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a b s t r a c t

The optimization of upscaled biochar pelleting is limited by lack of knowledge regarding the effects of
process parameters. A multiparameter model, coupled to a single pellet press unit, was for the first time
applied to biochar production to predict the upscaled biochar pelleting process behavior. The model
permits to estimate in a time and cost-effective way how the die friction forces, quantified through the
pellet exiting pressure, are affected by the key process parameters. It was observed that to achieve
acceptably low exiting pressures (in the order of 100 MPa), it was critical to produce biochar at high
temperatures (e.g. 600 �C). Addition of water as a binder is also beneficial, while pelletization temper-
ature does not significantly affect the exiting pressure. Furthermore, when pyrolysis oil was used as a
binder, lower exiting pressures were measured. Biochar returned higher exiting pressure values
compared with untreated wood, but lower compared with torrefied wood. Moreover, the correlation
between density and compressive strength was also examined. It was found that the exiting pressure
trend is a good indicator to estimate the mechanical quality of the pellets.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

With the necessity of abandoning the consumption of fossil
fuels, biomass has been targeted as possible substitute. In partic-
ular, biochar produced from biomass is very versatile and can be
used for many applications. Biochar is a promising alternative of
fossil fuels to be used as energy source in heat and power plants
[1e4] and reducing agent in metallurgical applications [5e7]. Bio-
char can also be used as enhancer to improve soil quality [8e10]
and as filter in water treatments [11,12], Recently, The Intergov-
ernmental Panel on Climate Change (IPCC) included this material as
a carbon neutral option to tackle climate change, recognizing the
possibility to contribute as carbon negative source as well [13]. A
more comprehensive lists of different uses has been provided in
Refs. [14e16].

Among several challenges that are related to the utilization of
).
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biochar, the lowmechanical strength of biochar, which may lead to
considerable mass losses (and therefore increases of costs) in the
handling and transportation steps, can be improved by densifica-
tion [17]. Densification of biochar has been attempted and studied
in recent works [17e23], targeting several potential applications in
which the use of this material is hindered by -poor mechanical
properties. These works focused on the effects of binders on the
mechanical properties, combustion properties and co-densification
of biochar with untreated biomass or coal. Only a few studies
investigated the feasibility of the biochar pelletization process and
the properties of the pelletized biochar, focusing on the effects of
the pyrolysis temperature on the biochar densification behavior
[18,20,21]. With the aim to perform biochar pelletization at in-
dustrial scale, it is necessary to assess the feasibility of the process
and to quantify the factors affecting the densification of biochar.
One important step in that directionmight be done by establishing,
developing and validating a versatile model that can predict and
evaluate the densification behavior of specific biochars. Utilization
of such a model could be time and cost efficiently to predict and
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Abbreviations

BET Brunauer-Emmett-Teller
D density
db dry basis
IPCC Intergovernmental Panel on Climate Change
PB pine biochar
QSDFT Quenched Solid Density Functional Theory
SEM scanning electron microscope
TP torrefied pine
TCD thermal conductivity detector
TS tensile strength, UP: untreated pine, wb: wet basis
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screen feasibility to pelletize different biochar - binder mixtures in
an industrial process. Experimental work in combination with
pellet production models has been reported in previous studies to
gain a deeper understanding of biomass pelletization and the ef-
fects of specific parameters. In particular, Holm et al. [24] used a
laboratory scale single pellet press to simulate the densification of
biomass in industrial-scale pelletizers. A multiparameter model
describing the forces built up along the dies of the pellet mill matrix
was consequently developed and validated [24]. The main quality
of this model is that it provides a wide set of information of the
pelleting behavior of the studied biomasses upon changes in key
parameters (e.g. pelleting temperature or water content) by per-
forming a limited number of lab tests. The model was used and
validated for evaluating densification of different woody biomasses
[25] and further improved and simplified by the same research
group [26]. The main assumption of this model is that the densi-
fication of the biomass to pellets is possible due to the combination
of the roller pressure and the back pressure that is generated by the
friction between the material and the walls of the channels [26]. A
schematic drawing of the pellet densification process is presented
in Fig. 1. This representation mainly focuses on the forces acting
along the channel, which can be related to the energy consumed in
the pelleting phase and to the stress borne by the channel itself
[24]. The pelleting pressure Px, is the parameter directly associated
to the forces acting along the die and therefore it is critical to assess
the feasibility of a pelletization process. Moreover, by its definition,
a minimization of the pelleting pressure is directly related to a
Fig. 1. Pelleting process principle with rotating roller and fixed matrix. D and x are
respectively the diameter and the length of the die. Proller is the pressure generated by
the roller on the pelletized biomass, while Px is the pelleting pressure.
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reduction of the overall energy consumption required in the pel-
leting phase [24]. The investigation of the variation of this factor
with the main pelleting parameters can hence provide essential
information regarding the feasibility of the process. In themodel, Px
is computed in relation to the dimensions of the pellets so to ease
any upscaling evaluation. The model however was validated and
applied only with woody biomass. More recently, Arnavat et al.
demonstrated that it could be successfully used for assessing
pelletization of torrefied wood [27]. However, as reported in
Refs. [28,29], torrefied wood and biochar differ considerably in
terms of physico-chemical properties and it is indeed not obvious
to expect biochar to have the same pelleting behavior as torrefied
wood. It becomes hence interesting to further study the possibility
of using the model for pelletization of biochar and to assess the
effects of the biochar pelletization behaviors under different con-
ditions. The application of this model and the results assessment
can be a quick and efficient measure which can provide necessary
information for the design and operation of industrial scale biochar
pelletization, with a potential reduction of time, operational costs,
numbers of trial tests and materials needed.

In the present work, pine wood was used as feedstock for bio-
char production under different pyrolysis temperatures. The
multiparameter model was applied to evaluated effects of three
parameters, including pyrolysis temperature, added water content
and pelletizing pressure, on pelletization behaviors of pine wood
biochar. The model was first applied for a base case at fixed py-
rolysis temperature, water content and pelleting temperature.
Subsequently, the effect of each of these parameters on the biochar
pelleting behaviors was evaluated by varying one of them while
keeping the other two constants. The model was also applied for
studying pelletization of biochar using pyrolysis oil as binder. The
use of pyrolysis oil as binder has been investigated in a previous
work and resulted a promising measure to improve the quality of
biochar pellets [21]. Moreover, pyrolysis oil is a by-product of bio-
char production, therefore its utilization as pellet binder can be
beneficial to optimize the whole biochar value chain, as schema-
tized in Fig. 2.

In previous works, pelletization of wood and torrefaction of
wood have been reported [30,31], and the model has been suc-
cessfully applied to predict pelletization behaviors of these mate-
rials. By the knowledge of the authors, the present work is the first
to apply the presented multiparameter model to investigate bio-
char pelletization behavior as well as the effects of some of the
most relevant factors on the exiting pressure, in connection to the
mechanical properties, aiming at the optimization of the process.
Moreover, for the first time, this model is used to assess the in-
clusion of pyrolysis oil as binder to pelletize biochar and to compare
biochar, untreated wood and torrefied wood pelletization. Results
from the current work contribute to more detailed understandings
about pelletization of different biochar under various conditions. It
is critical to upgrade properties of biochar for meeting re-
quirements from different end user applications.
Fig. 2. Conceptual scheme of an integrated pyrolysis-pelletization process, with
recovered pyrolysis oil as binder.
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2. Material and methods

2.1. Feedstock and biochar production

A Scots Pine (Pinus Sylvestris) tree was harvested from a local
forest located in Grimstad, Norway. The harvested tree was
shredded into chips that were dried at 60 �C for 24 h and stored in
an airtight box at ambient temperature. Biochar was produced from
the chips at three different pyrolysis temperatures: 400, 600 and
800 �C. A layout of the pyrolysis process is illustrated in Fig. 3.
Approximately 100 g of biomass was placed inside the furnace,
evenly spread in a silicon carbide retort. The reactor was purged
with a flow of 40 ml/min of N2 to generate inert atmosphere in the
reactor. The feedstock was then heated up at a selected rate of
10 �C/min to a desired temperature and kept at that temperature
for 1 h. During one experiment, volatiles and gases leaving the
reactor were cooled down by two serially connected heat ex-
changers. The condensable volatiles were collected in a glass bottle.
Incondensable gases were not analyzed and were directly expelled
through ventilation. After holding at desired temperature for 1 h,
heating of the furnacewas turned off and the produced biochar was
cooled down to room temperature in nitrogen atmosphere to avoid
oxidation of the produced biochar. Afterwards, the biochar was
unloaded from the reactor and milled in a hammer mill px-mfc 90 d
(Polymix, Germany) with a 2 mm sieve. The ground biochar pro-
duced under different conditions was stored at ambient tempera-
ture in airtight boxes. The particle size distribution of the produced
biochar was analyzed by a laser diffraction particle size analyzer
Mastersizer 3000 (Malvern, UK). Following the considerations
already mentioned in Ref. [20], no further size screening was car-
ried out and pelletization was done with a mixed particle size
biochar mixture. The condensates collected from the biochar pro-
duction experiments were stored in airtight containers at 4 �C,
without any further treatment.
2.2. Model theory

The main assumption of this model is that, once the biomass is
compressed in one direction, it tends to expand in the two other
perpendicular directions. It is therefore possible to relate the
Fig. 3. Layout of the pyrolysis unit with an electrical external heated pyrolysis retort,
cooling jackets and collection of pyrolysis oil.

3

pelletizing pressure (Px), which is equal the pressure the material
experiences to exit the die (it will also be referred as exiting pres-
sure), to the Poisson effect by the Poisson’s ratio (v). This ratio v
describes the expansion in directions perpendicular to the direction
of compression and under the assumption of orthotropicity, i.e. the
biomass fibers are perpendicularly oriented to the longitudinal
direction of the channel [27]. The other parameters included in the
model are: the pre-stressing term (PN0), incorporating inelasticity,
the sliding friction coefficient (m) and the compression ratio (c). The
compression ratio is:

c ¼ x/2r Eq.1

where x is the length of the channel and r its radius. By the model
presented in Ref. [24], it is then possible to gather all the parame-
ters into the equation for Px as function of c:

Px(c) ¼ PN0/vlr(emvlrc �1) Eq.2

In the Poisson’s ratio vlr, the subscript l denotes the direction of
the applied stress (longitudinal) while r denotes the direction of the
transverse deformation [25]. Despite its relative simplicity, Eq. 2
has several parameters that need to be derived experimentally,
making the model complicated to fit to various biomass whose
properties are unknown. In Ref. [26], a new version of Eq. 2 was
suggested. It was shown that it is indeed possible to recombine the
parameters m, v and PN0 into two new terms: U and J. Despite these
new parameters do not have a direct physical meaning, their
definition facilitates the computation of the pelleting curve, or the
relation between the compression ratio in the single pellet press
and the exiting pressure, by reducing the number of required pa-
rameters. Moreover, they can be estimated by a limited number of
experiments. Following [26], they are expressed as:

U ¼ mPN0 Eq.3

J ¼ mvlr Eq.4

Inserting Eq. 3 and Eq. 4 into Eq. 2, a simplified version is
obtained:

Px(c) ¼ U/J(e4Jc �1) Eq.5

This new equation, as shown in Ref. [24], for c≪1 can be reduced
to:

Px(c) ¼ 4Uc Eq.6

In Eq. 6, U can therefore be derived experimentally by
measuring the exiting pressure (with the method shown in Fig. 4)
for pellets made with very low c, by linear fitting. Once U is known,
it can be used in Eq. 5 to obtain J. New measurements must be
performed at higher c and J can then be extrapolated by non-linear
interpolation. It is thus possible with relatively few experiments to
obtain all the needed parameters of Eq. 5, and the equation can
finally be used. As stated in Ref. [26], the procedure relies on the
assumption that the Poisson’s ratios are constant with the variation
of compression ratios and it is therefore only valid under the
assumption that the measurements are made at sufficiently small
compression ratios. Moreover, a certain degree of uncertainty is
related to the extrapolation of compression ratios that better fit the
industrial cases (c ¼ 7e8) [27]. However, the model has been
demonstrated to work successfully for wood and torrefied wood
[26,27]. The benefits of this model are relevant since:



Fig. 4. Lab-scale experiment divided in phases. In phase (a), the backstop is included,
and biochar is inserted into to die. In phase (b), the piston compresses the biochar up
to a defined pressure. In phase (c), the backstop is excluded, and the pressure neces-
sary to eject the pellet is measured.

Fig. 5. Measured exiting pressure as function of tested applied pressure for pellets
made at 20 �C with biochar produced at 600 �C and a mixing of 35 wt% water. The
continuous blue line marks the applied pressure at 100 MPa, while the dotted blue line
marks the exiting pressure related to that applied pressure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
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- the possibility of building up the curve with a limited number of
experiments and material makes it time and material saving;

- limiting the curve parameters to U and J, it becomes easier to
understand how external parameters such as pelleting tem-
perature, water content and variations in pelleting material
impact on the Px(c) vs. c curve.
this article.)
2.3. Biochar pelletization

For each tested composition, 20 g mixture of biochar and water
was prepared at different mass ratios. The considered water con-
tents were 25, 35 and 45%. In accordance with [21], the blending
ratios of water and biochar were selected based on results of pre-
liminary studies as it provided an acceptable pellet quality. It was
instead observed that at water content values outside the bound-
aries this was not guaranteed. The blend was homogenized in a
beaker by a magnetic stirrer for about 10 min. The biochar with and
without mixing of water or binder were pressed by a hot single
pellet press (MTI, USA). The inner diameter of the die was 6.25 mm.
For press test, the exiting pressure was measured at three different
compression ratios below 0.75, so to extrapolate U in the linear
region. The diagram point (0, 0) was also included. Each exiting
pressure value used to build the pelleting curve was obtained by
averaging the results from three different samples at fixed
compression ratio. The standard deviation was also computed. The
linear interpolation as well as the related equation and R2 were
calculated with Excel. Using the value of the obtained coefficient U
and adding three other values/points at higher compression ratios,
it was possible to complete the curve by non-linear fitting. This was
done in Excel by deriving the coefficient J through the non-linear
least squares method. The R2 of the pelleting curve was obtained
by linearization of the exponential curve through logarithmic
transformation. In all the experiments, the applied pressure was
100 MPa. This value was chosen because the exiting pressure tends
to oscillate around a constant value when the applied pressure was
higher than 100 MPa, as can be seen in Fig. 5.

Before pelletization, the die and other moving parts of the single
pellet press were heated up to the operating temperature, which
was then maintained during the pelletization process. The
considered pelleting temperatures were 20, 60, 90 and 120 �C.
Pressure was set manually to 100 MPa with a hydraulic piston and
kept for 10 s before pressure release and extraction of the pellet.
The exiting pressure was measured by a load cell CPX1000 (Dini
Argeo, Italy) connected to a multifunction weight indicator DFWLB
4

(Dini Argeo, Italy). Biochar pellets were made by sequential layers
pressed at the same pressure when the material was exceeding
0.15 g, according to Ref. [26]. After the process, the pellets were
cooled down and stored in airtight boxes at ambient temperature.
The list of the configurations that have been tested in this work is
presented in Table 1.
2.4. Compressive strength test

The compressive strength of the produced biochar pellets were
tested by a pellet hardness tester (Amandus Kahl, Germany).
Strength was applied perpendicularly to the cylindrical axis direc-
tion. The measured value for compressive strength is normally and
here referred to as a tensile strength (TS). Following the procedure
in Ref. [32], the tensile strength was computed by the equation:

TS ¼ msg / prl Eq.7

where ms is the force equivalent mass which the pellet hardness
tester measures for the obtained strength, g is the gravitational
acceleration, r and l respectively are the radius and length of the
pellets.
2.5. Pellet density test

The particle density of the biochar pellets was computed indi-
rectly as r ¼ m/pr2l, where mwas the mass. Mass was determined
on a balance with a readability of 0.1 mg, while radius and length
were measured with a Vernier caliper with a precision of 0.01 mm.
All density and strength measurements were taken at least 24 h
after the pelletization. As shown in Fig. 6, density and compressive
strength tend to stabilize when the compression ratio is higher
than circa 0.85, for pellets with biochar produced at different py-
rolysis temperatures andwithwater as binder (35% of total weight).
For both compressive strength and density measurements, at least



Table 1
List of the configurations that have been tested. Number 1 is referred to also as
“base case”.

Number Pyrolysis temperature
[�C]

Pelleting temperature
[�C]

Water content [wb
%]

1 600 20 35
2 600 20 25
3 600 20 45
4 600 60 35
5 600 90 35
6 600 120 35
7 400 20 35
8 800 20 35

Fig. 6. Density (D) and tensile strength (TS) measured at different compression ratio
for pellets of pine biochar (PB) produced at 400, 600 and 800 �C (reported in the
legend as 400, 600 and 800) and a water content of 35%. The white region of the area,
starting after c ¼ 0.85, highlights the stable zone.

Fig. 7. Experimental data and data fittings to determine the U and J for pellets with
biochar produced at 600 �C, pelletized at 25 �C of and with a water content of 35% in
the pelletized mixture. The experimental data, displayed with a cross, are the average
of the measurements carried at each compression ratio, while the error bars indicate
the standard deviations. The dotted line represents the linear region, while the
continuous line is the non-linear fitting.
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six samples with a compression ratio higher than 0.85 were
selected, to avoid the uncertainty region.
2.6. Characterization of pellets and biochar

An EuroEA (Eurovector, Italy) with TCD detector was used for the
CeHeN ultimate analysis. Oxygen was computed by difference of
the other elements. The proximate analysis of the produced biochar
was conducted through the procedures described in standards EN
15148, EN 14774e2 and EN 14775, which were applied respectively
for volatile matter, moisture content and ash content. Surface area
and porosity of the produced biochar were measured with N2
adsorption at 77 K (NovaTouch, Quantachrome, USA). The Brunauer-
Emmett-Teller (BET) model was used to calculate the surface area.
Pore volume was evaluated with Quenched Solid Density Func-
tional Theory (QSDFT) using the calculation model for slits and
cylindrical pores on the adsorption branch. Before each measure-
ment of surface area and porosity, samples were degassed at 150 �C
for 10 h. Morphology and microstructure of selected biochar pellet
samples were examined by a scanning electron microscopy (Zeiss
Ultra 55 limited edition). One biochar pellet was fixed on a sample
tap and the outmost surface was scanned.
5

3. Results and discussions

3.1. Determination of the parameters

The model was first applied with biochar produced at 600 �C,
mixed with pure water (35% of total weight) and pelletized at 20 �C.
In this work, this configuration is also referred to as “base case”. The
pelleting curve that was obtained is presented in Fig. 7. The first
four points (including the diagram point (0, 0)) were used to obtain
U by linear fitting. The fitting line is plotted and its equation and R2

presented right above the curve. The pelleting curve equation is
also displayed in Fig. 7. For this configuration U was 0.49 and J was
0.30. The high value of regression coefficient R2 shows that the
model fits well the values from the samples. Small standard de-
viations show a good repeatability. Generally, the curve shows a
similar trend compared to what was observed in Refs. [26,27]. This
result shows that the model can successfully be applied for biochar
pellets.
3.2. Influence of water as binder

The pelleting curves and the coefficient values for biochar pel-
lets produced with different water contents are presented in Fig. 8
and Fig. 9, respectively. Despite a similar trend in the linear region
with compression ratio in the range of 0e1, the curves start devi-
ating more evidently towards the fully exponential zone. It can be
noticed that, at fixed compression ratio, a higher water content is
tendentially related to a lower exiting pressure. It can also be
observed that both U and J tend to decrease with increasing water
content. However, the degree of uncertainty makes it difficult to
attempt any more precise correlation between these coefficients
and the water content.

The beneficial effect of water on reducing exiting pressure of a
biomass single pellet press has been reported in Refs. [33,34]. As
stated in Ref. [34], pelletization of biomass is generally strongly
affected by addition of water. Densification consists of the me-
chanical interlocking of fibers either by adhesion forces between



Fig. 8. Exiting pressure curves for biochar produced at 600 �C and pelletized at 20 �C
with different water contents. For each configuration, the legend shows a marker and a
line. The markers display the experimental data, while the three line represents the
modeled curve values.

Fig. 9. Values of U and J for biochar produced at 600 �C and pelletized at 20 �C with
different water contents.

Fig. 10. Exiting pressure curves for biochar produced at 600 �C and pelletized at
several temperatures with a water content of 35%. For each configuration, the legend
shows a marker and a line. The markers display the experimental data, while the three
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large particles or chemical bonds and van der Waals’s forces for
small particles [35]. Water molecules can optimize the binding of
particles by establishing bridges that connect the biomass particles
when direct interactions among them do not exist [36]. As result of
this, the use of water as binder is beneficial both as quality
enhancer to improve the strength of pellets and as lubricant to
smooth the process for pelletizing biomass particles. Considering
the definitions of U and J in Eq. 3 and Eq. 4, it becomes plausible to
assume that water acts on the three coefficients m, PN0 and vlr. It
could therefore be inferred that the pelleting process would benefit
from a further increase in the water content to a certain extent.
Instead, as observed in Ref. [37], an excess of water in the densifi-
cation might cause particle-to-particle lubrication. As a result, the
center of the pellet extrudes faster than the exterior and it is related
to an increase of mechanical fragility. A similar behavior was also
observed to affect biochar in some preliminary studies which were
carried out for the preparation of the present work. However,
biochar densification requires a considerable amount of water (or
6

liquid binder, similar to water), since the solid bridges between
particles are not enough to enhance plastic deformation. Without
water or liquid binder, it would therefore become challenging to
track the exiting pressure since the ejected material would still be
in powder form. Therefore, the optimum content of binder to
enhance a proper pelletization is expected to be within the range
investigated in the present work. It also agrees with the results
reported in Ref. [21].
3.3. Influence of pelleting temperature

Biochar produced at 600 �C was pelletized with a water content
of 35% at different pelleting temperatures and the respective curves
were derived. The results are shown in Fig. 10. The curves obtained
with a pelleting temperature of 20 and 120 �C returned slightly
higher exiting pressures in comparison with those obtained at 60
and 90 �C. The biochar produced at 600 �C has stable properties and
is therefore not expected to change in the temperature range that
was selected for these pelletization tests. The considerable amount
of water as binder could instead affect the pelletization process in
relation to the pelleting temperature, especially as the die tem-
perature approaches 100 �C. However, no evident observations in
this regard arise from the pelleting curves shown in Fig. 10. A
possible reasonmight be the selected compression time, which was
relatively short, in combination with the good homogeneity of the
biochar-water mixture. Longer compression times might be useful
to catch possible more evident differences between the pelleting
curves.

Further observations can be drawnwhen the coefficients U and J
are analyzed, as shown in Fig. 11. In Refs. [26,27], a decreasing trend
for the coefficient U values was observed, while J was roughly
constant, i.e. not influenced by the pelleting temperature. Similar
trends are confirmed for the pelletization of biochar when varying
pelleting temperature. The linear correlation of U presents a R2 of
0.94, while it is easily visible that J oscillates around 0.30, with a
maximum variation of 13%.

Such behavior makes it difficult to clearly define the depen-
dence of pelleting temperature on the coefficients m, PN0 and vlr,
line represents the modeled curve values.



Fig. 11. Values of U and J for biochar produced at 600 �C and pelletized at increasing
temperatures with a water content of 35%.
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because they mutually affect the coefficients of the model. How-
ever, it is possible to simplify the model by assuming that U is linear
and dependent on the temperature and that J is constant [26]. In
this case, the average of the J values previously obtained and pre-
sented in Fig. 11 was selected as constant. With these assumptions,
further attempts were made to analyze the effects of the pelleting
temperature. The new pelletization exiting pressure curves are
presented in Fig. 12. With the exception of some data points in the
curves at 20 and 120 �C, the curves seem to fit successfully the
experimental results. From the new simplified curves, it can be seen
that the exiting pressure at fixed compression ratio decreases upon
increasing the pelleting temperature. This agrees with what was
observed in Refs. [20,21], where the cause was attributed to the
plastic deformation of lignin as temperature above the glass tran-
sition temperature. However, by a certain extent, the content of
lignin in the feedstockmight be quite lowand, hence, not enough to
deform and behave as plastic and act as a binder as well. For such
circumstances, water might be a principal driver which affects the
Fig. 12. Exiting pressure curves for biochar produced at 600 �C and pelletized at
several temperatures with a water content of 35%, assuming U function of the pelleting
temperature and J constant (0.30). For each configuration, the legend shows a marker
and a line. The markers display the experimental data, while the three line represents
the modeled curve values.
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pelletization process. At high pelletization temperatures, the water
might evaporate and be present between the pellet and the die,
acting as a lubricating layer which reduces the friction. The possi-
bility of computing U by linear interpolation and setting J constant
can nevertheless be assumed to provide acceptable accurate results
to briefly evaluate the pelleting conditions by varying the process
temperature, simplifying the operational analysis. Further in-
vestigations are needed to obtain better understanding of the effect
of the temperature on the pelletization of biochar when using
water as binder.
3.4. Influence of biochar production temperature

When the pelleting curves of biochar produced at different
pyrolysis temperatures are compared, two clear trends are distin-
guishable. The curves are presented in Fig. 13 and the coefficients in
Fig. 14. Compared to those pyrolyzed at 600 and 800 �C, biochar
produced at 400 �C is characterized by a short linear region and a
rapid exponential region, suggesting that the material might face
practical challenges if compressed at industrial compression ratios
(ca. 7e8). On the other hand, pelletization of biochar produced at
800 �C seems to perform better, and the exiting pressures are lower
than that of the base case. When the coefficients U and J are
analyzed in Fig. 13, it can be noticed that J reduces dramatically
between 400 and 600 �C, while no evident trends are observable
for U. It is hence not possible to reveal the reason for this behavior
by only analyzing the coefficients. The benefit of pyrolyzing at
higher temperatures are reported in similar works, where the focus
was on the effects on mechanical properties of biochar pellets
[18,20]. Therefore, it appears interesting to look further into this
effect.

As explained in Ref. [38], higher pyrolysis temperatures result in
a biochar structurewith much less fibers but more brittle structure.
For a specific grinding time, a larger fraction of small particles can
therefore be obtained from the biochar sample produced at a
higher pyrolysis temperature. The particle size distributions for
biochar produced at 600 and 800 �C, as presented in Fig. 15, are
Fig. 13. Exiting pressure curves for biochar produced at different pyrolysis tempera-
tures and pelletized at 20 �C with a water content of 35%. For each configuration, the
legend shows a marker and a line. The markers display the experimental data, while
the three line represents the modeled curve values.



Fig. 14. Values of U and J for biochar produced at different pyrolysis temperatures and
pelletized at 20 �C with a water content of 35%.

Fig. 15. Particle size distribution for pine biochar (PB) produced at 400, 600 and
800 �C.

Table 2
Ultimate analysis, proximate analysis, BET and porosity of biochar produced at 400,
600 and 800 �C. The acronym db and wb stand for dry and wet basis. Standard
deviations of proximate analysis results are included in parenthesis.

Pyrolysis temperature [�C] 400 600 800

Ultimate analysis
C [% db] 74.1 85 94.3
H [% db] 4.4 2.6 1.3
N [% db] e e e

O [% db] 21.5 12.4 4.4
Proximate analysis
Fixed Carbon [% wb] 63.7 (±1.2) 85.2 (±0.5) 93.2 (±0.4)
Volatile matters [% wb] 34.2 (±0.6) 13.0 (±0.1) 4.3 (±0.3)
Ash [% wb] 1.3 (±0.1) 1.5 (±0.1) 1.5 (±0.1)
Moisture content [% wb] 0.8 (±1.0) 0.3 (±0.3) 1.0 (±0.3)
BET [m2/g] 1.8 169.2 317.1
Porosity [cm3/g] 0.003 0.115 0.140
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similar and characterized by a wider range with a considerable
peak at smaller particle sizes. In comparison, biochar produced at
400 �C has a narrower particle size distribution, and a significant
fraction of the particles has larger particle sizes in the range of
50e100 mm. Due to the presence of smaller particles and wider
particle size distribution, biochar pyrolyzed at higher temperature
is expected to perform better in pelletization.

The biochar particles with different sizes have also a different
capacity to adsorb and capture water. Therefore, as water is added
as binder, the biochar particles with different sizes play different
roles and affect the pelletization process. According to Ref. [39],
porosity and hydrophobicity are the main biochar characteristics
influencing the water uptake capacity of biochar. Pores can be
divided in different classes according to their size. In biochar, they
are mainly macropores (0.1e1000 mm) inherited by the woody
structure and are not much affected by the pyrolysis process [40].
However, it was demonstrated that porosity increases considerably
at higher pyrolysis temperatures due to the formation of micro-
pores (0.0001e0.001 mm) [41], in agreement with the specific
surface area and porosity analysis of the tested biochar shown in
Table 2. Both surface areas and porosity are lowest for the biochar
produced at 400 �C, while the biochars produced at 600 and 800 �C
have significantly higher surface areas and porosity. A similar in-
crease of surface area and porosity of biochar produced at higher
temperatures are reported in Refs. [41,42]. The phenomenon is
expected to be associated to the further devolatilization and
carbonization of biomass, which occur at elevated pyrolysis
8

temperatures [43]. This is confirmed by the considerably lower
amount of oxygen obtained from the ultimate analysis and volatile
matter from the proximate analysis (Table 2) for the samples pro-
duced at high temperatures. On the other hand, hydrophobicity of
one material is heavily related to presence of the functional
aliphatic group on the surface of the carbonaceous structure [44]. It
has been stated that biochar pyrolyzed at temperatures higher than
600 �C generally lose this group [45]. Therefore, the surface of
biochar produced at high temperatures will be more hydrophilic
and more porous. Water can then be expected to penetrate more
easily into the solid structure and the binding of particles will be
enhanced. After the considerations discussed in Ref. [46], the hy-
drophobicity distinguishing biochar pyrolyzed at low temperatures
might be overcome by introducing hydrophilic binders, e.g. lignin.
However, hydrophobicity is also a desired property in the final
pellets and the included binders might affect it, with consequences
during the storing and handling [47]. It is important to mention
that the relationship between pyrolysis temperature and hydro-
logic properties of biochar has been observed in a broad variety of
both woody and non-woody pyrolyzed biomass [48]. As conse-
quence, there is important evidence that pyrolysis temperature
affects the performance of biochar in the pelleting phase and, if
water is included as single binder, high pyrolysis temperature may
improve the quality of the final pellets.
3.5. Influence of pyrolysis oil as binder

Pelletization of biochar with pyrolysis oil as binder were also
studied and the pelleting curve is presented in Fig. 16. The oil
produced during pyrolysis and then stored was used. 35% of py-
rolysis oil was mixed with biochar produced at 600 �C for pro-
ducing pellets, which was compared to the base case, as the 35% of
water content was added with the same biochar. As shown in
Fig. 16, no significant difference is visible between the curves ob-
tained from tests using the two binders; however, pyrolysis oil
returns somewhat lower values of exiting pressure. The pyrolysis
oil used in the current work has a considerable water content
(85.1 ± 1.4 wb%) and also contains a certain fraction of non-water
compounds. According to Ref. [49], pyrolysis oil, produced at
temperature between 600 and 900 �C, is characterized by high
carbon content, but also a considerable oxygen content. In partic-
ular, at circa 600 �C, the main compounds are (in order of
decreasing quantity): 1-hydroxy-2-butanone, hydroxyacetone,
methanol and acetic acid [50]. How and in what extent these non-
water compounds affect the pelletization and the pellets quality is
however not clear. However, some of these compoundsmight affect
the hygroscopic property of biochar, making it more hydrophilic



Fig. 16. Comparison between pelleting pressure curves of biochar produced at 600 �C
and densified at 20 �C with either 35% of water content or of pyrolysis oil of total
feedstock weight. For each configuration, the legend shows a marker and a line. The
markers display the experimental data, while the three line represents the modeled
curve values.
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and, therefore, ease the binding with the water which is present
with the pyrolysis oil. Considering the outstanding features asso-
ciated to the use of pyrolysis oil as binder [20], it could be relevant
to investigate which of these compounds has a major role in the
enhancement of the binding mechanism, or what is the role of the
carbon and oxygen content. In this way, the qualities of this binder
could be further developed and upgraded. However, such research
was beyond the scope of this work.

Fig. 17 shows representative SEM images of the morphology and
Fig. 17. SEM images of pine biochar produced at 800 �C ((a), (b) and (c)) with addition of 35
(f)).
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microstructure of pellets from pine biochar produced at 800 �C
with addition of 35% water (referred to as PB 800) and pine biochar
produced at 600 �C with addition of 35% of pyrolysis oil (referred to
as PB 600-O). These two configurations were compared because of
their similar morphology. The comparison might therefore be
helpful in identifying differences between the water and pyrolysis
oil as binder. Both biochar pellets display compact and dense
structure. Compared to PB 600-O, the PB 800 pellet has more
smoothed surface. However, a few cracks highlighted by white ar-
rows can be seen in Fig.17 (a), whichwere not observed from the PB
600-O pellet in Fig. 17 (d). Presence of these cracks indicates more
susceptible breakage of PB 800 during durability tests and further
handling, transportation and storage. Fig.17 (c) and (f) show images
of areas highlighted respectively in Fig.17 (b) and (e), with the same
high magnification. Fig. 17 (c) shows that the biochar particles have
rather smaller sizes, in comparison to the PB 600-O biochar pellet
displayed in Fig. 17 (f). This is in line with particle size distribution
analysis results shown in Fig. 15, where biochar produced at 600 �C
has a larger fraction of particles with size in the range of
500e1000 mm.
3.6. Comparison with untreated wood and torrefied wood

The base case of this work was compared to pelleting curves of
two different pine-based pellets: untreated wood (with a water
content of 10%) and torrefied wood with a heating rate of 2 �C/min
up to 275 �C for 2 h in nitrogen atmosphere (with awater content of
5%), processed and pelletized according to themethods used for the
base case. The results are presented in Fig. 18. At high compression
ratios, untreated pine was characterized by the lowest exiting
pressures. The values were coherent with what was previously
presented in Ref. [51]. When the exiting pressures in relation to the
compression ratios are compared to several other feedstocks
pelletized in Refs. [52,53], pine pellets return similar values, con-
firming that untreated softwood has favorable properties for the
% water and pine biochar produced at 600 �C with addition of 35% bio-oil ((d), (e) and



Fig. 18. Comparison between pelleting pressure curves of biochar produced at 600 �C
and densified at 20 �C with a 35% water content, untreated pine woodchips pellets
(water content 10%), woodchips torrefied at 275 �C (water content 5%) densified at
20 �C. For each configuration, the legend shows a marker and a line. The markers
display the experimental data, while the three line represents the modeled curve
values.

Fig. 19. Particle density of pellets studied and compared in this work. In the name code
PB refers to pine biochar, UP to untreated pine, TP to torrefied pine. The first number
following the type of treatment is the pyrolysis temperature in �C, then the percentage
of water is signed and finally the pelleting temperature in �C. In the last label O stands
for Oil, meaning the binder was pyrolysis oil.
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pelletization. Due to similarities, it is worthy to compare the tor-
refied and pyrolyzed pinewood in terms of pelletization. Compared
to torrefied wood, lower exiting pressures were obtained during
pelletization of biochar produced at 600 �C. It is important to
mention that the torrefaction settings were chosen as representa-
tive, without any concern about an optimal pelletization outcome.
Moreover, as mentioned in Ref. [54], pelletization of torrefied wood
requires higher temperatures to overcome the glass temperature of
the lignin and enhance its binding properties. The pelleting curve
obtained in this paper is comparable with published results [27,31].
At low compression ratios, torrefied pellets have higher exiting
pressure values, indicating that the coefficient U is higher, as well.
Therefore, according to Eq. 3, the torrefied material might be
characterized by higher sliding friction coefficient and pre-
stressing pressure. As mentioned in Ref. [26], these terms are
complex to compute and hardly obtainable in literature. However,
it is possible to attempt an explanation focusing on the different
degrees of carbonization and thermal degradation generated by
pyrolysis and torrefaction. While hemicellulose mainly degrades in
temperature ranges between 250 and 300 �C, followed by extensive
cellulose degradation at slightly higher temperatures (275e350 �C
[55]), lignin degradation occurs in a much wider temperature
range, up to above 600 �C [56]. Hence, torrefied wood at 270 �C
contains still a relevant amount of hemicellulose and most of the
cellulose [36], which will play a considerable positive role during
the pelletization process. In contrast, the three main components in
biomass are almost completely degraded after the pyrolysis treat-
ment and following carbonization [57]. In addition, biochar has
graphene-like sheets structure, causing an increase of the elasticity
of the material [58]. This behavior might therefore be associated to
a decrease of the prestressing term, impacting on the coefficient U.
This could explain the different trend in the linear region for tor-
refied and pyrolyzed pellets.
3.7. Influence on mechanical properties

For each configuration tested in this work, the density and the
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compressive strength of the pellets were measured, after the con-
siderations risen from Fig. 6. The results are presented in Fig. 19 and
Fig. 20. In Fig. 19 the density of produced biochar pellets is
compared. The pellets from biochar produced at 800 �C had the
highest density, followed by the ones from biochar produced at
600 �C and at 400 �C. The effect of the pyrolysis temperature on the
biochar pellet density appears to alignwith the analysis of pelleting
curves: the lower the values of exiting pressure at fixed compres-
sion ratio, the higher the density of the produced biochar pellet.
The results indicate that a smooth pelleting process yielding dense
pellets is feasible and also easier to manage and work with. This is
however not enough to justify a general strong correlation between
pelleting pressure and density since untreated wood pellets pre-
sented contrasting results. It could therefore be inferred that the
properties of the pelletizedmaterial can also considerably affect the
characteristics of pellets, to a higher extent than the pelleting
process. However, in this case, it is noteworthy to mention that the
wood pellets were characterized by lower density values thanwhat
are generally observed, since the pelleting temperature was not
high enough to enhance the lignin binding mechanism [59]. Quite
interestingly, when varying the water content, the maximum
density of biochar pellets was observed at the value of 35%, while it
was slightly lower with 45% of water content. Since the water is
denser than biochar, an increase of binder content might easily be
related to an increase of density. The results suggest that above a
certain threshold the porous structure of biochar cannot absorb all
the water and gets over-saturated. Density was negatively affected
by an increase in pelleting temperature. The increase of tempera-
ture enhances water evaporation during the process and give
negative effects on densification of biochar. Indeed, at higher pel-
leting temperatures, the density value is similar to the one
observed for pellets with 25% of water content, demonstrating that
a relevant amount of water was lost. When pyrolysis oil was used as
binder, the density of biochar pellet was lower and characterized by
a considerably high uncertainty. Pyrolysis oil is tendentially un-
stable and a relevant amount was presumably volatized in the



Fig. 20. Tensile compressive strength of pellets studied and compared in this work. In
the name code PB refers to pine biochar, UP to untreated pine, TP to torrefied pine. The
first number following the type of treatment is the pyrolysis temperature in Celsius
degrees, then the percentage of water is signed and finally the pelleting temperature in
degrees Celsius. In the last label O stands for Oil, meaning the binder was pyrolysis oil.
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pellets cooling phase, with a consequent decrease in density.
Fig. 20 reports the value of the tensile compressive strength of

produced biochar pellets. The positive effect of an increase of py-
rolysis temperature was confirmed, suggesting a possible correla-
tion between density and strength, too. In this case, pellets with
biochar produced at 600 and 800 �C have similar strength values.
This result, combined with the analysis of the modeled curves and
density values, suggests that it is not necessary to carry out py-
rolysis at excessively high temperatures to obtain a sufficient me-
chanical pellet quality and contain the energy consumption in the
pelleting process. Compressive strength seems to benefit of an
increased water content. This result, combined with the water
content effects on density presented in Fig. 19, confirms that
generally low moisture content is associated to mechanical weak-
ness of biochar pellets, while too high moisture content affects
negatively density [34]. Nevertheless, as explained in Ref. [60] for
biomass in general, and verified in Refs. [20,21] for biochar, an
excessive moisture content might lead to incompressibility and
hence mechanically weaker pellets. This behavior is strictly close to
what is observed for density, confirming that the binding mecha-
nism between biochar and water are partially compromised. These
results show that, as a rule of thumb, the trend in the modeled
pelleting curves can already give important information about the
mechanical properties of the pellets. However, no statistically sig-
nificant correlations could be derived. Different than density,
strength of produced biochar pellets is higher when water is
substituted by pyrolysis oil. Despite the water volatilization
affecting the density of the pellets, the composition of the pyrolysis
oil provides a stronger binding mechanism, making it a promising
binder. In conclusion, based on the results illustrated in Figs. 19 and
20, it is reasonable to assume that, among the factors investigated
in the present work, pyrolysis temperature is the most critical
factor to both optimize the pelleting process and obtainmechanical
properties comparable to industrially established pelletized mate-
rials. Moreover, the results confirm the potential of using pyrolysis
oil as a binder in alternative to water.
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4. Conclusions

This work intended to enlighten on the mechanism underneath
the pelleting process of pyrolyzed biomass by the help of a multi-
parameter model previously implemented and used to analyze
pelletization of wood and torrefied wood. The preliminary evalu-
ation of biochar pelleting behavior based on lab scale analysis can
facilitate the feasibility evaluation of industrial biochar densifica-
tion processes, which recently has turned to be promising for
cofiring and metallurgical applications. The multiparameter model
was firstly applied to a base case (pine pyrolyzed at 600 �C mixed
with 35% of water and pelletized at 20 �C) and the feasibility of
fitting the pelleting pressure as function of the compression ratio
was verified. Afterwards, starting from pine, pelleting curves
modeling the variation of the exiting pressure in relation to the
compression ratio of the pellets were built, with variation of water
content (between 25 and 45%), pelleting temperature (between 20
and 120 �C), and pyrolysis temperature (between 400 and 800 �C).
For biochar pellets produced under each configuration, density and
tensile compressive strength were measured to analyze the me-
chanical quality of the pellets. It was hence found out that:

- Pelletization of biochar requires lower exiting pressures with
increasing water contents. Compressive strength benefits also
from higher water contents, while the density gets reduced at
high water content.

- The pelleting temperature did not particularly affect the exiting
pellet pressure, while both density and compressive strength
are tendentially higher at lower pelleting temperatures. It can
therefore be stated that during pelletization, effects of other
parameters should be considered more carefully than the pel-
leting temperature. Among the different cases, the pelleting
curves at different pelleting temperatures were the only ones
characterized by a linear trend for the coefficient U. When
computing J by assuming linearity of J, the curves were still close
to the empirical data, suggesting that this parameter is hence
the easiest to model.

- The model for different pyrolysis temperatures returned the
curves most deviating from each other. In particular, a consid-
erable influence on pelleting pressure was observed between
biochar produced at 400 and 600 �C. Especially for biochar
produced at 400 �C, the outcome showed that pelletization of
such material would be challenging. On the other hand, no
relevant differences were noticed between 600 and 800 �C. The
same trend was observed for density and compressive strength.
Such result suggests that, it is necessary to pyrolyze at relatively
high temperatures to facilitate densification,

Water was compared with pyrolysis oil to evaluate its perfor-
mance as binder in the pelleting phase. The same percentage 35%
wt water and pyrolysis oil was considered and tested as binder,
respectively. The comparison between pellet exiting pressures for
water and pyrolysis oil as binder did not provide relevant differ-
ences. Moreover, when the mechanical properties were measured,
it was observed that a reduction in density is balanced by an in-
crease in compressive strength.

Finally, the base case was compared to the pelleting curves of
untreated pine and torrefied pine. Tests were carried out to un-
derstand both the feasibility of biochar pelletization in relation to
more established pelleting technology and in what extent they
differ. Wood pellets proved to be easier to pelletize, however, bio-
char pellets showed exiting pressure values lower than for torrefied
pellets.

Results from the current work contribute to better un-
derstandings on biochar densification, offering an exhaustive
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insight useful to comprehend some basic phenomena which might
occur in the pelleting process and easing further and more detailed
studies.
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