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Introduction
Heat and power production from renewable biomass resources is an increasing business sector and
has resulted in a strong growth of global biomass trade, in particular biomass pellets [1].
Lignocellulosic biomass has compared to conventional fuels a relatively low bulk and energy density
and a low degree of homogeneity. Thermal pre-treatment technologies such as torrefaction, are
applied to improve the fuel properties of biomass i.e. less water and oxygen in the fuel, favorable
milling properties, storage properties [2,3].
During torrefaction the biomass is roasted in an oxygen-depleted environment at temperatures
between 240 and 320 °C. During torrefaction moisture and low molecular weight volatiles are
removed from the biomass, resulting in a product with low O/C and H/C atomic ratios [2,4,5]. The
mechanical properties of the fibers are altered during the thermal treatment due to the thermal
degradation of the biomass polymers i.e. lignin, hemicellulose and cellulose, transforming the fibers
into a brittle and partly hydrophobic material [2,4]. To improve the handling properties of torrefied
biomass, torrefaction is usually combined with pelletization or briquetting operations. The aim is to
produce a durable and water resistant energy carrier that ideally can be used in existing conveying
and storage facilities designed for hard coal, making them an ideal replacement for coal in existing
heat and power plants [2,6].
Pellets made from torrefied biomass have a higher energy density per volume compared to
established biofuels such as wood chips or wood pellets, resulting in lower transportation and
storage costs. In case of torrefied wood, the bulk density can be increased from 200-400 kg/m3 for
the torrefied wood chips to about 600-850 kg/m3 for torrefied pellets [2,4] depending on species and
processing conditions. An overview of the fuel properties and a comparison to other solid biofuels is
shown in Table 1.
Table 1. Properties of wood, torrefied biomass and pellets [2,4].
Properties

Unit

Wood

Torrefied
Biomass

Wood pellet

Torrefied Pellets

Moisture
LHV
- normal
- dry
Mass density
Energy density

%wt

35

3

Low
10

High
7

Low
5

High
1

MJ/kg
MJ/kg
Kg/m3
GJ/m3

10.5
17.7
550
5.8

19.9
20.4
230
4.6

15.6
17.7
500
7.8

16.2
17.7
650
10.5

19.9
20.4
750
14.9

21.6
22.7
850
18.4

Table 3 e Properties of wood, torrefied biomass, wood

The standardized shape and size of pellets and briquettes is an advantage for the trade and process
automation since potentially hazardous dust is removed from torrefied biomass during densification
operations. Dust emissions from pellets and briquettes during loading, un-loading and conveying
operations are much lower than for the loose biomass. Densification is therefore considered as an
indispensable process operation to meet the end-users quality demands for a stable, safe and easy
to handle product.
While pelletization of biomass is considered an established technology, torrefaction is still a rather
new technology for the production of solid energy carriers. Technological development has made
significant progress during the past decade. However, pellets made from torrefied biomass are not
established as a commodity fuel yet.

Process optimization of torrefaction and densification processes
Biomass Torrefaction
Different types of torrefaction technology have been developed during the past decade and are
illustrated in Figure 1.

Figure 1. Different torrefaction technologies [7]

The technologies differ by the orientation of the reactor and operation modes. The pros and cons of
the different reactor types have been reviewed recently by Mościcki et al. [8] The technologies have
in common that solid biomass is heated in an oxygen depleted atmosphere to a target temperature
for a defined period while conveying the biomass trough the reactor body. Key processing
parameters are the reaction temperature and retention time that define the degree of torrefaction of
the biomass.
The physical properties of the torrefied biomass depend to large extend on the torrefaction conditions
i.e. reaction time and temperature. The three main components of lignocellulosic biomass, lignin,
cellulose and hemicellulose, are broken down and altered during torrefaction by depolymerization,
recondensation and carbonization reactions as illustrated in Figure 2.

Figure 2. Structural, chemical, and color changes in lignocellulosic biomass during torrefaction.
A: Drying, B: Softening/Glass transition, C: Depolymerization and recondensation, D: Limited
devolatilization and carbonization, E: Extensive devolatilization and carbonization.

The torrefaction process and its processing parameters result in different degrees of torrefaction that
have a significant impact on the fuel properties of the material such as densification properties, safety
and storage aspects, grindability and heating value as illustrated as indicative trends in Figure 3.
Process optimization has to be made towards finding the optimal degree of torrefaction with respect
to its fuel properties and will always be a trade-off between the different product characteristics.

Figure 3. Impact of torrefaction degree on the fuel properties of torrefied biomass [10].

Biomass pelletization
The alteration of the physical and chemical characteristics has a significant impact on the
subsequent densification processes i.e. pelletization and briquetting.
Although pelletization and briquetting of lignocellulosic biomass are established and well known
processes the pelletization of torrefied biomass has for long time been an underestimated bottleneck
in the production process for torrefied energy carriers and a fall-string in the process development
and commercialization for many torrefaction initiatives and start-up companies.
The production processes applied to produce conventional wood pellets cannot be applied directly
onto torrefied biomass. Major challenges that had to be overcome where a significantly higher energy
uptake of the pellet press due to high friction and low pellet quality.
The densification of torrefied biomass into pellets and briquettes has been under investigation for
the past decade by industry and research institutions and significant progress has been made with
respect to product quality and economy.
To understand what is lying behind those difficulties and how they were solved, it is important to look
on how the pelletizing process “normally” works for conventional biomass and how it has to be
adapted so it will work for torrefied biomass.
Biomass is pelletized in pellet mills where the biomass is fed into press channels of defined length
and diameter and exposed to high pressures and frictional heat as illustrated in Figure 4.

Figure 4. Illustration of the pelletizing process [11,12]

Heat and pressure in combination with moisture, present in the biomass, result in a softening and
flow of the biomass polymers, here especially the lignin. The polymer chains of the lignin from
different particles flow and begin to interpenetrate each other. Due to the high pressure, the particles
in a pellet are brought into very close proximity, enabling the formation of an inter-particle network
of molten lignin polymer that solidifies upon cooling, forming solid inter-particle bridges that keep the
pellet together [13]. Other important forces keeping a pellet together are hydrogen bonds between
polymer chains of adjacent particles in a pellet, fibre interlocking as well as cohesion and adhesion
forces [12].
These bonding mechanisms are hampered by the torrefaction process. The high friction and low
pellet quality observed when pelletizing torrefied biomass is a consequence of the thermal
degradation of the biopolymers (hemicellulose, cellulose and lignin) resulting in a destruction of the
fibrous structure and tenacity of the biomass. Hydrogen and oxygen are removed from the biomass
in dehydration and condensation reactions, resulting in an increasing inability of the biomass to bind
water and to form hydrogen bonds [14]. The softening temperature (glass transition temperature) of
the remaining lignin likely shifts to higher temperatures and the number of potential hydrogen
bonding sites (one of the key forces holding a pellet together) is reduced, resulting in less bonds
between the particles in a pellet and consequently to lower pellet strength and durability.
Another consequence that has not been totally understood yet is the increase of the friction
coefficient between the particles and the press channel, but also between the torrefied biomass
particles itself that results in an increased energy uptake of the pellet mill as well as wear on the
machinery and excessive friction heat.

Optimization of processing parameters

A lot of progress has been made in optimizing torrefaction and densification processes during the
past five years and according to the torrefaction industry resulted in mature production processes
[15].
Numerous initiative within the torrefaction industry as well as international research projects (EUprojects SECTOR, LogistEC) and research groups around the world have been working with the
optimization of densification processes of torrefied biomass during the past ten years. Elaborated
studies and experimental designs, pilot and production scale optimizations have incrementally
increased the knowledge of torrefaction and densification operations and finally resulted in the
development of mature production processes
First attempts resulted in the use of additives to improve the pellet strength and lower the friction.
Different substances such as lignin, starch, oils, torrefaction condensate, etc. have been used. While
it was possible to reduce friction or increase the pellet strength it remained a challenge to find an
additive that can serve both purposes decrease friction and improve pellet quality [16].
Key process parameters that have been identified for the pelletization of biomass were: Species,
particle size, moisture content, conditioning temperature, pelletizer temperature, die length and
diameter, die rotation speed [17,18] and in case of torrefied biomass especially the degree of
torrefaction [19-21].
Unfortunately there is no “simple recipe” how to pelletize torrefied biomass valid for all biomass
species and torrefaction degrees. Most common problems when pelletizing torrefied biomass were
high energy consumption due to high friction build up in the press channels of a pellet mill, in worst
case resulting in fire or blocking of the press channels. Another common problem is an instable and
often poor product quality i.e. short pellets, low durability and dust) in worst case no pellets are
formed and only dust is obtained as a product from the pellet mill.
Different strategies have been applied to counteract the negative effects of torrefaction on the
pelletizing process such increasing the die temperature, adding water to the torrefied biomass, use
of binders and lubricants [19-21]. There is also a mutual correlation between torrefaction and
densification parameters that needs to be taken into account for process optimization [22,23].

Feedstock
For the feedstock species it can generally be said that torrefied hardwoods are easier to pelletize
then torrefied softwoods [24]. Poplar is an example of a raw material that can easily be pelletized
after torrefaction also at high degrees of torrefaction. Other raw materials such as torrefied spruce,
pine, bamboo or wheat straw require a delicate balance of the pelletizing parameters such as
moisture addition, press channel diameter and length, rotation speed, particle size etc. Some
materials such as torrefied bark have been found to be “impossible” to pelletize [25]

Degree of torrefaction
The degree of torrefaction is a measure for the severity of the torrefaction process and measured as
biomass yield after torrefaction. The lower the yield the more severe was the torrefaction process
resulting in greater mass loss. The degree of torrefaction is a function of torrefaction temperature
and time. An increasing torrefaction degree makes the pelletizing process more difficult resulting in
increasing friction and thus an increasing power consumption. Furthermore is the pellet quality
heavily affected by the degree of torrefaction. The thermal degradation of the biomass polymers,
especially the loss of hydrogen and oxygen from the biomass, prevents the formation of interparticle
bonding, and thus reduces the mechanical properties of the pellet. This effect can be compensated
by adding moisture to the torrefied biomass prior pelletization and by increasing the temperature of
the pelletizing die [21,11].

Temperature
The temperature of the pelletizing die is usually a product of the friction generated in the press
channels of a pellet die and only some advanced, experimental set-ups allow a controlled heating or
cooling. The friction in a pellet can be lowered by changing the die dimensions (i.e. length, diameter)
[26] as well as moisture addition to the torrefied biomass before pelletization [21,22]. The softening
temperature (glass transition temperature) of lignin likely increases during the torrefaction process
due to the removal of moisture from the biomass. Increasing the pelletizing temperature
compensates for the upwards shift of the softening temperature of the lignin due to torrefaction and
will likely result in better bonding. Different studies have indicated that temperature increase results
in better pellet quality and less friction during pelletization. [16,22]. A too high pelletizing temperature
close or above the torrefaction temperature bears the risk for thermal decomposition and further
exothermal reactions.

Moisture addition
Moisture has been shown to lower both friction and improve the strength of torrefied pellets [16,22].
It has been reported that 10-20 % moisture added to the dry torrefied biomass before pelletization
improve the pelletizing properties significantly. Water has been shown to act as a plasticizer,
reducing the softening temperature of lignin in pellet production and thus promoting the formation of
an inter-particle network of molten and solidified lignin [14,27]. In case of too high moisture levels
the evaporation of water from the biomass in the hot die during pelletization could result in pressure
increase and steam explosion within the pellet die with a negative effect on the pellet quality. Water
with its high heat capacity is also an excellent medium to remove friction heat from the process.
Water content is therefore a very important and delicate to adjust process parameter.

Die dimensions
Length and diameter of the dies is one of the most crucial parameters for biomass pelletization. The
pressure generated by friction in the press channel of a pellet die is exponentially correlated to the
length of a press channel and has therefore a great impact on the energy uptake of a pellet mill and
wear on the equipment. Within the EU research project SECTOR (Solid sustainable energy carriers
by means of torrefaction) [28] pellet diameters between 4 and 12 mm have been tested and best
results with respect to pellet quality, capacity and energy uptake have been obtained between 6-8

mm diameters. There are different theories how the pellet diameter may affect the friction and the
pellet quality. Small diameters result in an increased surface to volume ration and provide a better
transport of heat into and out of the pellet. There is friction between the biomass particles within a
pellet as well as between the press channel wall and the particles at the outside of the pellet. A
smaller diameter will increase the surface and the number of particles touching the metal surface. It
is not yet fully understood why in some cases small pellet diameters result in lower friction and better
quality while in other cases it does not.

Die rotation speed
Results from the EU research project SECTOR (Solid sustainable energy carriers by means of
torrefaction) [28] indicate that the rotation speed of the die has been shown to be correlated to pellet
quality that is increasing when decreasing the rotation speed of the die. The slower rotation results
in a longer retention time of the pellets in the die while they are still under pressure and that may
result in an improved softening and flow of polymers, forming an inter-particle network with more
links and better stability as for pellets that are produced in half of the time. The capacity of the pellet
mill is however negatively affected and an optimum tradeoff has to be found.

Briquetting as an alternative to pelletization
Generally, it can be said that briquetting is a less complex process that can more easily be adapted
to different feedstocks including torrefied biomass. The problems to be solved were similar to
pelletization i.e. high friction resulting in heat development and higher energy uptake as well as low
briquette quality due to poor inter-particle bonding Briquetting of torrefied biomass has been
improved by the adjustment of the moisture content and optimization of die temperature and time
the briquette is kept under pressure subsequent to the briquetting process i.e. in a cooling conveyer.
[29].

Different studies have been made to map the correlation between torrefaction and densification
parameters and their influence on the resulting pellet quality [22,23].
Results have shown that there is a narrow process window to optimize the pellet quality by trading
off torrefaction and pelletization parameters such as degree of torrefaction and moisture content
[22].
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