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Abstract
The depletion of fossil fuels and the need to reduce green house gas
emissions has resulted in a strong growth of biomass utilization for heat
and power production. Attempts to overcome the poor handling properties
of biomass, i.e. its low bulk density and inhomogeneous structure, have
resulted in an increasing interest in biomass densification technologies,
such as pelletization and briquetting. The global pellet market has
developed quickly, and strong growth is to be expected for the coming
years. Due to an increasing demand for biomass, the traditionally used
wood residues from sawmills and pulp and paper industry are not sufficient
to meet future needs. Therefore, new types and sources of biomass will be
used more commonly in the future. Although wood pellet production has
been an established process for more than 100 years, little research has
been conducted about pellet production; it has mainly been about process
optimization.
The present study investigates several important aspects of biomass
pelletization. Seven individual studies have been conducted and linked
together, in order to push forward the research frontier of biomass
pelletization processes. The first study was to investigate influence of the
different processing parameters on the pressure built up in the press
channel of a pellet mill. It showed that the major factor was the press
channel length as well as temperature, moisture content, particle size and
extractive content. Furthermore, extractive migration to the pellet surface
at an elevated temperature played an important role. The second study
presented a method of how key processing parameters can be estimated,
based on a pellet model and a small number of fast and simple laboratory
trials using a single pellet press. The third study investigated the bonding
mechanisms within a biomass pellet, which indicate that different
mechanisms are involved depending on biomass type and pelletizing
conditions. Interpenetration of polymer chains and close intermolecular
distance resulting in better secondary bonding were assumed to be the key
factors for high mechanical properties of the formed pellets. The outcome
of this study resulted in study four and five investigating the role of lignin
glass transition for biomass pelletization. It was demonstrated that the
softening temperature of lignin was dependent on species and moisture
content. In typical processing conditions and at 8% (wt) moisture content,
transitions were identified to be at approximately 53‐63 °C for wheat straw
and about 91 °C for spruce lignin. Furthermore, the effects of wheat straw
extractives on the pelletizing properties and pellet stability were
investigated.
The sixth and seventh study applied the developed methodology to test the
pelletizing properties of thermally pre‐treated (torrefied) biomass from
spruce and wheat straw. The results indicated that high torrefaction
temperatures above 275 °C resulted in severe degradation of biomass
polymers, thus reducing the ability to form strong inter‐particle bonds and
resulting in poor mechanical properties of the manufactured pellets. The
results can be used to give an indication for finding the right compromise of
high energy density, improved grindability, and sufficient pellet stability.
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Danish Abstract / Dansk Sammenfatning
Titel: Træpiller fra biomasse ‐ Oparbejdning, adhæsion og råvarer
Den fremtidige mangel af fossile brændstoffer og behovet for at reducere udledningen
af drivhusgasser har resulteret i en kraftig vækst i anvendelsen af biomasse til
kraftvarme‐produktion. Som konsekvens af at biomasse som udgangspunkt har dårlige
håndteringsegenskaber, dvs. lav densitet og uensartet struktur, har resulteret i en
stigende interesse for biomasse‐komprimeringsteknologier såsom pelletering og
brikettering. Det globale træpille‐marked har udviklet sig hurtigt og en yderligere
kraftig vækst er forventet indenfor de kommende år når antallet af træpille‐forbrugere
vokser. På grund af en stigende efterspørgsel på biomasse, er de traditionelt anvendte
ressourcer som trærester fra savværker og pulp og papirindustrien ikke tilstrækkelige
til at imødekomme det fremtidige behov. Derfor vil nye typer biomasse blive mere
almindelige i den fremtidige biopille‐produktion. Selvom produktion af træpiller som
proces har været kendt i mere end 100 år, er der kun blevet publiceret meget lidt
forskning om træpille‐produktion og Størstedelen handler om simpel proces‐
optimering. Den nærværende afhandling undersøger flere vigtige aspekter ved
biomasse‐pelletering. Syv separate studier er blevet gennemført, for herefter at blive
bundet sammen med det formål at højne den generelle forståelse af biomasse‐
pelleteringsprocesser. Det første studie bestod i at undersøge indflydelsen af
forskellige procesparametre på trykket, der bygges op i pressekanalerne i en
pillepresse. Resultaterne viste, at den vigtigste faktor var længden af pressekanalen,
men også temperatur, fugtighed, partikelstørrelse og indhold af ekstraktiver og deres
migration til overfladen ved forhøjet temperatur spiller en vigtig rolle. I det anden
studie præsenteres en metode, der viser hvordan nøgleparametre for processen kan
estimeres på baggrund af en matematisk model og et mindre antal af hurtige og simple
laboratorietests med en enkeltpillepresse. Det tredje studie undersøger
bindingsmekanismerne i en biopille. Studiet indiker, at forskellige mekanismer er
involveret afhængigt af biomassetypen og pelleteringsforholdene. Dannelse af faste
bindinger via lignin mellem tilgrænsende biomassepartikler antages at være den
afgørende faktor for de gode mekaniske egenskaber af de dannede piller. Resultatet af
denne undersøgelse resulterede i studie fire og fem, hvor betydningen af lignins
glasovergang i forhold til pelleteringsegenskaberne af biomassen blev undersøgt.
Studierne viser, at glasovergangen af lignin er afhængig af biomassetype og
fugtindhold. Under typiske procesbetingelser og med 8 % (wt) vandindhold, blev
glasovergangstemperaturen målt til at ligge omkring 53‐63 °C for hvedehalm og ca. 91
°C for grantræ. Desuden blev effekten af kemisk ekstraktion af ekstraktiver fra
halmoverfladen (cuticula) undersøgt mht. pelleteringsegenskaber og pillestabilitet.
Det sjette og syvende studie anvender de metoder og den opbyggede viden fra de
foregående studier til at undersøge pelleteringenegenskaberne af termisk
forbehandlet (torreficeret) biomasse af grantræ og hvedehalm. Resultaterne viser, at
torreficeringstemperaturer over 275 °C resulterer i udbredt nedbrydning af biomassen.
4

Herved svækkes polymerernes evne til at danne stærke bindinger medlem
tilgrænsende biomassepartikler, hvilket resulterer i dårligere mekaniske egenskaber af
de fremstillede piller. Resultaterne af disse studier kan bruges til at give en indikation
af hvordan man finder de rigtige procesparametre, som resulterer i et kompromis
medlem høj energitæthed, forbedrede neddelingsegenskaber og høj pillekvalitet.

5

Publication list
Appended Papers
The PhD thesis is based on work reported in the following articles1‐7:
I.

Stelte W*, Holm JK, Sanadi AR, Barsberg S, Ahrenfeldt J, Henriksen UB. Fuel
pellets from biomass: the importance of the pelletizing pressure and its
dependency on the processing conditions. Fuel, 2011, 90(11):3285‐3290.

II.

Holm JK, Stelte W*, Posselt D, Ahrenfeldt J, Henriksen UB. Optimization of a
multi‐parameter model for biomass pelletization to investigate temperature
dependence and to facilitate fast testing of pelletization behavior. Energy and
Fuels, 2011,25(8):3706‐3711.

III.

Stelte W*, Holm JK, Sanadi AR, Barsberg S, Ahrenfeldt J, Henriksen UB. A study
of bonding and failure mechanisms in fuel pellets from different biomass
resources. Biomass and Bioenergy, 2011, 35(2):910‐918.

IV.

Stelte W*, Clemons C, Holm JK, Ahrenfeldt J, Henriksen UB, Sanadi AR. Thermal
transition of the amorphous polymers in wheat straw. Industrial Crops and
Products, 2011, 34(1):1053‐1056.

V.

Stelte W*, Clemons C, Holm JK, Sanadi AR, Ahrenfeldt J, Henriksen UB. The
effect of lignin glass transition and surface waxes on the pelletizing properties
of wheat straw. Bioenergy Research, doi:10.1007/s12155‐011‐9169‐8, Article in
press.

VI.

Stelte W*, Clemons C, Holm JK, Sanadi AR, Shang, L, Ahrenfeldt J, Henriksen UB,
Fuel pellets from torrefied spruce. Biomass and Bioenergy, 2011, 35(11):4690‐
4698.

VII. Stelte W*, Shang L, Nielsen NPK, Sanadi AR. Pelletizing properties of torrefied
wheat straw. Accepted for presentation at World Sustainable Energy Days,
European Pellets Conference, Wels, Austria, 2012.

*) corresponding author

6

Papers written / contributed to during the PhD study, but not part of my thesis:
VIII.

Stelte W*, Sanadi AR. Preparation and characterization of cellulose nanofibers
from two commercial hardwood and softwood pulps. Industrial & Engineering
Chemistry Research, 2009, 48(24):11211‐11219.

IX.

Shang L*, Ahrenfeldt J, Holm JK, Sanadi AR, Barsberg S, Thomsen T, Stelte W,
Henriksen UB. Grindability study of torrefied wheat straw. Submitted.

X.

Ahrenfeldt J*, Egsgaard H, Stelte W, Thomsen T, Henriksen UB. The Influence of
Partial Oxidation Mechanisms on Tar Destruction in Two‐Stage Biomass
Gasification. Submitted.

*) corresponding author

7

The PhD research has also contributed to the following conferences and workshops:
Stelte W*, Clemons C, Holm JK, Sanadi AR, Ahrenfeldt J, Shang L, Henriksen UB.
Pelletizing properties of torrefied biomass. Oral presentation at: 19th European
Biomass Conference and Exhibition. Berlin, Germany, 6‐10 June, 2011.
Stelte W*, Clemons C, Holm JK, Sanadi AR, Ahrenfeldt J, Shang L, Henriksen UB. Fuel
pellets from torrefied biomass. Poster Presentation at: Biomass Pelletization
Workshop. University of British Columbia, Vancouver, Canada, 17‐18 May, 2011 and
World Sustainable Energy Days – European Pellets Conference, Wels, Austria, 2‐4
March, 2011.
Stelte W*, Ahrenfeldt, Henriksen UB. Binding mechanisms in fuel pellets made from
biomass. Poster Presentation at: Forest Products Society ‐ FPS 64th International
Convention. Madison, Wisconsin, USA, 20‐22 June, 2010.
Stelte W*. Advanced understanding of biomass pelletization. Poster Presentation at:
World Sustainable Energy Days ‐ European Pellets Conference, Wels, Austria, 3‐5
March, 2010.
Stelte W*, Holm, JK, Ahrenfeldt, Henriksen UB. Predictive method for estimating the
pelletizing properties of different types of biomass. Oral Presentation at: World
Sustainable Energy Days – European Pellets Conference Wels, Austria, 3‐5 March,
2010.
Stelte W*, Holm JK. Mechanical forces in wood pellet production. Poster Presentation
at: World Sustainable Energy Days. Wels, Austria, 25‐26 February, 2009.

*) presenting and/or corresponding author

8

Introduction
The compaction of biomass into pellets and briquettes is an old process which has
been known for more than 100 years8. There are many different applications for
densified biomass products, ranging from pharmaceutical tablets, animal feedstock
and bedding material to energy carriers. The utilization of biomass pellets and
briquettes for heat and power production had its roots in the oil crisis during the early
and late 1970s. Political upheavals in the Middle East caused an increasing oil price and
delivery bottlenecks, which resulted in actions to find alternative energy resources
based on local resources. The interest in fuel pellets decreased in the years after the oil
crisis, which is also reflected by the low number of scientific publications about pellets
and briquettes between the late 1980s and the beginning of the 21st century9.
The depletion of fossil fuels on the one hand and an increasing demand on the other
has resulted in a steadily increasing price of oil and gas10. Furthermore, the combustion
of fossil fuels has been identified as the major contributor to climate change and global
warming11,12. The insight that alternative energy sources are needed to decrease our
dependency on fossil fuels and to reduce green house gas (GHG) emissions has
resulted in an increasing interest in biomass for bioenergy and an increasing interest in
pelletization and briquetting technologies.
Fuel pellets today are (with a few exceptions) made from wood residues; however, an
increasing demand has resulted in a lot of efforts to extend the raw material base to
agricultural residues, i.e. grasses, husks, pulps and energy grasses13. The raw material
base for briquettes has always been more diverse, since briquetting compared to
pelletizing processes is a lot more flexible when adjusting to new types of raw
materials. Nevertheless, pellets have some important advantages when compared to
briquettes. Due to their small size, pellets can be transported by vacuum pumps,
almost like liquid fuels. Their defined and standardized physical dimensions allow
automated feeding and combustion in boiler systems, which greatly ease the biomass
handling properties13.
Political decision‐makers have set clear goals for power producers to reduce their GHG
emissions and several power producers in Europe have started to use biomass pellets
as fuel for their power plants as a fast and efficient way to switch from fossil to
renewable energy carriers14,15. Huge investments have been made into wind and solar
power; however, since they are subject to climatic and seasonal fluctuation, their
energy output is erratic and difficult to predict. Biomass can provide a steady base load
and can easily be adjusted to the actual need16,17. Since most heat and power plants
today are coal‐fired, different pre‐treatment technologies have been tested to produce
a “coal‐like” fuel based on biomass, which can be utilized in existing power plants.
Here, a thermal biomass pre‐treatment process, known under the term “torrefaction”,
has raised the interest of the power industry. In combination with pelletization, it
results in “coal‐like” pellets that can be used for co‐firing with coal in existing coal
power plants18.
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The increasing use of pellets and the extension of the raw material base are resulting
in the need for a deeper understanding of the pelletizing process; this has been the
motivation for the present research project.
The present study can be subdivided into four different topics to find answers to the
most urgent questions concerning fuel pellet production from biomass:
1. How can new raw materials be tested for their pelletizing properties? Today’s
process development is mainly based on time‐ and cost‐intensive pilot scale tests
and personal experience. The aim was to develop a set of fast and simple
laboratory test methods.
2. Which process and raw material parameters have the greatest influence on
pelletizing processes and how can they be optimized? The aim was to make a
study to test the impact of various parameters on the pelletizing process and
pellet quality, to identify the process key parameters and to further develop a
mathematical model that predicts the pelletizing behavior.
3. What makes a biomass pellet stick together and how can the bonding be
improved? Good inter‐particle bonding is the requirement for high pellet quality.
An understanding of the bonding mechanisms is important for process
optimization
4. How does thermal pre‐treatment of biomass (torrefaction) influence the
pelletizing properties? Torrefaction increases the biomass energy density,
improves the combustion properties, and improves storability. Therefore
torrefied pellets are regarded as an ideal raw material for pelletizing processes.
The aim was to study the chemical changes of the biomass during torrefaction
and to understand how these influence the pelletizing properties and pellet
quality.
The different questions have been addressed in the seven research articles written
during this study.
Paper I and II1, 2 are addressing the need to develop a laboratory scale test method to
evaluate the impact of raw material and processing parameters on the pelletizing
process using a single pellet press. They are also addressing how such data, in
combination with modeling, can be used to estimate the pelletizing properties in a full
scale pellet mill. Paper III3 investigates the bonding mechanism in pellets made from
different biomass resources. Paper IV4 studies the thermal transitions of wheat straw
and spruce amorphous polymers. Paper V5 studies the influence of these transitions on
the pelletizing properties and pellet stability. Paper VI and VII6,7 apply the gained
knowledge and developed methods to specific, more practical cases ‐ the two cases
regarding the pelletization of torrefied spruce (Paper VI6) and torrefied wheat straw
(Paper VII7). Those research articles form the core of this thesis and contain detailed
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background information, a literature review, materials and methods description, a
detailed discussion with previously published studies, and conclusions.
Chapters 1‐4 review different aspects of biomass pelletization. Chapter 1 sets the
process into a broader context of biomass and bioenergy production. Chapter 2
reviews the literature with respect to origin of the process, raw materials, process
parameters and modeling. Chapter 3 reviews bond formation in densified biomass in
general and more specific for pellets. Chapter 4 looks on recent trends and
developments. The papers written during this study1‐7 are included in the review
section that will form the base of a future review article. Chapter 5 summarizes the
written papers and chapter 6 and 7 draw conclusions and discuss the application of the
results. Chapter 8 provides an outlook on future challenges.
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1.

Bioenergy and biomass pelletization

Today’s heat and power production depends to large extends on fossil resources, such
as coal, oil and gas. They account for more than 81% of the world’s total primary
energy supply10. Global climate change scenarios, depleting fossil fuels and an
unfavorable dependency on politically instable regions, rich in oil and gas, have
triggered the development of renewable energy sources. The utilization of biomass for
energy is just one out of many options but has some key advantages that make it
attractive. In contrast to wind and solar power, biomass utilization can provide a base
load, a continuous and steady flow of energy which is not influenced or even
interrupted by night hours, seasonal or climate effects. It can furthermore provide high
grade heat and can be converted into liquid and gaseous fuels that allow the
integration into existing infrastructures i.e. transportation19. Biomass combustion is
regarded as CO2 neutral, since it permanently reproduces itself. Nevertheless this
statement is only valid under the assumption of sustainability which is sometimes
difficult to define and subject of discussions16,20,21.
The share of bioenergy in the world’s primary energy consumption is relatively low.
About 13% of the world’s energy supply is based on renewable resources and
bioenergy is with a share of 77% by far the biggest contributor, mainly due to the
traditional combustion of woody biomass10.

Figure 1. Share of bioenergy on global energy supply10,16.
One of the major factors limiting the utilization of biomass for heat and power
production is its low bulk density, resulting in poor and cost intensive handling
properties. The distances between biomass production sites, such as forest and
agricultural land and industrial and residential areas where the energy is needed are
often great and require expensive transportation and storage facilities.
12

The bulk density of biomass is about 40‐150 kg/m3 for grasses22,23 and about 150‐200
kg/m3 for commercial woodchips24. Pelletization of biomass increases the biomass bulk
density to about 700 kg/m3 25. Apart from density increase, pelletization offers several
other benefits, such as a homogeneous shape and structure that is advantageous for
automated feeding into boiler systems13. Standardized composition and product
quality eases the global trade and utilization of biomass pellets. Standard pellet size
and shape allow easy storage and transportation in trucks, ships and storage facilities,
and they can be moved from one place to another simply by pumping. Pelletization
can reduce dust formation during biomass handling, and pellets have a large surface to
volume ratio and contain only small amounts of water (usually less than 15 %) which
makes them relatively resistant to decay processes as long as they are stored dry.
The world’s largest regions of biomass pellet production and consumption are Europe
and North America. The pellet market is booming and the main driving forces are
national and international agreements to reduce the green house gas (GHG) emissions,
such as the European “2020 goal” and the US American “Energy Independence and
Security Act (EISA)” that are triggering the utilization of biomass for heat and power
production14,26,27.
The market price for pellets has been shown to be rather volatile and closely
connected to the oil price, economic situation and energy demand26. Sikkema et al.26
and Spelter and Toth28 have made market studies for both Europe26 and Northern
America28. The wood pellet production within the European Union (EU‐27) was about
10 million tons during 2009, while the pellet consumption was about 9.2 million tons
at the same time, representing about 0.2 % of the Gross Energy consumption in
Europe26. The price per ton fluctuates with the economic conditions and was at about
125 EUR/ton at the end of the year 201026. Pellet markets within the EU are very
different in their characteristics. Markets in Belgium, The Netherlands, The United
Kingdom and Poland are dominated by large scale bulk markets for power plants. The
Scandinavian markets (Denmark, Norway and Sweden) consist both of a bulk market
for district heating and large scale combined heat and power (CHP) plants but also a
considerable amount of pellets are used in small scale residential and industrial boilers
for heating. In Germany and Austria pellets are predominantly used in small scale
residential and industrial boilers for heating and are usually provided in bulk form.
Small scale consumers using bagged wood pellets in residential stoves are the major
consumers in Italy, Bulgaria, Hungary and France26.
The North American wood pellet production (USA & Canada) was estimated to be at
about 6.2 million tons for 200928. Although pellet production capacity in Canada is
greater as in the United States, there is hardly an existing market for wood pellets
inside the country and thus about 90 % of the Canadian wood pellets are exported
overseas where they are used for large scale power production28. In the United States
about 80 % of the pellets produced are used within the country, for domestic heating
in pellet stoves28.
A strong potential growth is predicted both for the European and North American
pellet market. The additional demand for biomass within the EU until 2020 will likely
result in shortages within the EU and require more imports from Russia and/or
overseas26. The North American pellet market is less mature than the European
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market, mainly due to lower energy prices and political conditions. Nevertheless there
is a strong growth potential, both for residential as well as for the industrial market28.
With likely increasing prices for fossil fuels and electric power there is a good chance
that some of the about 30 million homes in the Unites States which are today heated
with electricity will switch to biomass heating28. Regarding large scale applications,
about 80 biomass fired power plants in 16 States were online in 2009 but unless they
get subsidized they cannot compete with coal and gas fired power plants. The drive to
reduce carbon dioxide emissions, however, has created opportunities for biomass in
general and wood in particular28. Other world regions with a strong potential to
develop a pellet market are Russia, Brazil, Chile and New Zealand29.
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2.

Pelletizing process

Mechanical densification of biomass is an established process technology that has
been on the market for more than a century. The first patented biomass densification
process was registered in 1880 by Mr. William Harold Smith in Chicago, Illinois8. It
describes a process where saw dust is heated up to 150 °C, put in a strong mold and is
compressed using a steam hammer. Biomass densification first became a commercial,
large scale process in the second half of the last century, and was used to increase the
handling properties of biomass both for energy production and animal feedstock. In
North America, wood pellets came into existence in the 1970s with the primary
purpose to resolve the energy crisis. They were mainly used by industrial, commercial
and institutional sectors for heating. Residential consumers followed in 1983 when the
first pellet stoves were introduced to the market29. The European markets started
later, with Sweden running at the forefront beginning about 1980 and then soon
spread all over Europe29. This development was initially driven by increasing prices for
fossil fuels and good availability of residues from sawmills and pulp and paper industry.
Political decisions aiming to reduce carbon dioxide emissions and a general
environmental consciousness became important factors too16,29.
Processing technology and product dimensions define the difference between pellets
and briquettes. Pellets have in general a cylindrical shape and are about 6‐25 mm in
diameter and 3‐50 mm in length30 while briquettes are round or square sized with
length/diameters of about 50‐80 mm31. Especially in early studies from the 70s and 80s
the terms “briquetting” and “pelletization” have been confused and the term
briquettes has been used for pellets. The processes are very similar and have a lot of
things in common, therefore, it is sensible to include and discuss both technologies
within this work. In the context of this study all bodies that match the described pellet
dimensions above, will be termed pellets. All bodies with greater dimensions are
termed briquettes.
Pelletizing processes consist of multiple steps (Figure 2) that include raw material pre‐
treatment, pelletization and post‐treatment. Pre‐treatment technology steps depend a
lot on the raw material characteristics and consist generally of size reduction, drying
and conditioning. After pelletization, the pellets are transferred into a pellet cooler and
screened for small particles13.
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Figure 2. Process stages of biomass pellet production32.

2.1.

Raw materials

Biomass feedstock for solid biofuels can be categorized into forestry, agriculture and
waste‐based materials, and they can be subdivided into primary sources (directly
produced materials) or secondary sources (derived from other processes)33.There has
been a considerable amount of publications within the last years, mainly dealing with
optimization of pelletization and briquetting processes. The raw materials studied
range from wood species, such as pine34‐42, spruce1‐3,34,37,42,43, beech1‐3,37,44, oak38,39,
poplar39, aspen41, salix45, and fir46, to agricultural residues, such as alfalfa22, barely47‐50,
canola51, oat51, wheat1,3,47,50‐53, rice54,55, soybean54, rye56, reed canary grass23, corn
stover25,38,53,57,57‐60, corn cobs61, switch grass57‐60,62‐64, big blue stem53, sugar cane
bagasse65, cotton38,66, olive residues67 and peanut hulls68 and also mixed residues69.

2.2.

Process parameters and modeling

Pellets are produced in a pellet mill that generally consists of a die with cylindrical
press channels and rollers that force the biomass to flow into and through the
channels. Due to the friction between the steel surface and the biomass in the press
channel, a high back pressure is built up and heat is generated. The physical forces
built up in the press channel of a pellet mill are crucial for understanding and
optimizing the pelletizing process, and have been the subject of multiple studies1,2,37,44.
A die with press channels and roller(s) are the basic parts of a pellet mill. The die can
either be in the shape of a ring or a flat plate as shown in Figure 3.
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Figure 3. Typical pellet mill design a) ring die and b) flat die31.
Either the die or the rollers can be rotating, and due to that movement the biomass
particles are squeezed into the openings of the press channel.
The pelletization process itself takes place in the press channel of a pellet mill and has
been the subject of studies and modeling approaches1,2,37,41,44,70. During pelletization the
biomass particles are fed into the pellet mill. The basic parts of a typical ring die pellet
mill are a die with press channels and (usually two) eccentrically installed rollers. The
rollers are located in close proximity to the die. The biomass in the mill is squeezed
between roller and die and forced to flow into the press channels. Every time the roller
passes the channel a new amount of biomass is pressed into the channel as illustrated
in Figure 4.

Figure 4. Assembly of a pellet in the press channel of a pellet mill (graphic modified
based on Alakangas et al.31).
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Studies have shown that the compression ratio c (length/diameter) of the press
channel is one of the most influential parameters determining the magnitude of the
pressure (Px) generated in the press channel of a pellet mill1,37,44. The pressure exerted
by the rollers of the pellet press PR is limited within a certain range (set by the size and
motor power of the pellet mill). When Px exceeds this range the press channels of the
pellet mill will be blocked, since the rollers are not able to provide the necessary
pressure to push the materials through the channels. The optimal magnitude of Px is
therefore a trade‐off between the necessary pressure to produce stable pellets and
the energy uptake by the pellet mill. High Px increases the risk of fires due to heat
development caused by friction as well as energy uptake of the pellet mill.

2.2.1.

Key process parameters

Px and its dependency on raw material characteristics i.e. species, moisture content,
particle size, as well as process related parameters, such as temperature and press
channel length have been investigated in detail in Paper I1.

Moisture content
The effect of raw material moisture content on the pelletizing properties and product
quality has been subject of several studies1,34,36,39,41,43,47,48,50,52,57,71‐73.
In these studies the moisture content was subject to variation and its impact on the
pellet quality (durability or compression stability) was analyzed. There is a general
difference between wood and herbaceous biomass resources. The optimum moisture
content for wood species was found to be between 5 and 10 % (wt).
For beech 6 to 10 % (wt)1,40, spruce about 10 % (wt)1, olive 5 % (wt)71 and pine 6 to 8 %
(wt)40. The optimum moisture contents for the pelletization of grasses are significantly
higher. For unspecified straw in general 10 to 15 % (wt)50, Barley straw 19 to 23 %
(wt)48, wheat straw about 15 % (wt)1,52 and corn stover about 10 % (wt)57. Increasing
moisture contents above the optimum have been shown to have a negative influence
on the pellet’s mechanical properties1,40,48,57,71 and reduce the pellet density50,57.
Apart from the quality of the densified product, the densification process itself is
influenced by the moisture content. Andrejko and Grochwitz72 concluded from their
studies that the energy consumption to compact ground lupine seeds into pellets was
dependent on moisture content. They found out that the energy input necessary to
compact the ground seeds to a constant volume decreased with an increasing
moisture content within the range of 9.5 to 15.0 % (wt). Nielsen et al.40 have shown
that an increasing moisture content for pine and beech results in a decrease of the
energy requirement for different components of the pelletizing process.
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Temperature
The effect of temperature on biomass densification has been studied to great
extent1,36,40,43,48,57,62. Heat is generated during pelletization due to friction between
biomass and the press channels of the pellet mill. Serrano et al.48 have studied the heat
distribution by taking thermo graphic images of a pellet press and found out that the
temperature of a die under operation at stable conditions is about 90 °C while the
temperature of the biomass is just about 70 °C and cooling quickly once it has been
passed through the die (Figure 5).

Figure 5. Thermographic image of a pellet press die48.
The first studies of the temperature effects on biomass densification were conducted
by Smith et al.52 in the late 1970s. They investigated the dependency of straw briquette
density on the applied temperature within a range of 60‐140 °C. They showed that the
density increased with temperature until it reached 90 °C, while further increase did
not result in density increase. They observed that the stability was enhanced and
suggested that thin layers of waxes around the stem (cuticula) melt and solidify during
this process and as such serve as an adhesive between individual straw fibers.
Nevertheless several other studies suggest a negative effect of plant waxes on inter‐
particle bonding due to the formation of a weak boundary layer3,5,82,83.
A study made by Stelte et al.4 (Paper IV) has shown that wheat straw waxes undergo a
glass transition already at about 40‐50 °C (below the temperature where density
improvements were observed) while wheat straw lignins showed a strong transition in
the range of 65‐75 °C much closer to the observed improvements. Indeed several
studies3,59,62 have suggested that lignin glass transition and subsequent flow and
hardening result in an interpenetration of polymer chains from adjacent particles and
thus in enhanced secondary bonding and high mechanical properties of a pellet.
Increasing mechanical properties of the pellets with increasing temperature were
reported for spruce43, corn stover57, switch grass62, pine40, olive71, beech40 and wheat
straw5. Furthermore it was reported that an increasing temperature reduces the
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friction in the press channel of a pellet mill1 and lowers the energy requirement for
different components of the pelletizing process40.
Particle size
Different studies have been made about the impact of particle size on the compaction
properties of biomass1,36,47,48,57,74.
Stelte et al.1 (Paper I) have shown that the friction in the press channel of a pellet mill
increases with decreasing particle size for beech particles. Regarding pellet quality,
Kaliyan and Morey57 have found out that decreasing particle size for corn stover grinds
results in an increased briquette density. Similar results were observed by Mani et al.47
who found that particle size significantly affects the pellet density for pellets made
from barley straw, corn stover and switch grass, but not in the case of wheat straw. A
study made by Serrano et al.48 indicated opposite results. The difference between
these studies was explained by the use of an industrial pellet mill instead of laboratory
scale single pellet press units.
Jensen et al.74 investigated different disintegration methods with the aim of
determining particle size distribution in a biomass pellet using wet and dry
disintegration methods. They suggest that wet disintegration combined with
mechanical impact is the most suitable method to determine the internal particle size
distribution of a biomass pellet.
Press channel dimensions
The diameter of a press channel varies according to the desired product diameter,
usually between 6‐25 mm30. The press channel length and the ratio between length
and diameter, the so called compression ratio (c), have been subject to multiple
studies1,2,37,44,49,50,55,75. Faborode and O’Callaghan55 were the first to study the
relationship between the compression ratio and the compaction pressure. They tested
the impact of the compression ratio (between 0‐17) on the pelletizing pressure of
straw. Their data clearly shows an exponential correlation between the compression
ratio and the pelletizing pressure. The physical forces acting on a pellet in the press
channel of a pellet mill where further studied by Holm et al.2,37,44. Their findings
resulted in a pellet model that in combination with simple tests in a laboratory scale
single pellet press allow an estimation of the pelletizing pressures at a given larger
press channel length.
Colovic et al.75 have studied the impact of the press channel length on the physical
quality of cattle feed pellets and they concluded that an increasing press channel
length resulted in higher mechanical properties of the pellets (pellet hardness test)
Pelletizing pressure
The pressure the biomass is exposed to during pelletizing and briquetting processes
has a significant impact on the product density and durability as well as on the process
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energy consumption and has therefore been subject of various studies1,47,50‐52,57,62,71,76.
Studies have been made for straws from wheat47,51,52,62, barley47,50,51, canola51, alfalfa76
and oat51. Other biomass residues tested where corn stover47,57, switch grass47,57,62, olive
residues71 and wood1. The biomass is compacted at different pressures and the
resulting product density1,47,50‐52,55,57,62, mechanical properties57,62,71 or energy content50
are compared. Regarding the product density, there is a very clear accordance
between the studies that pellet and briquette density increases with an increasing
pressure and that the dependency between pressure and density follows a saturation
curve, indicating that the plant cell wall density is the upper limit that can be reached.
Maximum applied pressures ranged from 50 MPa50 up to 600 MPa1 while most studies
where somewhat in between. In general, the pellet density increases only
incrementally at pressures above 50 to 100 MPa1,47,51.The mechanical properties,
compressive strength62 and durability63,71 improve with increasing pressure and follow
a saturation curve, as already observed for the pellet density1. Building up pressure by
motor power either in a pellet mill or briquetting press consumes energy and it seems
clear that, above a certain threshold which is somewhere above 100 MPa, additional
energy put into the process mainly results in excess heat instead of increased pellet
density and stability.

Biomass composition and additives
The effect of biomass constituents on the strength and durability of feed pellets have
recently been reviewed by Kaliyan and Morey77, who focused on the influence of
starch, protein, fiber, fat and extractives on the biomass bonding properties. Although
fuel pellets serve a different purpose and vary considerably in composition from
pelletized fodder i.e. contain less starch, protein and fat, a lot of valuable information
can be found in this study. Starch plasticizes in presence of heat and moisture in a
process generally known as gelatinization which significantly increased the pellet
durability78. Proteins are, like starch, known to plasticize under heat and pressure and
have been shown to increase the pellet strength79. The fiber content of biomass has to
be differentiated into water soluble and insoluble fibers. Soluble fibers generally
increase the viscosity of the feed and have a positive effect on the pellet structure
while insoluble fibers can entangle with each other80. The stiffness and resilience of a
fiber can be problematic during pelletization and large fiber sizes can result in weak
spots where pellets fragment81. The presence of lipids in pellet feedstock results in a
decrease of the pellet’s mechanical properties79, mainly due to inhibition of bonding
properties of the water soluble compounds (hydrogen bonding)81. Results from those
studies indicate the importance of thermal softening and plastic deformation, flow and
subsequent hardening of biomass polymers during pelletization.
In the case of fuel pellets from biomass, it has been shown that high extractives
contents lower the friction in the press channel of a pellet mill1,5,39 and that high
concentrations of extractives on the biomass particle surface can reduce the
mechanical strength of densified biomass products3,5,82,83.
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Additives or binders may be added to improve the pellet’s mechanical properties i.e.
increase density and strength, improve the pelletizing process (throughput) or improve
of moisture resistance13. Other reasons for additive addition is to improve the
combustion properties i.e. ash melting point, slagging and corrosion84.
Binders can be in liquid or solid form to improve the interparticle bonding. A large
number of about fifty organic and inorganic compounds have been used in densified
biomass products85. In feedstock pellets a wide range of additives are used including
molasses, starches, protein, modified cellulose, lignosulphate and anorganic clay
minerals77,86,87. A very common type of additive for wood pellets is lignosulphate that
has recently been shown to increase the mechanical properties of wood pellets better
than starch88. Other additives used in wood pellets are paraffin, molasses, stearin and
cellulose fibers13. It has to be noted that there are national differences about what
additives are allowed in fuel pellets and the legislation in Denmark is, for example
more restrictive than in Germany13. Stevens and Gardner89 have recently made a study
investigating the effect of two lignin types on fuel value, moisture content and quality.
They concluded from their study that the lignin preparation will have a major impact
on the feasibility of using lignin as an additive.
2.2.2.

Process modeling

Many different aspects of biomass pelletization have been the subject of mathematical
models. There are several different general approaches to model the compression of
(biomass) powders and these have been reviewed extensively by Leuenberger and
Rohera90.
Kaliyan and Morey60 have reviewed different constitutive and rheological models
describing biomass densification processes and proposed a constitutive model for the
densification of corn stover and switch grass. Their model characterized the biomass
thermo mechanical properties through five model parameters (elastic modulus,
strength coefficient, strain hardening exponent, viscous coefficient and frictional loss
factor). The model parameters were affected by pressure, particle size, moisture
content and temperature.
Holm et al.44 have developed a pellet production model describing the pelletizing
pressure variation along the press channels of the pellet mill die. The model is based
on defining differential control volumes describing the forces acting on the pellet in
the press channel (c.f. Equation 1). The pellet model describes the pelletizing pressure
Px as a function of PN0 (pre‐stressing term), μ (sliding friction coefficient), υLR (Poisson's
ratio), r (press channel radius) and x the length of the die channel:

Px ( x ) 

PN 0

 LR

(e 2  LR x / r  1)

(Equation 1)44

However, Equation 1 contains three variable parameters (PN0, μ and υLR) and having
only one equation, it is not possible to fit all parameters in a single step, due to mutual
correlations. Furthermore, values for μ and υ are not available in the literature for all
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types of biomass and not available for different temperatures and moisture contents
either. The material specific parameter PN0 can only be determined experimentally. To
solve this problem (Paper II)2 describes a procedure where the parameters μ, υ and PN0
are combined into two new parameters (U and J), that can be estimated based only on
a few experimental trials using a single pellet press (Figure 6). The simplicity of this
method allows faster testing of new types of biomass by easy estimation of the
compression curves (Px vs. c) up to compression ratios relevant for full‐scale pellet
mills.

Figure 6. Schematic diagram showing how simple and fast testing with a single pellet
press (SPP) unit in combination with modeling can predict the performance of an
industrial pellet mill, where testing otherwise would be expensive and time‐
consuming2. This data can be helpful when designing pelletizing processes for new
types of biomass.
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3.

Bond formation in biomass pellets

The understanding of the bonding mechanisms between biomass particles within a
fuel pellet or briquette is crucial for the production of high quality fuels. The bonding
mechanisms in fuel pellets and briquettes have only been the subject of a few studies
so far3,46,59. Nevertheless a lot of knowledge can be transferred from related fields, such
as pharmaceutical tableting, powder and agglomeration technology, fiber board
manufacturing, wood plastic composites, wood welding and materials science in
general.
One area of science that has been studied intensively during the last century is the
production of pharmaceutical tablets. Tablet pressing of powder materials is therefore
a well known process that has been studied intensively and has been subject of
extensive reviews90,91. In general, there are two important aspects to consider when
pelleting granular materials and these are the behavior of the particle under pressure
and secondly the interactions between the particles92. The pressure at a constant
compression rate increases with time during densification processes as shown in the
compression curve in Figure 7. In general the densification process can be separated
into different stages i.e. particle rearrangement, elastic and plastic deformation and
hardening85.

Figure 7. Powder compression curve85.
According to Rumpf80 and Pietsch85, bonding forces between particles in compacted
bodies can be classified into 1) solid bridges, 2) attraction forces between solid
particles, 3) mechanical interlocking 4) adhesion and cohesion and 5) interfacial forces
and capillary pressure. These bonding mechanisms have been identified and assumed
also to be valid for densified forage and wood residues87,93.
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Mani et al.94 have analyzed compression curves of various grasses and interpreted
them. Initially the pressure builds up slowly because particles rearrange in a way that
they fill less space. Furthermore air located in the pores between the particles is
removed when pressing. With further compression of the materials, particles are
getting in very close proximity to each other and short range bonding forces, i.e. van
der Waals forces and electrostatic forces, make them adhere to one another. After a
certain point no closer packing can be obtained this way and particles are pressed
against each other, undergoing elastic and plastic deformation and fiber interlocking85.
In case of plant cells that contain a large inner volume (vacuole) filled with air (dried
biomass) the cell structure breaks up and the vacuole is compressed. At the same time
cell wall compounds (i.e. lignin and hemicelluloses) are expected to be released from
the cell and to interact with surrounding particles95. Due to the high temperature and
pressure lignin softens and flows, resulting in interdiffusion and entanglement of
polymer chains between adjacent fibers. This phenomenon has earlier been described
as “solid bridge“ formation59and is important for the pellet strength3. The density
increases with pressure until it reaches a maximum which, in the case of plant
biomass, can be expected to be close to the density of the plant cell wall1.
Bond formation between wood particles has been intensively addressed in wood
science and wood technology and knowledge can be transferred to pelletizing
processes. Wood welding, like pelletization and briquetting, is a process where heat
and pressure is applied to biomass resulting in bond formation. The mechanism behind
friction welding of wood has been studied in great detail96‐99. According to these
studies, the amorphous wood polymers lignin and hemicelluloses melt and flow in a
process termed the “ungluing” of wood cells and results in the formation of an
“entanglement network of molten polymers” that solidifies subsequently into a “wood
fiber entanglement network composite”100. Kaliyan and Morey60 have recently
reviewed the densification mechanisms in solid biofuels in great detail. Paper III3 deals
with the bonding mechanism in fuels pellets made from different biomass resources.

3.1.

Role of lignin glass transition

The role of the lignin glass transition and plasticization during biomass processing has
been approached in many studies in general96,101‐106 and more specific for its influence
on the stability of biomass pellets3‐5,59. With an increasing temperature the energy of
the lignin molecule increases, consequently intermolecular bonds are weakened and
bond rotation around covalent bonds occurs. The lignin becomes more flexible and
passes from a glassy into a rubbery state. The temperature at which this transition is
happening is the so called glass transition temperature (Tg) and depending on lignin
composition and the presence of a plasticizer, i.e. water5,103,104. The higher the
temperature above the Tg, the greater and easier is the flow of these molecules. When
passing the Tg, the inter‐molecular bonding is reduced, while the chain mobility and
the free volume is increased to such an extent that the polymer chain ends and the
backbone are able to rotate around their own axis. As a consequence, the viscosity of a
polymer passing from a glassy into a plastic state drops significantly, resulting in
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pronounced flow characteristics. This enables the interdiffusion of polymer chain ends
and segments between adjacent fibers, and the establishment of new secondary
bonds and entanglements, once the polymer is cooled down below the Tg 102,105,106. The
idea of a softening point is naturally a somewhat simplified picture. In reality, the
polymer backbone, chain ends, etc. are those of a heterogeneous material with a
diverse chemical structure and a distribution of molar mass, chain length etc., and the
transition occurs over a temperature range3. The Tg for wheat straw lignin has been
identified under dry and moist conditions (8% wt water content) to be at about 53‐63
°C4, while the Tg for spruce lignin was found to be significantly higher at about 91 °C4.
Pressing above the lignin Tg improves the pellet’s mechanical properties5 and also
reduces friction in the press channel.
Paper IV4 and Paper V5 study the lignin glass transition and its role on the pelletizing
process in detail.
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4.

Recent trends and developments

4.1.

Torrefaction

Some properties of biomass are inconvenient for its utilization as fuel in combustion
and gasification processes i.e. its high oxygen contents, low calorific value, hydrophilic
nature, and high moisture content18. Apart from that, its fibrous and tenacious
structure and inhomogeneous composition makes biomass even more challenging and
energy intense to process18. Numerous studies have shown that torrefaction changes
the biomass properties107‐120. Torrefaction is a thermal pre‐treatement process that in
literature is also referred to as roasting, mild pyrolysis or high temperature drying. The
biomass is heated up to 200‐300 °C in absence of oxygen reducing the fibrous structure
and tenacity of the biomass and increasing its mass specific calorific value18. During
torrefaction the biomass is partly decomposed and low molecular organic volatile
compounds evaporate from the biomass113. This results in a decrease of mass while the
initial energy content is slightly reduced. However as a consequence, the energy
density of the biomass is increased, making it more attractive as a fuel18.
Torrefaction is therefore used to convert various types of lignocellulosic biomass into
an energy dense homogeneous solid. The volatiles can be subdivided into condensable
and non‐condensable compounds. Condensable compounds are mainly water and
acetic acid, non‐condensables consist mainly of carbon mono‐ and dioxide113.
Furthermore, biomass polymers i.e. hemicelluloses, cellulose and lignin are degraded
and/or transformed121. The most reactive compounds are hemicelluloses. Xylan was
found to start to decompose quickly at about 200 °C, resulting in high weight loss of
the biomass. Cellulose degradation starts slowly at about 270 °C but accelerates
noticeably at temperatures above 300 °C112. Rousset et al.122 have studied the thermal
degradation of lignin under torrefaction in great detail and concluded that lignins are
more resistant to prolonged heat treatment than polysaccharides and that lignin
undergoes intense structural transformations during torrefaction, mainly cleavage and
recondensation reactions. Torrefaction improves the combustion properties, since
higher combustion rates can be achieved while reducing smoke emissions at the same
time115. Arias et al.110 and Repellin et al.119 investigated the grinadibility of torrefied
wood and both grinding energy and resulting particle size of the product decreased
with torrefaction. Torrefaction also increases hydrophobicity, further increasing the
effective fuel value, protecting it from microbiological degradation, and easing storage.
Torrefaction is used as a pre‐treatment to produce fuel for gasification and co‐firing
processes18.
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4.2.

Pelletization of torrefied biomass

Recently torrefaction has been combined with pelletization and so far only a few
studies have been published about the pelletizing properties of torrefied
biomass6,7,18,62,123. The results indicate that pelletization of torrefied biomass is
somewhat more challenging than conventional wood pellet production and the
resulting quality is subject of variation depending on torrefaction conditions. Stelte et
al. (Paper VI and VII)6,7 have investigated the pelletizing properties of torrefied spruce6
and wheat straw7. The results indicate that the friction in the press channel of a pellet
mill increases with increasing torrefaction temperature and that the pellet’s
mechanical properties and density decrease with increasing torrefaction temperature.
Decreasing mechanical properties can be beneficial when it comes to comminuting
biomass pellets to dust prior firing i.e. conventional coal mills might suffice but maybe
disadvantageous during transportation and handling. Therefore, a compromise
between good grindability and sufficient stability during pellet handling has to be
found. The studies6,7 indicate that torrefaction temperatures of about 250‐275 °C
result in stable pellets of high energy density and favorable mechanical properties
during size reduction and milling processes.
Pelletizing processes today are usually limited to one biomass type. This has some
drawbacks, since it would be advantageous to use one type of mill for many raw
materials depending on variation in price and availability due to season and climate.
Torrefaction could be used to produce a homogeneous blend of various raw materials
and thus increase flexibility of raw material usage18,123.
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5.

Summary of appended papers

The aim of the present PhD study was to continue pellet research based on the
outcomes of the previous studies, which were conducted within our research group at
Risø‐DTU during the years 2005 to 2007 to gain a wide knowledge about biomass
pelletization processes124. During this study, a pellet production model was developed
which described the variation of the pelletizing pressure along the press channel of a
pellet press. Equations based on differential control volumes were set up to describe
the forces acting on the pellet in the matrix. Important model parameters were the
sliding friction coefficient, the ratio of compression, and the material‐specific
parameters, such as the elastic modulus and Poisson‘s ratio. Model calculations
showed how the variation in the model parameters significantly changed the necessary
pelletizing pressure. Using typical material parameters of beech and pine, it was
illustrated why beech, in accordance with the experimental test results, was more
difficult to pelletize than pine44. The model gave a theoretical explanation of how the
biomass‐specific parameters, such as the friction coefficient and Poisson's ratio,
influenced the pelletizing pressure. The model showed that the pelletizing pressure
increases exponentially as a function of the channel length37. To extend and utilize
those results, it was necessary to investigate other aspects of pelletization, such as raw
materials and process‐related factors, i.e. moisture content, species, composition,
temperature, particle size, press channel length, as well as the bonding forces which
keep a biomass pellet together.
The first study (Paper I1) was based on and motivated by the results from the previous
research project37,44,124, which had shown an exponential correlation between press
channel length and pressure built up in the channel. However, it did not investigate the
impact of other processing parameters, such as raw material type, pellet length,
temperature, moisture content, and particle size on the pressure built up in the press
channel. The results from Paper I1 confirmed the exponential increase of the
pelletizing pressure with channel length and were in good accordance with the
suggested mathematical model. Furthermore, it was demonstrated that the rate of
pressure increase was dependent on biomass species, temperature, moisture content
and particle size. It was also shown that increasing the temperature resulted in a
decrease of the pelletizing pressure. Infrared spectra taken from the pellet surface
indicated the presence of hydrophobic extractives on the surface of pellets produced
at higher temperatures. The extractives act as lubricants, which lower the friction
between the biomass and the press channel walls. The effect of moisture content on
the pelletizing pressure was dependent on the raw material species. Different particle
size fractions, from below 0.5 mm up to 2.8 mm in diameter, were tested, and it was
shown that the pelletizing pressure increased with a decreasing particle size due to an
increased area of contact. The impact of pelletizing pressure on pellet density was
determined, and it was shown that a pelletizing pressure above 200 MPa resulted in
only a minor increase in pellet density.
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The outcome of this study resulted in the question of how this data can be used to
optimize existing and develop new pelletizing processes based on various types of raw
material. At present, most processes are developed on a trial‐and‐error base and often
require expensive and time‐consuming trial‐and‐error experiments. The idea came up
that a better prediction of the pelletizing behavior of different biomass types could be
realized by a further development of the earlier proposed pellet model37,44, and to
combine it with a series of simple laboratory tests using a single pellet press. The
second study (Paper II2) showed how the existing pellet model could be simplified by
reducing the number of unknown variables from three to two, and how they can be
determined experimentally by means of fast and simple single pellet press trials. The
model was used to extrapolate the data from laboratory to production size scale.
The first two studies dealt with processing parameters and their influence on the
pelletizing process, and introduced the single pellet press unit as a tool that can be
used to simulate large scale pelletizing processes and how this data, in combination
with a model, can be used for a better estimation of a process design. The other
important aspect of designing a pelletizing process, the product quality, i.e. the
bonding strength of a biomass pellet, and how it can be determined and characterized,
has been addressed in the third study (Paper III3). It investigates bonding and failure
mechanisms within a biomass pellet that need to be understood in order to be able to
optimize any process. The mechanical strength and integrity of a biomass pellet were
determined and correlated to the quality and mechanisms of inter‐particle bonding.
The raw materials used were beech, spruce and straw, which represented the most
common biomass types used for fuel pellet production, i.e. hardwoods, softwoods and
grasses, respectively. The results showed that the compression strengths of the pellets
were generally higher for pellets produced at higher temperatures, and much higher
for wood pellets than for straw pellets. Scanning electron microscopy of the beech
pellet’s fracture surfaces pressed at higher temperatures showed areas of cohesive
failure, thus indicating high energy failure mechanisms, which are most likely due to
lignin and hemicelluloses flow and inter‐diffusion between macromolecules of
adjacent fibers. These were absent in both spruce and straw pellets. Infrared
spectroscopy of the fracture surfaces of the straw pellets indicated high
concentrations of hydrophobic extractives, which were most likely responsible for their
low compression strengths, due to the presence of a chemical weak boundary layer,
which limited the adhesion mechanism to van der Waals’ forces. Electron micrographs
indicating interfacial failure mechanisms support these findings. Infrared spectra of the
fracture surface of wood pellets, which are pressed at elevated temperatures, showed
no signs of hydrophobic extractives. It has been demonstrated that both temperature
and chemical composition, i.e. the presence of hydrophobic extractives, have a
significant influence on the bonding quality between biomass particles during the
pelletizing process.
Since the temperature and moisture content have been identified as important
process parameters and because there have been strong indications for the glass
transition of the biomass polymers having a strong effect on the pellet quality, it
seemed logical to focus on the role of lignin glass transition. The fourth and fifth study
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(Paper IV4) and (Paper V5) were made to address this question and investigate the role
of lignin glass transition during the pelletization of wheat straw.
During the first part of this investigation (Paper IV4), the thermal transition of the
amorphous polymers in wheat straw were investigated by means of dynamic
mechanical thermal analysis (DMTA). The study included both natural and solvent
extracted wheat straw in moist (8 to 9 % (wt) water content) and dry conditions, and
the results were compared to spruce samples. Under these conditions, two transitions
arising from the glass transition of lignin and hemicelluloses have been identified. Key
transitions attributed to the softening of lignin were found at 53, 63 and 91 °C for
moist samples of wheat straw, extracted straw and spruce, respectively. Transitions for
hemicelluloses were determined at 2,−1 and 5 °C, respectively. Differences are most
likely due to different compositions of lignin and hemicelluloses from straw and spruce
and structural differences between the raw materials. The high wax content in wheat
straw resulted in a transition at about 40 °C, which was absent in solvent extracted
wheat straw samples and spruce. This specific transition was further investigated and
confirmed by differential scanning calorimetry (DSC) to be that of wax from wheat
straw. Information about the thermal transitions is of great importance for the
utilization of wheat straw in pelletizing.
Once the transitions had been identified, it was obvious to study the effect of lignin
glass transition on the pelletizing properties of wheat straw (Paper V5). Pellets from
wheat straw and solvent extracted wheat straw were produced at 30 and 100 °C, and
then compared. It was shown that pellets pressed below the lignin glass transition
temperature had both lower density and lower compression strength, as well as a
tendency to expand in length after the pelletizing process. At low temperatures,
surface extractives have a lubricating effect and reduce the friction in the press
channel of a pellet mill, while there was no such effect observed at elevated
temperatures. Fuel pellets made from extracted wheat straw have a slightly higher
compression strength, which might be explained with a better inter‐particle adhesion
in the absence of hydrophobic surface waxes.
Studies one to five provide a wide range of methodology, which is a kind of toolbox
that can be used for studying the pelletizing properties of new types of biomass. The
sixth and seventh study (Paper VI6) and (Paper VII7) applied the knowledge gained
from the previous studies and used it to investigate the pelletizing properties of
torrefied spruce (Paper VI6) and wheat straw (Paper VII7). Those have earlier been
shown to be challenging raw materials for pelletizing processes. The sixth study (Paper
VI6) focused on the pelletizing properties of spruce torrefied at 250, 275 and 300 °C.
The changes in composition were characterized by infrared spectroscopy and chemical
analysis. The pelletizing properties were determined using a single pellet press, and
pellet stability was determined by compression testing. The bonding mechanism in the
pellets was studied by fracture surface analysis using scanning electron microscopy.
The composition of the wood changed drastically under torrefaction, with
hemicelluloses being most sensitive to thermal degradation. The chemical changes had
a negative impact, both on the pelletizing process and the pellet properties.
Torrefaction resulted in higher friction in the press channel of the pellet press and low
compression strength of the pellets. Fracture surface analysis revealed a cohesive
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failure mechanism due to strong inter‐particle bonding in spruce pellets, as a result of
a plastic flow of the amorphous wood polymers, which formed solid polymer bridges
between adjacent particles. On the other hand fracture surfaces of pellets made from
torrefied spruce possessed gaps and voids between adjacent particles due to a spring
back effect after pelletization. They showed no signs of inter‐particle polymer bridges,
thus indicating that bonding is most likely limited to Van der Waals’ forces and
mechanical fiber interlocking.
The seventh study (Paper VII7) investigated the effect of torrefaction on the chemical
composition of wheat straw and its pelletizing properties. Wheat straw was torrefied
at 150, 200, 250 and 300 °C for two hours in an inert (nitrogen) atmosphere. The
surface of the resulting products, analyzed by means of attenuated total reflectance –
Fourier transform infrared spectroscopy, indicated degradation of hemicelluloses and
cellulose with an increasing torrefaction temperature. The absorption bands of lignin
changed with an increasing torrefaction temperature suggesting structural changes.
Contrary to our expectations, the extractive content remained relatively stable up to
high torrefaction temperatures. Standard fiber analysis was used to confirm these
results. The torrefied wheat straw was tested for water absorption properties and
heating value. The ability to absorb water decreased with an increasing torrefaction
temperature and the energy density increased. Pelletizing tests using a single pellet
press indicated an increasing friction for torrefied biomass, especially for material
treated at 300 °C. The pellets’ mechanical properties were evaluated by means of
compression testing, which showed decreasing compression stability for pellets made
from torrefied wheat straw. No stable pellets could be formed from straw torrefied at
300 °C.
The outcome of the studies can be used in several ways. First of all, the developed
methodology (single pellet press tool in combination with model, and mechanical
testing of the pellets) allows a fast and relatively simple way to study the pelletizing
properties of all kinds of biomass before starting time‐ and cost‐intensive pilot trials.
More advanced techniques, such as electron microscopy, chemical analysis, infrared
spectroscopy and dynamic mechanical thermal analysis, have been developed to study
the biomass properties as well as to understand the bonding mechanisms.
The results from the different studies have shown that there is a relatively narrow
window of processing parameters to produce stable pellets and that this window
varies with biomass type. The data can be used to build upon and form a solid base for
further investigations to improve the pellet quality and to reduce process costs.
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6.

Conclusions

The present study investigated several different aspects of biomass pelletization
processes. The literature review at the beginning has shown that there is a growing
demand for biomass for heat and power production, and that pelletizing processes
ease biomass handling and conversion into heat and power. Research in this area has
increased recently, and while for a long time the major focus of scientific studies had
been on process optimization, many recent studies investigated the more fundamental
aspects of biomass pelletization, such as bonding mechanisms, physical forces acting
on the biomass during pelletization, thermo mechanical properties of raw materials,
raw material‐related differences and pre‐treatment processes. The present study
focused individually on different aspects of biomass pelletization, i.e. processing,
modeling, and bonding mechanisms as well as new types of raw materials (Paper I –
VII1‐7).
Bringing together the results obtained from all those studies, it becomes obvious that
fuel pellet production from biomass is more complex than most people would expect.
Even today, most pelletizing processes are results of trial‐and‐error experiments and
individual experience, rather than being science‐based. The present study has shown
thatmany raw material variables such as species, chemical composition, and moisture
content, as well as processing conditions, such as press channel dimensions,
temperature, particle size and pre‐treatment conditions, have an important influence
on process and product quality. Providing a view from different perspectives on
pelletizing processes and its most important aspects is probably the main outcome of
this study. The methodology, introduced in this study, i.e. a single pellet press tool
combined with mechanical testing and a mathematical model, and for more advanced
studies, chemical analysis methods, fracture surface and spectroscopic methods,
defines a broad toolbox that can be used for future “pellet research”.
From the first study (Paper I1), it can be concluded that there is a narrow window of
optimal processing parameters for each biomass type, i.e. press channel length,
temperature, moisture content and particle size, and that small changes, like a couple
of percent higher moisture content or a few millimeter longer press channel, can have
a great effect on the process (i.e. energy uptake of the pellet mill) or pellet quality
(mechanical properties). The tool developed and used for this study has been
demonstrated to be a good model for pelletizing tests. The second study (Paper II2) has
shown how the data obtained from single pellet press trials can be used to predict the
parameters for production scale processes, and also explains the mathematical
correlation of different biomass properties, i.e. Poisson ratio, friction coefficient, with
process parameters (pelletizing pressure). The earlier developed pellet model44 was
simplified by introducing artificial parameters (U and J) for an easier application and
connection of obtained data from the pellet press and model data.
From the first study, it was shown that the pellet quality (mechanical strength) was
influenced by process and raw material parameters. A more detailed study of bonding
and failure mechanisms of fuel pellets made from beech, spruce and straw revealed
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that “good bonding” is the precondition for high mechanical stability of a pellet, and
that the quality of bonding can be observed by means of fracture surface analysis. The
results from the third study (Paper III3) indicate that an elevated temperature results in
polymeric flow of biomass polymers and the formation of solid bridges between
adjacent particles. This study also showed that the chemical composition of the
biomass, especially surface extractives (i.e. wheat straw cuticula) and lignin properties
(i.e. degree of substitution and glass transition), are likely to have an important effect.
With the obtained data, it could be explained why pellets made from wheat straw are
less mechanically stable than wood pellets. To obtain further knowledge and to
confirm the hypothesis from that study, two additional studies were made. Study four
(Paper IV4) investigated the thermo mechanical properties of wheat straw amorphous
polymers (i.e. hemicelluloses and lignin) and the fifth study (Paper V5) investigated the
effect of the lignin glass transition and surface waxes on pellet stability and bond
formation. The studies indicated that the lignin glass transition is a key parameter in
pellet production, and that its temperature is dependent on species (lignin structure)
and moisture content (plasticizing effect of water). The presence of surface waxes on
biomass particles resulted in decreased pellet stability. Waxes probably form a
separate phase around particles, preventing lignin and carbohydrate molecules from
different particles from interacting and forming hydrogen bonds or polymer bridges.
Since thermo‐chemical upgrading of biomass (torrefaction) is a widely discussed topic
in the bioenergy sector right now and because of the request of power producers to
obtain a more “coal‐like” biomass fuel, studies six and seven (Papers VI and VII6,7) were
conducted to investigate the pelletizing properties of torrefied biomass. The study was
based on the toolbox developed during the previous studies and only the biomass
type, torrefied spruce (Paper VI6) and torrefied straw (Paper VII7) were modified. The
obtained data showed that combined torrefaction and pelletization can result in a
biomass fuel with higher energy density, lower water absorption, and better resistance
to microbiological decay. The mechanical properties of torrefied pellets are different
(i.e. more brittle) than conventional wood pellets, meaning that it is easier to grind
and could more likely be used in existing power plant infrastructures, i.e. conventional
coal mills. Nevertheless, it is important to notice that if the biomass has been exposed
to high temperatures for longer times, the resulting polymer degradation prevents the
formation of stable bonds between biomass particles and therefore lowers the pellet’s
mechanical integrity. The introduced methodology and results will be useful for further
investigations regarding the pelletizing properties of unknown/untried biomass
resources.
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7.

Application of results

Today’s process development is based on experience and trial‐and‐error experiments,
which can be both cost and time consuming. The process design of a pellet plant is
usually optimized for a certain type of raw material and can only to a limited extent be
adjusted to other raw materials. Already small changes of the raw material properties
can have a large impact on the process economy, i.e. throughput, energy consumption
and/or the product quality. Today’s understanding of pelletizing processes is limited
and based on experience and half‐knowledge, rather than on fundamental
understanding of what and how different parameters influence the formation of a
pellet. This knowledge is important, especially when it comes to a more competitive
and diverse biomass market in the future. The variety of raw materials used for fuel
pellet production will increase in the future, and this will require the adjustment of
existing production lines or development of new concepts. A prominent example of
how difficult it can be to design a pelletizing process, is the production of pellets from
torrefied biomass that has swallowed both time and money.
The present study has addressed the necessity to study the fundamentals of biomass
pelletization in great detail, to improve the way process development can be carried
out in the future. Although some of the results may seem rather academic and not
directly applicable for process development, they mark milestones on a way to make a
process development more efficient.
The first study (Paper I1) introduced the utilization of a single pellet press tool, a rather
simple laboratory press, which allows to control and test all kinds of process
parameters, such as temperature, moisture content, particle size, pressure, various
raw material compositions and additives. Test can be done in the laboratory, and only
a few grams of material are necessary for testing. The press cannot simulate all aspects
of a “real life” pellet mill but can give an indication about how different process
parameters affect the product quality and friction (pressure) built up in the press
channel. In a production size pellet mill, some process parameters are connected and
dependent on each other; for example, friction and temperature depend on the press
channel length. Other parameters such as the particle size or moisture content are
easier to adjust. The results obtained with a single pellet press tool will become useful
when setting up a pilot scale test, i.e. allowing a more efficient testing, since many
parameters have been tested already in advance on a small scale.
The analytical methods developed in Paper I1 have been used to monitor and to
understand what is going on with the biomass when it is heated and pressed in the
press channels of a pellet mill. The results have shown that extractives migrate to the
pellet surface, reducing the friction within a press channel and thus reducing the
energy uptake of the mill. Furthermore, it has been shown that there are species
related differences and that particle size and moisture content play an important role.
Another important finding was the influence of the press channel length (pellet length)
on the pelletizing pressure. Here it was shown that the dimensions of a press channel
i.e. length and diameter are very important factor when setting up a process. A change
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of a few millimeters can make a big difference with respect to energy uptake,
throughput, and pellet quality. This knowledge is important for choosing the right die.
This problem was further studied in Paper II2, where the data from the single pellet
press tool was used in combination with a mathematical model to estimate pelletizing
properties in a production size pellet mill. The model is based on two parameters (U
and J) that can easily be determined by conducting a few experiments at low
compression ratios. The model is used to scale up the data from a single pellet press to
conditions in a production size pellet mill (large compression ratio). Based on those
results it is possible to extrapolate how a material behaves in a production size pellet
mill. At present we are investigating whether the extrapolated data is correct, and this
work is expected to be finalized soon. Secondly, Paper II2 investigated the temperature
dependency of the two model parameters (U and J). The results have shown that when
one of the parameters (U) is set to vary linearly with temperature, while the other
parameter (J) is kept constant, the experimental data fits the model reasonably well.
Based on this result it is possible to formulate a hypothesis about the temperature
dependency of the underlying model parameters (friction coefficient, Poisson ratio and
pre‐stressing factor)
Almost no detailed studies have been made about the bonding mechanisms within a
biomass pellet so far. This is of great importance, since many types of raw materials
are difficult or impossible to pelletize, without really knowing the reason for the
unfavorable behavior of the biomass. Paper III3 shows how biomass can be
characterized, and how those characteristics can be linked to its pelletizing properties.
The developed tool box include: chemical analysis, single pellet press tests,
determination of the pellets’ compression strength and fracture surface analysis,
which is a widely applied tool in materials science. The outcome of the study has
shown that species specific features, i.e. the presence of a wax layer (cuticula) on the
plant surface have a strong impact, both on friction as well as on the bonding strength.
Lignin and extractives were identified as important factors affecting the strength of a
biomass pellet. This can explain why certain raw materials, i.e. straws are more difficult
to pelletize than wood.
A more fundamental study about the thermal softening of lignin was made with Paper
IV4. Although it does not seem to be directly applicable for pelletization processes, it
gives an indication for a minimum temperature that is required for good bonding, and
points out the importance of the water content. Water acts as a plasticizer reducing
the softening temperature of the lignin in the biomass. The paper shows, why the
moisture adjustment is such an important parameter for pellet production. Is a raw
material too dry, it cannot be pelletized, since its lignin does not soften and as such
does not form bonds between the biomass particles. Furthermore, the study is
interesting from an academic point of view, since no one has determined the glass
transition temperature of wheat straws amorphous polymers before.
Paper V5 was a more straight forward study about the influence of lignin softening and
wax content on the pelletizing process. The results show the effect of temperature on
bonding strength and explain why the pelletizing temperatures should be above the
softening temperature of lignin. Furthermore, does it show the negative effect of
wheat straw waxes on the leave surface (cuticula) on the bonding properties.
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Secondly, waxes were shown to reduce the friction in the press channel of a pellet mill.
Probably it will not be an economical feasible option to remove waxes from the
biomass surface as it was done in the study but it might be an option to mix different
types of biomass to optimize the pelletizing properties.
Paper VI and VII6,7 address the pelletization of torrefied biomass. Pelletization of
torrefied biomass is difficult due to the low moisture content and the thermal
degradation of the biopolymers, resulting in an increase of the softening temperature
above the friction induced pelletizing temperature. Dehydration reactions result in a
loss of hydroxyl groups, and as such a reduction of possible hydrogen bonding sites.
The thermal degradation of hemicelluloses change the tenacious and flexible biomass
fibers, into brittle and stiff ones that break and disintegrate easily when exposed to
mechanical forces. Dust and fines are formed, which complicate the handling and
processing properties of the torrefied biomass. The results from this study have shown
the relation between the thermal degradation of the biopolymers, and how this affects
the pelletizing properties and the pellet stability. The study should not be understood
as a process optimization but more as a general study, which explains why the bonding
and pelletizing properties decrease during torrefaction. Those results can be helpful
for further optimization studies or for explaining the results/observations made in
earlier studies.
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8.

Outlook

The main future issues in biomass pellet production are the sustainable and price‐
competitive production of pellets, for an increasing industrial and domestic pellet
market that has high demands on pellet quality and combustion properties. Big trends
right now are to combine torrefaction and pelletization processes, and to introduce a
broader base of raw materials, i.e. agricultural residues, energy grasses and mixed
biomass resources.
Pretreatment processes, like torrefaction, unify the biomass and result in a rather
homogeneous product, compared to what is used as raw materials. Therefore, it might
be an ideal pre‐treatment for utilizing different biomass types, without the need of
adapting the pelletizing process to the different raw materials used. Nevertheless, the
combination of torrefaction and pelletization adds an extra dimension to process
optimization, and the establishment of a cost‐competitive process resulting in high
quality pellets is challenging. There have been some major breakthroughs of European
and North American pellet producers recently and large‐scale production of torrefied
pellets has just begun on a commercial scale.
A global pellet market requires global standards for biomass production as well as for
pellet quality. The definition of globally sustainable criteria is particularly important,
since it will have a great impact on how biomass is produced and harvested and
whether it can contribute positively to the reduction of green house gas emissions and
conserving ecosystems.
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