

through the wood. Above the gas inlet was a circumferential lip to support a mesh basket. This 

mesh basket was used to hold the material that was to be torrefied. 
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As shown in Fig.3-11 eight J-type thermocouples were used to determine the temperatures in the 

torrefier. The thermocouples were calibrated and supplied by Omega, and the model is provided 

in Appendix Fig. 7-2. Refer to Fig.3-11 for the location of the thermocouples used.  

 

Figure 3-11 Batch torrefier: Location of heaters and thermocouples. 

Thermocouple 6 measured the incoming gas temperature after it was heated by the gas heater. 

Thermocouple 7 measured the temperature of the N2 out flow as well as the temperature of any 

gases produced from the torrefaction process. These gases were simply vented away from the 

chamber, as there was insufficient time to analyse them. Thermocouples 1, 2, 4 and 5 were paired 
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horizontally to determine variation in the chamber in the vertical direction and to determine if 

there was any gradient in the radial direction Thermocouple 3 was placed in the centre of the 

chamber on the outer wall directly underneath the heating tape.  This thermocouple directly 

measured the temperature of the heating tape when on, and the temperature of the container when 

the tape was off.  

The 8th thermocouple was placed down an open-ended tube that was located 7.62 cm (3″) down 

from the top of the cap. This thermocouple was used to measure the temperature of the gas 

directly above the wood, and to approximate the actual convection and radiative heat transfer to 

the wood from the system. For this reason, the eighth thermocouple was chosen to be the control 

thermocouple.  

The controller, which can be found in Appendix Fig 7-1., had two outputs that regulated both 

heaters. A simple on/off control mechanism was chosen with a 0ºC dead zone to try to maintain a 

constant temperature at the control thermocouple. One of the outputs was current/voltage to the 

gas heater, and the other output was a current/voltage output to the tape heater. The gas heater 

was 400W and the tape heater was 836W. Tests showed the reaction vessel reached steady state 

at about 20 min. of operation. A detailed temperature output of the torrefier operation can be seen 

Fig. 4-29. Literature stated that the heating rate of the wood should be less than 50 ºC/min. and 

that the reaction should take approximately 30 min. to complete, meaning a steady state operation 

rate of about 10 min. at a control thermocouple temperature of 280ºC [14].  

The first attempt at batch torrefaction did not yield satisfactory results. Large chips of high 

moisture content material filled the basket in the torrefier and the amount of energy needed to 

both evaporate all of this moisture and torrefy the biomass was not reached in the 30 minutes of 

operation. Alterations were made to the operation.  
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First, the wood was dried to lower moisture content and the size of the particles reduced. Second, 

an aluminium tube, which had one closed end, was placed in the centre of the torrefaction basket. 

This was used to move some of the wood out of the centre so that it could be in closer contact 

with the heater on the perimeter of the chamber. This directed the gas flow through a smaller 

annulus at the perimeter of the tube and forced it to flow though the biomass.  

The combination of a tape heater and gas heater were more than enough to heat the wood after 

modifying the apparatus. The power supply to the gas heater was disconnected for the rest of the 

experiment. A copper pipe was used to act as a heat exchanger to ensure that the flow meter did 

not melt. A digital thermometer was used to measure the values of the thermocouple readings. 

Fig. 3-12 shows the completed torrefier.  
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Figure 3-12 Batch torrefier: a) torrefaction vessel, b) digital 

thermometer, c) controller, d) flow meter, e) cooling coil. 

3.5 Procedures 

The following section addresses the procedures that were followed to prepare and test materials 

and pellets for a set of experimental designs. A set of experiments was designed to look at the 

previous factors that seemed to most heavily influence the success of torrefaction and 

pelletisation. The pellets used were produced using the new mould and die assembly.  

3.5.1 Pre-Production 

Forest Residue to Raw Materials 

While the material in previous tests had consisted of poplar, (and what was believed to be Pine 

and Cedar) a single type of material needed to be chosen for the remainder of the tests to allow 

for fair comparison between results. EOMF supplied two bags of hybrid poplar chips from their 
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operations in Williamsburg Township (now South Dundas), which is 140 km east of Kingston 

and just north of the St. Lawrence River.  

The material was predominately hybrid poplar (Populus) chips collected from a commercial 

harvest. There may have been some naturally regenerated species that had become established in 

the stands such as ash (Fraxinus), soft maple (Acer), willow (Salix) and european buckthorn 

(Rhamnus Cathartica)  (which is quite an aggressive invasive species) that would have been cut, 

chipped and mixed in. According to the supplier, Mr. Brian Barkley, the other species would 

constitute no more than 2-5% of the volume. The poplar provided was gathered from a landing 

site, and included some additional bark and branch pieces that would usually be screened. 

According to Mr. Barkley, this would likely provide a representative measure of the quality of 

biomass harvest one might expect from a short rotation plantation. The age of this stand was 

likely 17 to 18 years.  

Material Preparation 

Particle Size Sorting 

The bags of wood chips were left in the laboratory at Innovation Park (IP) in nylon mesh bags, 

which were not airtight. Approximately 6 months after obtaining the samples, they were hammer 

milled into dust and brought to Mechanical Engineering at Queen’s University for pelletisation. 

Three samples of the dust were subdivided into three Ziploc bags and taken to Mining 

Engineering for sifting and sorting. The bags were weighed and each contained approximately 

100g of air-dried dust. The material selection for these bags was taken from the hammer-milled 

material and was thoroughly mixed to ensure an even representation of all of the particle sizes in 

the mix. 

The hammer mill had a 3.55 mm screen size that provided material that was too large to pelletise. 

However, all of the dust produced from the hammer mill was smaller than 3.55 mm. The dust was 
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subdivided into four fractions to evenly section the particle sizes. The choice of the subdivision 

into these particle sizes was different than in section 3.3.1, which were randomly selected. The 

screens used to sort the sawdust were measured on the Tyler Mesh scale, which is a standard for 

Geological Engineering. The mesh number and equivalent size in mm can be seen below in Table 

3-1.  

Table 3-1 Particle size screening and mesh sizes. 

Tyler Mesh # Size (mm) 

14 1.200 

20 0.853 

28 0.599 

<28 <.599 

 

The material sorter was a Fritsch Vibratory Sieve Shaker Analysette 3, and was designed to be 

used for rocks and sand. The dust was shaken for 15 minutes at an amplitude of 1mm. The largest 

sieve (1.68mm) was used to screen off undesirable material had some small pebbles in it which 

were removed after the sifting process. These pebbles presumably came from the field where the 

biomass was harvested and not from the sieves, which had been thoroughly cleaned prior to use.  

Drying 

ASTM Method E871.23220 was used as a guideline to calculate preliminary moisture content, 

and for the drying of biomass. The poplar was left to dry in ambient conditions at the IP in a 

perforated bag and then hammer milled.  The initial mass was recorded and then the wood was 

placed into an oven to dry. The over was preheated to 120±1ºC. Ideally, it would have been at 

103±1ºC, as the standard required, however a second thermocouple indicated that the temperature 

was higher. 
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The mass of the hot sample removed from the oven could not be immediately placed on the scale 

as the heat created a buoyancy force that could result in an inaccurate reading. The sample was 

placed in a desiccator and left to cool to within 10ºC of ambient prior to placing it on the scale.  

The desiccator material had been dehydrated prior to any of the testing. The desiccant had been 

placed in the oven at 140ºC and left for 6hr. The oven was opened periodically to allow any 

moisture to escape and ensure that the desiccant was dry. 

The oven was smaller than the required in the standard, and did not have a proper air exchange 

rate. Previous drying runs were done for 2hr. at a time and subsequent weighing showed that the 

mass, and therefore moisture, did not decrease any further. This was used to modify the drying 

method for a total of two hours per sample since no further mass loss was recorded.  

A metal tray was used to hold the biomass when it was placed into the oven. This tray was 

weighed in between tests and did not have any effect on the resultant mass of the sample. This 

indicated that no moisture remained on the surface, nor any moisture. This also indicated that any 

changes in mass were solely due to changes in the wood dust itself. 

The final mass was recorded and the moisture content was calculated using equation 3-1 

initial

finalinitial

m

mm
MC


         3-1 

Where MC is the moisture content and m is the mass of material. 

When cooled, the dust was weighed to the nearest 0.0001g. The dust was then immediately 

placed into glass jars and capped. There were 2-3 jars for the 4 particle size because of additional 

conditioning for the rest of the experiment. 

Moisture Conditioning 
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The wood needed to be re-conditioned to the moisture contents that were used in the designed 

experiments. To do this, the wood was dried as explained above, and water was added back into it 

to bring it to the desired moisture level. One assumption that was made at this stage was that 

wood, and especially wood dust, is very hydrophilic and would absorb all of the moisture in the 

volume of the container, leaving very little in vapour form.  

Three jars were used for each size fraction of dust as each needed to be of a different moisture 

content for the designed experiment. The mass of the wood in each jar had been determined 

previously in the drying step. The water was used to raise the moisture content of the wood to be 

in the range of 8%, 11.5% and 15%. The water came from a sealed bottle of Dasani water at 4ºC 

from a refrigerator.  The water was pipetted into a small vial and weighed to the nearest 0.0001g. 

The exact values of moisture content for each sample were recorded.  

The masses of water were very small and even a film of water on the surface of a vial could 

account for half of the mass to be added. To ensure that all of the necessary water was available 

to the sawdust for absorption, the vials were placed into the jars and the jars resealed. The vial 

was then tipped over, and left to absorb into the wood for a week.  

The jars were periodically shaken to enable an even distribution of moisture between all particles 

within the container.  

3.5.2 Production 

Preparation 

A routine was created to ensure that each pellet was manufactured under the same conditions. The 

moulds and die were polished with “high polish paste” for hard steels. This paste was smeared 

onto a felt pad and applied to the inner surfaces of the mould and die using a Dremmel tool. The 

metal was polished to a mirror finish between tests to ensure no carbonaceous material remained. 
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The polishing paste was wiped out with a paper towel and the surfaces were cleaned with warm 

water, soap, and a cotton swab to ensure no paste remained on the die surfaces. 

The mould and dies were dried with paper towel to make sure all of the moisture was wiped 

away. The mould was assembled as shown in Fig. 3-13 and Allen screws were tightened to hold it 

in place. Heating tape was wrapped around the mould shell with a slight overlap of tape to allow 

for full coverage. 

 

Figure 3-13 Assembled mould and die with heating tape in place. 

 

The dust was then measured to within 0.0001g. The jars were immediately closed after the 

material was weighed. Two sizes of dust were used in the fabrication of each pellet. A 

troubleshooting guide to densification of feedstock by Payne [65] was used to determine the 

relative proportions of material that should be included in the dust fraction. Further details are 

provided later in this chapter. Forty percent of the larger particle size and sixty percent of the 

smaller were then mixed together manually. A funnel was used to pour the sawdust into the 

mould cavity. The dust was very loose and could not be loaded into the mould in one attempt. 

The first 2/3rd were squished down with the die and then the rest of the material was funnelled in. 
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The die was then placed back into the mould channel and was pressed down to squeeze out most 

of the remaining air in the sawdust. 

Pelletisation 

The heating tape was connected together and plugged into the Variac. The mould and die were 

placed on top of a piece of Oak approximately 2.54 cm (1″) thick. The Variac was set to 120V 

and then turned on. Time and temperature were recorded at this point. As mentioned, a 

thermocouple was cemented into the mould at a level equal to the equatorial height of the pellet. 

This was used to determine the temperature of the pellet while forming. Once the temperature 

reached 15ºC below the set point, the Variac was manually turned down to 80-100V to ensure 

that the temperature did not overshoot the desired set point of 280 ºC. From this point, the Variac 

was adjusted from 50-100 V to ensure that the set point was quickly and smoothly met and 

maintained. The error associated with the set point was ±2ºC. 

Fig. 3-14 below shows a typical torrefaction heating response curve and the overshoot and 

correction associated with the process. It demonstrates the typical response observed in all in-situ 

torrefaction treatments. 
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Figure 3-14 Typical temperature time response for the in situ heat treatment of pellets. TC – 

thermocouple (ºC); SP – Temperature set point (ºC). 

 

At the end of the 30 min. torrefaction process, the Variac was turned off. The press was then used 

to compress the centre die down into the mould. This took approximately 30-45 s on average to 

bring the top of the die flush with the mould. 

The thermocouple and the heating tape were then unplugged. The assembly was taken to a bench 

next to the press and the heating tape was removed. The Allen screws were loosened and the 

sleeve removed.  An Allen screw was inserted into the top of the die to allow for easier removal. 

The mould assembly was split and the central punch slid out. At this point, the pellet popped out 

or was stuck and needed to be removed with a small slot screwdriver using a prying action.  

The hot pellet, often still smoking, was then placed into a glass scintillation jar, which was 

immediately sealed. The pellet was then left to cool and the entire process was repeated. The 
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overall time to complete this task was 1 hr. from pellet to pellet. This exact process was 

performed on each of the 20 pellets that were created for use in the experimental design. 

3.5.3 Post-Production 

The pellets were allowed to cool in their jars to room temperature and then the flashing (similar to 

that of plastic in injection moulding) was trimmed away with an X-acto knife. This resulted in a 

“spherical” pellet with no bumps or ridges.  

When the pellets were weighed on the scale, the entire mass of the pellet and flashing was 

measured to within 0.0001g. The pellet was then removed and the residual flashing was weighed 

again. The mass of the pellet was calculated as the difference between these two masses. Between 

each weighing, the scale was reset to zero to eliminate bias error. After each weighing, the pellet 

and flashing were placed back into their respective jars and the lid sealed. 

Crush Strength Test 

Pellets from the IP and from an external supplier were crushed in an Instron machine.  Spherical 

pellets could not be directly compared to cylindrical pellets due to a different loading 

arrangement.  Cylindrical pellets from the IP pelletiser and pellets from the external supplier were 

randomly selected and cut to approximately 2.54 cm (1″) lengths. Pellets were placed in between 

square carbide platens with side lengths of approximately 2.54 cm (1″). A 9072 kg (20000 lb) 

load cell was used, which was previously calibrated by a lab technician. The Instron was set to 

compress at the rate of 2.54 mm/min (0.1″/min). Data were recorded using a data acquisition 

system until the load curve showed a steep drop off in the load supported by the pellet. The 

failure strength, which is the first sign when the pellet resistive load decreased, was taken as the 

maximum strength.  
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For the newly formed cylindrical pellets, the load continued beyond the initial drop and appeared 

to increase substantially. However, these pellets did not fail catastrophically; they squished more 

than cracked. Therefore, the failure strength point, which signified the initiation of deformation, 

was used as their maximum strength.  

The spherical pellets were placed between the two carbide platens. The press was manually 

adjusted to allow a small load (< 0.45 kg (1lb)) to be applied to the pellets. This forced them to 

remain upright and constrained their orientation.  

The pellets were oriented vertically (refer to 3.3.2 for the method of formation) in the Instron. 

They were created in this same loading direction. The seam where the two mould halves joined 

created a vertical axis on the sides of the pellet, and the top of the pellet was defined as where the 

punch came in and compressed the material from above. The top of the pellet was often less than 

a perfect sphere, and a slight step in the surface is indicative of this.  See Fig. 3-15 for an image 

of how the pellets were placed in the Instron. 

 

Figure 3-15 Pellet orientation between carbide platens for Instron compression. 



 

 78 

 

The press closed at 2.54 mm/min (0.1″/min) until the pellet showed its first sign of failure. In 

some cases this was catastrophic, in others it was a slow crack propagation that lead to 

reorientation of the pellet. Each pellet was crushed beyond this point to see if the strength or load 

would increase, but in all cases, the greatest load was at the initial failure. Pieces from the crushed 

pellets were re-collected and photographed to show how the pellet had failed, and to try to 

demonstrate the failure mechanism. The pellets were then returned to their jars.  

The pellets were each placed in the Instrom vertically as dictated by the seam on the edge of the 

pellet. This ensured that the test would reflect a particular loading configuration. The number of 

pellets produced enabled only one set of tests to be run in the crush test. A suggestion for future 

tests may involve the alteration of this orientation in the Instrom for examination of the failure in 

other directions. 

 Abrasion Test 

Pellets were treated in the same manner as mentioned in the previous crushing experiment. The 

method of forming, cooling, trimming and weighing were all the same. The pellet diameters were 

measured using digital callipers to ±0.01 mm accuracy. A pellet was placed in a rotary tumbler 

with 20 glass marbles with an average mass of 5.2840 g and size of 15.86mm. Each pellet was 

tested on an individual basis in the abrasion test.  

The rotary tumbler, powered by an electric motor, rotated at 60 RPM and internal to the plastic 

tumbler chamber were moulded three baffles. The dimensions of the tumbling chamber were 7 

cm L by 8 cm D that meant a 350 ml volume. The marbles and pellets filled less than ¼ of the 

volume of the tumbler.  

To simulate the forces of shipping and handling on the pellets, “Gobstopper” candies were 

included with the pellet in the tumbler. These were chosen to try to simulate the forces that would 
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be applied by other spherical pellets, as the Gobstoppers were almost identical in size and mass to 

the wood pellets. They were chosen to represent additional pellets as there was not enough time 

to produce enough spherical pellets to run a complete abrasion test. The Gobstoppers caused 

absolutely no damage to the pellets and actually added mass to them. This mass was attributed to 

sugar from the candies that stuck to the pellets.   

Subsequently 20 marbles were used to try to create a more abrasive and rougher test. The marbles 

also had absolutely no visible or calculable effect on the pellets. There was no sign of dust, 

particles or defects to the pellets and the mass change of all of the pellets was within 

measurement error. 

The marble test was only run for 10 min. on each pellet. 10 min. was longer than the standard test 

length for the tumbling can test as determined by ASABE (American Society of Agricultural and 

Biological Engineers) Standards. S269.4. as referenced by Kaliyan et al. [24]. To determine if 

more time would alter the results of the test, additional test pellets were tumbled for four hours 

and even then, no damage or mass loss was apparent.  

Pellet Drying 

The pellets were dried after they had been through the abrasion test. This was in preparation for 

the absorption test to follow. The oven was set to 103± 1ºC. A secondary thermocouple was used 

to double check the temperature of the oven. The spherical pellets as well as the NC pellets and 

the OC pellets were weighed once more prior to drying.  The spherical pellets were left in their 

jars with the left over flashing and the jar tops removed. All of the jars were placed in an 

aluminium tray that was then placed in the oven.  

The pellets were left in the oven initially for 3 hr. The door on the oven was opened twice during 

this period to allow air and moisture to escape. At the end of the 3 hr. the pellets were taken out 
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on the tray and the entire tray was placed inside of a desiccator and left to cool to room 

temperature.  The pellets were each individually weighed as quickly as possible and placed back 

into the desiccator. Once all the pellets were weighed, they were placed back into the oven for 2 

hr. and 7 min. longer. At the end of 2 hr 7 min., the pellets on the tray were placed into the 

desiccator and left to cool to room temperature. The pellets were weighed one at a time as quickly 

as possible and placed back into the desiccator. The mass of the pellets after the 2 hr 7 min. had 

changed less than 0.2% from the previous weighing, and according to ASTM E871.23220-1, they 

were sufficiently dry.  At this point, all of the lids were placed back on the pellet jars and they 

were left to be used the following day. 

Immersion Test 

Pellets were submerged in tap water and weighed at predetermined time intervals to record their 

absorption capacity. No concern was raised in any papers referenced that the chemicals in tap 

water would alter the moisture aborption response of wood. An ice cube tray was used to keep 

track of the order of the pellets and served as a suitable container to run the test. The tray was 

thoroughly cleaned and dried. The individual sections were filled with room temperature tap 

water.  The pellets were sequentially taken out of their jars after drying from the previous day. 

The pellets were weighed once more. After weighing, they were placed in their labelled spot in 

the tray. The wood pellets all had a specific gravity greater than one so they sunk and were 

completely covered by the water. The first observation was taken 30 min. after the pellets had 

been immersed in the water.  

After the first 30 min., the pellets were taken out of the tray one at a time with a pair of tweezers. 

The pellets were patted dry with a paper towel. They were weighed once no water remained on 

the surface as per visual inspection. The scale was tarred before each weighing. The pellet was 

then placed back into its section of the tray. This procedure was repeated at increasing intervals of 
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5 min., then 10 min. then 15 and so on for a period of 22 hr and 55 min. (1375 min.). This was 

approximately one day of measurement, and near the end of the process, the results between 

subsequent observations did not change drastically. In some instances later in the measurement 

process, there simply was not enough time to follow this routine. In these circumstances, the 

actual times at which the pellets were measured were recorded.  

The NC pellet was only examined for the first 60 minutes as beyond this time it had absorbed  

84.8% of its mass in water and had swollen and disintegrated to a point where it could not be 

extracted from the water to be weighed.  

At certain intervals of time, the pellets, once dried and weighed, were also measured for 

expansion. The height and the diameter of the pellet were recorded were also measured at specific 

and recorded times. The test was completed and the pellets were dried, weighed and measured 

one final time and then not placed back in the water.  This constituted the first step of the 

evaporation test. 

Evaporation Test 

The initial values used in the evaporation test were the final values used from the absorption test.  

Thirty minutes was allowed to elapse prior to the first weighing of the pellets. The first 

measurement was then taken. Similar to the absorption tests, the pellets were weighed at 

cumulatively increasing intervals of 5 min. The scale was tared (zeroed) between each weighing. 

The pellets were all left out on a piece of paper in the lab, and each pellet was set next to it 

corresponding number. The pellets had a minimum tangential contact with the paper and no 

wicking was observed.  After 25 hr. 40 min. (1540 min.) the pellets were weighed one final time 

and measured for their height and width. 
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Chemical Evaluation 

The pellets remaining from the crushing test were placed back into their containers. These 

samples, as well as two samples of torrefied wood dust, a sample of the NC pellets, a sample of 

the OC pellets and a sample of raw dust were sent to SGS. SGS North America Inc. is a mineral 

testing facility was determined to be the only lab available that could run the required tests on the 

bio-fuel pellets. The company specialised in the analysis of coal as a fuel, so the same procedures 

were run on the biomass samples. SGS performed proximate and ultimate analysis on the 

samples; the proximate analysis had to be cut short and could not evaluate the Volatile Organic 

Compounds (VOC), or the fixed carbon as the crushed pellets did not provide enough material. 

SGS ran the “short” proximate and ultimate analysis according to Table 3-2 below. 

Table 3-2 Testing standards and error estimates. 

Parameter Test Repeatability 

Estimates 

% Original Moisture ASTM D 3302 +/- 0.4% 

% Ash ASTM D 3174/5142 +/- 0.5% 

GCV (BTU) ASTM D 5865 +/- 150 BTU/lb 

%S ASTM D 4239 +/- 0.1% 

%C ASTM D 5373 +/- 1.0% 

%H ASTM D 5373 +/- 0.2% 

%N ASTM D 5373 +/- 0.1% 

%O ASTM D 3176 - 

 

3.5.4 Data Processing 

The following treatments of biomass with respect to particle size, moisture content, and 

temperature were used to produce distinct treatment levels for the DOEs.  
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Particle Size Choices 

A troubleshooting guide designed for the production of pellets for the feed industry was created 

by Payne [65]. This guide was designed for feed pellets, yet still provided a good approximation 

of the particle size distribution necessary to allow for particles to bind well and adhesion to occur 

in the pellet making process. Table 3-3 shows the particle size requirements. 

Table 3-3 Particle size distributions as recommended by Payne [65] . 

From a 3mm sieve: up to 1% 
From a 2mm sieve: up to 5%  
From a 1mm sieve: ~20% 
From a 0.5mm sieve: ~ 30% 
From a 0.25mm sieve: ~24% 
From a <0.25mm sieve: >20% 

 

The hammer mill at IP had a screen size of 3.55 mm.  Four sieves were chosen to split the 

particles from the hammer mill into five different size fractions. The size of the mesh can be 

found in Table 3-1. It turned out the mass distribution of the dust available from the hammer mill 

did not match the profile suggested by Payne. To try to mimic the effect of the particle size 

distribution, mixtures of different sized particles were used in the creation of each pellet.  Instead 

of the range described Payne, 40 % of the larger particle size was mixed with 60% of the smaller 

particle size. The material that refused to pass through the 1.2 mm mesh did not contain enough 

material to be used in any of the tests and was discarded. The particle size distribution was 

calculated using Equation 3-2 below 

high
act

low
act Mesh

m

m
Mesh

m

m
PS  6.04.0

expexp

     3-2 
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where PS indicates the particle size value, mact is the actual mass used, mexp is the calculated 

theoretical mass needed, Meshlow is the larger mesh size for the particular experiment and 

Meshhigh is the relatively smaller mesh size for the particular experiment. 

 

Moisture Content 

The moisture content was calculated in a similar fashion using equation 3-3 below. 

high
act

low
act MC

m

m
MC

m

m
MC  6.04.0

expexp

     3-3 

where MC indicates moisture content, MClow indicates the lower moisture content of the 

particular experiment and MChigh indicates the higher moisture content of the particular 

experiment. 

The actual moisture contents that were achieved for each jar of dust can be seen below in Table 3-

4. 

Table 3-4  Moisture content of each dust sample. 

Mesh # 14 20 28 <28 

8% target 8.0933 8.3902 8.7965 7.9984 

11.5% target  N/A 11.8614 11.9505  N/A 

15% target 15.4595 15.0612 14.8511 

 

Torrefaction Design Points 

Preliminary tests indicated that the material input significantly influenced the out come of the 

torrefaction process. The amount of dust needed to be varied in order to achieve pellets of the 

same mass and shape after the in-situ torrefaction. 

15.0063 
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The amount of material needed in the mould prior to compaction was determined to be 

approximately 1.6g. This amount of material ensured that the pellets were dense enough to 

compare with current technology, and was necessary to form solid pellets with proper particle 

binding interactions. During torrefaction, the mass of material in the mould was reduced because 

of the off gassing of volatiles, moisture and CO2. Different torrefaction temperatures also affected 

the degree to which mass was lost. Torrefying at 250ºC only reduced the mass of material by 

approximately 15%; where as torrefying at 280ºC reduced the mass by 25% or more. The 

moisture content of the material also affected this mass loss. To try to design the test such that 

each pellet was 1.6g after compaction, the initial mass of dust needed to be iteratively determined. 

This proved to be quite difficult because the torrefaction time and degree of devolatilisation were 

themselves dependant on the total mass of dust in the mould. The variation of one of these factors 

ultimately changed the other.  

A final guide for initial mass was created once enough tests had been performed which produced 

repeatable results. Table 3-5 below shows the initial mass content of the pellet and the 

temperature at which that pellet was to be torrefied. 

Table 3-5 Torrefaction mass and temperature inputs. 

Torrefaction Temperature ( ºC) Initial mass of dust (g) Expected level of Torrefaction 

250 1.9117 15% 

265 2.0193 20% 

280 2.1427 25% 

 
 
This result was determined from interpolation of results of the previous tests. This method 

produced pellets of 1.5-1.6g.  
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The process of torrefying material should be treated more like a recipe, and not an exact formula. 

On top of the inherent invariability of torrefaction, it must also be noted that these data change for 

every single variety of biomass used and even within that specific type of biomass.  

3.6 Design of Experiments (DOE) 

The following section summarises work done by Montgomery [66] in “Design and Analysis of 

Experiments”.  

3.6.1 The Value of a DOE  

A DOE is a test that involves the manipulation of a process by controllable and uncontrollable 

factors to influence the measured response “Y”.  This practice is done to obtain information about 

the variation of factor inputs, which are then examined to find out how they influence the 

response. If the exact response cannot be obtained, then the goal is to at least control the 

experiment such that the response is met closely and the variability in the uncontrollable factors 

are minimised.  A DOE is a valuable tool in the development of new technologies and processes 

and serves to evaluate new design configurations, and select process parameters that most affect 

the process response. 

Two important decisions in the creation of a DOE include replicates of test points and 

randomisation of experiments.  Replicates add the ability to check for error between experimental 

runs, and are able to reduce the overall statistical error in any design.  Randomisation of material 

allocation and experimental run order are done to eliminate and smooth out other effects like bias 

error of the experimental design. Randomisation also serves to even out errors like those that are 

attributed to the uncontrollable factors, and provides normally distributed errors on the 

measurements obtained. A normal distribution of errors is an important quality and requirement 

for accurate statistical analysis of the results of any DOE. 
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Factor Choices 

The factors used to construct a DOE must be carefully chosen to properly examine the design. 

Generally, the designer is an expert in the field of the research and background knowledge and 

experience in the particular field are essential in order to choose the factors. For a simple design 

in which a basic understanding of the particular process is desired, the experiment should be 

designed so that required region of interest can be observed. This simple type of design is referred 

to as a screening design, and is a first step in the experimental design process. In this simple 

screening design, two level factors are used to examine their influence. The variation of the factor 

levels is assumed to produce a linear variation in the response. The response that is to be 

measured should also be carefully decided upon to present valuable information to the researcher. 

The overall objectives of what the experiment serves to provide should also be kept in mind when 

the choice of factor inputs is made.  

The analysis of any DOE by statistical methods is used so that the results are objective rather than 

judgmental. The statistical analysis can involve many graphical tools that allow for a better 

understanding of the experiment. These graphical tools are used to examine relations in the 

factors and how they affect the responses. The statistics only provide guidelines of the entire 

process though, and good engineering and problem solving are crucial to the validity of the DOE. 

Regardless of what conclusions are drawn from a DOE the only way to properly extract all of the 

information from an experiment, and to validate a DOE are for follow-up and repeat runs. The 

experimentation process is inherently iterative, and when hypotheses are tested and evaluated, the 

new hypotheses must be tested again.  Only after an initial screening design is formulated can a 

DOE be focused to examine the situation in more detail.  
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Data Analysis 

Factorial designs examine an experiment by the combination of more than one factor input. The 

effect on the measured response is hypothesised to be influenced by all of the factor inputs and 

combinations thereof. Simple analysis of the response in terms of one factor is insufficient in 

order to determine how the response will react when multiple factors are involved in the 

experiment. A 23 factorial design consists of three factors that are examined at two different 

levels, which requires the results of eight different treatment combinations. These combinations 

are shown below in Table 3-6  

Table 3-6 Treatment combinations for a 23 DOE 

Run A B C Treatment Combination 

1 - - - 1 

2 + - - a 

3 - + - b 

4 + + - ab 

5 - - + c 

6 + - + ac 

7 - + + bc 

8 + + + abc 

 

For each “run” or treatment combination, the factor inputs, A, B, C are varied one at a time until 

all combinations have been addressed.  The “+” and “-” represent the low and high levels of these 

input levels.  

The main effect that a factor has on a measured response is defined as the change in response 

produced based on the change in input.  When this change is not the same at each factor level, the 
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effect is said to be due to interactions between main effects. These are referred to as interaction 

effects.  

The main, first order interaction and second order interaction effects are expressed in the 

following equations. These equations hold true for a 23 experiment. The upper case A, B, and C 

represent the main and interaction effects and the lower case a, b, c represent the measured 

response at the particular treatment combinations.  The number of replicate observations at each 

of these values is “n”, and in this thesis n was always one. 
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A         3-4 
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These effects are then used to calculate the regression coefficients, [66]. 

A model can be created to predict the value of any response in the region of interest in which the 

experiment was performed. The model is constructed from the factor input levels and their main 

and interaction effects to provide an estimation of a regression coefficients (β’s). The following 

equation is the model that is used for a 23 design and does not take into account the three-factor 

interaction “abc.” 

 3-11   3263152143322110 xxxxxxxxxy

 

In the analysis of a 23 design, the assumption is made that the response is approximately linear 

over the range of the factor level. Additionally the factors must be fixed, the designs must be 

randomised and the distribution of errors must be normal. The measured response is altered by 

manipulation of the factor inputs between a high and low level. These levels are decided upon by 

the experimental designer and are based on background knowledge and understanding of the 

experiment. 

Main effects and interaction effects are used to help describe the experiment, and can be added 

and subtracted from the results in order to try to find a better representation of the model. This 

then translates into the model simplification by the removal of certain β’s and factor effects. Care 

should be exercised when removing an effect, as there should be a distinct reason to remove it 

based on background knowledge. The experimental response should be examined both prior to 

and post removal of the effect in order to examine the result of the change.  
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DOE Construction 

The factors that influenced the physiochemical characteristics of the pellets were investigated 

once a successful method of producing spherical pellets was determined. This investigation was 

performed using a DOE. By carefully choosing the inputs to the manufacturing process, a 

statistical model could be formed that would explain the influence of these inputs on the response 

to a characteristic. The designed experiment chosen was a 2-level 3-factor test where only first 

level interaction and main effects were analysed. This is generally an accepted standard, as 

second level interactions of two or more factors do not substantially influence models. 

With only one replication of results, the design was used as a screening process to determine the 

relative significance of the factor inputs. A more detailed design to look at factor interactions 

could be used to subsequently optimise a process.  

Since the input factors could not be controlled on the cylindrical pellet mill, the NC pellets were 

not included in the experiment. The cylindrical pellets were examined for all of the same 

responses as the spherical pellets, but do not contribute to the models. This meant that there was 

no statistical significance in the results of the NC pellet test but it did provide an opportunity to 

compare physical and chemical characteristics of the two types of pellets. 

The factor inputs that were used to create the DOEs included torrefaction temperature, moisture 

content and particle size. The responses measured from the experiments were failure strength, 

calorific value, abrasion behaviour, water absorption and evaporation sensitivity, size and density. 

To determine these factor inputs and the levels to use in the experiments, much preliminary work 

was done as was discussed earlier. Additional information regarding the choices for factor effects 

can be found in [24] [65] [67] [42, 61] [34] [68] [69] [47]. 
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3.6.2 Statistical Analysis 

The purpose of the construction of DOEs was to allow a linear model to be formulated. This 

model could be used to describe the system responses based on inputs for the given range of 

factor levels.  The analysis looked at the factors and their interaction effects and solved a system 

of multiple linear equations that then produced a model for the system. This model could then be 

used to predict the responses of spherical pellets in similar operating conditions. The following 

was taken from “Design and Analysis of Experiments” by Montgomery [66]. 

To fit a linear model to this exact system, multiple linear regressions needed to be employed.  

The linear regression model in Eqn. 3-12 was used to approximate the system. By solving for 

least squares and minimising using matrices, the β’s can be determined.  

  kko xxxy 2211        3-12 

An assumption required for this analysis to be performed was that n (number of observations) 

must be greater that k (number of factor levels), and that E(ε), the expected value of the error 

equal the real value of the error V(ε). This requirement holds true since the Mean Square Error 

(MSe) divided by the Total Mean Square (MSt) is equal to the variance (σ2) due to the n and k 

values.  

An ANOVA (Analysis Of Variance) helped to determine which factors were important and the 

regression was used to build the model to demonstrate how important.  

Two parameters were used to determine the acceptance of the fit of the model. The first value 

called the coefficient of determination (R2) is computed as follows in Eqn. 3-13.  

yy

r

S

SS
R 2            3-13 
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where SSr  is the regression sum of squares and Syy  is the total sum of squares. 

 

The R2
adj value is computed using Eqn. 3-14. 

)1(
1

1 22 R
pn

n
Radj 




          3-14 

where: n is number of observations and p is the number of degrees of freedom on SSr 

The advantage of  R2
adj is that it will not automatically increase as new regressors are inserted into 

the model. The coefficients of determination help to quantify in a simple sense how close the 

measured experimental values fit a linear trend. They can be used to help decide whether the 

values from each of the treatment combinations should be included in the model, and how likely 

it is that the DOE will be represented well by a model.  

Fo  is a ratio that is used to quantify the appropriateness of the model in terms of its ability to 

predict the response of a system in comparison to the error associated with the terms that it 

predicts. To test the Fo value for a regression model, the null hypothesis is that at least one β = 0; 

that is to say that there is no β that can be used to produce a linear fit to the data. 

H0: β1=β2=β3…etc=0 

H1: βi ≠ 0. The model can be represented by some linear regression 

The total sum of squares (Syy) for each predicted model is calculated by Eqn. 3-15.  

eryy SSSSS            3-15 

where SSr is the regression sum of squares and SSe is the model sum of squares. The Mean 

Square of Regression is MSr 

The Fo is computed as the ratio of MSr/MSe,  
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Where: 
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where k is the number of factors, n is number of observations. 

The Fo value predicts the probability of a model fit based on the confidence interval chosen and 

the degrees of freedom of the observations and the factor levels. For the case of a 95% confidence 

interval and 3 factor levels and 8 observations, Fo is determined to 6.59, and similarly for a 99% 

confidence interval it is determined to be 16.69.  

To determine the to value which is used to estimate the appropriateness of including a model 

coefficient Eqn. 3-17 is used. 

iie

i
o

CMS
t




           3-17 

 

where Cii is variable to represent the coefficient and β-hat is an estimator of the regression 

coefficient found using the procedures used in Montgomery’s book. 

For the case of a 95% confidence interval and 3 factor levels and 8 observations, to is determined 

to be 2.132, and similarly for a 99% confidence interval it is determined to be 3.747.  

This provides the reader with a basic knowledge of the statistical analysis performed, and allows 

for understanding of the majority of values presented in the results section. A more complete and 

thorough explanation of the equations and methods for solving them can be found in 

Montgomery’s book “Design and Analysis of Experiments” [66]. 
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3.6.3 JMP 

JMP is a statistical analysis aid used to help in the construction of a DOE. The model inputs of 

torrefaction temperature, moisture content, and particle size were entered into the program. Then 

the responses of the experiments were entered. The models were then solved using multiple linear 

regressions as described above. The program also solved for the R2, R2
adj, confidence intervals of 

linear fit, Fo values of the model, and to values of each parameter, and the significance of each of 

these values. The program also solved for the regression coefficients of each model. A different 

solution was obtained for each set of responses observed.  

JMP produced all of the results that could be obtained using Microsoft Excel, but did so much 

faster in a very effective user interface. Sample calculations were done which verified the 

accuracy of the outputs produced in JMP. 

Multivariate Plot 

The responses of the experiments were plotted against the input factors to examine the possibility 

of a linear trend. These plots were displayed in what is known as a multivariate plot. These plots 

show which effects or interaction effects may be of interest in creating the linear model.   

Main Trends 

The model was then plotted against the response to see if there was any linear trend. This plot 

also showed error bars on the model and provided an estimate of R2 and R2
adj.  

Main and Interaction Effects 

Main and interaction effects were then plotted. If there were interaction effects between factors, 

these effects would be of significant interest to include in the refined model. The slope of the line 

also indicated the relative degree of impact of that factor and whether it influenced the response 

in a negative or positive way. Interaction effects are the changes in the response of the data while 

keeping one factor at one level and changing the other. For instance, the high and low values of 
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the moisture content suggest how changes in the particle size from its high value to low value 

would alter the load.   

These plots must only be treated holistically as a guide in refining the model.  

Tabulated Data 

The actual regression coefficients, Fo and to values, and significance levels of the model as well as 

the R2
adj value are then calculated. 

Residuals 

Residual error between the model and the experiment were plotted. Two residual plots were 

created; one against the row number of the experiment to determine any biasing effect, and the 

second against the predicted model to check for normal distribution. Experiments were performed 

in a random order to eliminate the effect of biasing. The residuals were examined for patterns to 

suggest underlying factor effects that had not been included in the model. 

The steps above were performed on the initial model output from JMP. This initial model was 

comprised of all main effects and interaction effects. To refine the model, the statistics described 

were used to determine which factors to keep and which to discard. After each iteration of this 

process, the model was run again and re-analysed. This process was repeated until the best result 

was obtained in terms of accuracy and validity of factor effects. 

3.6.4 Validation of Analysis 

The final model may or may not represent the data well, and should be questioned as to whether it 

has reason to fit a linear trend. Certain responses are not inherently predictable from the factors 

that were chosen to represent them. Other factor interactions like moisture content and particle 

size may need to be inherently included in the model simply because of obvious significance that 

the two play an interaction role together. The synergistic interaction between factors may have 
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benefited the model. If interactions like this were left out, the model would make less sense from 

a physical point of view. Even if the model did not include these terms, both were examined to 

check for validity. 

Addition of Centre Points to a DOE 

Centre point runs can be added to a design such as those investigated here in order to provide a 

secondary analysis of errors in the data beyond what the linear regression can provide. The centre 

points act to help discern between purely linear results, and curvature that may indicate a second 

level interaction effect or quadratic effect.  For the exact methods of analyzing centre point runs, 

see Montgomery [66]. 

For each model, the original assessment included the centre point values in the experiment. These 

complete models with two replicates of a centre point run were analysed. The residual plots 

produced demonstrated that the centre point values used in the model did not fit the linear trend 

as intended. 

The particle sizes of the centre point experiments were re-assessed and found not to be linear with 

the high and low factors of particle size. Fig. 3-16 below shows that the central value of the plot 

is not in line with the higher and lower factor levels. This was due to the much earlier selection of 

mesh sizes to subdivide particles. The sizes of mesh did not decrease linearly, and therefore the 

zero value was not actually a centre point.  
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Figure 3-16 Mesh sizing trend and linear fit to data (filled diamonds) 

In order to try to compensate for this, the numerical values that could be used to represent the 

particle size and mass distribution of the factor levels were simply replaced with coded values of 

1, -1 and 0. The particle size factor was allowed to be represented as a continuous variable in the 

model. With proper equipment to choose exactly the right particle size, or by the choice of a 

better mass ratio to represent a central value, it is theoretically possible to produce a real centre 

point.  

When the DOE was constructed without this central value, the model was able to produce a linear 

trend. This was because the model now only needed to represent two factor levels- the high 

particle size and the low particle size. The low particle size consisted of particles of biomass from 

the 14 and 20 mesh jars and the high particle size consisted of material from the 28 and <28 mesh 

jars. Since the model only needed to represent two values, it was able to calculate results that 

showed a linear trend and allowed for more accurate analysis of the main and interaction effects 

that described the model. 



 

 99 

Due to the prevalence of outliers in responses measured from creation of models with centre 

points, it was decided to run them again without the centre points. The two different analyses of 

the model were compared side by side. The model without the centre points showed a better 

confidence interval and a higher Fo than the previous case. In some cases, this was achieved 

simply by using exactly the same effects, and in other cases, it meant that more or less effects 

needed to be included. These effects may have been ones that did properly represent the model, 

but were not chosen in the first case, as they did not adequately represent the curvature due to the 

centre points.  

The first two examples of the models with the centre points are still included in the Results 

section. Theses are simply provided to prove that the models without the centre points provided a 

more accurate approximation to the prediction of a response.   

3.7 Chapter Conclusion 

Cylindrical pellets were created. These pellets were used as a base line to compare the strength 

characteristics of the new spherical pellets. A method for creation of spherical pellets was 

discovered that allowed them to be formed in a replicable manner. The spherical pellets were 

torrefied in-situ, and to compare them to strictly torrefied material of the same origin (poplar) a 

batch torrefier was constructed. This enabled the poplar to be treated to various levels of mass 

loss to investigate how they compared to torrefied pellets. 

Procedures were then outlined for the tests that were performed on the material and pellets. These 

tests were used to allow for the collection of information in regards to the mechanical and 

physical properties of the pellets. Strengths, weaknesses, abrasion resistance, moisture sensitivity 

and chemical analysis of the materials were observed to help determine factors that could be used 

to create models to predict similar responses. 
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A batch torrefier allowed for the production of new material that could be specifically treated to a 

level that would allow for a direct comparison to the in-situ torrefied pellets. The operation of this 

apparatus was explained, and the results of the test that were performed follow in the Results. 

Samples of each type of biomass material produced in this paper were sent in for chemical 

analysis to allow for there fuel grade Ultimate and Proximate analysis to be determined. The 

results would provide information on the torrefaction treatment on each particular sample. 

Finally DOEs were introduced and explained for their purpose of further analysing the factors 

which most affected the measured responses considered in this work.  

The next section investigates the results of these tests to provide a clearer explanation of how 

factor and material choices influenced the behaviour of the pellets.  
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Chapter 4 

Results 

4.1 Introduction 

In the following section, the strength of the biomass pellets that were produced for this research is 

presented. The ultimate tensile strength of the material is calculated from a number of equations 

provided by external reports. The equations that calculate this failure stress were found to differ 

between cylindrical and spherical specimens. Values are provided for both of these cases. A 

Young’s Modulus is calculated to further quantify the mechanical response of the spherical 

pellets to a compressive force. 

The abrasion resistance of pellets was found through the use of a tumbling can and used to 

calculate a PDI.   

The moisture sensitivity of all of the pellets was examined. Pellets were immersed in water for a 

period of approximately 24 hours to determine how well they would survive if they were 

subjected to harsh treatments that might be common in outdoor storage. The pellets were then 

also examined for their ability to shed moisture through evaporation. 

A batch torrefier was constructed to produce torrefied material from poplar dust. Several sets of 

experiments were performed at different temperatures, and for different lengths of time, to vary 

the degree to which the material was torrefied. The results of the various levels of torrefaction are 

then analysed by ultimate and proximate analysis. 

Fifteen samples were sent to an external (fee for service) fuel analysis lab to provide the ultimate 

and short proximate analysis of the biomass pellet and raw material samples. The analysis 

provided the fuel characteristics of the material and differentiated different torrefaction treatment 

levels. 
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Finally, a set of DOEs were created to allow for the production of models that could be used to 

predict the responses of the practice of pellet formation. These DOEs were used to quantify some 

of the qualitative properties of the wood pellets, and to serve as a screening design upon which 

future optimisation projects may be established.   

4.2 Pellet Strength Testing 

4.2.1 Maximum Strength 

NC Pellets 

Diametrical compression tests were run on the NC pellets. The load curve for the three randomly 

selected pellets is shown below in Fig. 4-1. The first peak and subsequent drop was used to 

calculate the maximum force that the pellets could withstand. After this peak, the pellets were 

observed to flatten and squish, which allowed a higher load to be applied.  
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Figure 4-1 Instron compression load-time response for NC pellets. 
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OC Pellets 

The same diametrical compression test was run on the OC pellets. Three randomly selected OC 

pellets were chosen and loaded in the Instron. Fig. 4-2 shows the load curve that provides the 

ultimate failure strength of the pellets. These pellets tended to shatter more than the NC pellets 

and the first peak in the response was used as the ultimate strength of the pellets. 
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Figure 4-2 Instron compression load-time response for OC pellets. 

Spherical Pellets 

The following three plots: Fig 4-3, Fig. 4-4 and Fig. 4-5 show the load response for the spherical 

pellets in a compression test. The results are separated into three different graphs to allow for 

easier viewing. The subdivision of the pellet failures into the three plots below was also due to 

similar characteristic patterns. The loading profile and failure mechanisms in each graph are 

similar. This was part of the reason for the division into three figures.  
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Figure 4-3 Instron compression load-time response for pellets 5 and 8. 
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Figure 4-4 Instron compression load-time response for pellets 1, 2, 9 and 10. 
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Figure 4-5 Instron compression load-time response for pellets 3, 4, 6 and 7. 

4.2.2 Tensile Strength 

Cylindrical Pellets 

Table 4-1 below shows the failure stresses for the cylindrical pellets crushed. The values were 

calculated based on Equation 4-1, which assumed they were brittle. 

The Brazilian test [58] is used on tablets and cylindrical pellets to look at the failure mechanisms 

as the pellets are loaded uniaxially. The Brazilian test uses the following equation to quantify the 

stress at failure: 

brqbrq

bz
bz dh

F





 max2
          4-1 

 

where Fbz is the force applied, hbrq is the height of the briquette and dbrq is the diameter of the 

briquette. 
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The equation was modified such that the pin diameter was replaced with the platen width. This 

effectively meant that it calculated the stresses based on a projected area. The pellets were 7.94 

mm (5/16th ″) D in diameter and 25.40 mm (1″) long.   

Table 4-1 Tensile strength of cylindrical pellets. 

Pellet Force (N) Rocha (MPa) 

NC1 827.007 2.61 

NC2 986.392 3.12 

NC3 1195.957 3.78 

OC1 1184.187 3.74 

OC2 1038.374 3.28 

OC3 914.342 2.89 

 
 

Spherical Pellets 

The Brazilian test was also modified to be used to calculate the stress in a spherical pellet by 

altering the variables in the equation to suit the diameter of the pellet instead. 

The Point Load strength test [58] is used to test on irregular shapes placed between two pins and 

the stress at failure is calculated as follows: 

2

4

D

F
pl 

            4-2 

 

where F is the force applied and D is the diameter of the pin used. 

Eqn. 4-2 predicts the force required to cause failure of an irregular shaped object placed between 

two pins. The pin geometry can vary as can the material hardness of the pins. In this thesis, the 

pin geometry was altered to reflect the pellet geometry as the pellet was placed between two flat 

platens. 
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Another test similar to the point load, but scaled according to Wijk [70] is used to calculate the 

tensile force applied to a sphere at failure. It is calculated as: 

2D

Fsphere
t





           4-3 

 

where F is the force applied, D is the diameter of the sphere and β is a coefficient between 0.77-

0.89, which is a characteristic of the sphere to be tested. A β value of 0.8 was chosen in this thesis 

to provide an approximate value of the failure strength predicted by this equation. The negative 

sign of this equation was flipped to positive as it only provided the convention of tension as 

negative stress. 

Bieniawski produced an equation that indexed the tensile strength of a lump of rock in 

compression [71].  It related the failure stress to a constant index Is. This test was designed for 

brittle chunks of rock of size 50 mm. The index is calculated as: 

2D

F
I s            4-4 

 

Hiramatsu et al. [72]  produced an equation to model the compression of spheres of brittle 

material, which said that regardless of the small contact area between the two platens that the 

failure stress was described by Equation 4-5, where F was the applied force: 

2

7.0

r

F
f 

            4-5 

 



 

 108 

The spherical pellets had a much smaller contact area against the platens in the Instron than the 

cylindrical pellets. The spherical pellets were only in contact with the platens of the Instron at 

their top and bottom points or poles. The cylindrical pellets were in contact with the platens over 

the full length of the pellet 2.54 cm (1/2″), both on the top and bottom sides. This suggested that 

the cylindrical pellets should be able to sustain more pressure prior to failure, as the load applied 

to the pellets would be spread out over a larger surface. Rocha also commented on this 

observation and stated that the cylindrical pellets could not easily be compared to the spherical 

pellets due to these different load scenarios [58]. 

In this thesis, an approximation was made from the theories presented for the failure stress of the 

material. The stress would be distributed over a meridian plane internal to the pellet. This plane 

would comprise a full circle of the same size as the equatorial plane of the pellet. The likelihood 

is that this plane is in a vertical orientation as the pellets all seem to split along a vertical axis. 

The load applied to the pellets caused the pellets to compress in the vertical direction and split in 

a horizontal direction. A fracture stress is computed as this force over the planar area of the pellet 

and is calculated using Eqn. 4-6 . This is not the exact solution as the pellets varied in height; 

however the stresses calculated using this approximation agreed well with the range of values of 

stress calculated by others.  

2r

F
f 

            4-6 

 

where F was the force applied, and r was the radius of the sphere. 

Table 4-2 below presents the data calculated for the ultimate tensile strengths of the spherical 

pellets as calculated by the equations 4-1 to 4-6 above. 
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Table 4-2 Tensile strength of spherical pellets. 

Pellet # Force (N) Brazilian 

(MPa) 

Point Load 

(MPa) 

Tensile (MPa) 

(β=0.8) 

Hiramatsu 

(MPa) 

Current 

(MPa) 

1 1850.30 7.30 14.61 9.18 10.22 14.61 

2 1863.85 7.36 14.71 9.24 10.30 14.71 

3 855.17 3.38 6.75 4.24 4.73 6.75 

4 1113.05 4.39 8.79 5.52 6.15 8.79 

5 2089.37 8.25 16.49 10.36 11.55 16.49 

6 1091.15 4.31 8.61 5.41 6.03 8.61 

7 1378.08 5.44 10.88 6.84 7.62 10.88 

8 2161.23 8.53 17.06 10.72 11.94 17.06 

9 1674.61 6.61 13.22 8.31 9.25 13.22 

10 1702.64 6.72 13.44 8.45 9.41 13.44 

 

4.2.3 Young’s Modulus 

To examine the strength of the pellets beyond the simple ultimate strength, an approximation was 

used to find the “Young’s Modulus” for the pellets in compression. This Young’s Modulus would 

only provide an analysis for the vertical orientation in which the pellets were compressed due to 

the anisotropy of the material in the pellet. Young’s Modulus “E” relates the stress applied “σ” to 

a pellet to the strain “ε” it undergoes, and is a measure of the rigidity of the material.  One thing 

to note is that the Young’s Modulus only applies to an isotropic material in tension. The 

compressive load did cause the brittle pellets to fail in tension; however, the pellets created were 

assumed anisotropic due to the compaction method and particles used in production. This method 

of analysis does provide a clearer picture of how the pellets perform in relation to one and other, 

and is used for that quality to better describe the mechanical characteristics observed. Eqn. 4-68 is 

used to calculate the Young’s Modulus and measures the stress as calculated from the modified 

extended planar strength test over the strain. 
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E           4-7 

 

To determine the relative strains, the displacement of the Instron was used. The carbide platens, 

which supported the pellet from either side, were assumed much harder than the wood in 

comparison. They were assumed to not deflect through the duration of the compressive load and 

provided a solid base to record the deflection of the pellet. The press descended at a constant rate 

of 2.54 mm/min (0.1″/min.) and the displacement was measured by multiplying by the time. 

Strains were calculated against the initial height of the pellet and the final strain at failure, and the 

stress at failure were used to calculate E.  

This only approximated the average rate of strain, as during the initial stages of compression, the 

load did not increase at a linear rate. This non-linearity agrees with what Khanal et al. [74] found 

for the loading of brittle spheres. 

Table 4-3 provides the Young’s Modulus of the pellets created.  
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4.3 Abrasion Resistance 

4.3.1 Pellet Density 

Two sets of pellets were made for the experimental designs. The results of these experiments 

showed that the densities could not be predicted based on the inputs of the experiment. The 

following table provides the corrected densities of the pellets produced. The mass of each pellet 

was divided by the volume of a 12.70mm (0.5″) sphere to determine the ideal density, and then 

this value was divided by the aspect ratio of the pellet to scale the results. By scaling the results, 

the densities were measured independently of the actual size of the pellet.  

Table 4-3 Young’s Modulus (MPa) for spherical pellets. 

Pellet # E (MPa) 

1 157.06 

2 147.02 

3 89.54 

4 144.29 

5 147.12 

6 118.44 

7 147.03 

8 151.05 

9 121.93 

10 150.35 
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Table 4-4 Corrected density. Comparison of DOE1 to DOE3. 

  DOE 1 DOE 2/3 

  Corrected Density (kg/m3)

1 1354 1317 

c 1331 1334 

b 1281 1324 

bc 1371 1318 

a 1371 1366 

ac 1368 1338 

ab 1343 1320 

abc 1300 1302 

0 1300 1353 

0 1325 1347 

 

4.3.2 Tumbling Can Test 

The tumbling can test indicated that the pellets would not break or abrade. The abrasion 

resistance measured as PDI for each pellet was one. No dust was formed by the pellets in the 

duration of the tumbler test.  

4.4 Pellet Absorption and Evaporation Sensitivity 

4.4.1 Absorption 

Mass Absorption 

Fig. 4-6 provides the mass percentage absorption of the pellets. The original mass of each of these 

pellets was the bone dry mass as prepared by the drying procedure explained in Chapter 3.  The 

NC pellet was not plotted because within 60 min. of immersion, the pellet had absorbed 84.8% of 

its original mass as water and disintegrated. 
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Figure 4-6 Mass absorption of water by spherical pellets, legend provides pellet identity 

numbers. 

Fig 4-6 suggested the possibility that the data may fit a non-linear trend. Fig. 4-7 plots the 

previous data on a semi-log plot to decipher this trend. 
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The semi-logarithmic plot Fig 4-7 indicates that the rate of absorption is still non-linear after 

processing. 

Dimensional Results 

The height and width of the pellets were measured prior to being immersed in water. They were 

also measured at certain intervals through the absorption test and finally at the end of evaporation 

testing phase.   
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Figure 4-7 Semi-logarithmic plot of absorption versus Ln(time) 
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Figure 4-8 Semi-logarithmic plot of absorption response of spherical pellet height based on ln 

(time) scale. 

Fig. 4-8 is a logarithmic plot of the height change due to absorption. This agreed with fig 4-7 that 

the absorption rate was also strongly non-linear. 

 

Fig. 4-9 displays the dimensional change of the pellets through the tests. The data points are 

numbered to correspond with the pellet identity. 
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Figure 4-9  Spherical pellet swelling response. h = height, w= width, #=time in mins. 0-1375 

min. constitutes absorptionphase, 1375-2915 min.constitutes drying pphase.  

Fig.4-10 and Fig. 4-11 below take these same data values and display them as a function of time. 

Fig. 4-10 shows the swelling in the vertical direction (the height of the pellet). Fig. 4-11 shows 

the equatorial (width of the pellet) change with time. 
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Figure 4-10 Absorption and evaporation size response for spherical pellet height. Legend entries 

indicate pellet identity number. 

 

12.40

12.50

12.60

12.70

12.80

12.90

13.00

13.10

13.20

0 500 1000 1500 2000 2500 3000

Time (min)

W
id

th
(m

m
)

1

2

3

4

5

6

7

8

9

10

Absorption Evaporation

 

Figure 4-11 Absorption and evaporation size response for spherical pellet width. Legend entries 

indicate pellet identity number. 
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4.4.2 Pellet Evaporation 

Pellets were dried according to the methodology described in the Chapter 3. Fig. 4-12 relates the 

mass of the pellet to its original air dry mass. This provides a plot that should asymptotically 

approach one.  The OC pellets can be seen to start from a very low initial mass and proceed 

below their original air dry mass that suggests there was some mass loss through dissolved solids 

in the absorption test. The NC pellet was not included in this test as it had absorbed too much 

water and disintegrated. 
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Figure 4-12 Mass evaporation response of spherical and OC pellets. Legend entries indicate 

pellet identity. Minitial  provides “unity” condition. 

 

Fig. 4-13 is a semi-logarithmic plot of the evaporation of the pellets. The plot was used to create 

trend lines that modeled the evaporation rate. The trend lines were then used to approximate the 

coefficients of an exponential decay curve. These data are shown below in Table 4-5. 
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Figure 4-13 Mass evaporation response of spherical pellets on semi-log plot. Pellet ientity 

numbers provided in legend. 

 

Although the absorption rates were found to be non-linear in their original form, and once a 

logarithm of them was applied, the evaporation rates can be seen to fit a linear model well once a 

logarithm was applied.  Linear regression was performed to find lines of best fit that could 

represent the data in fig 4-13. The trends represent the curves by approximating their rate 

constants. The coefficient of the “x-value” in the linear models provides the rate constant for the 

evaporation, modelled as an exponential trend. This is shown in Table 4-5 
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Table 4-5 Linear trends approximating evaporation coefficients. 

1 y = -0.0272x + 1.2191 R2 = 0.9964 

R2 = 0.989 2 y = -0.0633x + 1.4656 

R2 = 0.9985 3 y = -0.0323x + 1.2617 

R2 = 0.985 4 y = -0.0585x + 1.4248 

R2 = 0.9957 5 y = -0.0479x + 1.3711 

R2 = 0.9951 6 y = -0.0435x + 1.3374 

R2= 0.9985 7 y = -0.0153x + 1.1389 

8 y = -0.054x + 1.4015 R2 = 0.9874 

9 y = -0.0241x + 1.2112 

 

4.5 Batch Torrefier 

4.5.1 First Attempt 

When the torrefier was used with a chamber full of biomass for the fist time, the original 

temperature was not at ambient conditions as it had just been run empty to test the heat response. 

Regardless of this, the heating rate is much greater than the cooling rate. The maximum rate of 

heating, as suggested in literature of 50ºC/min. is plotted at the beginning of the Fig. 4-14, and 

the torrefier can be seen to operate below this maximum rate. The chamber heated to 280ºC in 

12.5 min. and to 295ºC in 14 min. The heating tape was recorded to reach 410.5ºC and the 

exhaust was very, very smoky. The smoke was observed between the two vertical black lines in 

Fig. 4-14. The result was that approximately 50% of the material was lost to volatiles and off 

gassing. The steel supports that the torrefier was attached to acted like a heat fin. The heat lost 

through these fins can be seen as the difference between thermocouples 1 and 2, and 

theromocouples 4 and 5. The process went beyond the level of torrefaction and likely began to 

pyrolyse or carbonise the material.  

R2 = 0.9989 

10 y = -0.0161x + 1.1442 R2 = 0.9973 
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Figure 4-14 Temperature time response of torrefaction. Smoke was most prominent between the 
vertical black lines at 22 and 27 min. 

 

4.5.2 Second Attempt 

The heating tape was found to heat the material unevenly and “cooked” the outer material in the 

basket before the inner material. An inner tube was placed in the centre to divert the gas towards 

the outside of the basket. The wood was placed in the torrefying basket in an annulus around the 

outer circumference. The tube allowed the gas to flow through the majority of the material and 

purge the off gases and any air. The best control obtained after the experimentation with wood 

type, moisture, size and spatial distribution is displayed below. The temperature of the wood still 

overshot the maximum temperature defined for torrefaction of 320ºC. At this point, the material 

was too extensively devolatilised, the binding qualities of the lignin were destroyed and the 

energy content has dropped too low. In every case of torrefier operation the smoke began to 

exhaust from the chamber at 12 min. which corresponded to the average temperature of the wood 
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(estimated by the average temperature between 1, 2, 4 and 5) to be 260ºC. This value related to 

the literature from Chapter 2 as the onset of devolatilisation of hemicellulose.  
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Figure 4-15 Typical temperature-time response of batch torrefier. 

4.5.3 Final Attempt 

Further attempts were made to use the batch torrefier to gain more insight on the control and 

operation. The temperature needed to be confined to a lower tolerance, and the air heater was 

turned off to accomplish this. The thermocouple that was used as the control input was in the flow 

of off gases above the biomass. This was chosen as it would be able to identify when the top layer 

of sawdust was at the desired temperature. The problem arose that the rest of the material was at a 

higher temperature because of the heating rate produced by the tape. In order to remedy this 

inability to adequately control the temperature, thermocouple 1, which was closest to the heating 

tape and sawdust, was chosen. Thermocouple 1 would also allow for measurement of any cooling 
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effect associated with the incoming gas flow. This thermocouple was then rerouted to become the 

new control thermocouple. 

Fig. 4-16 below provides an account of the torrefaction process that yielded a 17.7% mass loss. 

The torrefier was to be run to a set point of 280ºC as in previous attempts. At 15 min. it was 

turned off and manually controlled with the on/off switch dependant on the temperature of 

thermocouple 1. When the temperature of thermocouple 1 dropped below 280ºC, it was turned on 

and when above, it was turned off. The material was checked at 20 min. and was determined to be 

undercooked. The lid was placed back on and the manual control continued.  For the duration of 

this experiment the gas heater was not used, therefore thermocouple 6 measured the temperature 

of the N2 flow.  
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Figure 4-16 Temperature-time response of torrefaction yielding 17.7% mass loss material. 

 

Fig. 4-17 shows the results of the second torrefaction test that yielded a mass loss of 26.8%. 

Thermocouple 1 was used as the control thermocouple again and the set point was 280ºC. The 
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remainder of the thermocouple outputs also reached the set point -10ºC. At 23 min., it was opened 

to inspect but was not yet complete. The lid was placed back on and the heater was turned back 

on at 32 min. The process was run for 10 more min. and then shut off completely. 
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Figure 4-17 Temperature-time response of torrefaction yielding 26.8% mass loss material. 

 

4.6 Chemical Analysis 

Samples of crushed pellets were sent to SGS for ultimate and short proximate analysis. A full 

proximate analysis could not be performed, as there was not enough residual material to run the 

test on.  Table 4-6 provides the description of each sample. 
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Table 4-6 Sample Description for specimens sent to SGS 

Sample # Description Particle 

Size 

Moisture 

Content (%) 

Torrefaction Temperature 

(ºC) 

1 Spherical Pellet med 11.5 265 

2 Spherical Pellet high 8 250 

3 Spherical Pellet low 8 280 

4 Spherical Pellet high 8 280 

5 Spherical Pellet low 15 250 

6 Spherical Pellet low 15 280 

7 Spherical Pellet high 15 280 

8 Spherical Pellet low 8 250 

9 Spherical Pellet high 15 250 

10 Spherical Pellet med 11.5 265 

11 Torrefied wood all unknown Refer to Fig. 4-16 

12 Torrefied wood all unknown Refer to Fig. 4-17 

13 Old cylindrical Pellet unknown unknown None 

14 New Cylindrical Pellet all unknown None 

15 Untreated poplar dust all unknown None 

 

4.6.1 Ultimate Analysis 

Table 4-7 provides the ultimate analysis for the 15 samples of material sent to SGS. These values 

are presented on a dry basis. The oxygen content was calculated from the measurement of the 

other elemental constituents. 
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Table 4-7 Ultimate analysis of samples 

Sample # C (%) H (%) N (%) S (%) O (%) 

1 53.18 5.97 0.05 0.03 39.04 

2 51.84 6.05 0.07 0.03 39.44 

3 54.88 6.01 0.04 0.02 37.48 

4 54.18 5.87 0.11 0.03 36.67 

5 52.03 6.11 0.01 0.02 40.35 

6 53.95 6.00 0.01 0.08 38.02 

7 53.75 5.85 0.01 0.11 37.17 

8 51.95 6.09 0.01 0.04 40.62 

9 51.47 5.95 0.01 0.04 40.02 

10 53.24 6.08 0.01 0.04 39.03 

11 50.39 5.73 0.01 0.03 41.13 

12 51.85 5.77 0.01 0.03 39.20 

13 52.11 6.15 0.01 0.02 41.12 

14 47.33 5.87 0.01 0.05 39.91 

15 

 

4.6.2 Proximate Analysis 

49.55 6.18 0.01 0.06 42.16 

The short proximate analysis for the 15 samples is provided in Table 4-8. The data are all based 

on as received values. 
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Table 4-8 Short Proximate analysis of samples 

Sample # Moisture 

(%) 

Ash (%) GCV 

(MJ/kg) 

MAF 

(MJ/kg) 

Ash 

(kg/MJ) 

S (kg/MJ) S02 

(kg/MJ) 

1 2.15 1.69 19.92 20.71 0.08 0.00 0.00 

2 2.01 2.51 21.13 22.13 0.12 0.00 0.00 

3 1.57 1.54 20.05 20.69 0.08 0.00 0.00 

4 2.00 3.08 20.17 21.25 0.15 0.00 0.00 

5 1.97 1.45 17.55 18.17 0.08 0.00 0.00 

6 1.88 1.9 17.56 18.25 0.11 0.00 0.01 

7 2.13 3.04 18.08 19.07 0.17 0.01 0.01 

8 1.88 1.27 17.82 18.40 0.07 0.00 0.00 

9 2.10 2.46 18.14 19.01 0.14 0.00 0.00 

10 1.87 1.57 11.19 11.59 0.14 0.00 0.01 

11 1.92 2.66 22.09 23.15 0.12 0.00 0.00 

12 1.85 3.08 19.93 20.96 0.15 0.00 0.00 

13 3.40 0.57 19.23 20.02 0.03 0.00 0.00 

14 5.52 6.45 17.38 19.74 0.37 0.00 0.01 

15 5.06 1.93 17.92 19.27 0.11 0.00 

 

0.01 

4.6.3 Chemical Analysis Results of Torrefaction 

The low-level torrefaction at 250ºC produced pellets with slightly less energy than those torrefied 

at 280ºC. The difference based on the average heating value of the pellets in this sample set was 

only 1.6%. The pellets formed at 250ºC had an overall moisture content of 0.10% greater than the 

pellets created at 280ºC. The pellets formed at 250ºC also had on average 2.77% more O in them 

post torrefaction than the pellets formed at 280ºC. 

Shown in Fig. 4-18 below are the results of the elemental breakdown of the differences between 

torrefied and untorrefied poplar (sample 15). Samples 1-12 represent the 10 spherical pellets, and 
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11 and 12 represent the batch torrefied poplar. Sample 13 represents the OC pellets and sample 

14 represents the NC pellets. These values are on a dry basis, and therefore do not represent 

moisture lost in the torrefaction process, but only other products of the reaction. In all cases the 

torrefied material can be seen to increase in relative carbon content, while lowering in relative 

oxygen content. The hydrogen content of all of the torrefied samples decreased in every case as 

well. The relative changes in nitrogen and sulphur are a much lower percentage, and are within 

limits of error, and should therefore be ignored.  
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Figure 4-18 Elemental breakdown of % mass lost in torrefaction. Based against sample 15 which 

was untreated poplar wood. Sample 13 is OC pellets and is not comparable to the other samples. 

Sample 14 represents non-heat treated (NC) pellets.  

Fig. 4-19 shows the results of torrefaction on poplar. The basis used for comparison was the 

sample 15 of dust sent for analysis. Fig. 4-18 plots the difference in heating value between 

moisture and ash free (MAF) poplar, and the MAF values for the rest of the material sent in. 
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Positive values indicate that the torrefaction had increased the specific energy of the wood and 

negative indicated that lowered the energy. These differences will be addressed in the discussion 

section. Sample 13 represented the OC pellets, which were not torrefied, and are therefore not 

considered and sample 15 is the baseline for comparison so its value was automatically set to 

zero. 
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Figure 4-19 Energy Density change based upon torrefaction treatment. 

4.7 Design of Experiments 

In the following section, the results of the DOE models are considered. For the first two cases, the 

model was compared to the model run with the centre points included. For the remaining, only 

the best model was shown. In all cases, the original model was run with all factors included. 

Terms are removed from the models as per the methodologies explained in the previous chapter. 

In some cases, it was obvious that a linear model would adequately represent the response. Factor 

effects were removed and the model was re-evaluated to examine the new prediction of 

parameters. A balance needed to be found between all of the factors used to assess the fit. 
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Sometimes this only took one iteration; sometimes it took four or five. The best model did not 

necessarily have the best R2
adj, or R2 term, nor did it have the highest Fo value, or most probable 

parameter weightings, but all of these were used to decide upon the most adequate representation. 

Only the data which were calculated through JMP are provided here, and the detailed explanation 

of the  significance of the values calculated is provided in Chapter 5. 

4.7.1 DOE 1 

Coded Matrix for actual values -The coded matrix scales the actual experimental factor values, 

set at low and high values, to a range within -1 and 1. To code the values in the DOE, equation 4-

9 is used: 

)_(2/1

)(

uncoded

uncodeduncoded

Xrange

XX
X


         4-8 

 

The following table provides explanations for the representation of particle size (X1), moisture 

content (X2), and temperature (X3). Determination of the actual moisture content prior to coding 

the matrix was calculated using Eqn. 3-3. 
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Table 4-9 DOE 1 matrix inputs based on treatment level. 

 Uncoded Coded 

Treatment X1 X2 X3 X1 X2 X3 

1 - - - -1 -0.99365 -1 

c - - + -1 -1 1 

b - + - -1 1 -1 

bc - + + -1 0.99343 1 

a + - - 1 -0.98506 -1 

ac + - + 1 -0.98469 1 

ab + + - 1 0.911674 -1 

abc + + + 1 0.912607 1 

0 0 0 0 0 0.042067 0 

0 0 0 0 0 0.048328 0 

 

 Load Response (Newtons) 

With Centre Points 

Table 4-10 provides the responses that were used to calculate the model that predicted the load. 

Table 4-10 Load response 

Treatment Load (N) 

1 2161.23 

c 855.17 

b 2089.37 

bc 1091.15 

a 1863.85 

ac 1113.05 

ab 1674.61 

abc 1378.08 

0 1850.30 

0 1702.64 
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Figure 4-20  Multivariate plot for load (N). The actual experimental responses (black dots) and 
the linear model (solid line). 

 

The multivariate plot is a graphical result that permits a preliminary hypothesis to be generated. 

This leads to the main and interaction effects that would most likely contribute to the model. 
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Figure 4-21 Predicted and actual linear fit of load (N)(left). Interaction profiles of main effects 
(right). The actual experimental responses (black dots) and the linear model (solid lines). The 

average value of the model is the dashed horizontal line. 

 

The graphs in fig 4-21 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). On the right of fig 4-20 is a plot of the 

interaction effects that provide a sense of which may contribute to the model. The interaction 

effects are only provided for the first few examples here.  
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Figure 4-22 Residuals of load (N) (actual data minus values predicted by model) plotted against 

predicted values. 

The residuals are provided in fig 4-22 to demonstrate that no underlying pattern was rejected 

from the model.  
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Table 4-11 ANOVA load (N) with centre points 

Source DF Sum of 
Squares 

Mean 
Square 

F Ratio R2
adj 

Model 2 1601638 800819 28.5451 0.859573 

Error 7 196381.9 28055 Prob > F  

C. Total 9 1798020  0.0004  

 

Table 4-11 is the ANOVA for the model that provides the relative probability that the data are 

well represented.  

Table 4-12  Parameter Estimates load (N) with centre points 

Term Estimate Std 

Error 

t Ratio Prob>|t| 

Intercept 1577.9463 52.96656 29.79 <.0001 

X3 -418.9492 59.21841 -7.07 0.0002 

X1*X3 157.11869 59.21841 2.65 0.0328 

 
Table 4-12 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

 
The model is best represented by the main effect of temperature and a slight interaction between 

the temperature and particle size. This response models the failure strength of the material.  

Residuals are distributed evenly around the average value except for the centre points. This could 

mean a secondary quadratic effect would better represent the system. The interaction shows that 

the particle size – temperature interaction may contribute to the model as well. The F ratio shows 

that the fit is reasonable and the model parameters both fit the model to within a confidence 

interval of 99.96%.  
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Without Centre Points 

The graphs in fig 4-23 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the interaction effects that provided a sense of 

which interaction effects may contribute to the model. The interaction effects are only provided 

for the first few examples.  
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Figure 4-23 Predicted and actual linear fit of load (N) (left). Interaction profiles of main effects 
(right). The actual experimental responses (black dots) and the linear model (solid lines). The 

average value of the model is the dashed horizontal line). 
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Figure 4-24 Residuals of load (N)(actual data minus values predicted by model) 

plotted against predicted values. 

The residuals are provided to demonstrate that no underlying pattern was rejected from the 

model.  

Table 4-13 ANOVA load (N) without centre points 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 3 1673447.1 557816 147.3448 0.984306 

Error 4 15143.1 3786 Prob > F  

C. Total 7 1688590.2  0.0002  

 

Table 4-13 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-14 Parameter Estimates load (N) without centre points 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 1528.4567 21.75372 70.26 <.0001 

X3 -417.1758 21.7575 -19.17 <.0001 

X1*X3 158.88673 21.75748 7.3 0.0019 

X2*X3 97.377431 22.35871 4.36 0.0121 
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Table 4-14 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

 
The model shows that without centre points the probability of a good fit is much better. The F 

ratio is much greater than with centre points. The model still uses the main effect of temperature 

and the interaction between temperature and particle size. To increase the scope of the model 

without the centre points, a second interaction effect of temperature and moisture content appears 

to play a role.  The residuals do not follow any obvious trend. There may be a chance that there is 

a slightly downward sloping linear trend that may be explained by another factor. This model is 

predicted to fit a linear trend to this data at a 99.98% confidence interval. 

Torrefaction (Residual mass fraction of material which remained) 

With Centre Points 

Table 4-15 provides the responses that were used to calculate the model that predicted the 
torrefaction. 

Table 4-15 Torrefaction Response (Residual mass fraction) 

Treatment Residual Fraction 

1 0.8304 

c 0.7360 

b 0.8141 

bc 0.7259 

a 0.8412 

ac 0.7330 

ab 0.8148 

abc 0.7167 

0 0.7825 

0 0.7804 
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Figure 4-25 Predicted and actual linear fit (residual mass fraction) (left). Residuals (actual data 

minus values predicted by model) plotted against predicted values (right). The actual 

experimental responses (black dots) and the linear model (solid lines). The average value of the 

model is the dashed horizontal line. Dashed Curves are limits of model error. 

 

The graphs in fig 4-25 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

Table 4-16 ANOVA torrefaction (residual mass fraction) with centre points 

R2
adj Source DF Sum of 

Squares 

Mean 

Square 

F Ratio 

Model 5 0.0196278 0.003926 289.5929 0.993802 

Error 4 5.422E-05 0.000014 Prob > F  

C. Total 9 0.0196821  <.0001  
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Table 4-16 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-17 Parameter Estimates torrefaction (residual mass fraction) with centre points 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 0.7774202 0.001164 667.62 <.0001 

X2 -0.008857 0.001339 -6.62 0.0027 

X3 -0.048583 0.001302 -37.32 <.0001 

X2*X3 0.0020828 0.001338 1.56 0.1945 

X1*X2 -0.002286 0.001339 -1.71 0.163 

X1*X3 -0.002912 0.001302 -2.24 

 

Table 4-17 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

The model estimates torrefaction response as a prediction of remaining mass content or 

percentage remaining untorrefied. The model contains the centre points to show the discrepancy 

that they produced. This model was created using both moisture content and temperature of 

treatment as the main effects that properly described the responses. The model with the centre 

points suggested that there may be some interaction effects between temperature - moisture 

content, and particle size - moisture content, but at probabilities that indicate they should not be 

included in the model. The overall model still has a greater than 99.99% probability of linear fit. 

0.0889 
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Figure 4-26 Predicted and actual linear fit (residual mass fraction) (left). Residuals (actual data 

minus values predicted by model) plotted against predicted values (right). The actual 

experimental responses (black dots) and the linear model (solid lines). The average value of the 

model is the dashed horizontal line. Dashed Curves are limits of model error. 

The graphs in fig 4-26 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

Table 4-18 ANOVA torrefaction (residual mass fraction) without centre points 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 5 0.0196378 0.003928 2599.408 0.999461 

Error 2 3.02E-06 1.51E-06 Prob > F  

C. Total 7 0.0196409  0.0004  

 
Table 4-18 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 
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Table 4-19 Parameter Estimates torrefaction (residual mass fraction)without centre points 

Term Estimate Std 

Error 

t Ratio Prob>|t| 

Intercept 0.7763109 0.000435 1785.6 <.0001 

X2 -0.008932 0.000447 -19.98 0.0025 

X3 -0.048583 0.000435 -111.8 <.0001 

X2*X3 0.0020811 0.000447 4.66 0.0431 

X1*X3 -0.002912 0.000435 -6.7 0.0216 

X1*X2 -0.002311 

 
Table 4-19 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

When the centre points were removed from the model, the residuals were distributed much more 

evenly, and the quadratic trend was gone. No apparent patterns showed up suggesting terms were 

missing from the model. The same interaction effects were included as in the previous model to 

an increased probability of effect. The main two effects, which predicted torrefaction, were 

moisture content and temperature. The model fit very well at a probability of 99.96% and there 

was no reason to doubt that this model could predict the response of torrefaction under these 

conditions. 

0.000447 -5.17 0.0355 

Gross Calorific Value (GCV MJ/kg) 

Table 4-20 provides the responses that were used to calculate the model that predicted the GCV. 
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Figure 4-27 Predicted and actual linear fit (GCV (MJ/kg)) (left). Residuals (actual data minus 

values predicted by model) plotted against predicted values (right). The actual experimental 

responses (black dots) and the linear model (solid lines). The average value of the model is the 

dashed horizontal line. Dashed Curves are limits of model error. 

 

The graphs in fig 4-27 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

Table 4-20 Heating Response (GCV (MJ/kg)) 

Treatment GCV (MJ/kg) 

1 17.82 

c 20.05 

b 17.55 

bc 17.56 

a 21.13 

ac 20.17 

ab 18.14 

abc 18.08 

0 19.92 

0 11.19 
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dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

 

Table 4-21 ANOVA (GCV (MJ/kg)) 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 1 7.575462 7.57546 7.4188 0.478345 

Error 6 6.126683 1.02111 Prob > F  

C. Total 7 13.702145  0.0345  

 

Table 4-21 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-22 Parameter Estimates (GCV (MJ/kg)) 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 19.151536 0.357329 53.6 <.0001 

X2 -0.999994 0.367138 -2.72 0.0345 

 

Table 4-22 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

The model that predicted the GCV of the pellets showed that there may be a linear model that can 

fit the data, but not to a high level of accuracy. The residuals did not show a pattern, but 

suggested that at higher values of the model, the response was predicted with more variance. The 

only effect that appeared to have an effect on the response was input moisture content. 

  



 

 144 

4.7.2 DOE 2 

No significant results were obtained from the abrasion test run on the pellets. The final mass of 

each pellet varied slightly from the initial weight, but by less that 0.1%. This variance could only 

be attributed to noise, and the model produced no relationship as expected.  

4.7.3 DOE 3  

Table 4-23 DOE3 matrix inputs based on treatment level. 

 Uncoded Coded 

Treatment X1 X2 X3 X1 X2 X3 

1 - - - -1 -1 -1 

c - - + -1 -0.99508 1 

b - + - -1 1 -1 

bc - + + -1 0.999142 1 

a + - - 1 -0.98844 -1 

ac + - + 1 -0.989 1 

ab + + - 1 0.915786 -1 

abc + + + 1 0.917627 1 

0 0 0 0 0 0.045442 0 

0 0 0 0 0 0.04307 0 

 

Size (Pellet Height (mm)) 

Table 4-24 provides the responses that were used to calculate the model that predicted the pellet 
height. 
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 Table 4-24 Size Response (pellet height (mm)) 
 

 
Treatment Pellet Height (mm)  

 
 1 13.67 

 c 13.88 
 

b 13.88  
 
 

bc 14.09 

a 13.61  
 ac 13.58 
 
 
 
 
 
 
 

 

ab 13.61 

abc 13.57 

0 13.88 
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Figure 4-28 Predicted and actual linear fit (pellet height (mm)) (left). Residuals (actual data 

minus values predicted by model) plotted against predicted values (right). The actual 

experimental responses (black dots) and the linear model (solid lines). The average value of the 

model is the dashed horizontal line. Dashed Curves are limits of model error. 

The graphs in fig 4-28 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 
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dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

Table 4-25 ANOVA size (pellet height (mm)) 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 5 0.2547624 0.050952 4066.332 0.999656 

Error 2 2.506E-05 0.000013 Prob > F  

C. Total 7 0.2547875  0.0002  

 

Table 4-25 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-26 Parameter Estimates Size (pellet height (mm)) 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 13.736149 0.001252 10972 <.0001 

X1 -0.143744 0.001252 -114.8 <.0001 

X2 0.0512629 0.001284 39.93 0.0006 

X3 0.0436971 0.001252 34.92 0.0008 

X1*X2 -0.053889 0.001284 -41.97 0.0006 

X1*X3 -0.061196 0.001252 -48.9 0.0004 

 
Table 4-26 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

This model fit astonishingly well. The three main factors all had enormous influence on the 

responses and the interaction showed that the particle size played the largest role in the 

determination of the response. This was a very good representation for this particular experiment. 

Patterns of the residuals may suggest that for larger pellets there may be some convergence in 
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residual value. The fact that the heights of six of 10 pellets were identical showed a great 

repeatability of results and suggested very little error in the system. This provided a model with a 

very tight tolerance, and one that appeared to represent this response of pellet height (or spring 

back) very well. 

Shape  

Absorption Height (% height change) 

Table 4-27 provides the responses that were used to calculate the model that predicted the pellet 
height. 

Table 4-27 Absorption height response (% height change). 

Treatment % Height Change 

1 15.00 

c 7.78 

b 17.07 

bc 7.74 

a 17.93 

ac 5.89 

ab 16.24 

abc 5.08 

0 10.30 

0 12.18 
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Figure 4-29 Predicted and actual linear fit (% height change) (left). Residuals (actual data minus 

values predicted by model) plotted against predicted values (right). The actual experimental 

responses (black dots) and the linear model (solid lines). The average value of the model is the 

dashed horizontal line. Dashed Curves are limits of model error. 

 

The graphs in fig 4-29 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

 
Table 4-28 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-28 ANOVA absorption height (% height change) 

Source Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj DF 

Model 1 197.45415 197.454 116.5276 0.94287 

Error 6 10.1669 1.694 Prob > F  

C. Total 7 207.62105  <.0001  
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Table 4-29 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

 

Table 4-29 Parameter Estimates absorption height (% height change). 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 11.591256 0.460229 25.19 <.0001 

X3 -4.968075 0.460229 -10.79 <.0001 

This model appeared to predict the response of the system well. The F value was high showing 

that the error in these measurements was very low. Temperature was found to be the main effect 

that described absorption height. This was the only contributing factor that was needed to create 

the model. The spread of the residuals was even and no residual trend was evident. This model 

reduced to a simple linear regression of one factor. 
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Evaporation Height (% height change) 

Table 4-30 provides the responses that were used to calculate the model that predicted the pellet 
height. 

Table 4-30 Evaporation size response (% height change) 

Treatment % Height Change 

1 8.05 

c 3.75 

b 9.22 

bc 2.98 

a 10.36 

ac 2.80 

ab 9.04 

abc 2.43 

0 5.55 

0 5.76 
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Figure 4-30 Predicted and actual linear fit (% height change) (left). Residuals (actual data minus 

values predicted by model) plotted against predicted values (right). The actual experimental 

responses (black dots) and the linear model (solid lines). The average value of the model is the 

dashed horizontal line. Dashed Curves are limits of model error. 
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The graphs in fig 4-30 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

 
Table 4-31 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-31 ANOVA evaporation height (% height change) 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 1 76.316334 76.3163 126.545 0.947188 

Error 6 3.618461 0.6031 Prob > F  

C. Total 7 

 

Table 4-32 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

Table 4-32 Parameter Estimates evaporation height (% height change) 

Term Estimate 

79.934795  <.0001  

Std Error t Ratio Prob>|t| 

Intercept 6.0779406 0.274563 22.14 <.0001 

X3 -3.088615 0.274563 -11.25 <.0001 

 
 

The response of size evaporation was only dependant on one factor, which was the temperature. 

The F ratio was high and the error was low which indicated a good model fit. The results also 

agreed with the previous results of temperature as the main effect for size absorption. The 
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residuals of this linear regression showed no obvious trend other than the possibility that they 

spread out towards the end of the set of predicted values. 

Mass 

Mass Absorption (% mass increase) 

Table 4-33 provides the responses that were used to calculate the model that predicted the mass 
absorption. 

 

The graphs in fig 4-30 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

Table 4-33 Mass absorption response (% mass increase) 

Treatment % Mass Increase 

1 24.33 

c 15.61 

b 29.37 

bc 17.58 

a 26.21 

ac 11.03 

ab 27.45 

abc 11.34 

0 18.96 

0 22.66 



 

 

 
Table 4-34 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

 

Table 4-35 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 
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Figure 4-31 Predicted and actual linear fit (% mass increase) (left). Residuals (actual data minus 

values predicted by model) plotted against predicted values (right). The actual experimental 

responses (black dots) and the linear model (solid lines). The average value of the model is the 

dashed horizontal line. Dashed Curves are limits of model error. 

Table 4-34 ANOVA mass absorption (% mass increase) 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 4 374.21625 93.5541 46.801 0.963197 

Error 3 5.99692 1.999 Prob > F  

C. Total 7 380.21317  0.0049  
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Table 4-35 Parameter Estimates mass absorption (% mass increase) 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 20.386327 0.499952 40.78 <.0001 

X3 -6.476417 0.499872 -12.96 0.001 

X1 -1.337346 0.499962 -2.67 0.0754 

X2 1.113566 0.512214 2.17 0.118 

X1*X3 -1.347813 0.499872 -2.7 0.074 

 
 

The mass absorption model showed a very high likelihood that temperature affected the response 

of percentage mass absorption. This response may have also been affected by the particle size 

effect –temperature interaction. The moisture content was of lower probability to affect the 

response. However, with the term left out there was an obvious trend in the residuals. There was 

also reason to believe that a response of moisture absorption should include moisture content.  

The residuals did not appear to follow any pattern or trend and there fore this was the best model 

that could be constructed from the test data. 

Torrefaction (residual mass fraction) 

Table 4-36 provides the responses that were used to calculate the model that predicted the 
torrefaction. 
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Table 4-36 Torrefaction response (residual mass fraction) 

Treatment Residual Fraction 

1 0.8243 

c 0.7358 

b 0.8100 

bc 0.7200 

a 0.8336 

ac 0.7410 

ab 0.7913 

abc 0.7081 

0 0.7849 

0 0.7740 
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Figure 4-32 Predicted and actual linear fit (residual mass fraction) (left). Residuals (actual data 

minus values predicted by model) plotted against predicted values (right). The actual 

experimental responses (black dots) and the linear model (solid lines). The average value of the 

model is the dashed horizontal line. Dashed Curves are limits of model error. 

The graphs in fig 4-32 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 
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dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

Table 4-37 ANOVA torrefaction (residual mass fraction) 

Source DF Sum of 

Squares 

Mean 

Square 

F Ratio R2
adj 

Model 3 0.0173195 0.005773 338.253 0.993129 

Error 4 6.827E-05 0.000017 Prob > F  

C. Total 7 0.0173878  <.0001  

 
Table 4-37 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

 
Table 4-38 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

Table 4-38 Parameter Estimates torrefaction (residual mass fraction) 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 0.7701726 0.001461 527.1 <.0001 

X2 -0.013582 0.001498 -9.07 0.0008 

X3 -0.044282 0.001461 -30.32 <.0001 

X1*X2 -0.00606 0.001498 -4.05 0.0155 

 

This model of torrefaction was a good representation of the response. The model was well 

defined and the F ratio showed that there was very low error in this prediction. The main effects 

of this model were temperature, moisture content, and the interaction between moisture content 

and particle size. This interaction was less significant than the other two, but was included 

because it allowed for the elimination of a pattern in the residuals. The residuals still may show 
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the possibility of a slight quadratic trend. This was the best representation of the data available 

from the data gathered. 

Corrected Density (density kg/m3) 

Table 4-39 provides the responses that were used to calculate the model that predicted the 
corrected density. 

Table 4-39 Corrected density response (density kg/m3) 

Corrected Density (kg/m3)Treatment

1 1316.93 

c 1334.18 

b 1324.11 

bc 1318.25 

a 1365.98 

ac 1338.42 

ab 1320.40 

abc 1301.68 

0 1353.24 

0 1347.08 
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Figure 4-33 Predicted and actual linear fit (density kg/m3) (left). Residuals (actual data minus 

values predicted by model) plotted against predicted values (right). The actual experimental 

responses (black dots) and the linear model (solid lines). The average value of the model is the 

dashed horizontal line. Dashed Curves are limits of model error. 

 

The graphs in fig 4-33 provide the actual experimental responses (black dots), as well as the 

linear model (solid line) and its error bars (dashed lines). The average value of the model is the 

dashed horizontal line. On the right is a plot of the residuals to demonstrate that no underlying 

pattern was rejected from the model.  

 
Table 4-40 is the ANOVA for the model that provides the relative probability that the data is well 

represented. 

Table 4-40 ANOVA corrected density (density kg/m3) 

R2
adj Source DF Sum of 

Squares 

Mean 

Square 

F Ratio 

Model 3 2153.2847 717.762 6.8846 0.716067 

Error 4 417.027 104.257 Prob > F  

C. Total 7 2570.3117  0.0466  
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Table 4-41 provides the parameters that were used to construct the model. The importance of the 

inclusion of these parameters is also shown as a relative probability. 

Table 4-41 Parameter Estimates corrected density (density kg/m3) 

Term Estimate Std Error t Ratio Prob>|t| 

Intercept 1327.1017 3.611288 367.49 <.0001 

X2 -11.96888 3.702493 -3.23 0.0319 

X1*X2 -9.779093 3.702564 -2.64 0.0575 

X1*X3 -7.206389 3.61 -2 0.1166 

 

The corrected density model showed that the data was not well represented by the model. This 

related back to the original multivariate plot that found only weak interaction effects of factors. 

The moisture and moisture -particle size interaction showed a slight chance of effect on the 

response. This effect was not well represented by the model and may not have been entirely 

adequate to describe the response. There may have also been a slight interaction between the 

particle size and temperature, but this was even less likely and had no physical meaning to the 

system. The model failed to properly represent the system even though it was a proper replicate 

of the corrected density response of DOE 1. 

4.8 Chapter Conclusion 

It was found that biomass dust does pelletise well but only under controlled conditions. The 

particle size, binder content, moisture content, temperature, material choice, mould and die 

geometry, surface roughness, heat transfer rate, pre-treatment of material and mould and 

pressures applied all have a significant effect on the successful production of a pellet. 
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The forces required to form the pellets were approximately in the same range as work done in the 

past by others. The load cell used to approximate this force did not update frequently enough or 

provide enough resolution to show the actual force applied at the end of the pelletisation process. 

The load that was used in the creation of the 20 spherical pellets for this thesis were all formed 

under a pressure of 4536 kg (10 000 lb) and the average was approximately 1814-2722 kg (4000-

6000 lb). 

Raw dust did not pelletise well without the addition of heat, and the particle sizes and moisture 

contents were very important in the manufacture of pellets. The surface roughness of the mould 

and die did cause for pellet adhesion, however this was not the sole cause of material fusion to the 

surface. Stronger pellets were made from heat treatments at lower temperatures; more 

hydrophobic pellets were created from more severe heat treatments. The particle size and 

torrefaction temperature also played a vital role in the sensitivity of water absorption and 

evaporation.  

The most important factor in the success of pelletisation was the design of a new mould and die 

assembly which effectively offset, and mitigated the weak equatorial plane which was found to 

cause the greatest likelihood of pellet failure. 

The compressive force required to cause tensile failure in pellets was found through equations 

provided to calculate failure stresses in brittle materials. A number of variations of this stress 

were determined through different equations to provide a range of acceptable values. The 

Young’s Modulus was found to try to further explain the stress-strain response of the wood 

pellets. 

The abrasion resistance of pellets was found to be extremely high and was better than that of any 

other type of biomass pellet that exists. 
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The densities of pellets were not predictable by DOE models yet fell in a range that allowed them 

to compare to the current state of the art. 

The moisture sensitivity of pellets was found to be very acceptable as although the pellets did 

absorb water, they were able to easily shed it. This validated the assumption that the torrefaction 

was able to provide the material with hydrophobic properties.  

The batch torrefier was able to produce various degrees of torrefied material. The operation of the 

batch torrefier was determined to be highly variable and a more controlled method of operation 

was needed in order to properly understand some of the rate and reaction mechanisms involved in 

the process. 

Chemical results showed variations in oxygen contents of the samples depended on the different 

treatments that were performed. Energy contents also varied from sample to sample, and these 

variations were to be used to aid in the analysis of torrefaction. 

Finally, the DOEs provided a valuable screening design that resulted in the suggestion of a 

number of factors that do highly affect the qualities of spherical pellets. It was also able to predict 

that more variables should be included in any future designs that may be used to optimise the 

process. 

The next chapter discusses the results of those data presented in more detail and provides theories 

as to why some of the observed responses occurred. 
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Chapter 5 

Discussion 

5.1 Introduction 

In the following section, the results of the strength tests of pellets will be dealt with in detail. The 

material selection and its characteristics are examined as they pertain to the formation of wood 

pellets. The failure stress of NC and OC and spherical pellets are analysed. In addition to the 

stresses, more detailed analysis of the exact mechanisms of failure are investigated. 

The abrasion resistance of the pellets is analysed and compared to the current state of the art. The 

results of the tumbling can and drop test are examined, and the results of these tests are used to 

allow for comparison to the current pellets available in the market. 

The moisture sensitivity of the pellets is examined to provide behavioural characteristics of 

pellets in a typical environment that it may encounter. The claim that torrefied material is 

hydrophobic is investigated in more detail and the results of this claim are justified. In addition to 

this a more valuable result of the moisture sensitivity showed that the pellets were able to 

maintain their strength and structure through the immersion test and the ramifications of this are 

discussed. 

The production of material from the batch torrefier is analysed as are the specific treatments done 

on the poplar dust. Variations in the rates and levels of heat treatment of the material were found 

to be crucial in the determination of the properties of the product. A discussion is provided that 

aims to elaborate on those results to interpret how and why the material behaved as it did.  

The results of the chemical analysis are used to explain the energy content of torrefied material to 

compare it to the predicted products that literature suggested. Variations in treatment levels were 
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found to alter this energy content and the ultimate and proximate analyses are discussed to help 

understand these variations. 

Finally, the DOEs are thoroughly discussed to validate the probabilities that the models are well 

suited to predict various response trends. The factor effects that are included in the models are 

also explained through the mechanical physical and chemical interactions that were employed to 

form the pellets.  

5.2 New technology  

5.2.1 Pellet Press 

A new pellet mould and die assembly were created to form spherical pellets. The new design can 

be seen in the Chapter 3 in Fig. 3-4 (c) and Fig. 3-5. The success of this design was not only 

dependant on the in-situ torrefaction, but also by the unique way that the material was compacted 

in the mould assembly. The stress distributions and particle binding mechanisms were believed to 

have virtually eliminated the equatorial plane weakness that was determined to cause the most 

problems in the first design. The new design is not perfect as material still sticks to the bottom of 

the mould cavity on one side; some theories on how to approach this problem and eventually 

eliminate it are provided shortly. This method is currently in review for mass production 

capabilities and under patent application. 

5.2.2 Pellet 

A new spherical pellet was created through this thesis that benefited from enhanced strength and 

durability. This pellet solved the problems that concerned regular biomass pellets. It allowed for 

more transportation possibilities, as well as to provide a product that could be used for power 

generation. 
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5.3 Material Selection 

The material used in this thesis for the production of wood pellets was very characteristic of a 

purpose grown energy crop. Hybrid poplar is a species that requires very little care and 

maintenance that makes it an ideal fuel crop; it can also be grown on marginal lands that do not 

displace agricultural industries. The energy content of poplar, when torrefied and densified, was 

comparable to lignite coal. In addition to this, the material had lower ash content than a grass, 

which provided further assurance that it would not cause any substantial fouling issues in a power 

plant. Hybrid poplar was also abundantly available from the Eastern Ontario Model Forest 

(EOMF). 

For pure energy content, a more suitable type of biomass would have been a high quality 

softwood product, but the research here proved that even a substandard material could effectively 

be densified, and its specific energy content increased. 

Poplar from EOMF was used. The poplar did not behave as well as a higher quality coniferous 

product may have either. It devolatilised more extensively, and produced products that were 

partially to be blamed for the severe adhesion of material to the mould and die assembly. This 

problem was mainly overcome throughout the experimental iterations and redesign. 

5.4 Cylindrical Pellet Creation 

The pelletiser and hammer mill purchased for the test lab at IP were used to provide a base line 

evaluation of the current pelletisation technology available in the market. Not only did they 

provide this but they also allowed for the creation of cylindrical pellets made of the same hybrid 

poplar that was used to make the spherical pellets. The quality of the cylindrical pellets produced 

from the IP pelletiser was lower than that of the best commercial competitors, as they did ont 

have a shiny smooth exterior coating, and had cracks in their lengths. These pellets were still 
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capable of providing a suitable comparison for this study. The pelletiser at IP was also found to 

produce pellets with higher ash content than the commercially made pellets or the spherical 

pellets. This was most likely due to the prior materials that had been pelletised in this machine. 

The only prior materials pelletised were Switchgrass, flour, vegetable oil and silica sand. Any of 

these may have contributed small quantities of ash, or additional material to the cylindrical pellets 

that were produced. The only effect that this would have would be on the heating value of the 

pellets, and it was accounted for.   

5.5 Spherical Pellet Strength 

The loads that spherical pellets could withstand before reaching the maximum strength point were 

due to various combinations of the treatment factor inputs, as well as the particle packing and 

interaction effects that take place within the mould. The particles were packed in a non-isotropic 

manner to avoid the centre plane weakness that was identified with initial attempts to make 

spherical pellets. The packing configuration, which is dictated by the mould geometry, most 

definitely had an impact on the strength of the pellets. Since the pellets were compacted from a 

vertical column of sawdust downwards into a sphere, it would be reasonable to assume that they 

were the strongest in the same orientation when the load was applied. This assumption was the 

basis for the examination of the tensile strength of the pellets in the Instron. The tensile strength 

of the pellets would be related to the internal particle bonds that were oriented on more horizontal 

than vertical planes relative to the vertical orientation of the seam formed by the mould halves. 

Because of this there was likely an increased shear associated with particle slippage in the 

horizontal direction. This shear force would presumably add to the tensile strength of the pellet. 
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5.5.1 Failure Mechanisms and Analysis 

No prior work has been done on the compression of spherical wood pellets, simply because they 

did not exist before this work. Tensile strength calculations of wood pellets with large particle 

binding effects and a non-isotropic structure have not been investigated to date in any literature. 

Many tests do exist which have examined the force required to break spherical and cylindrical 

bodies. None of the theories provided in literature addressed the exact scenario encountered in 

this thesis. Varieties of methods for the calculation of failure stress of particles with varying 

geometries have been examined. These calculations are designed to examine the ultimate failure 

strength of densified material which comes in disk or cylinder form. In all of the tests, the 

specimen is placed into an Instron or similar press, and the specimen is loaded until failure. These 

equations provide a satisfactory analysis for cylindrical pellets yet cannot completely or properly 

describe the characteristics of spherical pellets. Refer to Equations 4-1 to 4-6 in the prior section 

for these equations. 

5.5.2 Brittle Failure 

There are a number of papers that have examined the loads, forces and failure mechanisms of 

brittle spheres. The spheres of biomass produced in this thesis can be seen in some instances to 

fail in a brittle manner. Because of this, they were to be analysed by the same equations that 

applied to the other brittle spheres. In the lower range of torrefaction, the spheres became tougher 

and less brittle. The assumptions of brittle failure may not hold as well in these analyses. The 

argument can be made than even so, the particle interactions and binding effects associated with 

the sawdust in all of the pellets may add plasticity to each of the pellets, meaning that they do not 

fail in true brittle fashion. The only investigations available into sphere mechanics found were of 

brittle spheres, so they were used as a basis for the examination. 
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5.5.3 Load Test 

Cylindrical Pellets 

The cylindrical pellets were measured for failure load using a modified version of the extended 

planar strength test as outline by Rocha [58]. The equation was modified slightly so that the pin, 

which was used by Rocha, was in fact here a platen, and the platen width was used instead of the 

diameter. The pellet diameter was used, as is the case in the literature. This amounted to the 

equation calculation of a simple force over projected area. The modification to the equation left it 

in a form that was comparable to the other equations used for the analysis of failure of spherical 

pellets.  

OC Pellets 

The OC pellets were brittle and fractured or snapped quite easily if a large moment was applied to 

them between the fingers. The pellets were evaluated for their ultimate strength using the 

extended planar strength just as the NC pellets were. These pellets were found to shatter which 

signifies that they too failed in a brittle manner. In some cases, the failure plane was a vertical 

crack that propagated the length of the pellet. In other cases, more pieces and a more random 

crack pattern was observed. The vertical plane justified the modification made to the test equation 

that explained that the maximum force sustained by the pellets would be dictated by the projected 

area of that pellet. 

NC Pellets 

When the Instron applied the compressive load to the NC pellets, they were not seen to fail in the 

same manner as either the spherical pellets or the OC pellets. These pellets were observed to 

crush, and plastically deform rather than shatter as the other pellets had done. This can easily be 

explained by the higher moisture content of these pellets. Although made one week prior to the 

test, these pellets still contained more moisture in them than either the OC pellets or the spherical 

pellets did. This water allowed for easier movement and more plastic deformation of the particles. 
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The pellets did not break apart at the central plane as the OC pellets did. As these pellets failed 

they squished, and the material built up and spread out over a greater area allowing a larger load 

to be spread over the pellet area. The pellets all squished to a diameter greater than their initial 

projected area, and because of this, the graphs in Chapter 4 show that they appear to strengthen 

over time. The real load that the pellets were able to sustain before failure (and the one of interest 

when it comes to describing the amount of dust and particles they would produce in shipment and 

handling) is shown as the very first peak and subsequent trough in Fig. 4-1 and Fig. 4-2. The 

pellets did manage to sustain a small force from the Instron prior to any plastic deformation and it 

was used to calculate the extended planar strength.  

Spherical Pellets 

To examine the strength of the pellets created for this thesis, a test similar to the extended planar 

was employed. The failure or ultimate strength of the pellets was estimated by a compressive 

load. Some test pellets were used to try to determine how to measure the stresses associated with 

the particle failure. The pellets, depending on the prior treatment all appeared to fail in a central 

plane and either cracked or failed catastrophically and split into many segments. The pellets were 

not observed to barrel, or plastically deform. There was a small region at the top and bottom of 

each pellet that did compress more than the rest of the pellet initially. This behaviour can be 

compared to the behaviour of brittle spherical specimens in the work by Khanal et al. [73]. Fig. 4-

3, 4-4 and 4-5, which illustrate the load curves of the spherical pellets, demonstrate this behaviour 

as a curved upward trend at the start of the applied load. Once the top and bottom poles of the 

pellet deform, the curvature in the load response ended and the force increased at a constant rate. 

This pattern was not observed in the cylindrical pellets. 

The pellets were eventually observed to fail due to separation of a vertical meridian plane. 

Because of this, the force produced by the Instron was divided over the area of this failure plane. 
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The ideal projected area of a perfectly spherical pellet was used as this area in order to produce 

approximations for the pellet strength. This provided an ultimate tensile strength for the pellets. 

The pellets, as mentioned, failed in a brittle manner so the choice of a compressive load, which 

resulted in a meridian crack, did suggest that the pellets failed in tension.    

5.5.4 Observed Failure Responses 

Gorham et al. [75] conducted tests where brittle spheres were shot at a solid wall to cause 

fracture. Schönert [76] conducted tests where brittle spheres were placed between two platens and 

compressed until failure.  

The resulting geometries that were obtained from the failure are shown below. The cracks 

propagate from a region deemed the “crushed cone” (Fig. 5-2) and cause the material to segment 

like an orange.  The tests that were performed ranged from static testing to dynamic testing. The 

static tests hold more applicable results to the spheres examined in this thesis.  

Gorham et al. explained that as a load was applied to a sphere, the force would initially cause a 

conical deformation under the loading point in the press. This conical deformation would lead to 

tensile stress in the areas surrounding the deformed cone. This stress concentration would lead to 

the initiation of formation of meridian cracks that then tend to propagate through the centre of the 

sphere. One of these cracks would dominate and eventually cause failure of the sphere. 

Fig. 5-1 shows a sphere that was shot at 50-65 m/s against a rigid wall to cause it to fail. The 

static load test may be of more use to help understand the failure of wood pellets. Even though 

the pellets did not fail in exactly the same manner as in the static compression test by the Instron, 

the pattern and physical explanation seem to be entirely plausible for the modes of failure. 
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Figure 5-1 Fractures displaying the conical central deformation and the initiation of multiple 
median cracks [75]. 

 

Figure 5-2 displays the crushed cone, which causes internal stresses within a brittle sphere. Due 

to these stresses, meridian cracks will begin to form and spread through the sphere.  

 

Figure 5-2 Impacted brittle sphere displaying conical crushed zone.[75] 

In a static compressive test, the sphere begins to plastically deform and fail at a point at the top 

and bottom poles of the body as seen in Fig. 5-3, which causes stresses within the structure that 

then lead to the propagation of meridian cracks. 
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Figure 5-3 Brittle sphere with compression cone zone and meridian crack [75]. 

 

Fig. 5-4 and Fig. 5-5 show the results of a static and dynamic load test on brittle spheres. The 

static test is more applicable to the results of this thesis. The dynamic results may be more 

applicable to more aggressive shipping and handling of pellets as and end use scenario. 

 

Figure 5-4  Impact of brittle sphere causing conical deformation region and shattering [76]. 
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Figure 5-5 Static compression of brittle sphere. Development from conical deformation to full 

meridian crack propagation [76]. 

 
  

5.5.5 Failure Methods from Literature 

Fig. 5-6 and 5-7 show examples of broken pellets from the crushing test in DOE 1. The methods 

of failure here may suggest that the pellet failed on more than one plane. The second image shows 

that the pieces from the original pellet may be represented by the “orange segment” theory as 

proposed by Bergstorm et al. [77]. 
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Figure 5-6 Failure of brittle sphere wood pellet. Possible central conical deformation (enclosed 
region), as well as multiple meridian cracks (arrows and curve). 

 

Figure 5-7 Failure of a brittle sphere wood pellet. Resultant particles (identified by arrows) 
exhibit characteristic “orange segment” pattern. 

 
The exact mechanism that caused failure could not be observed in the compression test. The 

pellet was contained within a ring that would stop projectiles from flying and causing damage to 
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bystanders. The ring shielded the pellet and did not allow for observation of the exact method of 

crack propagation. The cracks may have started on the surface or internally to the pellet. Without 

knowledge of the exact mechanisms of how this happened, it is not possible to go into any more 

of an in-depth analysis. 

No method could be used to calculate the material properties of these pellets as the particle size 

distribution varies in each of them, as does the material density and the particle orientation from 

forming. 

These results cannot allow for a complete explanation of the ultimate failure methods. The pellets 

produced had particles/grains of sawdust in them that were large enough to cause effects in the 

failure process. This can clearly be seen above in Fig. 5-7. The fracture surface of the pellet is not 

a clean plane but rather a jagged surface of particle protrusions. The surfaces where the pellet 

fractured showed that there were many particle adhesion zones, and because of this, the method 

of crack propagation and of surface area, and consequently adhesion area, are not straightforward. 

5.6 Abrasion Resistance 

 The spherical pellets did not abrade when placed in the tumbling can. They were highly resistant 

to both the Gobstoppers, which were placed in the can with them, and then finally the marbles. 

The marbles were 4 times as dense as the pellets and approximately the same size yet had no 

impact on the pellets. Not only was the modified test procedure run for 10 min. which makes it a 

harsher test than CEN TS 15210-1,but preliminary tests on similar pellets found that no 

appreciable mass loss was observed even after four hours of tumbling with marbles.  

Particles on the outer surface of the pellet must add toughness, and dependant on the size, may be 

interlocked with particles deeper within the pellet. Because of this, they did not shed from the 

pellets, as no signs of damage were visible. For the pellets that had smaller particles of sawdust, 
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the lignin presumably held together the outer shell very well. Other products from the 

devolatilisation may have also aided in the strength of the pellet surface, but no data was 

available to look into these effects. 

One theory, which related back to the strength of the pellets and their tendency to return to their 

original size once dried, suggested that there might be some sort of plasticization that occurred in 

the torrefaction process. This plasticization would definitely add strength and durability to the 

outer shell of the pellets and reduce abrasion damage. 

There was no need to compare the PDI (Pellet Durability Index) of the spherical pellets to the 

commercially available or cylindrical poplar pellets. The fact that they did not abrade at all made 

them vastly superior to other pellets. The new pellet can therefore not be adequately compared to 

common cylindrical pellets as they are of a different product class entirely. The new pellets 

produced no fines and are subsequently at the top of the PDI for biomass pellets.  

New standards should be developed for these pellets as they are of different size, shape, and 

strength than other pellets on the market today. A further investigation of the handling advantages 

of these pellets will be discussed below.   

5.7 Moisture Absorption 

5.7.1 Absorption Mass Response 

The water absorption test showed that the results of torrefaction did have a profound effect on the 

amount of water absorbed by the wood pellets. The NC pellets did not even last long enough to 

accurately compare them to the rest of the samples as they disintegrated at 60 min. into the 

absorption test. In comparison, the spherical pellets lasted 22hr and 50 min with a mass change of 

11-29%. The OC pellets also seemed to perform well in terms of mass of water absorbed at 13%. 

One very important observation to note was that the OC pellets leached a brown colour out into 
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the water. These pellets were supplied by Pellet Flame and according to the supplier; nothing was 

done to the raw material prior to densification into pellets. The sawdust used to make these pellets 

apparently came from aged wood that was left out in piles prior to pelletisation. Some yellowing 

was also observed to leach out of the less torrefied spherical pellets as well. This light yellow 

colour can be seen in Fig 5-9 below. The yellowing can be seen clearly in sections 2, 4, 5 and 8 of 

the tray. Notice that in section OC of the tray, the water is a dark brown even though there is no 

longer any solid material in this section. The NC section still has the remains of the pellets in it as 

they had turned into waterlogged sawdust. The difference that the immersion test created can be 

seen when comparing Fig. 5-9, which was at the final 22 hr. and 50 min. to Fig. 5-8 that was 

taken at the 30 min. mark.  

  

 

Figure 5-8  Pellet immersion test at t=30 minutes. 
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Figure 5-9 Pellet immersion test conclusion. t=1375 minutes. (22hr50min) Resultant 

discolouration displayed (encircled sections of tray). 

5.7.2 Observations of Submerged Pellets 

Off Gas 

The NC pellets released the most gas of any of the pellets produced quite steadily for the first 30 

min. of the immersion test as they began to disintegrate. In contrast, the OC and Spherical pellets 

did not exhibit this behaviour. The composition of the gas was not determined however, it was 

likely just air escaping from the interior structure. The OC pellets and spherical pellets did not 

release as much gas as the NC pellets did. The gas that was observed on the OC and spherical 

pellets mainly stuck to the exterior of the pellet in small discrete bubbles and did not leave the 

surface. In all likelihood, the gas observed on the OC and Spherical pellets was dissolved gas 

from the tap water that had come out of solution and formed in nucleation sites on the surface of 

the pellets. The gases were not collected or analysed and they may not be comprised solely of air. 

In any future tests, this gas should be looked into as it may also have an impact on the energy 

content of the pellets.  
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Surface Defects 

There were surface defects in all of the wood pellets used in this test. These surface defects were 

believed to have been the main initiation point of water infiltration into the pellets that would 

cause absorption and disintegration.  

The ends of the cylindrical pellets were the most probable locations that would allow for water 

absorption. The ends of each cylindrical pellet were exposed and not as compacted and solidified 

with lignin as the outer shell of each cylinder was. This was due to the pellet manufacturing 

process, and was where each pellet snapped off as it came out of the extruder. 

The surface defects on spherical pellets were minimised in the design stage. The entire outer 

surface was designed to be a continuous smooth surface to limit the absorption of water. The 

interfaces between mould and die parts were the only locations where this continuous surface 

would be disturbed. This minimised any defects that would occur. There were exceptions to this 

design however since in the manufacturing process; the pellets did stick to the die as mentioned in 

chapter 3. The bottom of each of the pellets did stick to the mould and therefore broke away when 

the pellet was extracted. This was even more apparent in Pellet 1 from the DOE, which was more 

defective than the rest. The top of the pellet broke off entirely as it stuck more than usual in the 

die of the assembly. The pellet was still used in the analysis though, and provided comparable 

results to the rest of the specimens.  

Resultant Water Uptake 

The surface defects played very little role in the absorption behaviour of the wood pellets. This 

can be seen especially well in the response of pellet number 1 which, although had a much greater 

defect area from which to absorb water, gained less mass overall than other pellets.  

The absorption characteristics of the pellets were found to follow a clear trend. The pellets, which 

absorbed the least water, were those torrefied at the higher temperature. Pellets, which were 
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torrefied at the intermediate temperature, absorbed less water. Finally, pellets that were torrefied 

at the lowest temperature absorbed the most water. In each distinct temperature treatment, there 

were variations in the amount of water absorbed and this may be due to the particle size and 

moisture contents of the specific pellet. These interaction effects will be examined more carefully 

in the DOE discussion to follow. An extreme case of the water absorption due to surface defects 

can be demonstrated by pellet 1. Although it was substantially more flawed than any of the pellets 

that were torrefied at 250ºC, it only absorbed 17.6% moisture in comparison to the 24.3%-29.4% 

that they did. 

Leachate 

An unexpected quality was also observed that might contribute to the mass absorption and mass 

change of pellets submerged in water. The pellets that were torrefied at the lower temperature all 

showed signs of releasing a compound into the water. This was only observed after the full 

duration of the absorption test. The leachate that came from the pellets coloured the water 

yellowish. This amount of leachate that was released from pellets was observed to follow a 

definite trend. The pellets that were torrefied at the low temperature were most prone to leeching. 

Pellets that were torrefied at the intermediate temperature produced less leachate. The pellets that 

were torrefied at the highest temperature produced no leachate at all.  

Another important observation is that the OC pellets produced much more of this leachate than 

any of the spherical pellets. Within 30 min. of immersion in water, the OC pellets had already 

began to show signs that a dissolved substance had escaped from the pellets and changed the 

colour of the water. At the end of the experiment, so much of this substance had dissolved out of 

the OC pellets that the water was too dark to even observe the pellets.  
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5.7.3 Absorption Size Response 

The NC pellets produced could not be included in this analysis as they disintegrated too rapidly. 

The OC pellets were examined during the immersion test and were found to lose their smooth 

cylindrical surface and sharp corners and the exterior of the pellets became rougher. Spherical 

pellets did swell significantly and the treatment used to create the pellet could easily predict the 

trend. Pellets were non-linear in absorption and the particle size affected the swelling rate. 

Torrefaction temperature also had an enormous effect on the visual inspection of the immersed 

pellets. Pellets that were torrefied at 280ºC were affected least by the water test. They showed the 

minimal amount of swelling in comparison to the other spherical pellets.  Pellets that were heat-

treated at the intermediate torrefaction temperature swelled less than the pellets at the low 

temperature. The low temperature torrefaction produced pellets that were most prone to swelling 

due to water absorption.   

The swelling direction in all of the pellets was most pronounced in the length/height direction. 

This was ultimately due to the method in which the pellets were formed. The material was 

confined into a long cylinder of loose dust and compacted vertically to form the spheres. The 

particles were bound in such a way that the material wanted to return to its relaxed state. The 

water that absorbed into the structure of the pellets loosened the particles enough to allow them to 

expand back in this vertical direction.  

Another characteristic of the wet pellets was the surface condition after immersion. Scales or 

flakes of material were noted on the exterior of each pellet. These flakes were individual particles 

of wood dust that had swollen and expanded away from the main pellet. The amount of water 

absorbed appeared to be dependant on these flakes. The size of the flakes also determined the 

amount of cracking, or separation on the surface of the pellets. Smaller flakes were seen to 

produce more cracks, and larger flakes produced less cracks.  
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The pellets that showed the most apparent signs of cracking and scaling also absorbed the most 

water. What is believed to have happened involves a cause and effect relation where the particles 

that absorb water and swell, break physical bonds between their neighbour particles. These 

broken bond sites would then act to absorb capillary water, which would then absorb into the 

particles, which would then swell themselves, and the process would continue radially inwards. 

The pellets that were most prone to the flaking that occurred were the pellets torrefied at the 

lower temperature, and in some instances, to a lesser extent, the intermediate temperature. Pellets 

that were torrefied at the highest temperature did not exhibit this flaking tendency. 

Therefore, pellets that are highly torrefied and compressed out of smaller particles of dust 

perform the best in a saturated environment. In terms of wet handling of pellets, those made out 

of the less torrefied and larger particle sizes appear more likely to shed material and break, or 

abrade.  

Fig. 5-10 and 5-11 show the results of both the best and worst case of the absorption test for 

spherical pellets. Pellets 2 and 10 are shown from a picture at the 22 hr. and 50 min. mark just 

after removal from the water and dried. Along with the pictures are diagrams to show the relative 

absorption size change.  
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Figure 5-10 Pellet 10 swollen dimensions.  t= 1375 minutes (grey), t=0 (white). Image of pellet 

at conclusion of absorption test. 

 

 

Figure 5-11 Pellet 2 swollen dimensions.  t= 1375 minutes (grey), t=0 (white). Image of pellet at 

conclusion of absorption test. 

 

The diagrams above show the changes which occurred in the height of the pellet only. The width 

was not included in the analysis as particles from the side of the pellet often disintegrated from 
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the main body while immersed. The side of the pellet had a region where the particles were least 

compacted and this was due to an issue with the compaction of the dust in the mould and die.   

5.8 Water Evaporation 

The OC and spherical pellets were all intact at the conclusion of the immersion test, and it was 

decided to examine how the torrefied material in the pellets would respond to exposure to a less 

humid environment. The OC pellets and spherical pellets were dried with a paper towel and left 

on a sheet of paper in the lab in ambient conditions. The hypothesis was that since the material 

was determined to be hydrophobic, that it should likely dry back to its initial conditions. 

Although it may not dry to the bone-dry state that existed prior to the immersion test, it should 

likely approach the moisture content that it had in “air dry” or ambient conditions. To measure 

the degree at which the pellets dried, a mass percentage of the wet material was compared to the 

“air dry” moisture content. Therefore, all the pellets, which would contain higher moisture 

content, would approach the “unity” value that was defined as the moisture content of the initial 

air-dry state.   

5.8.1 Mass Evaporation 

The spherical pellets approached the unity value plotted in fig 4-13 as predicted. At the end of the 

25 hr. and 40 min. evaporation phase, the pellets ranged from 1.8% to 3.5% higher moisture 

content than their original air-dry moisture content. This demonstrated that all of the torrefied 

pellets returned to an overall moisture content of <5% after a period of approximately 24 hr.   The 

pellets approached this unity value an exponential rate, and the logarithmic plot Fig. 4-13 

provides the rate constants that differentiate the test specimens 

It can be hypothesised that with enough time that all of the spherical pellets would reach their 

original air-dry moisture content.  
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The OC pellets did not follow the same trend that the spherical pellets did. It can be seen in Fig. 

4-12 that the OC pellets dipped below the original air-dry state early into the evaporation phase. 

One possible explanation for this is that the dark brown colour in the water was some sort of 

dissolved solid that was added to the pellets. The pellet mass decreased when this dissolved solid 

was allowed to leach into the water. When the pellet was then dried, this material was not 

accounted for in the weight. The water was not evaporated from the individual sections of the 

trays to determine if any material would remain.  

5.8.2 Size Evaporation 

The spherical pellets also shrank in size when removed from the water and allowed to dry. Fig. 5-

12 and 5-13 show the final size of the pellets at the end of the evaporation phase. The grey section 

denotes the remaining swollen section of the pellets. The flaking that was seen on the outside of 

the pellets also seemed to shrink back at least partially when the pellets dried. The pellets were 

also observed to shrink in size more substantially in the vertical than horizontal direction. While 

evaporation is a surface mass transfer operation, it is not clear how this alone could effect the 

observed variations is size. It is speculated that the size variation may be caused by the lignin that 

helped to bind the particles together. The degree to which the pellets were bound together by 

lignin would seem to depend on the temperature of torrefaction. The ability to approach the initial 

pellet dimensions would also appear to depend on the particle size of the material chosen to make 

the pellets. This may however just come down to how effective the capillary action is in 

comparison to the binding strength of the lignin in the pellets.  
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Figure 5-12 Pellet 2 evaporated dimensions. t=2915 minutes (grey), t= 0 minutes (original) 

(white). 

 

Figure 5-13 Pellet 10 evaporated dimensions. t=2915 minutes (grey), t=0 minutes (original) 

(white). 

5.8.3 Dried Durability 

The pellets were informally tested for their durability one week after the completion of the 

evaporation test. The pellets all remained intact and there were no cracked or disintegrated 

pellets. Pellet 7 was chosen, as it seemed to be most similar to its original state. To test for 

strength, the pellet was bounced on the floor. The pellet bounced without breaking and it seemed 

to behave just as the test pellet had prior to running the other experiments. More research would 

need to be done to find actual strengths post absorption and evaporation, but this did suggest that 
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the pellets might not suffer from the water immersion at all. These results are pertinent if the 

pellets were ever to be considered either as a possible material to be slurried long distances or to 

be stored in humid environments, i.e. open to the environment. 

5.9 Torrefaction 

5.9.1 Batch Torrefier 

In the first attempt to torrefy, the gas did not effectively heat the wood in the middle of the 

torrefying basket. It was found that the wood in the centre was too far from the tape heater on the 

outer wall and did not rise to the temperature of the wood on the circumference. Additionally the 

gas may not have penetrated the middle as effectively as the circumference of the basket. The gas 

may not have been at a high enough temperature to torrefy the material within the basket and the 

outer material was torrefied only by conduction and radiation from the tape. Finally, the 

particles/chips of wood were very wet and large and this likely affected the rate and success of 

torrefaction.  

The conclusion was made after successful experiments were performed that the torrefaction 

temperature only beneficially strengthened the pellet if it were allowed to be formed, then cooled, 

and set. Once cooled the material no longer had the opportunity to form important plasticizing 

cross-links that allowed for better bond formation and strength. This agreed with the finding of 

van Dam et al. [44], which stated that the beneficial properties of torrefied material could be lost 

at temperatures greater than 120ºC. It is believed from the results of this work that the properties 

may be lost only when the torrefied material is first elevated to that temperature and then allowed 

to cool. In this respect, the material can be compared to a thermosetting plastic.  

The torrefaction process can proceed very differently from experiment to experiment as was seen 

in Chapter 3 and 4. The process has the ability to be controlled much more carefully in a 
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continuous torrefaction process than in an in situ torrefier. The different heating rates, reaction 

times and exact steps in the process allow great variability to occur. Different species of biomass 

would also cause for variation between results and additional work should be carried out in the 

future to analyse this. Variation in energy content can be seen between different samples of batch-

torrefied material as well as the in-situ torrefied pellets. The different energy contents of the 

samples sent into SGS can be found in Fig. 4-18.  

Torrefied wood was determined to be hydrophobic as noted in Chapter 2. Even though the 

material is deemed hydrophobic, it still was found to absorb moisture. The torrefied wood dust 

samples were placed in a cup of water. These samples still absorbed water, and presumably did so 

due to the capillary forces mentioned earlier. The porous structure of the wood provided voids for 

water to fill. When the torrefied was removed, and allowed to dry in the air, the moisture 

evaporated from the wood very quickly, which then reduced its mass back to initial levels. 

Torrefaction Effect on Material Properties 

Strength 

Torrefaction produced material that was more friable, and less dense. The process cleaved 

cellulose chains in the internal structure of the wood, which reduced the length of the cellulose 

molecules, and produced more locations for the material to break. In turn, this allowed the 

particles to break and crumble more easily. The torrefied material was thus much easier to grind 

and pulverise. The material was more fragile and breakable, which is less desirable if strong 

pellets are desired. However, it is definitely beneficial from the standpoint of comminution of 

material used as fuel. 

Heating Value 

The heating value was reduced by torrefaction as the process devolatilised and off-gassed 

material from the biomass that could have been burned for energy. The gases that did not add to 
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the calorific value of the biomass, such as water and CO2, were of no interest, but the other 

volatiles removed did contain about 10% of the initial energy contained within the wood. In this 

respect, torrefaction lowered the overall heating value of the wood, but the degree to which it did 

so was dependant on the exact chemical reactions and reaction rates specific to each individual 

treatment. 

Hydrophobicity  

Torrefied material underwent chemical reactions that involved the cleavage and reorganisation of 

chemical bonds in the wood fibres. The molecules in the wood reoriented themselves to form a 

plastic-like material with fewer bondage sites for water molecules. The devolatilised off-gas by 

products from the process may have also helped to make the material more hydrophobic. Finally, 

the lignin, which remained in the material post-torrefaction, continued to act as a hydrophobic 

binder. 

Shape 

The reduced strength of biomass particles contributed directly to the ease of breakage. This 

inevitably led to an increase in the quantity of fines from the untreated material. In general this 

lowered thet aspect ratio of particle which in turn lessened the degree to which particles could 

bend and interlock when compressed. 

Moisture 

The moisture remaining in the material after torrefaction was very low as most of the water 

evaporated during the torrefaction process. The material  was permanently altered through the 

chemical changes that occurred. Hydroxyl groups were destroyed and because of this, there were 

a lack of available hydrogen bonding sites. This resulted in the lack of water re-attachment to the 

molecular structure of the wood [14, 40]. 



 

 189 

5.9.2 Factor Effects on Pellet Properties 

Newly created spherical pellets were at approximately 280ºC as they were removed from the die; 

however, they quickly cooled as the heating tape was removed from the sleeve and the halves of 

the dies were extracted and separated. Pellets were already surprisingly strong and hard at this 

point. The pellets needed to be left to allow the lignin to cool and harden further prior to any 

physical tests. 

Strength 

Torrefaction at 250ºC produced stronger pellets than those created at 280ºC. As the temperature 

at which torrefaction increased, the pellets became more and more brittle, or friable, as expected. 

This led to pellets that failed at lower compressive forces. The pellets seemed to fail in a brittle 

fashion, but when the treatment temperature was 250 º C, the pellets shattered less and appeared 

to plastically deform and fail. The particulate material used was compressed anisotropically and 

further work should be done to investigate how the pellets failed.   

Heating Value  

The chemical analysis, which provided the residual energy found in the pellets post torrefaction, 

showed an unusual result. Torrefaction at 250ºC produced pellets with slightly lower calorific 

value than the torrefaction at 280ºC. The differences on average in this sample set were only 

1.6%; however, it was thought that the lower temperature torrefaction should have produced 

pellets with higher energy content. The pellets formed at 250ºC had an overall moisture content 

of 0.10% greater than the pellets created at 280ºC. The pellets created at 250ºC had on average 

2.77% more O in them than the pellets formed at 280ºC. The higher moisture content may have 

meant that more energy was used to evaporate the residual moisture in the wood. The higher O 

content in the pellets torrefied at 250ºC may also suggest that there remained more un-reacted 

residual hemicellulose. Unfortunately, the difference in the GCV was likely caused by a rate 
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reaction mechanism. A more in-depth chemical analysis of the off-gases and the material remains 

should be investigated in the future to further understand these mechanisms. It is also suggested 

that more and larger samples be tested in the future to try to eliminate any discrepancies.  

The result of the torrefaction also showed that the batch torrefier produced material that had 

energy content greater than the comparable pellet products. Rate reactions could be used to 

explain the difference, it is speculated. One other possibility was that the treatment of wood with 

N2 was responsible for the variation of the material properties.  

Hydrophobicity  

The torrefied pellets were found to be very hydrophobic in comparison to the NC and OC pellets. 

The torrefied pellets performed very much better than poplar dust that was compressed into a 

sphere with no torrefaction. This poplar dust pellet disintegrated in less than 30 s. in room 

temperature water. The torrefied pellets maintained their structure and did not swell to a degree 

that would cause them to disintegrate. The higher the torrefaction temperature, the less the pellets 

would swell and the less mass they would absorb. Increased torrefaction temperature also 

prevented the material from flaking/scaling on the outer surface as was observed in Chapter 4. 

Shape 

Torrefaction had little effect on the shape of the wood pellets when they were immediately 

removed from the mould. All pellets were approximately the same shape and size, as shown by 

the lack of fit in the DOE in Chapter 4. A property of interest that resulted from torrefaction was 

observed in the water absorption test. The pellets that were torrefied at 280ºC did not absorb as 

much water, and did not swell as the pellets that were torrefied at 250ºC. The pellets produced at 

280ºC also returned more closely to their initial size when left to “air dry” in the lab.  

Mention has been made to spring-back effect, and this was the quality of a freshly made pellet to 

enlarge in size after removal from the mould. This dimension is the difference between the pellet 
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mould dimensions 1.27 cm (1/2″) and the final pellet dimension. The factors that affected this 

dimension most were hold time, and as hold time was not addressed, the spring back effect was 

not thoroughly investigated.  

Particle Size  

The particle size had a noticeable effect on the swelling behaviour of the pellets. The larger 

particles allowed more water to infiltrate the pellet, which caused it to swell more rapidly. This 

effect can be seen in Fig. 5-11. Fig. 4-7 and 4-8 show that the pellets expanded at a greater than 

exponential rate, and this was due in part to the particle size. The larger particles also caused a 

higher surface roughness on the exterior of the pellet. This definitely caused more disintegration 

and destruction of pellets that were handled while wet. This characteristic should be addressed 

carefully in any subsequent immersive abrasion test. 

5.10 Chemical Analysis  

The materials considered here were subjected to ultimate and short proximate analysis using a 

fee-for-service laboratory external to Queen’s University. The results of the analysis can be used 

to help explain some of the results of the heat treatment, and to validate the torrefaction. If the 

torrefaction that was done to the pellets was so intensive that the energy losses more than offset 

the benefits obtained in the characteristics, the process would not be desirable. The ultimate 

analysis was used to account for the relative percentages of elements that remained in the material 

post torrefaction.  

5.10.1 Ultimate Analysis 

The chemical analysis revealed the elemental composition of the wood post torrefaction. It also 

was able to provide the elemental composition of the raw poplar dust and the OC pellets the 

biomass type of which was unknown. The oxygen content may provide some insight about the 
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extensiveness of the torrefaction that occurred within the pellets and on the batch torrefied dust. 

This analysis was not undertaken here. The heating values were provided in Table 4-8. Ideally, 

this elemental breakdown could be used to make an approximation of the heating value. This 

approximation could be compared to the measured HHV. This would only serve to comment on 

the effectiveness of the Dulong formula. However, even this comparison is not possible as the 

oxygen content of the biomass is too high. Each of the torrefied samples which were submitted 

for ultimate analysis were compared to the ultimate analysis of the untreated poplar dust. In every 

case of torrefied material the relative percentage of carbon increased, and the relative percentage 

of oxygen and hydrogen decreased. The off gases were not collected and therefore there can be 

no accountability of which elements ended up in which gases. Some of the most common off 

gases from torrefaction include, CO, CO2, CH4. A common condensable liquid is acetic acid 

(CH3COOH). The relative percentage changes in the composition of post torrefied material could 

account for the production of these compounds. No more of a detailed explanation can be 

determined however since the amounts of each of these gases was not determined. 

5.10.2 Proximate Analysis 

Moisture 

The moisture content of all of these materials was very low, and this agreed well with literature. 

Even the raw poplar dust which was not torrefied had a very low moisture content after it was left 

to dry in ambient conditions. The NC pellets had the highest moisture content, and this can help 

validate the claim made in the strength test section that the pellets squished rather than cracked in 

compression.  All of the torrefied material had very low moisture content and the higher the 

torrefaction temperature, the truer this was. On an “as received” basis, the moisture content of the 

materials did have an impact on the HHV of the sample. The calorific value of the samples was 

correctly addressed through their MAF (Moisture and Ash Free) values. This quantity accounted 
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for the heat lost through the evapouration of water, and through the additional mass of ash, which 

would lower the specific energy content of each sample. 

Ash 

The poplar had higher ash content than the OC pellets in all cases. This may suggest that the OC 

pellets were created of a higher quality wood product that had less ash in it in the first place. The 

pellets did have relatively low ash content though and this can be compared to literature found on 

poplar wood. The material procurement from the producer would have appeared to introduce dirt 

and debris into the poplar. When the dust was sifted prior to any of the tests, the material had 

some pebbles in it, so it likely also had sand or fine inorganic particulate that would have been 

harder to separate. The lowest size fraction of <28 mesh would have contained this sand and 

would add to the ash content of pellets made from this fraction. The NC pellets had higher ash 

content than any of the other pellets produced, which may have been a residue from the pelletiser 

at IP.  

Heating Value 

Although the torrefaction decreased the total amount of energy available, it did increase the 

specific energy. The remaining moisture in both this material and the other torrefied wood pellets 

was less than 2% on average.  The raw poplar dust had a heating value of 17.92 MJ/kg.  

The best results obtained from the torrefaction processed used were those from the batch torrefied 

material. These were specifically for the case where the material was torrefied at a high 

temperature, but for a shorter period. This resulted in a material that had lost approximately 

17.7% of its mass, and yielded a material that produced a specific energy of 22.09 MJ/kg on an as 

received basis.  
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The heating value of the torrefied pellets averaged 18.81 MJ/kg. Simply comparing the GCV of 

the material is not an adequate rating of the pellets though, as many additional beneficial 

properties were also granted to them.  

In some cases, the temperature and duration of torrefaction influenced the GCV of the material to 

increase it, yet in other cases it lowered it.  The MAF calorific value of untreated poplar dust was 

used as a baseline to examine the exact effects of torrefaction on the pellets. This allowed for the 

comparison of residual organic compounds in the torrefied material that could contribute to its 

GCV. 

Fig.4-32 showed that for some torrefaction processes the material had densified energy content, 

while for others the specific energy of the wood decreased.  The explanation for this variation is 

dependant on the devolatilisation reactions that would have released molecules and compounds 

that contribute to the GCV of the wood. Compounds that do not contribute to the GCV may 

include CO2 and H2O, as they can not be combusted to produce energy. There are then the results 

that showed that certain torrefaction treatments lowered the specific energy of the pellets. This 

suggests that the process not only released compounds that did not contribute to the GCV, but 

also that would in fact provide additional calorific value to the wood. This re-enforces that the 

reaction mechanisms that dictate the results of the torrefaction process can not be perfectly 

predicted even when the process is performed in a controlled manner.  Although these results 

verify that the specific energy content of biomass pellets can be increased, it does not by any 

stretch claim that these are the best methods. Therefore, more work needs to be done to 

understand the exact mechanisms that drive the devolatilisation and carbonisation reactions.   
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5.11 DOEs 

DOEs were created to find linear models to predict the characteristics of spherical pellets based 

upon the factor inputs. These models serve to allow for the optimisation of the production of 

spherical pellets. The analysis of one factor at a time was an insufficient way to develop the 

models as synergies between factors created beneficial effects in the measured responses. The 

statistics that emerged from the DOEs also allowed for a more complete analysis of the 

characteristics of the pellets.  

5.11.1 Factor Definitions 

To properly realise the impact of the factor inputs on the responses, the actual meaning of the 

different factors and their levels should be reviewed. 

X1 

X1 was the level of particle size chosen. The low-level particle size was a combination of the two 

larger mesh fractions. This low particle size consisted of a 40% mass content of 14 mesh 

particles, and a 60% mass content of 20 mesh particles. The high level particle size was 

comprised of  a 40% mass content of size 28 mesh particles,  and a 60% mass content of  <28 

mesh particles.  The particle size choice and factor level definition is counterintuitive and the 

reader when analysing the data should exercise care. The values that were coded into the design 

were high and low values due to the error discovered in the size distribution. This allowed the 

data to be approximated linearly, which is a requirement for the DOE.  

X2 

X2 was the moisture content of the preconditioned material used in the experiments. The low 

level of moisture was approximately 8% and the high level was approximately 15%. These values 

were chosen as they were found in previous work to define the bounds of an acceptable level for 

densification of biomass into pellets. Refer back to Eqn. 3-3 used to calculate the exact moisture 



 

 196 

content. Additionally Eqn. 4-1 was used to code the values to allow easier matrix manipulation to 

solve for the regression coefficients. 

X3 

X3 was the temperature used to torrefy. The lower temperature was 250ºC and the higher was 

280ºC. These temperatures provided two different levels of torrefaction to investigate, and 

allowed for analysis of how these torrefaction levels were affected by the moisture content and 

particle size. The designed temperature set points were matched exceptionally well in the 

experiment so no coding of the values needed to be performed. 

5.11.2 DOE Pellet Specifics 

The pellets produced for DOE 1 are specific to that set of models and results. The pellets 

produced for DOE 2 were also used in DOE 3. The experiment performed in DOE 2 did not 

affect any of the qualities of the pellet that could be measured. Therefore the pellets were, for all 

intent and purposes, a new set on which to run tests. This may not be viewed as ideal in terms of 

experiment practices, but the re-use of the pellets allowed for 10 additional hours of work to be 

saved, which was crucial to the completion of the project. 

5.11.3 DOE 1 

Table 5-1 provides the summarised results of the DOEs. Each of the values in the table 

corresponds to a regression coefficient determined from each DOE. The determination of these 

coefficients was explained in chapter 3. The regression coefficients (β) correspond to the X1, X2, 

and X3 effects and the interaction effects. 
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Table 5-1 Model coefficients (β) for DOE 1. 

DOE 1 Intercept 

(βo) 

X1 (β1) X2 (β2) X3 (β3) X1X2 

(β4) 

X1X3 

(β5) 

X2X3 

(β6) 

Load (N) 1528.4567 - - -417.1758 - 158.8867 97.3774 

Torrefaction 

(% material remaining) 

77.6311 - -0.8932 -4.8583 -0.2311 -0.2912 0.2081 

Size (height (mm)) - - - - - - - 

Corrected Density 

(kg/m3) 

- - - - - - - 

GCV (MJ/kg) 19.1515 - -1.0000 - - - - 

 

In each experiment, the intercept provides the average value of the response that the model was 

able to produce. Each other model coefficient was a constant that described the level and trend to 

which it affected the predicted response. 

Load 

The DOE on the load response of the pellets produced results that suggest that this value could be 

predicted very accurately from the factor inputs of the model. The Fo ratio was 147.3448, which 

predicts that the probability that the model provides a good linear regression is at 99.98%. The 

most important factors in order were temperature, temperature-particle size interaction, and then 

moisture content-temperature interaction. Residuals were scattered randomly with a slight 

possibility of a trend. The to values provided in Chapter 4 showed the relative probabilities of 

these factor effects and interactions.  

X3 

Referring to Table 5-1 above it can be seen that the torrefaction temperature affected the ultimate 

strength of the pellets and that with an increase in temperature, the ultimate strength of the pellets 

decreased. This agreed with the theory that higher levels of torrefaction caused material to 
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become more friable and brittle. The torrefaction may have also begun to devolatilise the material 

to a point where the lignin, which binds the pellet together, was degraded to a point where it 

could no longer provide strength to the pellets.  

X1X3 

The particle size and moisture content both acted to compensate for the decrease in strength.  The 

particle size-temperature interaction was difficult to explain as the literature review stated that 

particle size choice had no effect on the level of torrefaction. This interaction effect must then 

depend on the bonding and interlocking mechanisms associated with the particles, and how the 

enhancement of this mechanism by temperature. The temperature appeared to allow for what can 

be assumed higher malleability of individual particles, and perhaps an increased level of surface 

area for adhesion. The mobility of the system and the energy input into the particles allowed for a 

higher level of strength due to particle bonding versus binding or interlocking mechanisms.  

X2X3 

The moisture content-temperature interaction also tended to increase the force each pellet was 

able to withstand. This interaction was likely just a compensation effect, as it would essentially 

delay the level of torrefaction by the use of energy to first heat and evaporate the moisture. This 

would result in a lower level of torrefaction, which can be seen itself to allow stronger pellets to 

be formed.  

Torrefaction 

The experimental design on the torrefaction response of the pellets produced results that 

suggested that this value could be predicted very accurately from the factor inputs of the model. 

The F ratio was 2599.408, which predicted that the probability that the model provided a good 

linear regression was at 99.96%. The most important factors in order were temperature, moisture 
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content, particle size-temperature interaction, particle size-moisture content interaction, and then 

moisture content-temperature interaction. Residuals were scattered randomly around the average, 

and no trends signifying an underlying relation were observed. The to values provided in the 

Chapter 4 showed the relative probabilities of these factor effects and interactions. Referring to 

Table 5-1 above, explanations of the main effects and interaction effects are provided.  

X3 

The largest effect on torrefaction was temperature, and with an increase in temperature, the 

amount of material that remained in the pellet would decrease.  

X2 

This was also the case for moisture content, as with higher initial moisture a higher percentage of 

the mass loss would be due to moisture. Since the response of torrefaction was simply to calculate 

the percentage mass loss, it made sense that there would be less residual mass when more of it 

was originally water.  

X1X2 

The interaction effects showed that the particle size-moisture content also played a small role in 

the mass loss. This may have been due to the surface area of the particles. Smaller particles have 

a greater surface area and because of this are able to release more water during torrefaction.  

X1X3 

Particle size-temperature interactions may have been due to a rate reaction, again dependant on 

the dimension of the particles. The rate at which heat transferred into the particles and the amount 

of material that was available at surface-surface interfaces may have dictated the reaction that 

occurred.  
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X2X3 

The odd response was that the combination effect of moisture content and temperature acted to 

reduce the level of torrefaction.  With higher moisture content, and a higher torrefaction 

temperature, the energy needed to evaporate the moisture could be diverted from the 

devolatilisation reactions that took place. This could slow the reactions in the pellet down, and 

over the same time span, decrease the final mass loss. Further experiments should be done to see 

if this effect would be observed over a longer time.  Another option provided is that this term 

could be eliminated from the model. The fit of the linear regression would be worsened however; 

this balance may provide a more sound explanation of the effects. 

 Size  

No model with an acceptable level of accuracy could be determined from this experiment which 

was able to predict the height (or spring back effect) of a pellet. The attempt to produce such a 

model resulted in a very poor fit that was not statistically significant. 

Corrected Density 

No model with an acceptable level of accuracy could be determined to predict the corrected 

density of the pellets produced. The attempt to produce such a model resulted in a very poor fit 

that was not statistically significant. 

GCV 

The experimental design on the GCV response of the pellets produced results that suggest that 

this value can be predicted somewhat accurately from the factor inputs of the model. The F ratio 

was 7.4188, which predicted that the probability that the model provided a good linear regression 

was 96.55%. This model managed to meet the 95% confidence interval level cut off used in this 

thesis and was therefore included in the report. The results of this experiment show that the GCV 

depends solely on moisture content of the input material. The residuals were distributed evenly 
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around the central value with the possibility of a higher variance at higher values of the response. 

The to values provided in the Chapter 4 showed the relative probabilities of these factor effects 

and interactions.  

X2 

Table 5-1 above shows that only moisture content affected the GCV. One possible explanation 

for this observation would relate back to the chemical processes that occurred during the heat 

treatment of the biomass. If the original moisture content was able to increase the rate at which 

the material devolatilised, as suggested in the literature, then there may have been more products 

off gassed. Some of these off gas products would carry away energy from the pellet with them. 

To find out if this was indeed the reason behind the suggested response, more research on the 

energy content of the gas at varying moisture contents of input material would need to be 

investigated. This model did not appear to hold much merit, and the validity of the response is 

easily questionable. 

5.11.4  DOE 2 

Abrasion 

It was found that the new pellets produced from this experiment did not abrade at all. The mass 

change between pellets was so small that the variations, which appeared normally distributed 

around the average value, could only be attributed to measurement noise. Because of this, there 

was no reason to expect that the results of this data would fit a linear trend. The data were 

analysed regardless of these assumptions and JMP verified that there was no trend. 

Prior to the abrasion test, it was predicted that there would not be any significant results 

produced. This was because similar pellets had been tested via a rigorous yet unofficial method. 

The pellets were dropped to find and IRI (Impact Resistance Index), described in section 2.3.2. 
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Nothing happened to the spherical pellets when they were dropped. These pellets did not brake, 

lose material, chip or crack. The pellets bounced off of a hard tile floor in a highly elastic manner. 

To increase the severity of this informal test, the pellets were thrown at a brick wall. The pellets 

bounced back and still showed no signs of damage in the form of cracks, chips, or surface 

abrasion, as per the same visual inspection listed for the drop test. This places the abrasion 

resistance and durability of the spherical pellets outside of the range of destructive tests 

performed on cylindrical biomass pellets.  

5.11.5 DOE 3 

Table 5-2 provides the summarised results of the DOEs. Each of the values in the table 

corresponds to a regression coefficient determined from each DOE. The determination of these 

coefficients was explained in chapter 3. The regression coefficients (β) correspond to the X1 X2 

and X3 effects and the interaction effects. 
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Table 5-2 Model coefficients (β) for DOE 3. 

DOE 3 Intercept 

(βo) 

X1 (β1) X2 (β2) X3 (β3) X1X2 

(β4) 

X1X3 

(β5) 

X2X3 

(β6) 

Torrefaction 77.0173 - -1.3582 -4.4282 -0.6060 - - 

(% material remaining) 

Size (height (mm)) 13.7361 -0.1437 0.0513 0.0437 -0.0539 -0.0612 - 

Corrected Density (kg/m3) 1327.1017 - -11.9689 - -9.7791 -7.2064 - 

Mass Absorption (% change) 20.3863 -1.3373 1.1136 -6.4764 - - - 

Size Absorption (% change) 11.5913 - - -4.9681 - - - 

Mass Evaporation (% change) - - - - - - - 

Size Evaporation (% change) 6.0779 - - -3.0886 - - 

 

- 

In each experiment, the intercept provided the average value of the response that the model was 

able to produce. Each other model coefficient was a constant that described the level and trend to 

which it affected the predicted response. 

Torrefaction 

The DOE produced a model that could be used to predict responses accurately from the factor 

inputs. The F ratio was 338.253, which predicted that the probability that the model provided a 

good linear regression is at greater than 99.99%. The most important factors in order were 

temperature, moisture content and then particle size-moisture content interaction. The residuals 

were spread evenly around the average, and did show a pattern, but this pattern was not 

characteristic of any sort of trend that could easily be fit to the model. The to values provided in 

Chapter 4 showed the relative probabilities of these factor effects and interactions. The calculated 

values of the main effects an interaction effects are provided in Table 5-2 above.  
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X3 

Similar to the results of torrefaction from DOE 1, the largest effect was temperature, and with an 

increase in temperature, the amount of material that remained in the pellet decreased. This was 

also the case for moisture content, as with higher initial moisture a higher percentage of the mass 

loss would be from moisture. Since the response of torrefaction was simply to calculate the 

percentage mass loss, it made sense that there would be less residual mass after torrefaction as 

more of the initial had been water. These two independent experiments produced very similar 

results for both the average level of response and the relative factor weights of that response. This 

added additional certainty to the validity of these models. 

X1X2 

The interaction effects showed that the particle size and moisture content also played a small role 

in the mass loss. This may have been due to the surface area of the particles. Smaller particles 

have a greater surface area and because of this were able to release more water during 

torrefaction. This interaction effect agreed with the previous model for torrefaction in DOE 1. 

Corrected Density 

Just as in DOE 1, the density was not modeled well by the experimental design process. In this 

case, the probability was just high enough that it could be included in the results. The F ratio was 

6.8846, which predicted that the model could fit a linear trend to the data at a 95.34% probability.  

The model coefficients, which predicted the response in order of importance, were moisture 

content, moisture content-particle size interaction, and particle size-temperature interaction. 

These values can be found above in Table 5-2. The residuals were distributed evenly around the 

central average and no trend was apparent. The to values of the model coefficients are provided in 

the chapter 4.  
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X2 

This model suggested that the moisture content had the most important role in terms of the 

densification of biomass, yet a small one at that. An explanation for the decrease in density with 

increased moisture content could be due to a role that moisture had which allowed for tighter 

particle compaction. As hypothesised in the previous explanations, moisture may be able to 

increase the mobility, and interactions of particle cohesion. With increased moisture content, the 

particles would essentially be allowed to slip past one and other and would not be able to properly 

adhere. The weighting of this factor is very low and compares to the magnitude of the other 

interaction effects.  

X1X2 

The particle size-moisture content and particle size-temperature interactions also tended to 

decrease the density of the pellet.  

X1X3 

The particle size-moisture content could also be explained by the previous theory, as could the 

temperature-particle size interaction. This model did not predict the responses well and the effects 

and interactions here might not be the true mechanisms modeling the system. As the corrected 

density in the first experiment was rejected because of a low probability of validity, this model 

too has a very low level of probability. Minimal physical reasoning and understanding can come 

from the analysis of the corrected density. 
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Moisture Absorption 

Size  

The experimental design to evaluate the response of absorption size suggested that this value 

could be predicted accurately from the factor inputs of the model. The F ratio was 116.5276, 

which predicted that the probability that the model fit a linear tread was greater than 99.99%.  

The only important factor that affected this response was temperature. The residuals were spread 

evenly around the mean and not trends were apparent. The to values which provided probability 

estimates of the factor effects are shown in Chapter 4. The model coefficients for the temperature 

effect are shown above in Table 5-2. 

X3 

The model showed that higher temperatures in the pelletisation process produced much lower 

levels of swelling in the pellet when immersed in room temperature water. This was to be 

expected as the literature cited earlier suggested that torrefaction and heat treatment were found to 

produce material that was more hydrophobic than untreated material. If the material was less 

susceptible to water permeation, then the resultant material would swell less on a whole, and 

therefore the pellet would swell less. The swelling and subsequent observation that the water 

infiltrated the pellet suggested that torrefaction did not water proof the pellet but increased its 

resistance to water. Capillary forces that acted between particles within the wood, and within 

individual particles must over power the hydrophobic nature of the wood to allow this water to be 

absorbed.  

Mass 

The experimental design to evaluate the response of absorption mass suggested that the model 

might have been able to predict the factor inputs of the model. The F ratio was 46.801, which 

predicted that the probability that the model fit was at 99.51%. The factors, which affected this 
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response in order of importance, were temperature, particle size and moisture content. The 

residuals showed no trend and were distributed evenly around the average. The coefficients can 

be found above in Table 5-2, while the to probabilities of the coefficients affecting the model are 

found in Chapter 4. 

X3 

The temperature effect, as mentioned just above in regards to size absorption, was due to the 

torrefaction level of the material, and consequently its increased hydrophobic nature.  

X1 

The particle size effect could be explained by the ability of the particles to form bonds with their 

neighbour particles and the amount of surface area available for these bonds. As more area was 

available, less of these bond sites would break, and less water would be able to find voids in the 

pellet to fill. Larger particles would cause for a looser packing structure in the resultant pellet and 

allow for more voids. These would allow more water to be contained within the pellet.  

X2 

The moisture content tended to increase the amount of water the pellet absorbed.  The initial 

moisture content may have slowed the rate of torrefaction or decreased its severity. This may 

have allowed for a slightly less hydrophobic material as a result. Prior to the heat treatment of the 

wood, the water would have occupied small porous spaces in the wood particle. When it was 

compressed, the moisture may not have all dissipated until after removed from the mould and die. 

While in compression, the water, being incompressible, could have stopped channels within the 

sawdust from being compressed and allowed for more capillary space for water to re-enter while 

in the immersion test. This would agree with the moisture content analysis as it applied to density 

and may help explain that relationship. 



 

 208 

Moisture Evaporation 

Size 

The experimental design to evaluate the response of pellet size after evaporation suggested that 

the model might be able to predict the factor inputs of the model very well. The F ratio was 

126.545, which predicted that the probability that the model fit was greater than 99.99%. The 

only factor that affected the response in this model was temperature. No trend was visible in the 

residuals and they were scattered evenly around the average value. The coefficients can be found 

above in Table 5-2, while the to probabilities of the coefficients which define the model are found 

in Chapter 4. 

X3 

The temperature effectively dictated the torrefaction behaviour; the level of torrefaction then 

dictated the severity of the reactions that took place in the wood. Higher temperatures may have 

allowed for a larger percentage of the lignin available in the wood to melt and distribute itself 

throughout the pellet. This lignin was what gave the pellet its toughness, and would act to allow 

the material to stay bound together and to resist the force of capillary action. As the water 

evaporated, this lignin would tend to pull the material back to its original size. This suggests that 

lignin may act like a plastic in this situation and provide the pellets with a degree of elasticity.  

Mass 

No suitable model could be constructed that would allow for an accurate prediction of the mass 

loss through evaporation. 

Size (Height) 

This model produced an excellent approximation of the height of pellets produced. The F of 

4066.332 predicted that it would be able to approximate the response at a probability of 99.98%. 

This model was also dependant on every main effect and interaction effect except for moisture 
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content-temperature interaction. There was no apparent pattern that suggested that the residuals 

may be hiding an underlying trend, however they were slightly skewed towards the lower 

predicted values of the size. This may just be because more pellets were created with a smaller 

height. The model coefficients can be found in Table 5-2 above, and the to values can be found in 

chapter 4. 

The prediction of pellet height in DOE 1 was a very poor one, and no model could be constructed 

based on the results. It is strange to think that without any change in methodology between the 

two experiments that the results would differ so greatly. The most probable explanation for the 

model dissimilarity was that this second model was an outlier.  A linear fit with enough terms in 

it could be constructed to describe a response that was not designed well. This model cannot be 

relied on when the exact same analysis repeated earlier produced poor results. Unfortunately, this 

model, despite appearing to be very well represented should not be used to estimate the size of a 

pellet from the manufacturing process. In order to try to decide why these two very different 

results were obtained, the experiment should be repeated at least one more time to see if either of 

the two predictions were repeatable. 

The preparation and methodology used to make both of these sets of pellets was reviewed to try 

to decipher the differences in prediction. Both pellets were measured before any physical tests 

were performed on the pellet. This ruled that the tumbling can did not affect the size of the pellet. 

No additional time was spent pressing the pellets between DOE1 and DOE2/3, and therefore it is 

unlikely that this caused the difference. The pellets made in DOE 1 were measured for size 10 

days after production. The pellets made for DOE 2/3 were measured only 1 day after production.  

If there was anything that could be the cause of the differences observed, it may be due to a size 

change that occurred within the first 1-10 days after production. Visual inspection between the 
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two sets of pellets did not warn of any differences in size. In future tests, the time after pellet 

extraction from the mould to measurement should be more carefully accounted for.  

5.11.6 Final Model Comparisons 

Torrefaction 

The results of torrefaction between experiments were very similar. DOE 1 predicted that 

temperature, moisture content, and a particle size-temperature interaction were the important 

effects that would allow for a prediction of the level of torrefaction. DOE 3 predicted that 

temperature, moisture content, and a particle size-moisture content interaction were the main 

contributing factors. Both of these models produced very similar results and would appear to 

validate one and other. 

Size (Height) 

The pellet height model was rejected entirely from one set of experiments, and accepted in 

another. This unfortunately suggested that this response was not well modeled in one of the 

experiments, and this should be repeated to validate these results.  Pellet height can also signify 

the amount of spring back that a pellet undergoes upon removal from the mould, and is 

characteristic of the elastic properties of the product. Studies have been conducted where 

residence times in the mould were varied to investigate their effect on spring back. This may 

provide a better factor input to help predict the pellet size in future experimental designs. 

Corrected Density 

The corrected density value, scaled by the aspect ratio of the pellets, was not well predicted by 

either of the two experiments. Since the aspect ratio of the pellets related back to the size 

response, which may itself be more dependant on residence/hold time in the mould, this may also 

be better explained by a different experimental input such as pressure or hold time. 
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Pressure applied, and time of torrefaction would be two beneficial choices to include in future 

models. There was not enough time or the necessary equipment available when this screening 

design was run to check these values.  

5.12 Additional findings  

5.12.1 Wet and Dried Strength 

As intended, the new spherical pellets while wet, and especially once dried, still exhibited high 

strength. This is a highly significant finding as this is the first instance of biomass pellets solely 

comprised of raw material with no additional binders that are capable of withstanding a long-term 

immersion test.  

5.12.2 Benefits of Torrefaction 

To re-iterate the earlier findings, torrefaction bestows upon pellets a variety of beneficial 

qualities. Torrefied pellets are more hydrophobic, homogenous, pest resistant, stronger in 

compression yet more friable, and have more densified energy content than most other pellets that 

exist.  

5.12.3 Transportation and Handling Advantages 

Spherical pellets can be packed much more efficiently into a given volume than cylindrical 

pellets. Additionally, spherical or “spherocylindrical” pellets allow for much easier bulk handling 

as they are able to flow much more easily, and there are far fewer contact points which cause for 

binding and jamming of material while flowing. The spherical pellets obtained a higher packing 

factor that would allow more product to be shipped in a container at a time. This alone could 

result in significant monetary savings if the pellets were to be transported by road, rail or ship to 

their destination.  
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Granular materials maybe considered as a fluid; and in this context, Kyrylyuk et al., Wouterse et 

al. and Brouwers [78-80] found that slightly off-spherical shapes poses the unique trait of having 

the highest random packing density possible.  

The pellets produced in this work were not perfect spheres. The height of the pellet was slightly 

larger than the diameter due to a “spring-back” effect. This allowed the pellets to achieve a better 

packing factor than perfect spheres. To achieve the optimum packing density the pellets produced 

in this thesis would need to be constrained to a 12.74 mm diameter and an 18.47 mm height.  

Pellets would also be easier to handle at power plants and theoretically cause less system 

blockages due to smoother flow than the current wood pellets or coal might. This would cut down 

handling costs and issues associated with power plant operation. 

In a comparison between the papers by Wouterse et al. and Kyrylyuk et al., the improved volume 

fraction (packing factor) of the perfect spheres in comparison to the best possible packing factor 

of rods (cylinders) was improved  by 47.4%. This was based on an approximation of the 

cylindrical pellets used in this thesis by rods with an aspect ratio of 11. If the optimum “off-

sphere shape” was used instead, the volume fraction improvement from the cylindrical pellets 

was 63% [78, 79]. This is only an approximation and uses the best-case scenarios that were 

available in the results from the papers. The cylinders used in this paper had aspect ratios that 

ranged between three and six. The results demonstrate that shape of pellet created in this thesis 

will improve the packing factor of randomly packed off-spherical pellets. 

5.13 Chapter Conclusion 

The stresses that caused pellets to fail were determined, and were further elaborated on with the 

calculation of the Young’s Modulus. An assumption that the spheres were brittle in nature 
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seemed to be applicable as the failure mechanisms of the pellets produces seemed to match those 

of brittle spheres from literature. 

The abrasion resistance of the spherical pellets was found to be extraordinarily high and cannot 

easily be compared to other pellets other than to say that spherical pellets will not abrade under 

any circumstances that would cause conventional biomass pellets to do so. 

Although spherical pellets quite rapidly absorbed water, they did not loose their structural 

integrity or disintegrate as most common cylindrical pellets would. They were also highly 

hydrophobic in the sense that they would shed water after being removed from water at an 

exponential rate.  

Torrefaction was found to benefit a number of pellet and material properties. Energy densification 

through torrefaction was only achieved if the process was carefully planned and monitored. The 

batch torrefier was able to produce material that had the highest energy densification of any of the 

samples tested. The ability to measure the energy densification through pure mass loss was not 

found to be a successful method as could be seen between the comparisons of pellets to torrefied 

poplar dust. 

The chemical analysis showed that batch torrefied material resulted in the best energy density of 

samples that were submitted. The energy densification of pellets was not determinable through 

calorific value alone. The results showed that the level of torrefaction has a significant influence 

on how the biomass is altered, and this can be either beneficial or detrimental depending on the 

reaction specifics. The moisture content of torrefied biomass was found to be low which agreed 

well with literature and the ash content of the material was within expected ranges. 

The DOEs were very beneficial in providing trends that could model the responses of pellet 

production based on the factor inputs used. These models would also be of great interest in the 
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construction of more detailed optimisation methods that could help to produce and even better 

spherical pellet.  

Additionally, it was found that the new pellets were capable of random packing densities greater 

than that of cylindrical pellets of even perfect spheres. This allows an economic gain to be 

realised and to allow for greater acceptance of this technology on a larger scale.  

The following chapter provides conclusions drawn from this work and provides suggestions for 

improvements on research. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Introduction 

The goal of this thesis was to provide a solution to an energy demand by producing a pellet that 

would meet all the requirements not met by current biomass technologies. This required the 

invention of a new technology to produce this new pellet. The new technology required that all of 

these problems be solved while cost was minimised and, and the sole use of raw residual biomass 

from forestry industries, or purpose grown energy crops. This meant that unlike other attempts at 

biomass improvement, no special additives or extravagant treatments could be used. 

The success of the project was with the invention of a new technology that allowed for the 

creation of spherical biomass pellets. The new pellet was able to solve many issues that current 

biomass pellets face which see them as an ineffective replacement fuel to coal. The issues that 

were addressed were strength, density, energy content, abrasion resistance, volatile content, 

storage, handling, and transportation. 

The success of these pellets relied on in-situ torrefaction of a purpose grown energy crop in a 

newly designed pellet mould and die assembly. The new pellet was better than its closest 

competition in the field of densified biomass products, and even made a case for its comparison 

to coal. The material will set a new standard for biomass products worldwide and could allow for 

much greater acceptance of them in more energy applications.  

The pellets were examined through an extensive series of test methods for their responses to the 

following values: 
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6.1.1 Ultimate Tensile Strength 

Spherical pellets were created that had and ultimate tensile strength of 3.38-17.06 MPa. In 

comparison the NC and OC pellets had ultimate tensile strengths of only 2.61-3.78MPa. 

6.1.2 Young’s Modulus 

The Young’s Modulus of the spherical pellets ranged from 89.54MPa to 157.06 MPa. 

6.1.3 Abrasion Resistance (PDI) 

The abrasion resistance of all of the spherical pellets was 100, and no fines were created even 

when a harsh test was used to try to draw results. 

The densities of the spherical pellets were found to be between 1281 and 1368 kg/m3. 

6.1.4 Moisture Sensitivity 

Although pellets did absorb between 10-30% of their original mass in water over an 

approximately 24 hr period, they were able to shed that same water and return to within 5% of 

their original air dry moisture content in a similar period of approximately 24 hours. This 

validated the claim of hydrophobicity.  

The pellets also maintained their shape and a great deal of their strength. 

6.1.5 Chemical analysis Ultimate and Proximate 

Torrefaction yielded pellets that had between 11.19 and 22.09 MJ/kg on an as received basis and 

11.52 and 23.15 MJ/kg on a MAF basis. 

Batch torrefied material was able to achieve even higher energy densities than this. 

6.1.6 DOEs 

The pellets were then used to produce models that could approximate these responses based on 

three different factor input levels by way of DOEs. 
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The DOEs were also used as a base line screening design to identify factors that may be of 

importance in a more complex analysis of these pellets in the future. On top of that, the DOEs 

provided an opportunity to run a full optimisation study on the pellets by choosing the most 

desirable traits from the variety of responses found. 

In general, temperature was found to be the most significant effect that would allow for better 

spherical pellets. This suggested that the torrefaction process was crucial in the production of 

these new pellets. 

6.2 Other major possible outcomes and needs from this work 

6.2.1 Patent application 

The outcomes from this work have lead to an invention disclosure to PARTEQ Innovations as 

well as a patent application that is in process; the co-inventors on this work are Professor A. 

Pollard, Dr. H. Fellouah and the author. 

6.2.2 Slurry transport 

The biomass was also found to be highly resistant to moisture, which would destroy most other 

biomass pellets. The new pellets held up extraordinarily well to a lengthy immersion test. Even 

once removed, they dried exceptionally fast and retained a high degree of their previous strength. 

This should suggest that the pellets need to be tested more thoroughly, once optimised for their 

mechanical durability and strength while wet. This would justify a full-scale test of pellets in a 

pipeline.  

6.2.3 Mass Production 

The qualities of the new pellets were achieved using a simple laboratory-scale production and 

treatment, a larger bench scale method needs to be devised with finally moving from that scale to 

a pilot scale.  
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6.2.4 Improved Random Packing and Handling 

The new pellets were found to approach the theoretical maximum random packing density of any 

shape that could be created. This allowed for much higher densities of materials to be loaded into 

containers for long distance transportation. With additional adjustments, the pellets could be 

perfected to achieve the maximum theoretical density. Moreover, the smooth spherical structure 

of the pellets should allow for much better shipment and handling characteristics at power plants, 

which would again minimise the costs of operation. 

6.3 Recommendations for Future Work  

The following section suggestions issues that need to be addressed. 

6.3.1 Mould and Die Improvement 

The current production rate of one pellet per hour must be significantly improved. For instance, 

the Atikokan Generating Station is a 220 MW facility. With a specific energy of torrefied wood 

pellets of approximately 19 MJ/kg, and an average weight of about 1.55g, 645.4 million pellets, 

or 1000.4 metric tones of pellets would need to be delivered per 24 hr period to meet that 

demand. The compression method used here may be a key feature in the creation of these pellets, 

and therefore the technology must be scaled up. This is currently in development at Queen’s 

University, and is under patent application.  

Another issue encountered was that the biomass tended to stick to the die during pellet extraction. 

It was speculated that the material at the bottom of the die was not being redistributed in the 

compression process, and the material was being torrefied in-situ. The combination of these 

factors, it was speculated, allowed the material to fuse to the bottom of the mould and cause 

defects in the pellets. 
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Two suggestions are provided to solve this issue. First, the mould assembly must be redesigned to 

create a second die that would allow for a more even compression of the dust in the mould. The 

design would be very similar to the current one, except that it would be mirrored over the central 

axis. A secondary die that would move upwards into the mould would ideally help compress the 

remainder of the material in the mould more effectively. As the material was compressed, there 

should be less shear force between the dust and mould face, which would prevent adhesion.  

Ideally, this would stop material from sticking to and burning at the area in consideration as 

shown in Fig 3-8. A schematic of a suggested design is provided in Fig. 6-1 below. The second 

solution is directly dependant on the first. If the material was able to move more freely in the 

mould cavity it would not remain in close contact with the die surface. Since it would re-orient 

itself, there should be less likelihood that it would stick to the mould face. This would stop by-

products of the torrefaction reaction, or residual lignin from recondensing and fusing to the mould 

face. If this was indeed the problem that caused the surface defects in the pellets, then it should be 

adequately addressed by these alterations. 
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Figure 6-1 Suggested design for next iteration of pellet press. 

Additionally, the cause of the sticking may be a materials science issue. This suggests that a close 

inspection of the material properties of both the biomass and the die be explored.  

Torrefaction 

The in-situ torrefaction comprised 50% of the time needed to make one pellet. The torrefaction 

stage of this hour-long process may need to be considered separately to the pelletisation step, 

noting that the material must not be allowed to cool prior to pelletisation. It is believed, that the 

devolatilisation, cross-linking, and plasticization of the wood plays a key role in its ability to both 

form a strong product, and to allow for a good hydrophobicity. Recall that to achieve these 

characteristics, the material must be allowed to set its shape in the mould and then cool. As was 

mentioned in the literature review, the beneficial properties of the torrefied biomass may be “used 

up” by the time the material reaches a certain temperature, van Dam et al. [44]. What was found 
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in this work, through tests, which attempted to use batch torrefied wood to produce spherical 

pellets, was that those qualities were not lost on the upward temperature rise, but after the 

material cooled. This was only a theory based on a few observations in the preliminary tests 

performed. Verification of this assumption is still needed. 

The gases in a continuous torrefier must also be collected, as they contain 10% of the energy of 

the biomass, and can be burned to create energy to make the process self-sufficient. Refer to the 

paper by Bergman who discussed the theory of auto-thermal operation, and its requirements [14]. 

The gases should also be collected to allow for a more complete explanation of what occurred in 

the torrefaction process. This problem can clearly be exemplified by two cases of torrefaction 

observed in this paper. One instance of wood that sustained a 17.7% mass loss produced 22.09 

MJ/kg of energy. Spherical pellets that lost on average 17.49% mass only produced 18.66 MJ/kg 

of energy. This suggests that mass loss is not enough of an indicator of the reactions that occur in 

torrefaction. 

In addition to the gas collection, it can be seen that the torrefaction process had a significant 

impact on the mechanical properties of the wood. The process is also highly dependant on the 

species of wood used, and only one type was investigated here.  

To further improve the continuous torrefier, a different gas may be used to help increase the 

efficiency of the process. Super heated steam or the combusted off gases would allow for better 

heat transfer rates and efficiencies to be obtained in the process. These would also offset the costs 

associated with supplying N2 to the process which is likely unnecessary. Regardless of what new 

modifications were made to the continuous torrefaction process, it should be computer controlled.  
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6.3.2 Economic Analysis 

The most obvious problem that was not addressed in this thesis is that although it may optimise 

the pellets, the cost to do so may render the fuel too expensive to compete with its closest rival, 

coal. The technologies would need to undergo an extensive economic analysis to determine if 

they resulted in a fuel that would not cost much more than the current sources. This analysis may 

be based on the desired use of biomass pellets. 

If an economic analysis found that the pellets could be produced cheaply they could be 

substituted for coal. The pellets were able to be created in a manner that would see them as fit for 

replacement of a coal, and very little retrofitting of equipment or facilities would need to be done 

if torrefied pellets were chosen as a primary fuel.  

6.3.3 Standards 

Current biomass pellets, in Europe at least, must meet for example, DIN, or ÖNORM standards. 

In Canada and the United states, ASTM provides the standard for densified biomass products. A 

new standard or set of standards may need to be generated for the new pellet devised in this 

thesis.  

6.3.4 DOE Improvement and Optimisation Projects 

Further work needs to be done with the results obtained and models produced to optimise the 

desirable characteristics of the pellets. A quadratic rather than a linear model may be a more 

appropriate than a system that uses central data points. This quadratic may better explain the 

centre point values that were out of proportion to the rest of the data. If this were the case, a 

different type of analysis beyond the level of a simple screening design should be completed. 
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Additional factors could be included in the DOE that were not in this thesis. Responses of off-gas 

composition, formation pressure, and the temperature as a function of time would help further 

expand on models. 
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Appendix 

 

Figure 0-1 Batch torrefier digital controller 



 

 232 

 

Figure 0-2 Torrefier Thermocouple 
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Figure 0-3 Pellet mould assembly thermometer 
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Figure 0-4 Batch torrefier and pellet mould heating tape 



 

 235 

 

Figure 0-5 Torrefier thermometer bank 



 

 236 

 

Figure 0-6 Analytical balance/scale 
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Figure 0-7 Nitrogen flow meter for batch torrefier 
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