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ABSTRACT 

The use of fossil resources must decrease and the use of renewable 
resources must increase significantly in order to mitigate climate 
change. In this transition towards more renewable resources, 
biomasses will play an important role in both energy use and for 
different products. Thus, the utilization of biomasses must be 
optimized, which is linked to both the biomass species used and the 
actual production processes. This thesis relates to the production of 
lignocellulosic biomass pellets, with the purpose to increase the 
understanding of how pellet making processes can be improved.  
 
There are many benefits to pelletizing biomasses, such as increased 
density, more economical transport solutions and increased 
doseability. Today, there is a lack of knowledge on how different 
biomass species affect the pelletizing process. This causes pellet 
producers to strive for a feedstock with a chemical composition that is 
as uniform as possible, which reduces the possibility of increasing the 
intake of, for example, seasonal or residual products of other kinds. 
 
If pellet producers could switch between and combine different 
biomaterials over time without a cease in production, then new ways 
of acquiring raw materials for production would be possible. This will 
be important for future pellet producers as the general use of 
biomasses will increase, as will the competition for raw materials. It 
will also be of importance in developing countries, which have greater 
variations of wood species than today's large pellet-producing 
countries.  
 
This work focuses on understanding the pelletability of different 
biomasses, and the method was to pelletize pure substances, such as 
cellulose, hemicellulose and lignin. Results show that there is a 
significant difference between xylan and glucomannan within the 
hemicelluloses, in terms of pelletability. During pelletizing, xylan 
changes its form, generates hard pellets and is affected by actual 
moisture content or water which is added to the process. 
Glucomannan, however, shows the opposite: a low impact on 
pelletability and a minimal impact from water during the pelletizing 
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process. This difference can, in turn, explain the difference in 
pelletability between hardwood and softwood.  
 
Solutions to improve the pelletizing process have also been studied. 
One result is that adding oxidized starch additives reduces energy 
consumption in the pelletizer and increases the durability of the 
pellets more than native starches. Another result is that a two-stage 
drying technique reduces the heat power consumption per tonne of 
dried material, while at the same time increasing the drying capacity. 
Also, the possibilities for a pellet producer to combine different 
biomaterials over time have been studied. The presented results show 
how biomasses from Zambia can be used either as single resources or 
in different combinations in pellet production.  
 
Finally, a recommendation to pellet researchers is to include the 
cellulose material, Avicel, in single pellet studies. By using the same 
reference material, the methods can be normalized and the 
pelletability of biomaterials can be validated in a new way. This step 
would develop research in the field, and the possibility of an increased 
use of biomass as part of a move towards the use of more renewable 
resources in pellet production. 
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SAMMANFATTNING 

För att begränsa klimatpåverkan måste användandet av fossila 
resurser minska till förmån för förnyelsebara, varav biomassan är en 
viktig resurs. Eftersom biomassan ska räcka till både energi och olika 
produkter måste hanteringen och nyttjandet ske både resurs- och 
energieffektivt. Den här avhandlingen handlar om att pelletera 
lignocellulosisk biomassa, och motiveras av att energieffektivisera 
pelletsprocessen och kunna förutsäga olika biomassors pelleterbarhet.  

 
Det finns många fördelar med att pelletera biomaterial, såsom att 
produkten blir doserbar, lättare att lagra samt att den blir billigare att 
transportera tack vare högre densitet. Men olika biomassor har olika 
pelleteringsegenskaper beroende på deras kemiska uppbyggnad, och 
idag är kunskapen begränsad kring vad som påverkar 
pelleterbarheten i olika biomassor. Detta medför att dagens 
pelletsproduktion eftersträvar små variationer i inkommande 
råmaterial såsom att bara använda färsk gran, bara lövträd eller en 
specifik mix. Att kunna hantera olika biomaterial i ett varierat 
råmaterialflöde skulle innebära att pelletsproducenter kan nyttja en 
bredare råvarubas. Vilket kommer bli viktigt när omställningen mot 
mer förnyelsebart kommer öka konkurrensen om råvaran. En 
ytterligare aspekt är ett ökat användande av pellets i 
utvecklingsländer, vilka många har en mycket större variation i 
träslag än dagens stora pelletsproducerande länder.  
 
Arbetet har inriktats på att förstå hur olika biomaterial påverkar 
pelleterbarheten och metoden har varit att utgå från att pelletera olika 
komponenter i biomassan tex. cellulosa, hemicellulosa, lignin m.m. 
Ett resultat är skillnaden i pelleterbarhet mellan hemicellulosans 
komponenter, xylan och glucomannan. Xylan under kompression har 
stor påverkan på biomassors pelleterbarhet, skapar hårda pellets och 
påverkas stort av vatten i processen. Glucomannan visar på 
motsatsen, låg påverkan på pelleterbarhet samt att dess påverkan av 
vatten är liten. Denna skillnad kan förklara olikheterna i att pelletera 
löv- och barrträd, eftersom xylan är huvudsakliga hemicellulosan i 
lövträd medan glucomannan är det i barrträd.  
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Avhandlingen tar även upp hur pelletsprocessens kan effektiviseras. 
Ett resultat är att oxiderad stärkelse som additiv reducerar 
energiåtgången i pelletspressen mer än icke oxiderad stärkelse, 
samtidigt som pelletens hållfasthet förbättras. Ett annat resultat är en 
tvåstegs-torkteknik som energieffektiviserar torkprocessen samtidigt 
som torkkapaciteten ökar. Även att kunna hantera olika biomassors 
pelleterbarhet presenteras, inriktat på hur biomassor från Zambia kan 
användas i en pelletsproduktion. 
 
Slutligen finns en rekommendation till pelletsforskare om att 
inkludera cellulosamaterialet, Avicel, i singelpellets-studier. Om alla 
använder samma referensmaterial kan metoderna normaliseras och 
biomassors pelleterbarhet valideras på ett nytt och bättre sätt. Något 
som utvecklar både forskningen och omställning mot ett ökat 
nyttjande av förnyelsebara resurser.  
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INTRODUCTION 

It has become obvious that we have to reduce the use of fossil 
resources and increase the use of renewable resources significantly. 
Thus, an increased utilization of all kinds of biomasses, including 
waste-based biomasses, will be necessary [1]. Biomasses can be very 
difficult to handle for logistic reasons: it has low weight per unit 
volume (so-called bulk density), molds and other microbes can grow 
on the biomass causing health problems, fine biomass powder can 
generate dust that, in addition to causing health problems, can also 
trigger explosions, and non-uniform sizes of biomass particles present 
challenges as far as the process of loading is concerned.  

 
This PhD-project relates to the production of lignocellulosic biomass 
pellets, where the product-term pellet stands for “a small round mass 
of a substance” mostly of compressed material in a cylindrical shape 
[2]. As dried, pelletized pellet-product, the biomass can be 
transported in a more energy efficiently way, the density increases, it 
becomes homogeneous in size and doseable, more resistant towards 
molds and other microbes and generate less dust problems [3]. Thus, 
as a pelleted product, the biomass will be more useful in various 
applications and handling will be more energy efficient.  

 
The demand for biomass pellets are increasing, in 2017 the world 
demand for fuel pellets increased 11% or 31 Mtonnes, and the growth 
was especially strong in the developing markets [4]. As the markets 
for fuel pellets are increasing, so is the need for raw material. At the 
beginning of the pellet industry era, the raw material was shavings. 
Today, an increasing amount of roundwood is used as raw material 
for pellet production [5]. Also, the need to logistically manage and 
transport the material becomes more significant. New facilities are 
being built closely to harbors, in order to create short distance for the 
pellets to be loaded onto transport vessels. This means that the raw 
materials are transported for long distances or that there is high 
logging pressure on the forest that is in the immediate area [6].  

 
Both the flow of the raw materials and the need of energy to the pellet 
process have changed. In order to increase pellet production, 
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producers have to use wet raw materials [7, 8] which has to be dried 
before it can be pelletized, hence, the drying-process should not be 
limiting. A traditional pelletizing process for producing fuel pellets 
includes i) several pre-treatment processes, such as drying and 
grinding, ii) a pellet mill, i.e., the conditioner and pelletizer, and iii) 
post-treatment processes, such as cooling and storage. Of all the 
necessary sub-processes, the drying is associated with the highest 
cost. Approximately 25% of the total pellet production cost can be 
attributes to the drying process [9-12] where the energy demand has 
the largest impact on this cost. One way to reduce the cost is to design 
a drying technique that makes it possible to cover the heat demand 
with low temperature energy, in other words, if waste energy from 
saw or pulp mills could be used as an energy source, the drying cost 
would be reduced [7, 13]. In addition to the cost and energy demand 
incurred by drying, many pellet producers conclude that the lack of 
drying capacity is a major barrier to increased production.  

 
Even if the drying capacity is associated with high energy demand, the 
most important factors for a pellet producer are the out coming 
pellets, and their quality. The pellets are produced within the 
pelletizer when, the ground material is pressed through 6-8 mm 
channels in a die, which creates round cylindrical pellets. The pellets 
are cut to about 20-30 mm long. There is a combination of factors 
related to the feedstock, pre- and post-treatment conditions, and the 
performance of the pelletized equipment, which leads to the 
production of pellets with different strength and durability [14, 15]. 
Under the right conditions, strong bonds are created between 
particles in the pellets – the exact nature of these is not known with 
certainty [14, 16-23]. This paucity of knowledge causes pellet 
producers to strive for a feedstock with a chemical composition that is 
as uniform as possible, and this prevents the possibility of varying the 
raw materials between different types of biomaterials. If pellet 
producers could handle larger variations in raw material flow, 
opportunities to include more waste and by-products would increase 
while the seasonal residues could be utilized in a new way. 

 
An example of increased utilization of all kinds of biomasses related 
to variations in raw material flow is the case of food cooking in Africa. 
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Today the use of biomass as energy source for food cooking, is mainly 
firewood and charcoal, for example, in Zambia, 86% of rural residents 
and 55% of urban residents depend on charcoal as their main energy 
source [24-28]. This use of charcoal has resulted in Zambia being in 
the top ten list of countries with the highest deforestation rates in the 
world [27]. The energy utilization of the biomasses is also very low. 
When logs are burned in primitive charcoal piles, 70-80% of the 
energy is lost [29], then when combustion of the charcoal occurs, it is 
often in stoves where efficiency can be less than 10% [28, 30, 31]. The 
use of charcoal for food cooking is, accordingly, inefficient and also 
unhealthy. The poisonous gases associated with these conventional 
charcoal cooking methods cause, 4.5 million premature deaths every 
year [32]. This situation, along with an increasing population and 
energy need, is clearly not sustainable and one solution could be a 
pellet production system based on a variety of wastes and invasive 
biomass species. 

 
Today, it is possible to cook food and generate heat from pellet stoves 
specially designed for cooking [33-35]. Several studies have evaluated 
and tested biomasses which are common in Zambia for pellet 
production, such as bamboo [36, 37], cassava [38, 39], eucalyptus 
[40, 41], peanut [42-44], African pine [40, 45], pigeon pea and 
sickelbush [45]. Even though a number of studies have been 
conducted, the majority of these have been based on one or a varieties 
of biomass materials, in different types of pellets presses, meaning 
that it is difficult to compare the results.   

 
If the ability to compare and relate the pelletizing properties of 
different biomaterials could be verified, the possibilities to mix and 
vary biomasses without stopping the production, would increase. 
Thus, more knowledge is needed, and within the biomasses variations 
there are mainly four different types: woody plants, herbaceous 
plants/grasses, manures, and aquatic plants [46]. Woody plants and 
herbaceous plants/grasses are best suited as raw materials for biofuel 
due to their lower moisture content [46]. However, biomasses as 
woody plants and herbaceous plants/grasses are heterogeneous 
biological materials that vary significantly.  
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One way to describe biomasses heterogeneity and explain its structure 
is to study the chemical composition, which for lignocellulosic 
biomass can be divided into two broad categories: macromolecular 
and low-molecular-weight substances (see Figure 1). Macromolecular 
substances include lignin, polysaccharides1 and proteins. In addition, 
polysaccharides can be categorized as cellulose, hemicellulose – 
mainly glucomannan and xylan – and other polysaccharides, such as 
pectin, starch and galactan. It should be noted that galactan is 
sometimes presented as a hemicellulose [47]. In the scope of this 
thesis, however, it is classified with other polysaccharides. The low-
molecular-weight substances include organic and inorganic 
substances, whereof organic, includes extractives such as fat, waxes 
and tannin substances, and inorganic includes ash. 

 

 
 

Figure 1. General structure scheme for lignocellulosic biomass substances 
	  

                                                
 

1 Polysaccharides are polymeric carbohydrate molecules composed of long chains of 
monosaccharide units bound together. 

 

Lignocellulosic biomass

Macromolecular substances

Lignin Polysaccharides

Cellulose Hemicellulose

Mannan

Xylan

Others

Pectin

Starch

Galactan

Proteins

Low-molecular-weight 
substances

Organic

Extractives

Fats, waxes

Tannins

Others

Inorganic

Ash



 5 

With regards to polysaccharides, these can also be divided according 
to those that are more and less branched, and the latter are also 
stiffer. Polysaccharides with more side chains bound to the long chain 
of monosaccharides can be more branched or more flexible, whereas 
the polysaccharides with less side chains are stiffer, which correlates 
with them having fewer possibilities to rotate [48]. Cellulose most 
likely represents a stiff type of polysaccharide, and the hemicellulose, 
xylan, has more flexible chains compared to glucomannans [49]. 
Between the group, other polysaccharides, starches consisting of two 
types of molecules (the stiffer amylose and the more flexible 
amylopectin), and both arbinogalactan and pectin are flexible in 
character [48].  
 
When it comes to the importance of generating strong bonds within 
the lignocellulosic biomass pellets, lignin has been outlined as the 
most important substance [15]. There is, however, a paucity of 
knowledge how its chemical composition affects the pelletizing 
properties [14, 16-23], and no study has been found focusing on the 
group of polysaccharides, even if the polysaccharides are the largest 
group within lignocellulosic biomasses.  
 

Purpose and aims 
This thesis concerns the lignocellulosic biomass pellet process with a 
perspective of energy efficient and pelletability. Were the pelletability 
in the thesis, is defined as the ability: i) to generate backpressure, and 
ii) affect bonding capacity in the pellet.  
 
The purpose with this thesis is to increase the understanding how a 
pellet process can be improved. The overall aim is that a pellet 
producer should be able to increase production capacity with less 
energy demand and switch between different biomaterials without a 
cease in production, based on knowledge of their chemical 
compositions versus pelleting abilities. This, in turn, would increase 
energy efficiency and the use of biomasses by enabling pellet 
producers to manage a more varied biomass flow. 
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The detailed aims of this thesis are to: 
• Present a solution for increasing the drying capacity with 

improved energy efficiency. 

• Evaluate the potential of improved energy efficiency within 
the pelletizer and increased pellet quality with modified 
starches as additives.  

• Increase understanding about how the chemical 
composition of biomasses, with focus on polysaccharides, 
affects the densification step, and evaluate the components 
as pure substances to establish their impact on pelletability.  

• Examine different types of biomasses species based on 
pelletability properties and how well combinations of 
biomasses can be used to vary the biomass flow.   

 

Delimitations 
The work is limited to dealing with the pelletizing process from wet 
raw materials to pelletized product and thus has delimitations such 
as: 

o The economic and combustion aspects. 

o The collection within the forest or transport of biomaterials, 
as well as customer handling.  
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THE PELLETIZING PROCESS  

Various material and products can and are being pelletized, such as 
pellets made of iron for iron production, animal feed, hop pellets for 
beer production, pharmaceutical pellets for further processing into 
tablets or filled in capsule contents, biomass pellets to be used for 
energy, and polystyrene pellets for toys production [2]. This thesis is 
focuses on the pelletization of lignocellulosic biomasses and thus, the 
described process is based on a typical wood fuel pellet solution.  

 
The reason behind the pelletization of biomasses is to create a product 
that can be transported in an energy efficient way due to high density 
and low moisture content, generate less dust problems, and also 
becomes homogeneous in size and, thus, be doseable as well as more 
resistant towards molds and other microbes [3]. 

 
The processing of wet raw material into produced pellets involves 
several sub-processes, such as debarking, chipping, drying, grinding, 
conditioning, pelletizing and cooling, and how the process is designed 
is related to the available raw material (see Figure 2). 

 
As shown in Figure 2, the process design is different whenever the raw 
material is roundwood, sawdust or shavings. When sawdust is used as 
a raw material, it either comes directly from a nearby sawmill or is 
delivered to the pellet mill, and if the latter is the case, the sawdust is 
normally stored outside on paved ground.  
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When roundwood is debarked and chipped, both wet chips or wet 
sawdust/shavings enter the dryer where it is dried from 
approximately 60% moisture content down to 10-15%, in different 
drying solutions [50]. Drying is followed by grinding, where the 
biomass is ground to a certain maximal particle size, before entering 
the conditioner and pelletizer. The conditioner and the pelletizer, are 
often included together as one process, where the conditioner often 
uses steam for softening the feedstock and adds a controlled amount 
of water before the biomass enters the pelletizer.  

 
The two most common solutions for the pelletizer are the flat- and the 
ring die solution. In a flat die solution, the material flows into the 
pelletizer from the top and the material falls down to the circular 
perforated die where roller wheels rotate and force the material 
through the holes in the die (see Figure 3). Within a ring die, the 
material is added in the middle of the ring just in front of the 
mounted rollers, when the ring die is rotated, the rollers force the 
material through the die channels. For both solutions, a knife is used 
to cut the pellets to the desired length on the backside of the die. The 
warm pellets are cooled to around room temperature directly after 
exiting the pelletizer. After cooling, the pellets are sieved in order to 
minimize the share of fines before they are packed in 15-20 kg bags or 
stored in bulk.  

Figure 2. Schematic pellet processes from wet raw material to produce pellet. The 
figure is rewritten with modifications from [15]. 
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With particular reference to fuel pellets, there are standard quality 
indicators for solid biofuels EN 14961, which have been divided into 
two main parameters related to: i) raw material species and ii) 
indicators of pellet quality. The first parameters include ash content, 
heating value, moisture content and chemical elements. The second 
parameters are the mechanical parameters such as durability, bulk 
density and length of the pellet. Also, the use of additives within wood 
fuel pellets are determined according to the standards, which are that 
a maximum limit level of 2% of the total mass of the fuel pellets [51] is 
what is allowed.  
 

The drying process 
The drying process is associated with high costs, where the energy 
demand has the largest impact [9-12]. In addition to the cost and the 
energy demand incurred by drying, many pellet producers conclude 
that the lack of drying capacity is a major barrier to increased 
production, meaning that it is important to improve the drying 
process if production capacity is to increase.  

 
The three most commonly used biomass dryers in the industry are i) 
the rotary dryer, ii) the pneumatic (or flash) dryer, and iii) the packed 

Figure 3. A principal description over a flat die pelletizer, published with 
permission of Amandus Kahl GmbH & Co. 
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moving bed dryer (PMB), although other dryers do exist [52-55]. 
Regardless of which dryer is used, different materials have different 
drying properties at different periods of the drying process, often 
described as the drying curve. This drying curve can be divided into 
three drying periods [55] that approximately correspond to moisture 
content of i) above 50%, ii) between 20% and 50%, and iii) below 20% 
[56]. During the first two drying periods, when liquid moisture 
evaporates from the surface and between the fibers, the drying rate is 
high and almost constant. At the end of the second period, the drying 
rate starts to decrease. These first two periods are often referred to as 
the “constant drying rate” period [56-58]. In the third drying period, 
when bound water diffusion and vapour movement within the fiber 
control the drying, the drying rate drops dramatically. This period is 
often called the “falling rate” period [56-58]. The fiber saturation that 
occurs between the second and third periods is a mixture of free and 
bound water that is removed in the dryer [59]. During the first two 
drying periods, the dryer heat capacity that typically limits the drying 
capacity. In the third drying period, after fiber saturation, when 
drying sawdust, it is the dwell time in the dryer, that limits the drying 
capacity. Hence, there are two completely different mechanisms that 
limit the drying capacity depending on the drying period.  
 

The densification  
The densification occurs within the pelletizer when the material is 
forced by rollers through holes in a die. Under the right densification 
conditions, strong bonds are created between particles in the pellets. 
It is clear that these strong bonds are correlated to the biomass 
composition [19, 21-23], but the exact nature of these bonds is not 
known for certain [14, 16-20].  

 
However, independent of biomass species, when the feedstocks enter 
the pelletizer – either using the flat- or ring die solution – the 
densification starts to occur when the feedstocks are being 
compressed by the roller wheels. The densification process can be 
divided into three steps (see Figure 4) [60]:  
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1) The compression step, where the roller compresses the feedstock 
into a thin layer.  

2) The flow step, where the compressed layer under pressure flows 
into the die channels and is partly compressed further from the 
sides in the cone. 

3) The friction step, where the compressed feedstock is further 
transported through the die channel.  

Under the die, there is a knife which cuts the pellets to a certain 
length.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Within the densification, particles rearrange themselves to form a 
closely-packed mass where most of the particles retain the majority of 
their original properties, although energy is dissipated due to inter-
particle friction. As the pressure increases, particles are forced against 
each other while undergoing elastic and plastic deformation. This 
increases the inter-particle contact area and, as a result, binding 
forces come into effect [61]. Therefore, the majority of the increase in 
density has occurred when the particles reach the active part of the 
channel. 
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Figure 4. The densification process divided in three steps: 1) compression, 2) 
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Regardless of whether the flat or ring die solution are being used, the 
die is drilled with holes, and each of these holes is composed of a 
conical entrance, an active part of the press channel, and finally an 
inactive part with a large diameter (relief) [60], (see Figure 5). The 
inactive part is needed because the die requires a certain thickness for 
strength. The active part of the press channel, together with the height 
of the conical entrance, gives the total pressway, that generates a 
backpressure which is sufficient for the rollers to create pressure. The 
friction generates the appropriate die temperature, and both the 
correct backpressure and die temperature are necessary for the 
production of high-quality pellets [62]. 

 
 
 
 
 
 
 
 

 

The active part of the press channel is often referred to as the 
presslength and varies depending on feedstock characteristics. A 
reason why it is difficult to change and vary biomass species with 
different chemical compositions during production is because a new 
species can increase the friction in step 3 during densification, and 
thus, the backpressure changes [23]. The pressure created by the 
rollers, together with die temperature, are thus dependent on the 
pressway, a normal roller pressure is approximately 115 to 300 MPa 
while the die temperature is approximately 100 to 130 °C [15].  
	  

Basics – die geometry

• from the roller track surface to 

the relief

• it is composed of:
• the chamfer (angle x depth)

The pressway

roller track
chamfer

• the chamfer (angle x depth)

• cylindrical bore

• there is a certain ratio of 

pressway to diameter

(pelleting ratio)

2014.Nov.18/19 18

pressway

relief

Figure 5. Schematic principle over a die channel with an inlet cone, an active press 
channel and a relief where the backpressure is released, published with permission 
of Amandus Kahl GmbH & Co. 
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Lignocellulosic biomass 
Lignocellulosic biomasses are often described as a biomass composed 
of carbohydrate polymers (cellulose and hemicellulose) and aromatic 
polymers (lignin). They can be divided in two main types: herbs, were 
the plants over soil are non-woody and in general wither and dies 
after one or a few seasons, and woody plants, including bushes and 
trees, with stiff stems and branches and a permanent over soil part 
[63]. This section is focused on woody plants.    

 
Woods can generally be divided into soft- and hardwood [64], with 
the knowledge that species, such as the palm tree falls outside that 
description. Softwood produced by conifers, such as spruce (Picea) or 
pine (Pinus), and hardwood are deciduous or broad leaf and include 
birch (Betula), beech (Fraxinus) and eucalyptus (Eucalyptus). In 
Figure 1, the chemical composition of lignocellulosic biomass and its 
variation are presented and divided into lignin, cellulose, 
hemicellulose – mainly glucomannan and xylan – other 
polysaccharides – pectin, starch and galactan – proteins, extractives – 
fat, wax and tannin substances – and ash substances. This chemical 
composition varies between softwood and hardwood and the actual 
composition depends on the species, growth location, age of the actual 
tree and the specific part of the tree, and is more fully described in the 
following paragraphs. Examples of tree species and its chemical 
composition are shown in Table 1.  
 
Table 1. Chemical composition of some wood species (%) [63] 
Species  

Cellulose Gluco-
mannan 

Glucurono-
xylan 

Other 
polysaccharides Lignin Extractives Residual 

constituents 
Softwoods         
Norway Spruce  
(Picea abies) 41.7 16.3 8.6 3.4 27.4 1.7 0.9 
Scotch Pine  
(Pinus 
sylvestris) 

40.0 16.0 8.9 3.6 27.7 3.5 0.3 

         
Hardwoods         
Birch  
(Betula 
verrucose) 

41.0 2.3 27.5 2.6 22.0 3.2 1.4 

Beech  
(Fagus 
sylvatica)  

39.4 1.3 27.8 4.2 24.8 1.2 1.3 

River red gum  
(Eucalyptus 
calmaldulensis) 

45.0 3.1 14.1 2.0 31.3 2.8 1.7 
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Cellulose 
Celluloses is a polysaccharide, and likely the most common organic 
substances in the nature. It has a simple structure, which consists of 
repeating b-(1, 4) linked glucose units, with two glucose units being 
repeated, together, these units form a long, linear unbranched chain. 
The degree of polymerization (number of glucose units) is very high, 
and values of 15 000 are found [63]. Each glucose contains of three 
free hydroxyl (-OH) moieties that can interact to form hydrogen 
bonds, which plays a critical role for cellulose in the aggregation of 
cellulose chains and determines the crystal structure which forms 
microfibrils through two types of arrangements (Ia or Ib). Several 
chains of celluloses together chains forms a microfibril where the 
number of chains can be around 18-36 [63, 64].    

 
Hemicellulose 

Hemicelluloses, a common polysaccharide in nature, representing 
approximately 20-35% of lignocellulosic biomass, and xylan is likely 
the most abundant hemicellulose [65]. Hemicelluloses are found in 
the matrix between cellulose fibrils in the cell wall and are often 
associated with cellulose, but they have different compositions. While 
cellulose only contains glucose units, hemicelluloses has many 
different sugar monomers. For instance, besides glucose, sugar 
monomers found in hemicelluloses can include the pentose (five-
carbon sugars xylose and arabinose), and, hexoses (the six-carbon 
sugars mannose and galactose, and the six-carbon deoxy sugar 
rhamnose) [63]. The exact physical state of the hemicelluloses in 
wood is not known, however, the hemicelluloses almost certainly 
contribute to the mechanical properties of the cell wall [63]. The 
hemicelluloses also most likely influence the moisture equilibrium of 
the living tree, as the macromolecules in the cell wall have different 
abilities to store water and can be grouped according to their water 
storage properties as follows: pectin > hemicellulose > cellulose > 
lignin [63]. As the type of hemicelluloses varies depending on plant 
material and type of tissue, there are different kinds of hemicelluloses, 
such as xylan, glucuronoxylan, arabinoxylan, glucomannan, and 
xyloglucan. There are differences between these components, for 
example, xylan has more flexible chains bounded to its main chain 
compared to glucomannans [49] (see Figure 6). 
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Figure 6. General structure of the most common hemicellulose polysaccharides 
xylan and glucomannan where glucomannan is less branched and therefore 
relatively stiff and xylan whose structure contains more side chains bounded and 
thus can rotate more easily and is less stiff.  
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Other polysaccharides 
Within this thesis, three other polysaccharides are presented: starch, 
pectin and arabinogalactan.  
 
Starch normally occurs as starch granules which consist of two types 
of molecules: the stiffer amylose and the more flexible amylopectin 
[48], not to be associated with the substance pectin. Oxidized starches 
are used in the industry and are a low-viscosity product with reduced 
tendency toward retrogradation and gelling in solution [63].  

 
The substance pectin is a diverse group of irregular and amorphous 
polysaccharides with a variable chemical composition. The total 
amount of pectin present in wood is low. It is present in the middle 
lamella and the primary layer of the fiber cell, and contributes to the 
mechanical properties of the cell wall [63]. 

 
Arabinogalactan is water-soluble and occurs in large amounts, 10-
25% by dry weight, in heartwood of larches. In other softwoods, the 
amount is generally less than 1% [63]. Larch arabinogalactan has a 
high degree of branching and, thus, of flexible character [48], and has 
a very low viscosity in water [63]. 

 
Lignin  

Lignin is an polymeric organic substance, and the amount of lignin in 
biomass is variable from 15-40% in wood, while herbaceous plants are 
less lignified [48]. Lignin has the most complex structure among 
naturally occurring polymers. It is not a linear polymer such as 
cellulose, nor is it a branched polymer such as the hemicelluloses or 
pectin. It is a three-dimensional web with the monomers (i.e., the 
building blocks) connected by a number of different ether (C-O-C) 
and carbon-carbon (C-C) bonds that are randomly distributed, and 
the first impression of the covalent structure may appear chaotic [63]. 
Lignin has at least four important roles in plants, which are that 
lignin: i) gives stiffness to the cell walls, ii) makes the cell wall more 
hydrophobic, iii) glues cells together and iv) gives protection against 
the microbial degradation of wood [63]. 
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Extractives 
The term extractive covers a large number of different low molecular 
weight organic substances, which are divided into compounds 
extractable from wood with various neutral solvents [63]. The water-
soluble extractives include sugars, lignans and other phenolic 
compounds. The extractives that are soluble in liquids (the standard 
method is to use acetone) of low polarity, often referred to as wood 
resins, can be divide into four classes: i) fats and fatty acids, ii) steryl 
esters and sterols, iii) terpenoids, including terpenes and 
polyisoprenes, and iv) waxes that is, fatty alcohols and their esters 
with fatty acids [63]. The content of extractives significantly differs 
between different types of biomasses and the quantity can vary from 
1-2 % to 40 % [66]. 
 

Ashes 
Ashes are the inorganic substances in biomass and generally, the ash 
content in plant fibers is low, at around a few percent [63]. However, 
the variation can be wide, especially herbaceous biomasses can 
contain much more [67]. The exact amount and the composition may 
vary considerably, even within the same species, and are related to the 
soil the plant grows on [63, 67]. The inorganic material consists 
mainly of different metal salts and some nitrogen and phosphorus, 
where calcium ions are the most common inorganic compound [63].  

 

Wood structure  
There is also a variation within the trees where these different types of 
chemical substances can be found. The tree is composed of different 
parts: top, stem, branches, leafs/needles and root system, and the 
properties for the different parts of the tree are varied. For example 
the stem has the highest proportion of cellulose, and the bark has the 
highest proportion of lignin [63]. Also, the stem is composed of 
different parts: outside bark, cambium, phloem, sapwood, heartwood, 
juvenile wood and pitch (see Figure 7), and each of these parts is 
made up of a cell or fiber structure. A fiber is described as a single 
elongated, thick walled, plant cell, and fibers attached to each other 
can be referred as fiber bundles [64].  
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The bark is for protection of the wood and is mainly dead cells. The 
phloem which are living cells, manage the transports of minerals. The 
cambium is a thin layer which produces phloem cells on the outside 
and secondary cells on the inside. The main part of the stem can be 
divided into sapwood and heartwood, sapwood consist of living cells 
and dead cells, while heartwood usually consists entirely of dead cells. 
In the middle of the stem, juvenile wood and the pitch is developed 
during the initial years of the tree growth. In general, sapwood is the 
outermost portion of the tree stem and it is comprised partly of living 
cells. Heartwood forms the inner part of the tree and consists mainly 
of dead cells that provide mechanical support. Heartwood’s dead cells 
include more extractives, and some heartwoods, especially pine, can 
be recognized from their mainly darker color. Substances such as 
resins and phenols are responsible for the heartwood’s color [68]. 
Figure 7 presents the different parts of wood from a pine stem.  

 

 
 
Figure 7. The different parts of wood from a pine stem. The pitch in the middle is 
from the very first year, sometimes visible as a black spot. The juvenile wood can 
be seen in the central part of heartwood, and the heartwood contains of dead cells 
and includes more extractives. The sapwood is mainly dead cells and it is in the 
sapwood that the water transport take place. The cambium generates the growth of 
the tree and the area were the new cells take place. On the outside of the tree is the 
bark, consisting of dead cells protecting the tree.  
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There is a variation within different parts of the wood, which is a 
variation in a micro perspective of the wood. The fibrous structure of 
wood can be divided into a fiber-reinforced matrix model, where the 
fibers (cell walls) can be presented as a regular array of structural 
elements in a binding matrix (middle lamella) [64]. These cell walls 
originate from three layers: middle lamella, primary cell wall and 
secondary cell wall, where the secondary walls are organized into 
three layers, S1, S2 and S3 (see Figure 8) [64].   

 
Figure 8. Layers in the cell wall, showing the middle lamella, primary wall and 
secondary cell walls divided into S1, S2 and S3, and the lumen. Black arrows 
indicate the orientation of the cellulose microfibrils in the secondary cell walls 
layer, and one arrow indicates the plant direction. 

 
The middle lamella is enriched with lignin and pectin, while the 
primary wall is mainly cellulose, hemicelluloses and pectins, and the 
secondary wall is mainly cellulose, hemicellulose, lignin and proteins 
[64]. In Table 2, the percentage of the polysaccharides: cellulose, 
glucomannan, glucuronoxylan, galactan and arabinan in the different 
layers of the fiber wall are presented for a hardwood and softwood.  

 
Softwoods fibers (tracheids) are approximately 3.5 mm in length and 
30 µm and their cell walls are in the range of 2-3 µm, while hardwood 
fibers are approximately 0.7-1.5 mm long with diameters in the range 
of 13-20 µm, and wall thicknesses of 3-6 µm [64].  
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Table 2. Percentage of the polysaccharides: cellulose, glucomannan, 
glucuronoxylan, galactan and arabinan in different layers of the fiber wall. 
Reproduced based on data in [69]. 

Polysaccharide 
Middle 

lamella + 
Primary layer 

S1 S2 (outer 
part) 

S2 (inner 
part) + S3 

 Birch (Betula verrucose Ehrh) 
Cellulose 41.4 49.8 48.0 60.0 
Glucomannan 3.1 2.8 2.1 5.1 
Glucuronoxylan 25.2 44.1 47.7 35.1 
Galactan 16.9 1.2 0.7 0.0 
Arabinan 13.4 1.9 1.5 0.0 
 Pine (Pinus sylvestris L.) 
Cellulose 35.5 61.5 66.5 47.5 
Glucomannan 7.7 16.9 24.6 27.2 
Glucuronoarabinoxylan 7.3 15.7 7.4 19.4 
Galactan 20.1 5.2 1.6 3.2 
Arabinan 29.4 0.6 0.0 2.4 

 

Parameters affecting pelletability 
There are several parameters that affect pelletability in biomass and, 
in general, these parameters can be defined by the feedstock species 
and technical parameters. Even if the exact knowledge with regards to 
actions taking place inside the die is limited [21, 70], several 
parameters are often described as important for pelletability, and the 
most common are: extractives, lignin, water, die temperature, particle 
size and additive. Within this section these parameters are discussed 
in relation to the pelletability.  

  
The level of extractives varies not only depending on species, but also 
on storage time, drying temperature and the technical method used 
for drying [71-73]. The extractives affect pelletability in two ways. The 
first effect is that high amounts of oleophilic low molecular weight 
hydrocarbon solutions, that is, fatty acids, oil and waxes, decrease 
pellet strength [74-77]. The possible explanations are that either the 
extractives block and consequently reduce the number of binding sites 
on the surface [72, 78, 79], or that the inter-particle binding is limited 
to weak van der Waals interactions and fiber interlocking [80]. The 
other effect is that extractives act as a lubricating agent inside the die 
channels when they migrate to the pellet surface at elevated 
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temperatures [40, 81], leading to decreased friction [72, 80, 82]. The 
exact nature of how extractives affect the densification process is, 
thus, uncertain, therefore it is difficult to predict what will happen in 
the process when a species rich with extractives is added into the 
feedstock.  

 
Lignin has been identified as the most is important binding agent in 
pellets [15], based on its possibilities to become fluent and create solid 
bridges when its glass transition temperature has been reached [18, 
81, 83]. Studies have found that pellets formed above the glass 
transition temperature of lignin have significantly higher compression 
strength, a greater unit density, and expand less in length after 
pelletization [80]. However, the glass transition temperature for 
waxes is lower than for lignin, at approximately 40-50°C [74], 
meanings that waxes flow and create a coating layer before lignin 
[80]. 

 
Also, water plays an important role for pelletability. It should be 
mentioned that water is often referred to as both “added water” and 
“moisture content”. It is important to keep in mind that both of these 
parameters affect the pelletability. Added water can be added into to 
the feedstock as steam or a water, while moisture content is the 
amount of moisture in a sample given as a percentage of the sample's 
original weight. If the feedstock is wood, for example spruce, the 
feedstock is dried to 10-12% moisture content (wb) within the dryer, 
and then, the conditioner increase the moisture content by 
approximately 2% [2]. Not all added water or steam will be absorbed 
by the material, meaning that there will be a high humidity, in the 
author’s experience, up to 100% within the pelletizer. This will also 
affect the moisture content, meaning that water referred to in the next 
paragraph is from both added water and water absorbed in the 
material as moisture content.  

 
Hence, it is important to have control over the moisture content and 
many studies are searching for the optimal moisture content during 
densification. For example, it is generally 6-12% in woody biomass 
[82, 84-88], and can be up to 20% in agricultural biomasses such as 
barley [88]. It also makes a difference if the feedstock is fresh or has 
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been stored, as fresh feedstock needs less moisture content in 
comparison to stored [82, 89]. Thus, it is clear that water affects the 
densification and binding strength, but how this happens is quite 
ambiguous. Water on particle surfaces can act like bridges between 
the particle sites and cause cohesive forces that increase binding 
strength [14]. This is only possible if the distance between the particle 
surface is in the range of 0.5-0.74 nm, which corresponds to twice the 
hydrogen bond length plus the O-H length of water [90]. Water can 
also create binding forces due to capillary pressure, however, these 
disappear once the water evaporates [16, 90]. Water can act as a 
plasticizer and increase the molecular mobility of the amorphous 
polymers, which in turn increases the flow-ability of hemicelluloses 
and extractives with low glas transition temperature [70, 74, 77, 91]. A 
moisture content which is to low will affect the quality negatively, as 
the effect of water as a plasticizer would be absent and the gaps where 
the water molecules could bridge, would not be filled up [62, 78]. A 
high moisture content which is to high will affect the pellet quality 
negatively [62, 70, 74, 82, 91-93]. The explanations for this can be 
that the incompressibility of water affects the agglomeration of the 
particles [16], the excessive internal pressure from steam is generated 
inside the pellets [82, 94], and water is absorbed on the hydrogen 
bonds, leading to occupied locations of particle-particle binding, and 
therefore reducing the hydrogen bonds [60, 62, 78, 94].  

 
It is also, clear that the amount of water affects the friction [90]. It is 
common to add water as an adjustable control parameter for 
controlling production. As water act as, lubricating media and affect 
friction it also affect the die temperature. According to Wilson 2010, 
softwood pellet producers do not require a die lubricant, but 
hardwood pellet producers do [83]. However, correlated to die 
temperature, it would be more advantageous to regulate the 
temperature of the die directly without the need of die lubricant. As 
lowering the die temperature has been shown to reduce the sensitivity 
of raw material's moisture content effect on the pellet properties [95, 
96].  

 
The die temperature is generated by the friction, which is correlated 
to the chosen presslength. The relation, or press ratio, between the 
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diameter and presslength has recommendations from 1:3-5 [2] to 1:8-
10 [73]. Thus, the recommendations are in a wide range, and the 
reason for this is the fact that different species has varying friction 
parameters and for hardwoods, such as oak and beech, it increases 
more rapidly than for the softwoods, such as spruce and pine [23].  

 
The size of the particles also affects the pelletability. However, with 
regards to particle size, there is no clear answer about optimal particle 
size. Stelte et al. 2012 found in their review that the particle size is 
usually below 5 mm [70]. Obernberger and Theak 2010, suggested 
that particle size should vary depending on the diameter of the pellets, 
a typical value is 4 mm when a 6 mm pellets are being produced and 
wider when larger pellets are produced [2]. Bergström et al. 2008 
suggested that the particle sizes below 8 mm are probably not 
necessary [97]. Other studies have concluded that increases in particle 
size significantly decrease the attractive forces [14, 98]. Thus, the 
variation is wide and one explanation to this is given by Castellano et 
al. 2015, who found that smaller milling screen sizes seem to have a 
positive effect on mechanical durability [40]. Meanings that grinding 
can lead to fractured surfaces in the fiber wall or between the fiber 
walls and the former exposes cellulose and hemicellulose, while the 
latter provides a high amount of lignin on the surface [73]. It seems 
that the purpose of grinding is not a matter of particle size, but is a 
fiber preparation. It is, however, important to remember that, the 
larger screen openings or particle size, the lower the bulk and particle 
densities [21]. It must also be remembered that if the sizes of the 
particles are small, the friction between the particles and the die 
channels will increase [40, 77], which will result in an increased die 
temperature that will affect the pelletizing properties and the pellet 
quality in the end product.  

 
One way to improve the quality of the pellets is by adding additives or 
binders. The purpose can be varied, but adding organic additives are 
mainly for affecting the energy need in the pelletizer or generates 
stronger bindings in the pellets [99-104]. Adding an inorganic 
additive can eliminate problems associated with slagging, by reducing 
either the temperature or the composition of the ash-forming 
elemental constituents [2]. Inorganic additives will increase the ash 
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content and can cause an increase in the emission of coarse fly ash 
[2]. Inorganic additives are related to combustion parameters, 
however, this has not been included in this thesis and, thus, 
information on it is delimited. 

 
Using additives in wood pellet production is quite common 
worldwide, and several different additives have been tested in order to 
investigate how they affect different pellet parameters, and the power 
consumption in the pelletizer [99-101, 105]. Starch is a commonly 
used additive, but there is still a paucity of information regarding how 
starches affects the densification process. Samuelsson et al. 2014 
tested two starch products and two lignosulphate products in full-
scale pine pellet production and found that the additives mostly affect 
the durability and the number of fines, and that the moisture content 
is the most important parameter correlated to both bulk density and 
the pellet press power supply [103]. Even if moisture content was 
found to be the most important parameter correlated to power 
consumption, they observed that one of the starches decreased the 
power consumption while the other did not affect the power 
consumption at all [103]. Tarasov et al. 2013 concluded in his review 
that too much starch will make the product extremely dry [99], and if 
so, it is important that the amount of both moisture and starch are 
optimized.  

 
Therefore, there is a combination of parameters that are related to the 
feedstock species, pretreatments and choice of total pressway that 
affect the pelletability, and under the right conditions, strong bonds 
are created between particles in the pellets. However, the exact nature 
of these is not known with certainty [14, 16-23]. Several explanations 
for what occurs have been derived from the agglomeration field [14, 
16, 70, 106, 107], which mainly originated from Rumph. H. 1962 
describing the binding mechanisms into the following groups: i) solid 
bridges, ii) adhesion and cohesion forces, iii) surface tension and 
capillary pressure, iv) attraction forces, and, v) interlocking bonds 
[107, 108]. Even if these theories present action that takes place inside 
the die, these theories are difficult to use in order to increase new 
biomasses in relation to the production parameters.  
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METHODS 

Within the Methods section, all papers are described together with 
the complemented study presented last. The Method is a compilation 
of all the included papers and, for more information, I refer to the 
current Papers I-VI. All studies are based on measured data from 
three different scale units. Paper I was conducted in a small industrial 
scale pellet press unit. All ingoing data to Paper II was measured on 
an industrial scale packed moving bed dryer located at a pellet mill, 
and, Papers III-VI were based on pellet production in single pellet 
units.   

The pilot pellet plant 
The pilot pellet plant used in Paper I consists of a pellet press with a 
flat die solution with a capacity of 300 kg/h, and two pan grind 
rollers. The plant has two containers in which about 400-500 kg of 
biomass feedstock can be pre-treated and mixed before it is 
transported by a conveyor screw to an inlet mixer. Within the mixer, 
the material can be supplemented with an additive and/or 
conditioned with water or steam and mixed before it is transported to 
the pelletizer (see Figure 9). 

 
In Paper I, the pellet press was equipped with a die that had a 9-hole 
radius and 52 holes on each rod, which gives 468 holes in total. Each 
hole had an 8 mm diameter, a 30 mm presslength and an inlet cone 
taper of 17°.  
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Figure 9. Pellets pilot plant at Karlstad University where, a) presenting a 
schematic illustration of the pilot plant consisting of: 1) a diagonal mixer, 2) a 
conveyor screw, 3) a volumetric feeder for additive 4) an inlet feeder where 
conditioning can take place and 5) a Amandus Kahl C33–390 pellets press with a 
flat die, and b) a picture of the pellet pilot plant is shown. 

Industrial packed moving bed dryer 
The packed moving bed dryer used in Paper II is a STELA low 
temperature belt dryer, (see Figure 10). The dryer was fed with 
Norway spruce from the sawmill (sawdust and shavings), and after 
exiting the dryer, the material travelled on band conveyers into 
storage before grinding and, finally, before reaching the pelletizer it 
was moistened in a conditioner. The dryer is designed for a material 
production flow of 9 tonnes/h (ds). It is 36 meters in length, equipped 
with six fans for the outlet air, the inlet dry air is distributed into three 
heat exchangers, and a turning device is placed in the middle of the 
dryer to mix the material. No energy was recovered from the outlet of 
moist air. 
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Figure 10. A schematic picture of the STELA belt dryer showing: 1) feeding 
station, 2) sawdust layer, 3) turning device, 4) discharge screw, 5) belt cleaning 
system, 6) web belt, 7) fresh air intake, 8) heat exchanger (three), and 9) outlet air. 
The industrial dryer used in this study has six fans for outlet air instead of three as 
shown in this picture. 

Single pellet presses 
Within this thesis, two different types of single pellet presses have 
been used. Papers III, IV and VI used the single pellet press 1 (SPP1) 
and Paper V used on the single pellet press 2 (SPP2). 

 
SPP1 was a steel cylinder that acted as a die, with a 8.2 mm drilled 
hole in which an 8.0 mm piston compresses the material against a 
removable bottom plate. Nylon plugs were installed both above and 
below the material (see Figure 11). These nylon plugs were used to 
minimize the risk of the test material, powder, getting stuck between 
the die wall and the piston. The material, nylon, was chosen based on 
its insignificant effect on frictional resistance and compression.  

 
Within Papers IV and VI, a 10.0 mm long steel plug with an 8.0 mm 
diameter was added at the bottom of the die hole, below the nylon 
plug, to increase the distance at which friction could be measured. 
This steel plug fell out at the same time as the bottom plate was 
removed.  
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Figure 11. Principle figure and photo over SPP1 and the piston, heating coil, nylon 
plugs and raw material/pellets as well as the bottom plate is pointed out. In a) 
shows SPP1 divided into three steps: 1) start of the compression phase, 2) the 
pressure is maximum, and 3) the bottom plate is removed and the pellet is pressed 
out. In b) shows a picture of the SPP1 mounted on Form+Test Seidner testing 
machine, type 505/60B.  

 
After the study of Paper III, several student theses and other tests 
were conducted on SPP1, which resulted in damaged to the die hole. 
This resulted in a second version of SPP1 being built and Papers IV 
and VI were, thus, based on a copy of the first version of SPP1. The 
only difference between the versions was that the hole diameter was 
changed from 8.2 to 8.4 mm to facilitate the use of nylon plugs that 
were then purchased at the same dimension. In the first case, the 
plugs were lathed to achieve the right dimensions.  

 
The SPP2 was designed by the author with the purpose of measuring 
the springback effect of the pellets without pressing out the pellets 
after compression (see Figure 12). SPP2 has a die based on a steel 
cube with the dimensions 100 mm vertically divided and the two parts 
screwed together with four bolts. In the middle, there was an 8.2 mm 
cylinder bore within which an 8.0 mm piston compressed the biomass 
against a removable 8.0 mm diameter and 10.0 mm long steel plug at 
the bottom. The steel plug was used to facilitate the process when the 
pellet was removed from the die channel.  

 
Both SPP1 and SPP2 were mounted on a type 505/60B Form+Test 
Seidner testing machine that made it possible to, through a load cell, 

1) 2) 3) 

Piston 
 

Heating coil 
 

Nylon plug 
 

Material - pellets 
 

Bottom plate 
 

a) b) 
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control and log the time, speed, height and force through the control 
systems. The temperature of both SPP1 and SPP2 was controlled by 
two heating coils. The compression and friction work were calculated 
by integrating the force and time determined from logged data by 
using the numerical integration trapezoid method.  

 
 
 
 
 
 
 
 
 
 
 
 

The compression was depicted as Wcomp (J/g) and the friction work as 
Wfric (J/g). The maximum friction force needed for the piston to expel 
the pellets was read as the highest value generated in the process and 
depicted as Fmax (kN), (see Figure 13). 

 
 
 
 
 
 
 
 
 

	  

Figure 12. Test equipment SPP2: a) the steel cube in a cross section, and b) a 
picture over the die disassembled with a pellet ready to be picked out for further 
measurements. 

Pellets 
Steel bottom plug 

Piston 
Heating coil 

a) b) 

Figure 13. Schematic diagram over outcome data from control systems while 
producing a pellet in SPP1. 
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Test design 
In total, thirty-eight different material were included in this work, 
divided into seventeen biomasses and twenty-one pure substances. 
An overview over all tested materials presented per paper and test 
equipment are presented in Table 3.  

 
Table 3. Overview of material used in Papers I-VI and added tests in the 
complemented study (CS) 

   Pilot pellet 
plant PMB Single pellet press 

 Tests based on: I II III IV V VI CS 

Bi
om

as
se

s 

Norway spruce (Picea abies) X X X X X   
Pine (Scots pine)   X X   X 
Larch (Larix sibirica)   X     
Birch (Betula pendula)   X     
Beech (Fagus sylvatica)   X X X  X 
Bamboo      X  
Eucalyptus      X  
Gliricidia      X  
Lantana camara      X  
Peanut shell  
(Arachis hypogaea L.)      X  
Pine from Zambia (Pinus)      X  
Sicklebush  
(Dichrostachys cinera)      X  
Tephrosia      X  
Cassava peel  
(Manihot esculenta)       X  
Cassava stem  
(Manihot esculenta)       X  
Miombo seed capsules 
(Brachystegia)       X  
Pigeon pea (Cajanus cajan)      X  

Pu
re

 su
bs

ta
nc

es
 a

nd
 a

dd
iti

ve
s  

Ce
llu

lo
se

 Cotton linters   X     
Cotton   X     
Avicel   X X X  X 
Carboxymethyl cellulose     X   

H
em

ic
el

lu
lo

se
s Locust bean gum mannan   X X X  X 

Konjac gum mannan   X    X 
Beech xylan   X X   X 
Rice xylan   X     
Eucalyptus xylan     X   

O
th

er
 p

ol
ys

ac
ch

ar
id

es
 

Oxidized potato starch X       
Native potato starch X       
Wheat starch X  X     
Oxidized corn starch X       
Larch arabinogalactan   X     
Apple pectin   X X X  X 

Li
g-

ni
n Lignoboost lignin   X    X 

CleanFlow lignin   X     

Pr
ot

e-
in

s Wheat gluten   X     
Soy   X     

Ex
tr

- 
ec

tiv
es

 

Tannins   X     
Wood resin   X     
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All pure substances were either purchased, ordered from the 
commercial market, or delivered from industrial partners or other 
academia, and thus, not directly extracted from biomasses. The wood 
materials were either, from sawmills as sawdust or sawn personally by 
the author. 

 
The test design correlated to test parameters and used equipment is 
varied between the papers and the design of all tests in Papers I and 
III-VI is summarized in Table 4 and Table 5. The test design for Paper 
II is described in the paragraph Paper II. 

 
Paper I 
The material was fresh sawdust from Norway spruce (Picea abies), 
produced at a local sawmill, close to a pellet mill. The material was 
first air dried in a belt dryer with an inlet temperature of 75 °C until it 
reached 11% (wb) and then ground in a hammer mill using a 5 mm 
sieve. The material was collected, upon exiting the grinder, from the 
pellet process line and packed in large sacks before being transported 
further to the pilot plant at Karlstad University for further tests. All 
starch products were delivered by the company Solam Gmbh.  

 
During the tests, the pelletizer was initially run until stationary 
conditions were obtained. Before every new test, there was a break-in 
period of 5 min with the current additive to ensure stationary 
conditions. Every test run lasted for 5 min. The additive flow was 
subsequently increased through the volumetric feeder. The pellets 
were stored for 7 months in order to study the storage effects. 
Produced pellets from each test were sent to Solam GmbH, who 
conducted two studies on the pellets: i) a microscopic study and, ii) a 
size determination of the starch granules.  

 
Paper II 
The material was fresh sawdust from Norway spruce (Picea abies), 
which was taken from the same sawmill as in Paper I. The analysis 
was conducted in two parts. First, an analysis was conducted on the 
industrial packed moving bed dryer as a single dryer based on 
measured data and through a mass and heat power balance. Second, a 
theoretical study analyzed the potential of implementing a Two-Step-
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Drying-Technique, using the industrial packed moving bed dryer as 
the first dryer (see Figure 14), through a mass and heat power balance 
and using data from the first analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

For the heat and mass balance, the temperature, relative humidity in 
the ambient air and moisture content of the incoming sawdust, and 
the sawdust surface temperature in the dryer were measured by using 
an FLIR ThermaCAM SC640 infrared camera. The total mass flow 
rate of the inlet dry air was determined by using the heat power from 
the heat exchangers, the temperatures of the ambient air and the 
average inlet air. The heat power balance was determined 

Figure 14. Schematic illustration over a Two-Step-Drying-Technique (TSDT) 
implanted in a wood fuel pellet process when a Packed Moving Bed (PMB) is used 
as a first dryer where a) is a traditional solution using one PMB dryer and, b) a 
second pneumatic (flash) dryer is added after the PMB dryer and the PMB dryer are 
drying down to fiber saturation (20% MC) and the pneumatic dryer dries and 
transport the material at the same time to the storage as a TSDT solution, where the 
grinder is moved between dryer 1 and 2.  
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corresponding to sawdust and airflow rate, temperatures and specific 
heat capacity.  

 
For the implementation of the Two-Step-Drying-Technique, a 
pneumatic dryer was chosen as second dryer step based on its 
possibilities to both, dry within the third drying period, and transport 
the material at the same time. This means that the Two-Step-Drying-
Technique involves the total distance between the packed moving bed 
dryer and the storage, that is, the conveyers that are used for 
transporting the raw material. The pneumatic conveyer technique for 
the transport of raw material is well known from the pulp and paper 
industry. In order to determine the potential of an increased drying 
capacity by implementing a Two-Step-Drying-Technique, the heat 
and mass balance from the first analysis was used, the inlet mass flow 
of dry air in the packed moving bed dryer was the same, and the outlet 
moist air after each fan was allowed to be 96% RH. The mass flow rate 
of sawdust was increased until the moisture content of the outlet 
sawdust was in the range of fiber saturation, which was chosen to be 
20% (wb) for this study. All other assumptions were identical to those 
made for the first analysis. 

   
Paper III 
Twenty-one materials were tested, whereof sixteen were pure 
substances representing celluloses, hemicelluloses, other 
polysaccharides, lignin, proteins, extractives, and five were woods, 
representing softwood and hardwood. The materials were sieved 
through a 0.5 mm sieve, and then dried in 50 °C before being tested 
as dry substances 3.0 ± 1.0% (wb). One material, the rice xylan, was 
tested at a higher moisture content because it was delivered in a small 
amount and was tested in the conditions in which it was delivered, 
which were at a moisture content of 10.3%.  
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Paper IV 
Seven materials were evaluated with increased moisture content, 
whereof two represented cellulose and hemicellulose as stiff 
polysaccharides (Avicel and locust bean gum mannan), and two 
represented hemicellulose and other polysaccharide as more flexible 
polysaccharides (beech xylan and apple pectin). Finally, two 
softwoods (Scots pine and Norway spruce) and one hardwood (beech) 
were included. The amount of water was tested at six different 
moisture contents levels, 0.0, 5.0, 7.5, 10.0, 12.5 and 15.0% (wb). The 
woods were sawn with a table saw and then milled in a small hammer 
mill with a sieve size of 2.0 mm. All material was controlled with a 
sieve so that it would be in a powder form of less than 0.35 mm.  
 
Paper V 
For testing the springback properties, six different material were 
tested, whereof five were used in Paper III (see Table 3) and a one 
new one was added (Eucalypt xylan as a flexible polysaccharide). The 
material was pretreated as in Paper IV, sieved to be below 0.350 mm, 
and tested at moisture contents levels of 5.0, 10.0 and 15.0% (wb).  
 
In order to test earlier hypothesis from Paper IV that uronic acid is 
the reason why xylan change in color, a separate color analyze was 
made. For this study carboxymethyl cellulose (CMC) was used and 
tests were carried out on eucalypt xylan and CMC pellets produced at 
5%, 10% and 15% moisture content, with the pressure of 5 or 14 kN. 
Additionally, control tests were performed on each of the respective 
untreated original powders, as well as the original powder that was 
heat-treated at 225 °C for 30 min in a sealed container at 5% and 15% 
moisture content, giving a total number of 18 test samples. The nature 
of the emergent colors of these samples were investigated by 
dissolving the pellets in alkali and measuring the absorbance of the 
resulting solutions using a UV-2550 UV-VIS spectrophotometer. 
 
Paper VI 
Twelve materials were collected in Zambia and delivered to Karlstad 
University by the company Emerging Cooking Solutions Sweden AB. 
These materials were delivered as a mixture of stems, branches, shells 
and wastes with different sizes. All these materials were sawn 
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personally by the first author and milled in the same equipment used 
in Papers IV and V.   

 
Complemented study 
Five pure substances were added as additive, at an amount of 10% 
(ds) to both fresh pine and storage beech, and then moistened to 9% 
(wb) and tested in the SPP1 without nylon plugs and with a 10 mm 
steel plug at the bottom. The pure substances were two stiffer 
polysaccharides (cellulose and mannan) and two more flexible 
polysaccharides (xylan and pectin), as well as lignin. Two types of 
mannan were used: for pine locust bean, and konjak gum mannan for 
beech. For all other tests, the substances were the same.  

 
Table 4. An overview of test parameters used in Papers I, and III-VI and the 
complemented study (CS) 

Test parameters 
Pilot 
Plant Single pellet press 

Material data I III IV V VI CS 
Amount of material 85 kg/h 1 g/pellets 
Amount of pure 
substances/additive (db) 0.75-3.0% 100% 100% 100%  10% 

Inlet moisture content (wb) 12.1% 3% 0-15% 5-15% 5-10% 9% 
Process parameters       
Die presslenght 30 mm      

Maximal pressure   15 kN 14 kN 
5 kN 
and 

14 kN 
14 kN 14 kN 

Piston velocity  30 mm/min 
Die temperature  100 °C 
Hold time  10 sek 
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Table 5. An overview of analytical measurements and methods used in Papers I, 
III-VI and the complemented study (CS), divided into process parameters and 
pellet quality 

Analytical 
measurements/methods  

Pilot 
Plant Single pellet press 

Process parameters I III IV V VI CS 
Current consumption X      
Die temperature (°C) X      
Moisture content (%) X X X X X X 
Roller pressure (Bar) X      
Compression work (kJ/g), 
between the force step2 (kN)  2-15 1-5 

5-14 
1-5  
1-14 1-14 0.5-14 

Maximal friction force (kN)   X X  X X 

Friction work (kJ/g) over the 
distance (mm)3  0-10 

0-1 
1-10 

10-17 
 0-20  

Pellet quality       
Durability (Tumble tester) (%) X      
Hardness (Kahl tester) (kg)  X X X X X 
Bulkdensity (kg/m3) X      
Pellet density (g/cm3) X X X X X  
Moisture content (%) X X X X X  
Pellet length (mm) X X X X X  
Water uptake (%)  X   X  
Springback     X  X 
Tests after storage  X      
Extractive content (%) X      
Hexanal content (%) X      
Color occurrence     X   
Microscope study X      
Additive size determination  X      

 
	  

                                                
 

2 The compression phase was divided into different steps and presented values are the 
steps in kN, in which the evaluation was divided into. 

3 The friction work was determined over a distance and presented value are the distance 
presented in mm, in which the evaluation was divided into.	 
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RESULTS 

In this work, six specific cases were examined and the results shown 
in Papers I-VI. In the following section, results from all papers are 
summarized. The results from the complemented study are presented 
at the end of the results section.   

Paper I  
As the need for wood fuel pellets worldwide increases, the need for 
raw materials is increasing and the pellet industry needs to diversify 
its raw material base. New raw materials may influence pellet 
properties in an undesirable manner. If additives can counter such 
developments, there would be enough motivation to use them.  

 
In Paper I, four different starches – two native and two oxidized - 
were tested. The aim was to investigate how various percentages of 
starch influence the energy use of pellet production, pellet length, 
pellet bulk density, pellet density, and pellet durability. Correlated to 
standards to which pellet producers test the pellet properties before 
sacking, however, most pellets are stored for a couple of months up to 
a year before being combusted and, during this time, properties 
change, therefore, the pellets were tested after a 7-month storage 
period and indicators were introduced for shelf life with the aim being 
to evaluate storage affects.  

 
The results showed that the addition of starch increases the 
cohesiveness of the pellets and the oxidized starches showed the best 
results, which were confirmed by the longer uncut pellets and 
increased durability. The energy consumption for the pellet press unit 
decreased when starch was added and the oxidized corn starch 
showed the best result – by adding 3% of corn starch, the average 
energy consumption was reduced by 14% (see Figure 15). 

 
 
 

	  



 38 

 
 
 
 
 
 

 
 
 
 

From the microscopic study, it could be seen that there was a 
difference between the native starches and the oxidized starches (see 
Figure 16). The pellet with native starch had a large number of 
ungelatinized granular particles still in the pellet, that is, the black 
dots in Figure 16a. In the pellet with oxidized starch in 16b, the 
granules have been gelatinized. 

 
 

  
Figure 16. Picture from a microscopic study where a) represents a pellet surface 
containing 3% of native starch, and b) represents a pellet containing 3% of 
oxidized potato starch 
 
The conclusion from Paper I was that oxidized starches increase 
durability and affect the energy consumption of the pellet press more 
than native starches.  

Figure 15. Energy reduction in the pelletizer when different types of starch 
additives was added at various percentage. 

a) b) 
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Paper II 
The drying process for a pellet producer is associated with a major 
cost where the energy demand has the largest impact [9-12], and thus, 
it is of interest to find a solution to dry the material in a more energy 
efficient way. The drying capacity is also of interest, since pellet 
producers conclude that the lack of drying capacity is a barrier to 
increased production. 

 
In Paper II, a concept of two different dryers, one dryer that takes 
care of the first two drying periods and another that takes care of the 
third, was theoretically tested, the concept was called the Two-Step-
Drying-Technique. The aim of the study was to show the potential for 
increased drying capacity and improved energy efficiency by using the 
Two-Step-Drying-Technique.  
 
Results showed an increased temperature on the last third of the 
industrial packed moving bed dryer, meaning that the hypothesis that 
a large part of the packed moving bed dryer, dries in the third drying 
period was correct. The temperatures in the packed moving bed dryer 
fans 5 and 6 increased as the raw material surface temperature 
increased, which is shown in Figure 17. The increase in temperature 
indicates that the third drying period has started and that this last 
part of the process dries bound water, which means that the first two 
thirds of the dryer dry down to fiber saturation. 
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Figure 17. Raw material surface temperature inside the industrial packed moving 
bed dryer (PMB) measured with an infrared camera, and outlet moist air 
temperature for each fan. 

 
When implementing the Two-Step-Drying-Technique solution, the 
results from the heat and mass balance showed that the heat power 
consumption can decrease by approximately 7% per tonne of dried 
material. The need for electric power decreases with 11 kWh/tonne of 
dried material, which is approximately 3 MWh per day in any pellet 
plant comparable to the one used in this study. As a second dryer, a 
pneumatic dryer was used to dry the material down to a final 
moisture content of 12.5% (wb). The results showed, when the Two-
Step-Drying-Technique was implemented, that the mass flow rate of 
material can be increased to 10.85 tonnes/h, when the pneumatic 
dryer is placed after the grinder, which is due to the smaller particles. 
At the same time, the pneumatic dryer works as a pneumatic conveyer 
and transports the material from the grinder to the storage area. 
 
The conclusion from Paper II was that, by implementing the Two-
Step-Drying-Technique, the solution could increase drying capacity 
by 22%.  

Paper III 
It has been concluded that knowledge of how the biomass 
composition influences the strength of the pellets is limited [19, 21-

20

25

30

35

40

45

50

55

1 2 3 4 5 6

Sawdust surface temperature after the turning device
Outlet moist air for each fan

Te
m

pe
ra

tu
re

 (
°C

)

Fans



 41 

23]. This causes pellet producers to strive for a uniform feedstock 
composition and there is a need for new knowledge in this field.   

 
If pellet producers could handle larger variations of incoming raw 
material flow, the opportunities to include a greater variety of 
biomasses would increase. One way to increase the understanding of 
how chemical composition affects the pelletizing properties of 
biomasses could be to start from each of the substances within the 
lignocellulosic biomass. The aim in Paper III was to investigate the 
maximum force, energy required for compression and friction, pellet 
solid density and hardness, and pellet moisture uptake ability when 
pellets were made from different dry pure substances representing 
cellulose, hemicellulose, other polysaccharides, lignin, protein, 
extractives and woods. 

 
The results showed that lignin generated the highest value for the 
maximal friction force (see Figure 18), followed by xylans, starch, 
pectin, soy and tannin. The results showed that cotton linters, cotton, 
locust bean gum mannan and gluten required the lowest maximal 
friction force, and the wood references, together with Avicel, konjak 
gum mannan and arabinogalactan, ended up as a group in the middle. 
The differences in the friction work largely mirrored the maximum 
force recorded.  

 
The hardest pellets were made of pure cellulose. All three cellulose 
materials (cotton linters, cotton and Avicel) were outlined to generate 
hard pellets, while the group of mannans (locust bean gum mannan 
and konjak gum mannan) were the weakest pellets. Both the xylans 
substances (beech xylan and rice xylan), together with galactan (larch 
arabinogalactan), generated hard pellets. 
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Figure 18. Maximal friction force (Fmax) for all material tested in Paper III. Resin 
is missing as it was unable to be pelletized. 

 
Conclusions from Paper III were that pellets with desirable properties 
can be formed from pure polysaccharides without lignin, extractives, 
or moisture. The best properties were in pellets made from pure 
cellulose. It was also concluded that flexible polysaccharides have a 
greater impact on the pelletizing process than previously known, and 
that the differences between xylan and glucomannan may explain the 
difference in the behavior of pelletized softwoods and hardwood. 

Paper IV  
When it comes to densification properties, moisture content has been 
presented as an important parameter. As Paper III, which tested 
substances that were almost dry, concluded that the difference 
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between polysaccharides may explain the difference between 
hardwood and softwood, the impact of moisture on the densification 
of polysaccharides needs to be investigated. In Paper IV, four 
polysaccharides, representing stiff and flexible polysaccharides, and 
three wood species, representing softwood and hardwood, with varied 
moisture contents were pelletized. The aim was to investigate the 
maximum friction force, the work required for compression and 
friction, pellet solid density, and pellet hardness. 
 
The results showed that increased moisture content affects the more 
flexible polysaccharides, xylan and pectin, much more that the stiffer 
ones. As shown in Figure 19, increased moisture did not affect locust 
bean gum mannan at all while beech xylan was very much affected. 
Between the woods, beech was outlined as the wood that generated 
highest maximal friction value, in comparison to the two softwoods, 
pine and spruce.  

 

 
 

One result that was shown in Paper IV was the change in color of 
xylan pellets, as well as a more melted structure that started at the 
upper part of the pellet, when the moisture content was increased. As 

Figure 19. Maximal friction force (Fmax) for: a) four pure substances representing 
cellulose – Avicel, hemicelluloses – locust bean gum and beech xylan, and other 
polysaccharides – pectin, and b) three woods, pine, spruce and beech all pelletized 
with various percentage of water, results from Paper III 
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shown in Figure 20, the entire batch of xylan pellets had turned dark 
brown at about 10% moisture content, compared with their original 
color of light beige, and their structure had become glassier and more 
porous based on visual observations. These effects were not seen 
when locust bean gum mannan pellets were produced. Pectin pellets 
began to undergo structural changes when moisture content was 
increased to 12.5%. 
 
There was a difference between xylan and pectin in terms of structural 
changes. For xylan, the reaction began at the upper end of the pellet at 
around 5% moisture content, and all of the pellets had changed in 
terms of both their color and structure by the time the moisture 
content had reached 10%. The material structure and color changes 
for the pectin pellets began at the core at test series 12.5% moisture 
content for some of the pellets and, at test series 15.0%, all of the 
pellets had developed a dark-colored core, which could be seen at 
both ends of the pellet. During the hardness test, when the pellets 
were crushed in pieces, it was clear that the dark-colored core 
occurred throughout the pellet. 

 
Figure 20. Pictures from Paper IV representing pellets from the two 
hemicelluloses – glucomannan and xylan, where it can be seen that xylan (the 
lower row) changes in both structure and color when more water is added to the 
pelletizing process 

 
It was unclear why only xylan and pectin, and not mannan and 
cellulose, undergo this structural reaction and one possible 
explanation was that pectin and xylan contain uronic acid residues, 
which differs from the other polysaccharides tested. Uronic acids are 
known to be able to undergo reactions such as beta eliminations 
[109], which could be the “starting point” of the reactions leading to 
color change. 

 
Conclusions from paper IV were that there is variation in how the 
polysaccharides are affected by changes in the moisture content, with 
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the difference between locust bean gum mannan and beech xylan 
being the most important. Conclusions were drawn that biomasses 
with high degrees of flexible polysaccharides are more sensitive to the 
amount of moisture content, which increases the understanding of 
which components in the biomass have major or minor effects during 
the densification process.  

Paper V 
One important parameter when it comes to densified biomass 
products is the possibilities for the pellet to remain dense over time. 
Thus, the highest pressure generates the largest possible area for 
bondings, and it is important that this area persists, even when the 
pressure is released. If so, this will depend on whether the material 
has reached plastic deformation. The release of elastic energy stored 
in the material during the compaction process causes material to 
expand when the applied pressure is removed, and this is called the 
springback effect [98]. The springback effect varied over time, and 
this variation was shown in Paper V with “green” and “cured” pellets 
[98, 110], where green refers to springback immediately after 
production and cured approximately one week later [110].  

 
In Paper IV, it was investigated how four polysaccharide substances 
affected the springback properties in pellets, and if the changes in 
color of xylan pellets were chemically or physically linked. The aim 
was to evaluate different maximum pressure, work for compression 
and the pellet springback effect for cellulose, xylan, mannan, pectin 
and two woods at different moisture contents. The aim was also to 
investigate whenever the changes in color are due to uronic acid.  

 
The results showed that the springback correlated to the length 
expansion of the pellet between cured and compressed length varies. 
As shown in Figure 21, Avicel, locust bean gum mannan, and the two 
woods show almost no variation when the pressure increases from 5 
to 14 kN, in comparison to xylan and pectin which show more 
variation. The results show, for all tests without pectin, that high 
moisture (15% MC) affects the springback more than pressure. As 
shown in Figure 21b, pectin’s springback effects are reduced when the 
moisture is 15% in comparison to 10%, meaning that a high moisture 
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content would be preferable for the densification of biomasses with 
high amounts of pectin, which is in line with results from Paper IV. In 
Figure 21, it is seen that, within the groups of pure substances, Avicel 
shows the least increase in length and locust bean gum mannan shows 
the largest increase in length. 
 

 
Correlated to the change in density the results showed that, in the 
case of beech xylan, density was almost the same regardless of the 
pressure levels, especially for the green and cured pellets, compared 
to apple pectin which shows a greater variation depending on the 
pressure (see Figure 22). Beech xylan has a higher pellet density in 
comparison to locust bean gum mannan pellets, in both the green and 
the cured pellets. 

 

Figure 21. Length expansion for all tested materials in Paper IV when the 
maximal force was 5 and 14 kN where: a) shows Avicel and mannan, b) xylan and 
pectin, and c) the two woods spruce and beech.  

Figure 22. Pellet solid density for all of the pellets produced at a 10% moisture 
content up to 5 kN and 14 kN 
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With respect to the color changes of the xylan pellets, the change in 
visual appearance was obvious as can be seen in Figure 23. The 
results from Paper V verified that the change in structure of xylan is 
related not only to moisture content, but also pressure. It was 
postulated that the color difference of the xylan pellets is a result of 
physical changes in the structure, as opposed to being of a chemical 
nature. One explanation of the innate difference in color may be the 
potential presence of lignin residues in the xylan powder. These very 
small amounts do not significantly affect the color in ordinary 
powder, when the xylan is glassified and becomes more fluent and 
compressed, then the lignin residues cause the color of the pellet to be 
brown. When the pellet is dissolved back to powder and tested in the 
spectrophotometer, the color is no longer present. 
 
 
 

 
 
 
 
 
 
 

Figure 23. Picture of: a) eucalyptus xylan pellets and b) carboxymethyl cellulose 
(CMC) pellets. Pellets with a 5% moisture content (MC) to the left in the picture 
and 15% pellets to the right with 10% MC in the middle. The upper row are pellets 
pressed up to 5 kN and the lower row were pressed up to 14 kN 

 
Conclusions from Paper V were that xylan has high possibilities to 
generate strong binding properties in pellets and can reduce the 
springback effects. The possibilities for xylan to create hard pellets 
was concluded, as well as that the structure and coloring of xylan 
pellets is a physical effect and not a chemical one and that the coloring 
is generated by both pressure and moisture.  

Paper VI 
To find resources for food cooking solutions in Africa is important 
and the pellet cook stove could be one such solution, provided that a 
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sustainable solution for pellet production can be found. Such a 
solution could be to gather and collect different biomass wastes and 
produce pellets in a local pellet plant.  
 
Twelve waste biomasses, available in Zambia, which would serve as a 
raw material base in a pellet production facility, were pelletized in 
Paper VI. The aim was to investigate the work for compression, 
friction, and maximal friction force during pelletization at different 
moisture content levels. Pellet solid density, pellet hardness and pellet 
moisture uptake were also tested. Another aim was to investigate their 
availability and suitability as raw materials in general. 

 
The results showed that in terms of the energy needed for 
compression work (see Figure 24), pine required the highest energy 
need of all tested materials, which was followed by eucalyptus, 
gliricidia, and bamboo. Cassava peel and cassava stem generated the 
lowest energy need. According to the results, almost all woods (red- 
and blue-colored in Figure 24) had a higher compression work 
compared to the herbaceous biomasses (green- and brown-colored in 
Figure 24), and of the woods, only sicklebush and tephrosia had the 
same level of compression work as the herbaceous biomasses. The 
fact that eucalyptus, gliricidia, and bamboo generated higher 
compression work was suggested due to their high contents of xylan 
within the hemicellulose [111-113]. 
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The results showed that the highest generated maximal friction force 
was generated by cassava peel at 8% moisture content, with bamboo 
as the second highest followed by eucalyptus (see Figure 25)  

 

Figure 24. Compression work (Wcomp) from 1 kN to 14 kN for all tested 
materials in Paper V at different moisture contents. 

 
 
Figure 25. Maximal friction force (Fmax), at different moisture content, for all 
tested materials in Paper V. 
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One important parameter for pellet production in Zambia is to find a 
mix of raw materials that has somewhat equal pelletizing properties. 
Material with similar compression and friction needs should have a 
related behavior in the pellet press and, therefore, result in an 
analogous presslength. This means that pelletizing should be able to 
be performed without changing die.  

 
According to the results, miombo, peanut shell, pigeon pea, and 
sicklebush have similar compression and friction energies. Thus, 
these materials should be an effective starting point for a material 
mix, as a single raw material, or in a combination. Another 
combination is based on the rather independent behavior in maximal 
friction force versus moisture content for eucalyptus, miombo, peanut 
shell, pigeon pea, and sicklebush, meaning that they could be 
combinations for pellet production. This, due to the rather wide 
optimum moisture content for such a mix, will simplify the 
production properties. This knowledge allows for an economic, time 
effective production when a combination of raw materials can be 
used. 
 
Conclusions in Paper VI were that there are combinations of raw 
material for pellets production that can be used as either single raw 
material or in combination to vary the feedstock between. It was also 
concluded that pellets from sickelbush and pigeon pea, which have 
similar pelletability, are available with good access and enough 
quantity to supply a large-scale pellet plant and should be able to be 
pressed with the same die presslength. 
 

Complemented study 
This thesis and results from Papers III-IV verified that 
polysaccharides, especially flexible polysaccharides, effect pellet 
properties and can explain variations between the pelletizing of 
hardwood and softwood. One of the main conclusions that can be 
drawn from these papers is that xylan has a greater role in 
pelletability and the bonding properties of pellets than was previously 
known. Studies have pointed out that lignin is important and the 
latest review within the field postulated that lignin is the most 
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important binding agent in pellets [15], based on lignin’s possibilities 
to become fluent and create solid bridges when its glass transition 
temperature has been reached. Therefore, if lignin is compared with 
the polysaccharides, will the role of polysaccharides become 
negligible? 
 
To answer that question and evaluate how polysaccharides affect the 
pelletability of wood, a completed study were added. The aim was to 
investigate the work required for compression, the maximum friction 
force, springback effect in forms of pellet length, and pellet hardness 
when pine and beech were added with an amount of 10% of 
polysaccharides and lignin and pelletized at 9% moisture content.   
 
In Table 6, test results correlated to inlet moisture content for all test 
series are presented.  
 
Table 6. Test results corresponding to inlet moisture content for tested material 
in the complemented study. 

 Moisture content (%) 
 Pine Beech 
Reference 9.85 8.13 
Cellulose 9.65 8.63 
Mannan 11.85 8.15 
Xylan 9.45 8.95 
Pectin 10.05 9.04 
Lignin 9.70 9.89 

 
In Figure 26, energy use for the compression of 1 g of samples from 
0.5 kN to 14 kN is presented. It is shown that the difference between 
the reference samples and tests with 90/10 are rather small, and that 
almost all tests are within deviations. The difference between 
compressing pine and beech is clear, for the reference tests, the 
energy need for the compression beech, is approximately 20 J/g more 
than for pine, which translates as approximately 20% less energy 
needs for compressing pine versus beech. As shown in Figure 26, the 
variation when pure substances are added to the wood seems to affect 
pine more than beech, especially with the substances mannan and 
lignin.  
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When it comes to maximal friction force, as shown in Figure 27, beech 
required more force to overcome the friction in comparison to pine. 
Within the friction test, it is clear that lignin affects the friction most 
for both pine and beech. It can be seen that mannan decreases the 
friction for both pine and beech while xylan increases it, even if its 
effect on increased friction is small and within the deviation. When 
pectin was added, the maximal friction force decreased for pine and 
increased for beech.    

Figure 26. Energy need for compression 1 g of sawdust from 0.5 kN to 14 kN 
when pine and beech are added with 10% of different pure substances and 
pelletized at 9% moisture content. The test “reference” is 100% pure wood, the 
rest is 90/10 wood/substance. 
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The springback effects are presented as a length increase between the 
comp pellets and the green pellets. As shown in Figure 28, the length 
increases for the reference materials are almost the same. It can be 
seen that, for both xylan and lignin, the length increases less than the 
references for both pine and beech and the opposite occurs for both 
mannan and cellulose. Corresponding to the length increase in the 
mannan tests, it can be seen that pine is more affected in comparison 
to beech. As shown in Table 6, in the mannan tests, pine has a 
moisture content of 11.85% while beech has 8.15%, and the deviation 
between pine and beech corresponding to length increase between 
pine and beech is probably more correlated to moisture than 
mannans.  
 
	  

Figure 27. Effects on maximal friction force (Fmax) when pine and beech are 
added with 10% of different types of substances are added to pine and beech. 
The test “reference” is 100% pure wood, the rest is 90/10 wood/substance 
pelletized with 9% moisture content. 
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The hardness test, conducted with a Kahl hardness machine tester 
presented in Figure 29, shows large variations within the test series. 
In particular, xylan and lignin are outlined as the substances that have 
desirable properties for generating hard pellets, where xylan in beech 
wood generates the hardest pellets, followed by beech with added 
lignin. The weakest pellets within the pine and beech test series were 
those where mannan was added. Cellulose and pectin showed less 
variations compared to the references.    
	  

Figure 28. Springback effects in presented as length increase between 
compressed length after 10 sec at 14 kN pressure and directly after ejected pellets 
out of the die. The test “reference” is 100% pure wood, the rest is 90/10 
wood/substance. 
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Figure 29. Kahl pellet hardness on pine and beech wood added with 10% of 
the substances, cellulose, mannan, xylan, pectin and lignin. The test 
“reference” is 100% pure wood 
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DISCUSSION  

Through my research within this PhD-work I want to contribute to 
the field of energy efficient processing from wet raw materials to 
produced pellets, as well as contributing to the understanding of how 
different types of chemical substances within the biomass affect the 
pelletability. The underlying problem, that pellets producers strive 
towards a feedstock with a uniform chemical composition, limits the 
possibilities to utilize a broader raw materials base in a varied raw 
material flow. To increase the understanding of how different 
substances in a biomass composition affect pelletability, the idea was 
to start with the smallest chemical components, for example, 
cellulose, hemicellulose and lignin, and build on the knowledge from 
there. This has in some way been difficult, but also led to new results. 
 
The first thing to point out is the variation between the hemicelluloses 
– xylan and glucomannan – where xylan affects pellet properties 
much more than mannan. Based on results from Papers III-V, it is 
clear that xylan is more affected by added water, which increases the 
backpressure and creates strong bonds in the pellets. Mannan is the 
opposite, almost unaffected by water up to a 15% moisture content, 
which decreases the friction in the die channel and does not increase 
the bonds in the pellets. This can also be seen in the complemented 
study (see Figures 27 and 29). This knowledge will increase the 
understanding of how hemicelluloses effect pelletability. 
 
For example, there is a difference between the pelletizing of hardwood 
and softwood, which is well-known, however, there is a paucity of 
knowledge behind the reason [19, 21-23]. As hardwood mainly has 
xylan as hemicellulose, and softwood glucomannan, the explanation 
behind this difference is truly correlated to its hemicelluloses. Thus, 
this thesis can point out that it is of more importance to have control 
over the amount of xylan in a biomass composition than 
glucomannan, as xylan affects pelletability more, which also explains 
and enables a more controlled understanding of which materials that 
can be added to each other. 
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Xylan can play the similar role as lignin in terms of the importance of 
producing strong bonds in the pellet. In the latest review, lignin was 
pointed out as the most important binding agent in pellets [15], this is 
based on lignin’s possibilities to become fluent and create solid 
bridges when its glass transition temperature has been reached. The 
results from Papers IV, V and the complemented study have clarified 
that xylan becomes fluent and changes its structure during the 
physical conditions that occur under pelletization. Stelte et al. 2011 
assumed that the glas transition temperature for hemicelluloses in 
wood is at about room temperature, which is well below the 
temperature for lignin, and that further studies are required to prove 
this [80]. The test in this thesis correlated to xylan has been 
conducted at a 100 °C die temperature, even if this temperature is 
above what Stelte et al. assumed, it is clear that xylan, as the most 
abundant hemicellulose, becomes fluent and can explain the results 
that Stelte et al. observed. Furthermore, as shown in Figure 29, xylan 
generates harder pellets than lignin when 10% of each substance is 
added to pine and beech, meaning that xylan has promising 
possibilities as an effective bonder through solid bridges, which 
increases the quality of the pellets and thus the energy efficiency. 
Which may also explain why hardwood has been shown to generate 
pellets with higher durability in comparison to softwood [114]. 
 
It is possible to increase xylan’s effect on creating hard pellets by 
grinding the material harder. Related to the amount of substances 
within the lignocellulosic biomass composition, the amount of lignin 
that can generate strong bonds is probably higher than the amount of 
xylan, even if the total xylan content is higher within the total 
chemical composition. As shown in Figure 8, the middle lamella is the 
matrix between the cell walls in the wood fiber, and lignin is the main 
substances in the middle lamella, while xylan is bound in a matrix of 
cellulose founded in the secondary cell walls (see Table 2). The fact 
that xylan is strongly bonded within the cell structure means that its 
possibilities to reach the particle surface in comparison to lignin are 
more limited. Nevertheless, this knowledge can explain some of the 
earlier studies correlated to particle sizes and grinding effects on 
pelletability. It has been seen that an increase in particle size 
significantly decreases both the attractive forces and the mechanical 
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durability [14, 40, 98], and that grinding leads to fractured surfaces 
that end up in the fiber wall and expose cellulose and hemicellulose 
[73]. Thus, if a biomass includes a high amount of xylan, it is likely 
that its properties to form strong bonds will increase significantly if 
they are ground harder in comparison with materials based on a large 
amount of the glucomannan in hemicellulose. This knowledge 
increases the understanding of biomasses that would be ground into 
small particles and, thus, a more energy efficient production process 
can be designed.   
 
It is of great importance to know about the chemical components (for 
example, cellulose, hemicellulose and lignin) of the biomass, 
especially when linked to a successful transition to more renewable 
energy production in developing countries. Today, the technique for 
pelletizing causes pellet producers to strive for a feedstock with a 
chemical composition that is as uniform as possible. The acquisition 
of more knowledge on how different species can be combined is of 
importance. In Paper VI, different biomass wastes from Zambia were 
evaluated and the results present two suggestions of combinations 
that could be raw material bases in pellet production. These results 
are based on pellets produced in a single pellet press, and thus, more 
tests have to be conducted before the results can be clarified. 
However, it does give an idea of how combinations can be evaluated. 
This is of particular importance if the pellet industry wants to increase 
production in developing countries with areas of temperate mixed 
forest, which contain both hardwood and softwood and the 
proportions between species vary greatly [63]. This will be of 
importance for the handling of a more varied feedstock flow, and for 
the use of wastes and by-products to also increase. In the future 
development towards a circular bioeconomy, wood species will play 
an important role within biorefinery solutions and, thus, is it not 
sustainable to use roundwood for fuel pellets. The ability to vary the 
raw material flow will, thus, be important for all pellet producers in 
the future. Instead, wastes, such as bark, branches and roots, should 
serve the pellet industry with raw material, or as in the case described 
in paper VI, where there are invasive biomass species, wastes from 
agriculture and forestry can serve as raw material bases. Even if more 
research is needed, an important step for pellet industries within the 
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developing countries is learning to handle a varied biomass flow, 
which in turn will increase the raw materials base and use of wastes 
and bi-products for different applications. 

Additives can be one step towards a more efficient pellet production, 
and modified additives have opportunities to increase this 
development. Today, starch is often used as an additive for increasing 
durability properties within industrial pellet production [99], and 
native secondary starches are common because of their low price. 
Within paper I, oxidized starch was tested against native, and it was 
found that oxidized starch has the potential to affect pelletability 
more than native, based on its ability to both reduce energy used by 
the pelletizer and increase bonding properties within the pellets. 
Within Paper V, it was pointed out that starch, in the form of starchy 
cassava wastes from Zambia, could be used as an additive for 
increasing bonding properties, which is in line with other studies 
[105]. It can be concluded that it is possible to modify and increase 
the effects of using a starch additive, as well as finding effective starch 
alternatives within the waste’s products field, and that it can increase 
both the bonds in the pellets and the energy efficiency of the 
pelletizer. 

The drying step can be improved if the technique is designed based on 
the conditions prevailing at a pellet mill. As presented in Paper II, by 
designing the dryer as a Two-Step-Drying-Technique solution and 
including the transport of the feedstock, the drying step will be more 
energy efficient and will result in an increase in production capacity. 
Often, different types of sub-processes in a total production chain are 
designed and optimized based on its purpose, that is, in this case, to 
dry the material from 50-60% moisture content to 10%. However, if 
instead the process is designed with the purpose of finding the 
optimal process design, then the system can be something else. In the 
case of a Two-Step-Drying-Technique, the packed moving bed dryer 
are optimized for, the drying periods one and two. Furthermore, by 
moving both the grinder and include a pneumatic dryer, optimized for 
drying stage three, and included transport of the materials to the 
storage area, the total design would be both more energy efficient and 
drying capacity would increase. Therefore, if a pellet producer has a 
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lack of drying capacity, this thesis can present a solution where a new 
drying design can both increase production and make the process 
more energy efficient.   
 
Rethinking is not only necessary within the design of pelletizing 
process, also pellet researcher can improve the ability to compare 
research results, towards more improved use of biomasses. One issue 
that has been identified during this work is the problem of validating 
and comparing results between different research studies. This is 
especially difficult for single pellet studies, as the studies are using 
different types of lab presses, not all data on the equipment are 
presented and test parameters are varied. Nevertheless, as there is no 
common standard correlated to pellet studies in single pellet press 
units, one solution could be to add a reference material and normalize 
the test matrix. Within this work, Avicel has been used as a cellulose 
substance. Avicel is easy to find on the open market and, thus, 
possible to purchase worldwide. Avicel has also been used as a 
reference material to validate the equipment between different test 
series. By involving the same reference material in all research tests 
independent of equipment, the possibilities to compare results would 
increase. Thus, researchers that are using a single pellet press study 
would include the reference material Avicel to their test matrix. If so, 
the possibilities to evaluate different types of biomass species will 
increase, and more knowledge will be added to the understanding of 
how chemical compositions between different biomasses affects 
pelletability, and this will develop future pellet research.   
 
It is possible to draw conclusions on how the chemical composition of 
lignocellulosic biomasses affect pelletability by pelletizing pure 
biomass substances. Within this study, different pure substances have 
been tested, from cellulose to extractives. Of course, there is a 
difference in mimicking substances, such as the hemicelluloses, in a 
matrix bounded in secondary cell wall. Furthermore, it is difficult to 
find the exact biomass substances that the substance should emulate. 
However, I have searched to find pure substances especially oriented 
from wood or substances that can mimic substances in woods. This 
has not always been easy and, sometimes, nearby substances were 
chosen, such as the substance pectin. All tests in this study are based 
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on one substance, apple pectin, that is, a pectin from fruits. The fact 
that pectin in wood is similar to pectin from standard sources such as 
fruits is supported by immunological results [115], and, even though 
these are from different sources, it is likely that the possibilities to 
evaluate pectin’s role during pelletization will increase. It is both a 
matter of finding enough volume as well as substances that can mimic 
chemical components in biomasses. With the knowledge that the pure 
substances may have undergone a slight modification during the 
extraction, they are considered reliable to reflect the biomass 
components in other research fields [116-118]. Therefore, even if these 
substances have not been found in the literature on biomass pellet 
research before, we can draw far-reaching conclusions from the 
experience of pelletizing them, especially correlated to the roles for 
pelletability. 
 
The overall aim behind this thesis was that a pellet producer should 
be able to increase production capacity with less energy demand and 
switch between and combine different biomaterials based on 
knowledge of its chemical composition versus its pelleting abilities. 
The results have pointed out the potential of improving the drying 
subprocess, by adding a Two-Step-Drying-Technique, and the 
possibilities for improving the pelletizer process through the use of a 
oxidized starch as an additive. Both of these design solutions would 
not only increase the energy efficiency, but could also increase the 
production capacity in existing pellet mills. The results have not 
reached the level of knowledge that would give pellet producers the 
possibility to switch and combine different biomaterials based on 
their chemical compositions. However, the knowledge about different 
substances within the chemical composition and their roles during 
pelletization has increased, and methods have been presented 
showing how materials can be combined and varied without changing 
the die in the pelletizer.  
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CONCLUSIONS AND RECOMMENDATION 

In this thesis, it has been shown how the pelletizing process can be 
improved and how an increased understanding about pelletability 
when pelletizing pure substances, can leads towards a wider use of 
biomasses. 

Conclusions can be drawn that:  
• The pelletizing process can be designed to be more energy efficient, 

with increased drying capacity and increased pellet durability, if a 
second drying step is added to a packed moving bed dryer, and with 
the use of oxidized starch additives. 

• There is a variation between how the chemical composition in 
biomasses affect the densification step, were flexible 
polysaccharides, such as xylan, pectin and galactan, are more 
sensitive to water in comparison to stiffer polysaccharides, such as 
cellulose and glucomannan. 

• Xylan, an abundant hemicellulose substance in nature, has a high 
impact on pelletability and in many ways can play similar role as 
lignin. While the hemicellulose glucomannan has a low impact on 
pelletability and are almost unaffected by moisture.  

• Biomasses can be combined and used in a biomass flow as single 
resources or in combinations without changing presslength and 
control parameters, such as moisture content, during production of 
pellets.  

Recommendation: 
The cellulose substance, Avicel, would be added to all single pellet test 
studies. Avicel as a pure material, are easy to pelletize and generates 
pellets within a wide range of moisture contents. Thus, the 
recommendations is that all pellet researchers should include the 
cellulose material Avicel to their test matrix. By including the same 
material as a reference, the pellet research will normalize the test 
method and available materials to be validated to each other in a new 
way.  	  
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FUTURE WORK  

Related to the field to characterize and verify the role of chemical 
components impact on pelletability, this thesis has pointed out some 
substances that plays more significant role in comparison to others. 
However, some of these results has to be verified and more research 
are needed to fully understand this field and to expand the connection 
between knowledge of the chemical structure of biomaterials and how 
the pellet process should be run.  
 
One hypothesis that was lifted in this thesis is the relation of grinding 
to smaller particle size in xylan rich biomasses in comparison to more 
glucomannan rich materials. So further studies would be done to 
clarify the relationship particle size versus chemical composition.  
 
More research has to be conducted on combine and evaluate species 
that can be used as single feedstock sources and in combinations. 
These tested species, would also undergo a chemical analysis and be 
pelletized at different moisture contents. If so, a database of 
biomasses versus chemical composition during pelletization would be 
created that would serve as information towards an increased use of 
all types of biomasses.  
 
Finally, the results correlated to difference between xylan pellets and 
pectin pellets and how they start to change structure during 
densification are not solved. Xylan started to change structure at the 
top of the pellet, pectin started in the core and changed throughout 
the whole pellet from the bottom to the end. The reasons for this 
difference would be investigated in further work.  
 
	  



 64 

REFERENCES 

1. (EC), E.C., Innovating for Sustainable Growth: A Bioeconomy for Europe. 2012, 
European Commission, Brussels, Belgium: European Commission. 

2. Obernberger, I. and G. Thek, The pellet handbook. Earthscan Ltd, 2010. 
3. Tumuluru, J.S., C.T. Wright, J.R. Hess, and K.L. Kenney, A review of biomass 

densification systems to develop uniform feedstock commodities for bioenergy application. 
Biofuels, Bioproducts and Biorefining, 2011. 5(6): p. 683-707. 

4. Calderón, C., G. Gauthier, and J.-M. Jossart, Pellet report, in Bioenergy Europe 
statical report 2018. 2018: Brussels. p. 77. 

5. Brandeis, C. and K.L. Abt, Roundwood Use by Southern Wood Pellet Mills: Findings 
from Timber Product Output Mill Surveys. Journal of Forestry, 2019. 117(5): p. 427-
434. 

6. Junginger, M., J. Koppejan, and C.S. Goh, Sustainable bioenergy deployment in East 
and South East Asia: notes on recent trends. Sustainability Science, 2019: p. 1-5. 

7. Wolf, A., A. Vidlund, and E. Andersson, Energy-efficient pellet production in the 
forest industry-a study of obstacles and success factors. Biomass and Bioenergy, 2006. 
30(1): p. 38-45. 

8. Olsson, M., Träpellets som småskaligt biobränsle. 2001: Chalmers tekniska högsk. 
9. Monteiro, E., V. Mantha, and A. Rouboa, Portuguese pellets market: Analysis of the 

production and utilization constrains. Energy Policy, 2012. 42: p. 129-135. 
10. Mani, S., S. Sokhansanj, X. Bi, and T. A.. Economics of Producing Fuel Pellets from 

Biomass. American Society of Agricultural and Biological Engineers, 2006. 
22(3): p. 421-426. 

11. Thek, G. and I. Obernberger, Wood pellet production costs under Austrian and in 
comparison to Swedish framework conditions. Biomass and Bioenergy, 2004. 
27(Compendex): p. 671-693. 

12. Uasuf, A. and G. Becker, Wood pellets production costs and energy consumption under 
different framework conditions in Northeast Argentina. Biomass and Bioenergy, 2011. 
35(3): p. 1357-1366. 

13. Andersson, E., S. Harvey, and T. Berntsson, Energy efficient upgrading of biofuel 
integrated with a pulp mill. Energy, 2006. 31(10-11): p. 1384-1394. 

14. Kaliyan, N. and R. Vance Morey, Factors affecting strength and durability of densified 
biomass products. Biomass and Bioenergy, 2009. 33(3): p. 337-359. 

15. Whittaker, C. and I. Shield, Factors affecting wood, energy grass and straw pellet 
durability – A review. Renewable and Sustainable Energy Reviews, 2017. 71: p. 1-
11. 

16. Rumpf, H., The strength of granules and agglomerate. Agglomeration,, 1962: p. pp. 
379–418. 

17. Mani, S., L. Tabil, and S. Sokhansanj, Compaction of biomass grinds-an overview of 
compaction of biomass grinds. Powder Handling and Processing, 2003. 15(3): p. 
160-168. 

18. Kaliyan, N. and R.V. Morey, Natural binders and solid bridge type binding mechanisms 
in briquettes and pellets made from corn stover and switchgrass. Bioresource technology, 
2010. 101(3): p. 1082-1090. 



 65 

19. Stelte, W., A.R. Sanadi, L. Shang, J.K. Holm, J. Ahrenfeldt, and U.B. 
Henriksen, Recent Developments in Biomass Pelletization – A Review. BioResources, 
2012. 7(3): p. 4451-4490. 

20. Poddar, S., M. Kamruzzaman, S.M.A. Sujan, M. Hossain, M.S. Jamal, M.A. 
Gafur, and M. Khanam, Effect of compression pressure on lignocellulosic biomass pellet to 
improve fuel properties: Higher heating value. Fuel, 2014. 131: p. 43-48. 

21. Mani, S., L.G. Tabil, and S. Sokhansanj, Effects of compressive force, particle size and 
moisture content on mechanical properties of biomass pellets from grasses. Biomass and 
Bioenergy, 2006. 30(7): p. 648-654. 

22. Ramírez-Gómez, Á., Research needs on biomass characterization to prevent handling 
problems and hazards in industry. Particulate Science and Technology, 2016. 34(4): 
p. 432-441. 

23. Holm, J.K., U.B. Henriksen, J.E. Hustad, and L.H. Sørensen, Toward an 
Understanding of Controlling Parameters in Softwood and Hardwood Pellets Production. 
Energy & Fuels, 2006. 20(6): p. 2686-2694. 

24. CIA, The World Factbook — Central Intelligence Agency. 2018. 
25. Kamanula, J., G.W. Sileshi, S.R. Belmain, P. Sola, B.M. Mvumi, G.K.C. 

Nyirenda, S.P. Nyirenda, and P.C. Stevenson, Farmers' insect pest management 
practices and pesticidal plant use in the protection of stored maize and beans in Southern 
Africa. International Journal of Pest Management, 2010. 57(1): p. 41-49. 

26. Janssen, E.b.R. and D. Rutz, Bioenergy for Sustainable Development in Africa. 2012: 
Springer Verlag. 

27. Matakala, Kokwe, and Statz, Zambia National Strategy to Reduce Emission From 
Deforeststion and Forest Degradation (REDD+). 2015. 

28. World Energy, C., World Energy Resources. 2016, World Energy Council. 
29. Pennise, Emissions of greenhouse gases and other airborne pollutants from charcoal making 

in Kenya and Brazil. Journal of Geophysical Research, 2001. 
30. Kisiangani, E. and L. Masters, Natural Resources Governance in Southern Africa. 

2011: EBSCOhost. 
31. Shane, A., S.H. Gheewala, B. Fungtammasan, T. Silalertruksa, S. Bonnet, and 

S. Phiri, Bioenergy resource assessment for Zambia. Renewable and Sustainable 
Energy Reviews, 2016. 53: p. 93-104. 

32. WHO, Burning opportunity: clean household energy for health, sustainable development, 
and wellbeing of women and children. 2016, World Health Organization. 

33. Souza, G.M., M.V.R. Ballester, C.H. de Brito Cruz, H. Chum, B. Dale, V.H. 
Dale, E.C.M. Fernandes, T. Foust, A. Karp, L. Lynd, R. Maciel Filho, A. 
Milanez, F. Nigro, P. Osseweijer, L.M. Verdade, R.L. Victoria, and L. Van der 
Wielen, The role of bioenergy in a climate-changing world. Environmental 
Development, 2017. 23: p. 57-64. 

34. Peša, I., Sawdust pellets, micro gasifying cook stoves and charcoal in urban Zambia: 
Understanding the value chain dynamics of improved cook stove initiatives. Sustainable 
Energy Technologies and Assessments, 2017. 22: p. 171-176. 

35. Bhattacharya, S. and P. Abdulsalam, Low greenhouse gas biomass options for cooking 
in the developing countries. Biomass and Bioenergy, 2002. 22(4): p. 305-317. 



 66 

36. Liu, Z., B. Mi, Z. Jiang, B. Fei, Z. Cai, and X.e. Liu, Improved bulk density of 
bamboo pellets as biomass for energy production. Renewable Energy, 2016. 86: p. 1-7. 

37. Poppens, R.P., J.E.G. van Dam, and H.W. Elbersen, Bamboo : Analyzing the 
potential of bamboo feedstock for the biobased economy. 2013, NL Agency, Ministry of 
Economic Affairs. 

38. Zhu, Cassava stems: a new resource to increase food and fuel production. GCB 
Bioenergy, 2015. 

39. Lockenus, O., Cassava as an additive in biomass fuel pellet production, in Department of 
Forest Biomaterials and Technology. 2014, SLU. 

40. Castellano, J.M., M. Gómez, M. Fernández, L.S. Esteban, and J.E. Carrasco, 
Study on the effects of raw materials composition and pelletization conditions on the quality 
and properties of pellets obtained from different woody and non woody biomasses. Fuel, 
2015. 139: p. 629-636. 

41. Almeida, D., J.M. Paiva, and C. Pinho. Pelletizing mixtures of Eucalyptus globulus 
and Acacia dealbata: influence on pellets quality. in National Congress of Mechanical 
Engineering. 2012  Cádiz, Spain. 

42. Bai, X., G. Wang, C. Gong, Y. Yu, W. Liu, and D. Wang, Co-pelletizing 
characteristics of torrefied wheat straw with peanut shell. Bioresource Technology, 
2017. 233: p. 373-381. 

43. Stasiak, M., M. Molenda, M. Bańda, and E. Gondek, Mechanical properties of 
sawdust and woodchips. Fuel, 2015. 159: p. 900-908. 

44. Fasina, O.O., Physical properties of peanut hull pellets. Bioresource Technology, 
2008. 99(5): p. 1259-1266. 

45. Andersson, S., Pellet Production of Sicklebush, Pigeon Pea, and Pine in Zambia. 2017: 
p. 62. 

46. McKendry, P., Energy production from biomass (part 1): overview of biomass. 
Bioresource Technology, 2002. 83(1): p. 37-46. 

47. Barsett, H., A. Ebringerová, S. Harding, T. Heinze, Z. Hromádková, C. 
Muzzarelli, R. Muzzraelli, B. Paulsen, and O. El Seoud, Polysaccharides I: 
Structure, characterisation and use. Vol. 186. 2005: Springer Science & Business 
Media. 

48. Fengel, D., Wegener, G. , Wood: Chemistry, Ultrastructure, Reactions, 2nd ed. W.d. 
Gruyter. 1989, Berlin, New York. 

49. Berglund, J., T. Angles d'Ortoli, F. Vilaplana, G. Widmalm, M. Bergenstråhle-
Wohlert, M. Lawoko, G. Henriksson, M. Lindström, and J. Wohlert, A 
molecular dynamics study of the effect of glycosidic linkage type in the hemicellulose backbone 
on the molecular chain flexibility. The Plant Journal, 2016. 88(1): p. 56-70. 

50. Mujumdar, A.S., Handbook of industrial drying. 2006: CRC Press. 
51. SIS, S.S.I., SS-EN 14961-1 Solid biofuels - Fuel specifications and classes - Part 1: 

General requirements. 2010, SIS Förlag AB, 118 80 Stockholm, Sweden: 
Stockholm, Sweden. 

52. Ståhl, M., K. Granström, J. Berghel, and R. Renström, Industrial processes for 
biomass drying and their effects on the quality properties of wood pellets. Biomass and 
Bioenergy, 2004. 27(6): p. 621-628. 



 67 

53. Pang, S. and A.S. Mujumdar, Drying of Woody Biomass for Bioenergy: Drying 
Technologies and Optimization for an Integrated Bioenergy Plant. Drying Technology, 
2010. 28(5): p. 690-701. 

54. Wimmerstedt, R., Recent advances in biofuel drying. Chemical Engineering and 
Processing: Process Intensification, 1999. 38(4-6): p. 441-447. 

55. Mujumdar, A.S., Principles, Classification, and Selection of Dryers, in Handbook of 
Industrial Drying, Third Edition. 2006, CRC Press. p. 3-32. 

56. Pang, S., Improving MDF Fibre Drying Operation by Application of a Mathematical 
Model. Drying Technology, 2001. 19(8): p. 1789-1805. 

57. Kudra, T., Energy Aspects in Drying, in Handbook of Industrial Drying, Third Edition. 
2006. p. 1075-1101. 

58. Meroney, R., The state of moisture transport rate calculations in wood drying. Wood and 
Fiber Science, 1969. 1(1): p. 64-74. 

59. Renström, R. and J. Berghel, Drying of Sawdust in an Atmospheric Pressure Spouted 
Bed Steam Dryer. Drying Technology, 2002. 20(2): p. 449-464. 

60. Nielsen, N.P.K., Importance of raw material properties in wood pellet production – 
Effects of differences in wood properties for the energy requirements of pelletizing and the 
pellet quality, in Forest & Landscape Denmark, Faculty of Life Sciences. 2009, 
University of Copenhagen: Copenhagen. 

61. Mani, S., L.G. Tabil, and S. Sokhansanj, Evaluation of compaction equations applied 
to four mass species. Canadian Biosystems Engineering, 2004. 46(3): p. 55-61. 

62. Nielsen, N.P.K., D.J. Gardner, T. Poulsen, and C. Felby, Importance of 
temperature, moisture content, and species for the conversion process of wood residues into fuel 
pellets. Wood and Fiber Science, 2009. 41(4): p. 414. 

63. Ek, M., G. Gellerstedt, and G. Henriksson, Wood chemistry and biotechnology. Vol. 
1. 2009: Walter de Gruyter. 

64. Sorieul, M., A. Dickson, S. Hill, and H. Pearson, Plant fibre: molecular structure 
and biomechanical properties, of a complex living material, influencing its deconstruction 
towards a biobased composite. Materials, 2016. 9(8): p. 618. 

65. Saha, B.C., Hemicellulose bioconversion. Journal of industrial microbiology and 
biotechnology, 2003. 30(5): p. 279-291. 

66. Roffael, E., Significance of wood extractives for wood bonding. Applied Microbiology 
and Biotechnology, 2016. 100(4): p. 1589-1596. 

67. Bakker, R.R. and H.W. Elbersen. Managing ash content and quality in herbaceous 
biomass: an analysis from plant to product. 

68. Sjostrom, E., Wood chemistry: fundamentals and applications. 1993: Gulf 
professional publishing. 

69. Pettersen, R.C., The chemical composition of wood. The chemistry of solid wood, 
1984. 207: p. 57-126. 

70. Stelte, W., Sanadi, A. R., Shang, L., Holm, J. K., Ahrenfeldt, J., and Henriksen, 
U. B., Recent developments in biomass pelletization - A review. BioRes. 7(3), 2012. 
7(3): p. 4451-4490. 

71. Hse, C.-Y. and M.-L. Kuo, Influence of extractives on wood gluing and finishing-a 
review. 1988. 



 68 

72. Samuelsson, R., M. Thyrel, M. Sjöström, and T.A. Lestander, Effect of biomaterial 
characteristics on pelletizing properties and biofuel pellet quality. Fuel Processing 
Technology, 2009. 90(9): p. 1129-1134. 

73. Näslund, M., Teknik och Råvaror för Ökad Produktion av Bränslepellets (Technology 
and Raw Materials for Increasing Pellet Production); Energidalen i Sollefteå AB: Sollefteå, 
Sweden, 2003. Swedish, with summary in English). There is no corresponding 
record for this reference. 

74. Stelte, W., C. Clemons, J.K. Holm, J. Ahrenfeldt, U.B. Henriksen, and A.R. 
Sanadi, Thermal transitions of the amorphous polymers in wheat straw. Industrial Crops 
and Products, 2011. 34(1): p. 1053-1056. 

75. Nielsen, N.P.K., D.J. Gardner, and C. Felby, Effect of extractives and storage on the 
pelletizing process of sawdust. Fuel, 2010. 89(1): p. 94-98. 

76. Finell, M., M. Arshadi, R. Gref, T. Scherzer, W. Knolle, and T. Lestander, 
Laboratory-scale production of biofuel pellets from electron beam treated Scots pine (Pinus 
silvestris L.) sawdust. Radiation Physics and Chemistry, 2009. 78(4): p. 281-287. 

77. Stelte, W., J.K. Holm, A.R. Sanadi, S. Barsberg, J. Ahrenfeldt, and U.B. 
Henriksen, Fuel pellets from biomass: The importance of the pelletizing pressure and its 
dependency on the processing conditions. Fuel, 2011. 90(11): p. 3285-3290. 

78. Back Ernst, L., The Bonding Mechanism in Hardboard Manufacture Review Report, in 
Holzforschung – International Journal of the Biology, Chemistry, Physics and Technology of 
Wood. 1987. p. 247. 

79. Stehr, M. and I. Johansson, Weak boundary layers on wood surfaces. Journal of 
adhesion science and technology, 2000. 14(10): p. 1211-1224. 

80. Stelte, W., C. Clemons, J.K. Holm, J. Ahrenfeldt, U.B. Henriksen, and A.R. 
Sanadi, Fuel Pellets from Wheat Straw: The Effect of Lignin Glass Transition and 
Surface Waxes on Pelletizing Properties. BioEnergy Research, 2012. 5(2): p. 450-
458. 

81. Stelte, W., J.K. Holm, A.R. Sanadi, S. Barsberg, J. Ahrenfeldt, and U.B. 
Henriksen, A study of bonding and failure mechanisms in fuel pellets from different 
biomass resources. Biomass and Bioenergy, 2011. 35(2): p. 910-918. 

82. Filbakk, T., G. Skjevrak, O. Høibø, J. Dibdiakova, and R. Jirjis, The influence of 
storage and drying methods for Scots pine raw material on mechanical pellet properties and 
production parameters. Fuel Processing Technology, 2011. 92(5): p. 871-878. 

83. Wilson, T.O., Factors affecting wood pellet durability. 2010, The Pennsylvania State 
University. 

84. Obernberger, I. and G. Thek, Physical characterisation and chemical composition of 
densified biomass fuels with regard to their combustion behaviour. Biomass and 
Bioenergy, 2004. 27(Compendex): p. 653-669. 

85. Li, H., L.-B. Jiang, C.-Z. Li, J. Liang, X.-Z. Yuan, Z.-H. Xiao, Z.-H. Xiao, and 
H. Wang, Co-pelletization of sewage sludge and biomass: The energy input and properties 
of pellets. Fuel Processing Technology, 2015. 132: p. 55-61. 

86. Nguyen, Q.N., A. Cloutier, A. Achim, and T. Stevanovic, Effect of process 
parameters and raw material characteristics on physical and mechanical properties of wood 
pellets made from sugar maple particles. Biomass and Bioenergy, 2015. 80: p. 338-
349. 



 69 

87. Huang, Y., M. Finell, S. Larsson, X. Wang, J. Zhang, R. Wei, and L. Liu, Biofuel 
pellets made at low moisture content – Influence of water in the binding mechanism of 
densified biomass. Biomass and Bioenergy, 2017. 98: p. 8-14. 

88. Serrano, C., E. Monedero, M. Lapuerta, and H. Portero, Effect of moisture content, 
particle size and pine addition on quality parameters of barley straw pellets. Fuel 
Processing Technology, 2011. 92(3): p. 699-706. 

89. Arshadi, M., R. Gref, P. Geladi, S.-A. Dahlqvist, and T. Lestander, The influence 
of raw material characteristics on the industrial pelletizing process and pellet quality. Fuel 
Processing Technology, 2008. 89(12): p. 1442-1447. 

90. Samuelsson, R., S.H. Larsson, M. Thyrel, and T.A. Lestander, Moisture content 
and storage time influence the binding mechanisms in biofuel wood pellets. Applied 
Energy, 2012. 99: p. 109-115. 

91. Puig-Arnavat, M., L. Shang, Z. Sárossy, J. Ahrenfeldt, and U.B. Henriksen, 
From a single pellet press to a bench scale pellet mill — Pelletizing six different biomass 
feedstocks. Fuel Processing Technology, 2016. 142: p. 27-33. 

92. Carone, M.T., A. Pantaleo, and A. Pellerano, Influence of process parameters and 
biomass characteristics on the durability of pellets from the pruning residues of Olea europaea 
L. Biomass and Bioenergy, 2011. 35(1): p. 402-410. 

93. Rhén, C., R. Gref, M. Sjöström, and I. Wästerlund, Effects of raw material moisture 
content, densification pressure and temperature on some properties of Norway spruce pellets. 
Fuel Processing Technology, 2005. 87(1): p. 11-16. 

94. Larsson, S.H., M. Thyrel, P. Geladi, and T.A. Lestander, High quality biofuel 
pellet production from pre-compacted low density raw materials. Bioresource 
Technology, 2008. 99(15): p. 7176-7182. 

95. Larsson, S.H. and M. Rudolfsson, Temperature control in energy grass pellet 
production–Effects on process stability and pellet quality. Applied energy, 2012. 97: p. 
24-29. 

96. Segerström, M. and S.H. Larsson, Clarifying sub-processes in continuous ring die 
pelletizing through die temperature control. Fuel Processing Technology, 2014. 123: p. 
122-126. 

97. Bergström, D., S. Israelsson, M. Öhman, S.-A. Dahlqvist, R. Gref, C. Boman, 
and I. Wästerlund, Effects of raw material particle size distribution on the characteristics 
of Scots pine sawdust fuel pellets. Fuel Processing Technology, 2008. 89(12): p. 
1324-1329. 

98. Dhamodaran, A. and M.T. Afzal, Compression and springback properties of hardwood 
and softwood pellets. BioResources, 2012. 7(3): p. 4362-4376. 

99. Tarasov, D., C. Shahi, and M. Leitch, Effect of Additives on Wood Pellet Physical 
and Thermal Characteristics: A Review. ISRN Forestry, 2013. 2013: p. 6. 

100. Kuokkanen, M.J., T. Vilppo, T. Kuokkanen, T. Stoor, and J. Niinimäki, 
Additives in wood pellet production–A pilot-scale study of binding agent usage. 
BioResources, 2011. 6(4): p. 4331-4355. 

101. Berghel, J., S. Frodeson, K. Granström, R. Renström, M. Ståhl, D. Nordgren, 
and P. Tomani, The effects of kraft lignin additives on wood fuel pellet quality, energy use 
and shelf life. Fuel Processing Technology, 2013. 112(0): p. 64-69. 

102. Ståhl, M., J. Berghel, and K. Granström, Improvement of wood fuel pellet quality 
using sustainable sugar additives. BioResources, 2016. 11(2): p. 3373-3383. 



 70 

103. Samuelsson, R., M. Finell, M. Arshadi, B. Hedman, and J. Subirana, Inblandning 
av stärkelse och lignosulfonat i pellets vid Bioenergi i Luleå AB. 2014. 

104. Stevens, J. and D.J. Gardner, Enhancing the fuel value of wood pellets with the addition 
of lignin. Wood and Fiber Science, 2010. 42(4): p. 439-443. 

105. Larsson, S., O. Lockneus, S. Xiong, and R. Samuelsson, Cassava Stem Powder as 
an Additive in Biomass Fuel Pellet Production. Energy & Fuels, 2015. 29(9): p. 5902-
5908. 

106. Krizan, P., The densification process of wood waste. 2015: Walter de Gruyter GmbH 
& Co KG. 

107. Pietsch, W., Size enlargement by agglomeration. 1991: John Wiley & Sons. 
108. Rumpf, H. The strength of granules and agglomerates. in Agglomeration-Proceedings of the 

First International Symposium on Agglomeration, Philadelphia,. 1962. 
109. Teleman, A., M. Siika-aho, H. Sorsa, J. Buchert, M. Perttula, T. Hausalo, and 

M. Tenkanen, 4-O-Methyl-β-idopyranosyluronic acid linked to xylan from kraft pulp: 
isolation procedure and characterisation by NMR spectroscopy. Carbohydrate research, 
1996. 293(1): p. 1-13. 

110. Kaliyan, N. and R.V. Morey, Constitutive model for densification of corn stover and 
switchgrass. Biosystems engineering, 2009. 104(1): p. 47-63. 

111. Council, N.R., Firewood crops: shrub and tree species for energy production. 1980, The 
National Academies Press: Washington DC. p. 255. 

112. Maekawa, E., Studies on hemicellulose of bamboo. Wood research, 1976. 59: p. 153-
179. 

113. Patt, R., O. Kordsachia, and J. Fehr, European hardwoods versus Eucalyptus globulus 
as a raw material for pulping. Wood Science and Technology, 2006. 40(1): p. 39-
48. 

114. Agar, D.A., M. Rudolfsson, G. Kalén, M. Campargue, D. Da Silva Perez, and 
S.H. Larsson, A systematic study of ring-die pellet production from forest and agricultural 
biomass. Fuel Processing Technology, 2018. 180: p. 47-55. 

115. Hafrén, J. and U. Westermark, Distribution of acidic and esterified polygalacturonans 
in sapwood of spruce, birch and aspen. Nordic Pulp & Paper Research Journal, 2001. 
16(4): p. 284-290. 

116. Kudahettige-Nilsson, R.L., H. Ullsten, and G. Henriksson, Plastic Composites 
Made from Glycerol, Citric Acid, and Forest Components. BioResources, 2018. 13(3): 
p. 6600-6612. 

117. Bi, R., J. Berglund, F. Vilaplana, L.S. McKee, and G. Henriksson, The degree of 
acetylation affects the microbial degradability of mannans. Polymer Degradation and 
Stability, 2016. 133: p. 36-46. 

118. Abbaszadeh, A., W. MacNaughtan, G. Sworn, and T.J. Foster, New insights into 
xanthan synergistic interactions with konjac glucomannan: A novel interaction mechanism 
proposal. Carbohydrate Polymers, 2016. 144: p. 168-177. 

 



Towards Understanding the 
Pelletizing Process 
of Biomass
Perspectives on Energy Efficiency and Pelletability 
of Pure Substances

Stefan Frodeson

Towards Understanding the Pelletizing 
Process of Biomass

The use of fossil resources must decrease and the use of renewable resources 
must increase significantly in order to mitigate climate change. As biomasses 
will play an important role in this transition, the utilization of biomasses must 
be optimized. 

As a pelletized product, the biomass increases in density, is more economical 
to transport and has improved doseability. Today, there is a lack of knowledge 
on how different biomass species affect the pelletizing process, and this causes 
pellet producers to strive for a feedstock with a chemical composition that is as 
uniform as possible. 

In this thesis, it is shown how the pelletizing process can be improved and how 
a wider utilization of biomasses can be used through an increased understanding 
of the pelletability. Results show that there is a significant difference between the 
substances within the hemicelluloses. This difference can, in turn, explain the 
difference in pelletability between hardwood and softwood.

DOCTORAL THESIS   |   Karlstad University Studies   |   2019:32

Faculty of Health, Science and Technology

Environmental and Energy Systems

DOCTORAL THESIS   |   Karlstad University Studies   |   2019:32

ISSN 1403-8099

ISBN 978-91-7867-067-3 (pdf)

ISBN 978-91-7867-057-4 (print)



 
 
    
   HistoryItem_V1
   PageSizes
        
     Range: all pages
     Size: 6.496 x 9.528 inches / 165.0 x 242.0 mm
     Action: Make all pages the same size
     Scale: No scaling (crop or pad)
     Rotate: Never
      

        
     D:20191113135611
      

        
     0
            
       D:20171002113054
       685.9843
       ST
       Blank
       467.7165
          

     Tall
     0
     0
     -1069
     285
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     None
            
                
         AllDoc
              

       PDDoc
          

      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     1
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: none
     Shift: move down by 17.01 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20191113135611
      

        
     32
     0
     0
     No
     -1067
     349
     Fixed
     Down
     17.0079
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     1
     0
     1
      

   1
  

    
   HistoryItem_V1
   PageTools
        
     Action: Duplicate pages
     Range: all pages
     Copies: 2
     Collate: yes
      

        
     D:20191113135611
      

        
     DuplicatePages
     1
     2
     0
     0
     -1050
     357
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
            
                
         AllDoc
              

       PDDoc
          

      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 2 to page 2
     Trim: none
     Shift: move right by 192.76 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20191113135611
      

        
     32
     0
     0
     No
     -1067
     349
     Fixed
     Right
     192.7559
     0.0000
            
                
         Both
         2
         SubDoc
         2
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     2
     1
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move left by 277.80 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20191113135611
      

        
     32
     0
     0
     No
     -1066
     349
     Fixed
     Left
     277.7953
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     2
     0
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all even numbered pages
     Trim: none
     Shift: move right by 19.84 points
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20191113135611
      

        
     32
     0
     0
     No
     -1067
     349
     Fixed
     Right
     19.8425
     0.0000
            
                
         Even
         AllDoc
              

       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     2
     1
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     Range: all pages
     Size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Clockwise if needed
      

        
     D:20191113135611
      

        
     AllSame
     1
            
       D:20190319110715
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     0
     0
     0
     -1069
     285
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     CCW
     Uniform
            
                
         AllDoc
              

      
       PDDoc
          

      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     2
     1
     2
      

   1
  

 HistoryList_V1
 qi2base





