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Abstract. Seeking to become more climate-friendly and less energy-consuming, the European Union has
pledged to cut its greenhouse gas emissions and milestones to achieve this are set to 20 % by 2020, 40 % by
2030, 60 % by 2040 and 80 % by 2050. Due to its abundance, biomass is gaining more and more importance
both for the production of thermal energy by direct combustion or gasification of vegetal materials, for electricity
and for the production of biofuels. Direct combustion of biomass generates CO,, but the process is neutral in
terms of greenhouse gas emissions, because the same amount of CO, was absorbed by plants from the air during
their life cycle. Ecological solid fuels such as pellets have become rapidly a viable alternative to fossil fuels, due
to their high energy content, which makes them suitable for use by both small households and industrial
consumers. Pellets are obtained from a variety of raw materials such as: agricultural residues, energy crops,
forestry and wood residues, used exclusively or mixed and having different physical-chemical properties. This
paper presents a summary of literature on the effect of the moisture content on the properties of pellets obtained
from various types of biomass. Moisture content of raw material is one of the most important factors that
influence negatively the properties of pellets, such as bulk density or mechanical durability during storage and
transportation. Energy consumption increases during pelletizing of high moisture biomass, as moisture is a
lubricant that lowers friction in the die. Other studies found a positive correlation between pellets durability and
optimal moisture (10 %), because water together with the die temperature, pressure and chemical composition of
raw material acts like a binding agent that increases pellet quality. Pellets with 5 % moisture have low strength,
become brittle, and large amounts of dust are produced during their storage and transportation. Moisture higher
than 15 % damages pellets during storage.
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Introduction

The high levels of carbon dioxide, global warming caused by increased emissions of greenhouse
gases, the need to generate thermal and electrical energy, and the rising cost of fossil fuels have
generated a growing industry in Europe, Canada and the United States, focused on the production of
energy through the use of renewable sources.

Biomass comprises compounds resulting from the photosynthesis processes and due to its carbon
content could produce energy by heat or chemical processes [1]. In a strict sense, agricultural biomass
includes secondary products from the plants cultivated such as: straws, corn cobs, stalks (sun flower,
soy), leaves (beet), pods (soy, beans), shells (walnuts, peanuts), pips (plum, peach, apricot) and
manure from animal farms. Besides the agricultural biomass sources there are the forestry ones:
primary and secondary material from exploiting forests and resinous and deciduous plantations [2].

Raw biomass is characterized by heterogeneous size and shape of particles, high moisture content
and low energy density which makes it difficult to use as solid fuel. To increase its density, the
biomass is compressed into pellets using a mechanical process in which pressure is applied to the
biomass to crush its cellular structure [3].

Pelletizing has provided a technology to obtain lower moisture, dense and uniform biofuels, with
higher effective heating value and uniform shape, and a clear burning and reduction of ashes compared
to raw biomass [4-6]. Thus, pellets can be used in different energy conversion systems, including
household stoves, boilers and power plants [5]. Pelletizing also reduces transportation costs and
provides better handling and feeding of biomass with less dust formation [7]. However, a challenge
during the storage and transport of pellets is the loss of their mechanical integrity, which can lead to
high levels of dust, increased risks of fire and explosions and poses a health hazard to workers. Higher
dust levels might also cause heat generation in stockpiles by microbial attack [8].

The use of wood pellets for energy generation was first established in countries with large forest
industry sector, such as Sweden, Austria and the USA [9; 10]. In Europe, the production of biomass
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pellets has increased in recent years, mainly due to the policies and targets to become more climate-
friendly and to reduce the emissions of carbon dioxide into the atmosphere by substitution of fossil
fuels with renewable fuels. The European Union has set targets of raising the share of its energy
consumption produced from renewable resources to 20 % by 2020, 40 % by 2030, 60 % by 2040 and
80 % by 2050.

The pellet market has been growing in Europe through the availability of residues and roundwood
(production of pellets) in combination with supporting programs for residential heating, district
heating and large scale power productions (consumption of pellets) [11].

Like other biomass feedstock, pellets are carbon neutral, because the carbon released during their
combustion is taken up in the re-growth of the biomass used to produce them. End-consumers are
mainly concerned about the energy content of pellet, the emissions generated by pellet combustion and
the effects of using pellets in combustion equipments. Emissions and low-quality solid biofuels can
damage the combustion equipments by producing slagging, corrosion and poor process control [12].

Materials and methods

Pelletizing consists of extrusion of raw biomass through a ring or flat die with 6 — 8 mm holes
under the pressure applied by two or more rollers. The friction between biomass and the holes walls
results in increased pressure and temperature, helping the lignin plasticize and glue the biomass
particles. Pellets exiting the die are then cut down to a suitable length and cooled before packing [5].

Pelletizing depends on the moisture content of the raw biomass density, particle size, fiber
strength, biomass lubricating characteristics and the presence of natural binders. High temperature
steam is sometimes used in pelletizing operations to activate natural binders and lubricants in biomass.
Water can also be added during the pelletizing stage for a similar but less pronounced effect.

Forest and sawmill residues, agricultural crop residues, and energy crops can be densified into
pellets. Biomass pellets are 20-30 mm in length with broken ends, moisture content of 5-10 % [13],
typical unit densities between 1000-1400 kg-m™ and bulk densities of 650-700 kg-m™ [3]. Pellets with
high quality contain less than 0.7-1 % mineral ash and fine powders and are mechanically durable
(less than 2.5 % are broken into finer particles after each handling) [14].

Biomass by its nature is a hygroscopic material. Generally, field straws have lower moisture
content than woody biomass. Moisture content of raw material is one of the most important factors
that influence negatively the properties of pellets, such as the bulk density or mechanical durability
during storage and transportation. Biomass pellets are very susceptible to moisture uptake from the
surrounding environment, so it is very important to ensure watertight storage facilities. Pellets with
satisfying quality must have low water impermeability in order to be stored for a long period without
water absorption [15]. The moisture content of pellets should be 11 — 13 % for storage over four
months [16]. Moisture is a major inconvenience in the use of biomass as alternative fuel, because it
requires a large quantity of heat for evaporation, thus leading to a major inferior calorific power [17].
Hence, the higher the moisture content, the lower the net calorific value of the biofuel pellet presented
for combustion [18].

Standardization is a good tool for quality control of pellet production. The pellet quality
parameters most frequently included in the standards and recommendations of different countries are
the pellet size (diameter, length, and/or length/diameter ratio), moisture content, heating value and ash
content [19].

Moisture affects the quality of pellets, which is set by national standards. For example, the
European standard (European standard EN 14961 and its updates) classifies pellets into three
categories, depending on the origin of the raw materials: (1) woody biomass — for which the moisture
content is < 10; (2) herbaceous biomass — the moisture content is < 10; (3) biomass from fruit and a
mixture of the previous types of biomass — the moisture content is < 15 [20].

Therefore, to meet the standard level requirements, pellet moisture should be reduced after exiting
the pellet press by immediately cooling of the hot fragile pellets from 95-100 °C to 25 °C, by means of
forced air [21]. This results in increased hardness and durability of the pellets, and removal of fines.

The moisture content of biomass, when optimal, facilitating the heat transfer and helping in the
thermal softening [7] acts like a binding agent, helping in self-bonding of individual particles [7]
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through the means of Van der Wall forces, thus increasing the contact area between the particles [22;
23]. Any further increase in the moisture content beyond the optimal value would reduce inter-particle
forces; an even higher moisture content would result in a biphasic mixture (liquid and solid phases)
and cause inter-particle forces to disappear entirely, leading to pellets swelling and disintegration [21;
24].

Moisture present in biomass facilitates starch gelatinization, protein denaturation and the
processes of solubility during fiber extrusion [25; 26]. Steam treatment of biomass and additional heat
modify the physic-chemical properties (starch gelatinization, protein denaturation) to such an extent
that the bond between the particles is significantly increased, resulting in an improvement in
compaction quality [27].

Dry wood is brittle and has low flexibility, when most of its water has been removed, and this
could lead to high pelletizing pressure due to high friction. In the presence of water, inter and intra
molecular hydrogen bonds between wood polymers are replaced with hydrogen bonds to water
molecules. Water molecules act like a plasticizer, which increases biomass flexibility and softness,
resulting in lower friction within the press channel. It is also possible that at lower temperature the
presence of moisture enhances the migration of waxes or oils to the surface [3].

Results and discussion

Moisture contents in the range of 5-10 % are usually optimal for woody raw material. Moisture
contents of 5 % for olive tree wood [28] and of 6-8 % for pine wood [29] have been reported as
appropriate for pelletizing. Corn stove pellets can be obtained from feedstock at high moisture content
in the range of 28-38 % (w.b.) by varying other process parameters [30]. During pelletizing, the
moisture content of organic fibrous material can be in the range of 16-28 %, but the best results are
obtained for the moisture content between 20-24 % [31]. Pellet-mill dies tend to choke, when the
moisture content of the conditioned feedstock is 16-18 % (w.b.). During pelletizing, high fiber feeds
cannot absorb moisture in the conditioning chamber, so water remains on the particle surface, causing
excess particle-to-particle lubrication. The center of the pellet will extrude faster than the exterior,
forming pellets with a ‘‘Christmas tree’’ shape, with reduced durability. At high moistures (> 25 %
w.b.), probably due to the incompressibility of water, moisture trapped within the particles may
prevent complete flattening and the release of natural binders from the particles [7].

Tests carried out with moisture contents of 0 %, 5 %, 10 %, 15 %, 20 % and 25 % and die
temperature of 20 °C, revealed that for woody samples (beech and spruce particles, 1- 3 mm in size)
compressed at 200 MPa, an increase in the moisture content results in a decrease of the pelletizing
pressure, which is more pronounced for beech than for spruce; for straws compressed under the same
conditions as woody samples the pelletizing pressure increased with increasing moisture (Fig. 1).
Pellet stability was best at 5-15 % moisture, while above 20 % moisture no stable pellets were formed
(Fig. 2). However, for completely dry biomass, pellet stability is very poor and a minimum amount of
moisture is needed to improve the adhesion of particles [3].
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Fig. 1. Influence of moisture on pelletizing Fig. 2. Effect of moisture on pellet stability at
pressure at 20 °C [3] 20 °C [3]
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In other studies it was found that by increasing the moisture content of spruce sawdust from 7 to
15 %, the durability of pellets obtained increases significantly [32].

In papers [33; 34] on the compaction of alfalfa, it was found that the largest die (7.8 mm) can
withstand a moisture content of over 10 %, but the pellet durability after cooling decreases and the
smaller die is blocked, when the moisture content of the materials exceeded 10 %.

A study conducted by Serrano et al. showed that the optimum moisture content for the production
of dense barley straw pellets is in the range of 19-23 %, and there was no difference in pelletizing
barley straws grounded with either 4 or 7 mm screen size. A durability of 95.5 % was reached under
these conditions, respectively 97-98 %, when small quantities of pine sawdust were added (2, 7 and
12 % of pine in straw). Agglomeration of the ground particles was improved by water and pine
addition, while coarser grinding did not show any negative effect on barley straw compaction [24].

The effect of the moisture content on the durability of biomass pellets (corn stover, wheat straw,
big bluestem BBS, and sorghum stalk PS) was investigated by [31]. Fig. 3 shows that the maximum
durability value was 96.8 % at the equilibrium moisture content range of 9 % (d.b.) to 14 % (d.b.) for
corn stover and wheat straw, respectively 9 % (d.b.) to 11 % (d.b.) for big bluestem. A further increase
in the moisture content resulted in the decrease of the pellet durability. For sorghum stalk pellets, the
durability increased initially with increased moisture and reached a maximum of 89.5 % at the
moisture values between 14 % (d.b.) and 16 % (d.b.).

In general, the density and durability of the pellets is the reverse proportional to the particle size,
because smaller particles have a larger surface during the densification process [22]. In studies on
alfalfa [35], it was found that medium or fine sized materials are desirable because in the compaction
process, at these sizes, they have larger areas of moisture during steam conditioning, which results in
increased starch gelatinization.

Said et al. [20; 36] used rice straw grinded to 4 mm particle size and maize starch as a binder to
produce pellets in a flat die pelletizing press, with variable biomass moisture (12 %, 15 % and 17 %)
and temperature inside the press produced by the friction between the straws, in the range of 20 °C to
80 °C (above which pellets could not be produced). Moisture content of the pellets ranged from
10.12 % to 16.33 %, values that were on the “safe storage” side of the 20 % threshold preventing
bacterial growth [37], material degradation and self heating, which in the worst case scenario could
result in self-ignition [38]. The high values of pellet moisture are due to the high moisture content of
rice straws necessary for pelletizing, as well as the low temperature range, under which the pellets
were produced.
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Fig. 3. Dependency between moisture and pellet durability [20]

Unpit et. al. [15] investigated the water impermeability of pellets prepared from six types of
biomass: bamboo sawdust (14 % w.b.), eucalyptus sawdust (9.1 % w.b.), corn cob (9.14 % w.b.),
rubber tree branches (10.9 % w.b.), palm fiber (9.9 % w.b.) and lippia grass (8.1 % w.b.). These
materials were milled into small particles (less than 5 mm) before binderless pelletizing at ambient
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temperature with maximum load of 555 MPa. The most dense pellet was obtained from bamboo
sawdust, whereas pellets prepared from corn cob were the most loose. From Fig. 4, showing the
influence of compaction pressure on water impermeability of pellets, it can be noticed that by
increasing the pressure from 56 to 139 MPa, water impermeability decreased to the minimum value
and then slightly increased at a higher pressure. For the same compaction pressure, the corn cob pellet
has the highest water impermeability due to the stronger water absorbing power of corn cobs. Pellets
prepared from bamboo sawdust and eucalyptus sawdust had small differences in water
impermeability.
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Fig. 4. Influence of pelletizing pressure on pellet impermeability to water [15]

In study [39], the raw materials used to produce pellets were sawdust and rapeseed cake. The wet
sawdust had the moisture content of 52-60 % and it was dried at 200-220 °C to reach a moisture
content of 10-14.4 %. Additionally, rapeseed cake with the moisture content of 6.6-7.3 % was mixed
with the sawdust. Die pressure was set at a constant of 8.5 MPa. The results showed that a moisture
content of about 14 % in the raw material is needed, if good quality pellets with the moisture content
of about 6-8 % are to be produced.

Munawar and Subiyanto [40] used as feedstock oil palm empty fruit bunch (OPEFB), oil palm
frond (OPF), oil palm shell (OPS) and oil palm mesocarp (OPM), compressed at temperatures of 150,
200 and 250 °C for 15 minutes. The highest water content (5.8 %) resulted for OPEFB pellet
compressed at 250 °C and the lowest one resulted for OPF (1.5 %) compressed at 200 °C (Fig. 5).
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Fig. 5. Effect of press temperature on moisture content of pellets [40]

From all formulas, OPM pellets showed the lowest water content, when compared with other
materials. Lower water content makes pellet combustion easier and the storage life becomes longer,
while high water content can cause mold growth during storage [40].
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The tests carried out on pellets obtained from rice straws with particle sizes of 5, 10 and 20 mm,
at forming temperatures of 60, 80 and 100 °C and the initial moisture content between 15-20 %
revealed that the optimal moisture content for a high calorific power was between 13-20 % under
forming temperature of 60 or 80°C. With the initial moisture content of 15 % and forming
temperatures of 60 or 80 °C, rice straw pellets were formed with a high yield ratio and high durability
[41; 42].

Li and Liu (2000) investigated the compaction of tree bark, waste resulting from timber
production, wood chips, dried alfalfa (hay), fresh alfalfa and grass, as a moisture content of about 8 %
was optimal to produce high density pellets. They recommended that a moisture content of 5-12 % is
required to produce a good quality product (in terms of optimal density and properties on long term
deposit) [43]. Also, the fact that the pellets tend to become fragile in just a few days after their
production, if the moisture content used is less than 4 %, is due to moisture absorption from the
environment [44].

In other experimental studies it has been found that the optimum moisture content for pelletization
of cellulosic materials is 8-12 %, while for materials containing starch and protein, the moisture can
reach up to 20 % [45; 46; 47].

Conclusions

1. Due to the threat of climate change, the need to reduce the emissions of greenhouse gases and
increasing of oil prices, it became imperative to increase the use of biomass in energy production.

2. Biomass densification is an efficient technology to achieve the target of the biomass resource
utilization. Biofuel pellets can be manufactured from various types of largely available biomass
feedstock, including wood wastes, agricultural residues, industrial by-products and energy crops.

3. In the analyzed scientific papers on compaction of biomass it is demonstrated that the raw
material variables (moisture content, particle size and shape) and the biochemical composition of
biomass — proteins, fats, cellulose, hemicellulose and lignin, as well as the process variables such
as the die temperature, pressure and die geometry, play a major role in the quality of compacted
biomass.

4. Moisture content of pellets is strongly related to their physical properties and for quality products
it should be in the range between 10-15 %. Determination of the optimum moisture content of
pellets, which varies by biomass type, is necessary for production of pellets with high stability and
durability, and also for selection of suitable storage conditions.
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