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 Thermal models have been coupled in finite element modelling program for process analysis.
 Process has been simulated based on available model parameters from literature.
 Model has been validated based on measurement data from field tests.
 Heat losses during biomass densification have been estimated to be 10–25%.
 Suggestions for process improvement have been proposed.
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a b s t r a c t
Biomass residues are increasing their share as a feedstock for renewable heat and power systems.
Agricultural biomass is available in large quantities but to be utilised in energy systems the bulk density
of the material should be increased. A large number of process parameters influence biomass compression and thus affect machinery efficiency and particular energy consumption. Increased concerns related
to energy efficiency and environmental impacts of agricultural machinery have led to an increased interest in simulation models which can be used for process optimisation. In this study the influence of temperature on the biomass compression process performance has been analysed. For this purpose,
mathematical models describing the thermal processes in the biomass material and the surrounding
compression chamber have been elaborated. The heat transfer in the biological material has been
described with time dependent Navier–Stokes equations for non-isothermal flow, while time dependent
Navier–Stokes equations for heat transfer in solids have been utilised to describe heat transfer in metal
structures of the chamber. The prediction performance of the model has been verified by comparing the
simulated temperature evolution in the biomass and chamber walls to the corresponding values measured from a biomass compression machine through dedicated tests. The model was found to be able
to predict the measured values with an average R2 of 0.82. The influence of friction heat in the compression chamber has been simulated and heat losses during the process have been estimated. The developed
simulation model has been used to make suggestions for process improvement.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Biomass has been traditionally used as animal feedstock and
building material source [1]. Nowadays it is becoming a very popular feedstock for renewable energy systems thanks to its relatively high availability. Thanks to their availability, second
generation biofuels derived from agricultural material, such as
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straw, have a high potential to contribute to covering the primary
energy demand, to substitute fossil fuels as an energy source in
power plants [2] and to reduce greenhouse gas emissions [3]. In
Denmark, more than 10% of the energy from renewable sources
is produced from straw fuelled heating or cogeneration facilities
[4] while only 25% of the available straw is used for this purpose
[5]. Non-processed biomass, however, is not suitable for producing
energy directly. Due to the low bulk density and high moisture
content of the raw biomass it is not economically viable to use it
in its non-processed form [6]. Therefore, densification is one of
the essential pre-processing steps in the biomass conversion pro-
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u
Main symbols
specific heat capacity (J/kg K)
cp
F
volume force (N/m3)
I
identity matrix (–)
k
thermal conductivity (W/m K)
p
pressure (Pa)
Q
heat source/sink (J)
T
temperature (°C)
t
time (s)

cess for the successful use of biomass materials in various applications, as it provides more efficient handling, storage, transportation, and use of these materials [7]. Compression of agricultural
residues is usually conducted with mobile machinery through an
extrusion process. The number of produced dedicated machinery
for biomass densification is generally rising due to need for easier
mechanical handling of biomass residues, lower storage and transport space of agricultural products and an easier tradable product.
The performance of the machinery is influenced by numerous
operating parameters such as: biomass type, quality and moisture
content, feed rate, the forward speed of the machine, field conditions, feeding mechanisms and power available for baling [8].
Rising concerns with respect to fuel consumption and environmental impact of agriculture have resulted in a renewed interest in
research related to fuel usage in agriculture in terms of manufacturing and transportation [9], utilisation of non-conventional
energy sources [10], carbon emission impact [11], policies related
to energy efficiency in agriculture [12] and the impact of those
policies on economic effects of biofuels production in India [13]
and Pakistan [14]. Compression of biomass residues through extrusion allows continuous operation at high capacity, but is also an
energy intensive process. The power that is required for compression generally depends on the covered field surface, the moisture
content and density [15]. The minimal required mechanical power
to operate modern, commercially available machinery for biomass
densification (balers) ranges between 75 and 110 kW [16]. The
general baler efficiency is estimated to be around 60% [17]. This
means that 40% of the power (or around 40 kW) is used for nondensification related processes like bale movement or process heat
generation (friction heat). Overall baler efficiency is generally
influenced by the feedrate [17], the density of the final product,
biomass picking method (mechanical or manual) [17], biomass
type and weather conditions. Effects of different operating conditions during pelleting of biomass residues on the process performance have been described in details in the research performed
by Tumuluru et al. [18]. However, no records could be found on
the detailed analysis of particular (mechanical or thermal) losses
during baler operation. Recently, research has turned to biomass
compression process modelling to understand the densification
mechanisms which can contribute to more efficient baler [7] or
briquetting [19] design and operation, higher bale densities and
to predict the overall process performance in a fast and cost effective way. However, most available thermal models consider the
use of agricultural residues in power generation [20] and combustion [21] together with modelling of briquettes in combustion [22].
While thermal modelling of biomass pre-treatment processes has
been performed for wood torrefaction [23] and torrefaction of

velocity, m/s
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other types of cellulosic biomass [24], models that describe the
thermal processes during baling or briquetting are still lacking.
The mechanical behaviour of biomass depends on stress, strain,
strain rate, material composition, moisture content, process temperature, material size and shape [7]. Biomass mechanical properties (such as friction coefficient) are influenced by the biomass
composition. Some biomass waxes are deposited on the outer surface of the plant parts have a great influence on biomass density
and compression strength during the compression process [25].
The properties of these waxes can change during the compression
process due to changes in the biomass temperature and moisture
content. At low temperatures, the waxes have a lubricating effect,
because they reduce friction and improve tendency for material to
expand [25]. At temperatures around 60 °C these waxes are undergoing a transition from a glassy into a plastic state (thermal softening). This temperature point depends on the biomass type and
moisture content [25]. In general, the temperature point decreases
with an increasing moisture content. Thanks to this lubricating
effect, biomass at higher temperatures (after thermal softening
occurs) can be compressed to a higher density and expands less
after the densification process [25].
The heat during biomass densification process is generated
through the conversion of mechanical energy into heat through
friction between the biomass particles themselves and with the
walls of the compression chamber [26]. This energy dissipation,
called frictional heating, is responsible for the increase in the temperature of the sliding bodies in contact [26]. Resulting temperatures could have an important influence on the friction
properties, wear behaviour and failure of sliding components
[26] (together with the stresses due to additional thermal expansion of the material). Thus, temperature is both, an input and output variable of the friction process during compression of biomass
residues, which is one reason why an understanding and prediction of friction phenomena is so challenging. The temperature distribution within the contacting bodies, and particularly the nearsurface temperature in sliding systems, has been of great interest
for many researchers during past decades [27]. Many models based
on Coulomb’s Law of friction and Fourier’s law for heat conduction
have been developed to analyse the process of cold bold forging
[28] and rolling [29]. Most of these models consider the interaction
between metals or polymers. However, the interaction between
metals and biomaterials and the influence of friction heat on temperature changes during densification of biomass residues has not
been analysed with the same level of detail. Thanks to the recent
developments in computational capabilities, a multiphysics
modelling approach that combines multiple physical models or
physical phenomena is becoming increasingly popular for the
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Fig. 1. Position of segments along compression chamber.

Table 1
List of properties for different segments of a bale.
Density (kg/m3)

Segment

Specific heat capacity (J/kg K)

Model parameters for detailed analysis
Segment 1
100
Segment 2
135
Segment 3
170
Segment 4
190
Segment 5
200
Parameters for sensitivity analysis
Segment 1
Segment 2
Segment 3
Segment 4
Segment 5

100
135
170
190
200

175
240
290
330
350

0.03
0.04
0.045
0.05
0.05

2425
2660
2980
3140
3215

0.08
0.095
0.11
0.12
0.13

Table 2
List of properties for steel material.
Property

Density (kg/
m3)

Specific heat capacity
(J/kg K)

Thermal conductivity
(W/m K)

Steel

7300

430

0.43

Thermal conductivity (W/m K)

simulation of multi physical processes in biological materials like
drying processes [30], electrical signals in a heart [31] or combined
electro-thermo-mechanical processes [32].
From this point of the state of the art, it can be concluded that a
more detailed analysis of the thermal processes during baling, that
includes interaction between biological material and metal

structures, is required to increase the insight in the biomass densification process in balers, to determine heat losses during operation and to improve process performance. Thermal processes are
interconnected with mechanical processes during baling, because
the mechanical properties of the biomass material are temperature
dependent. So, temperature changes lead to changes in operating
performance. In order to predict the temperature distribution
and to estimate thermal losses during baling a model should be
developed which describes the thermal processes in a compression
chamber during baling. Therefore, the focus of this study was to
develop a model which can describe both the densification/compression of the biomass as well as the thermal processes prediction
model for process by using a novel multiphysics modelling
approach, to analyse temperature distribution along compression
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Fig. 2. Heat convection coefficient for COMSOL models.

Table 3
General model parameters.
Property

Unit

Value

Heat convection coefficient between
a bale and steel walls
Measured bale speed
Inlet and outlet pressure
Ambient temperature
Initial temperature in the bale and steel walls
Inlet temperature of biomass residues
Simulation time
Step time

W/(m2 K)

100,000

m/s
bar
°C
°C
°C
s
s

0.03
1
35
35
35
1200
10

chamber and to estimate the share of heat losses in overall energy
consumption of a baler. After successful validation of this model
based on measured data, this model will be used to propose some
suggestions for process improvement.

relatively constant speed, it is reasonable to model it as a fluid.
In order to simulate the movement of the solid biomass through
a chamber, material flow has been defined as laminar flow with
very low viscosity and a slip effect between the bale and compression chamber walls. A similar modelling approach has been proposed for FEM analysis for a continuous aluminium extrusion
process [33]. Although the metal alloys are deformed through
extrusion in a hot solid state, such processes can be simulated
effectively by considering material as a fluid (a laminar flow) that
is coupled together with heat transfer equations for solid mechanics. Under these assumptions, the heat transfer in the biomass can
be modelled with time dependent Navier–Stokes equations for
non-isothermal flow:

q



@u
2
þ qðu  rÞu ¼ r  pI þ lðru þ ðruÞT Þ  lðr  uÞI þ F
@t
3

ð1Þ

2. Modelling methodology

@q
þ r  ðquÞ ¼ 0
@t

2.1. Mathematical model

qcp

In order to describe the thermal behaviour of biological material
(bale) and the interaction between a bale made of biomass residues
and steel walls in the compression chamber, the mathematical
model has been divided in 2 parts that will be coupled in the multiphysics simulation tool.
Although biomass residues are not a fluid, due to its movement
(as a particulate solid) through the compression chamber with a

As the density typically increases through the compression
chamber the bale model has been divided in 5 segments along
the chamber with different definition of material properties. The
density has been defined based on measurements of the final bale
density and the relative movement of different parts of the bale
during compression. Both the specific heat capacity and thermal
conductivity increase when density increases, as this corresponds

@T
þ qcp u  rT ¼ r  ðkrTÞ þ Q
@t

ð2Þ

ð3Þ
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Fig. 3. Geometry of COMSOL 2D models.

Fig. 4. A segment of the 2D FEM model in COMSOL.

to a decrease in material porosity. It is assumed based on process
behaviour and measurements that the bale density does not
increase significantly anymore after the fourth segment. Bale thermal properties are considered to be independent from the temperature. The position of the segments in areas close to contact
between a bale and steel is illustrated in Fig. 1.
Parameters used in the simulation model for different segments
of a bale are summarised in Table 1. Parameters like specific heat
capacity [34] and thermal conductivity [35] were extracted from
the literature for straw bales. The dynamic viscosity has been
defined as a constant value 0.0003 [Pa s] in order to assure uniform
movement of a bale (slip effect between a bale and steel walls).
Due to the large variation in model parameters that can be found
in literature a sensitivity analysis has been performed. The model
parameters (namely specific heat capacity and thermal conductiv-

ity) used in the sensitivity analysis have been extracted from [36].
It has been assumed that with proposed model parameters the
expected range of simulation outcomes (that represent reality) will
be covered for process analysis.
The following assumptions and simplifications related to the
thermal and mechanical properties of a bale have been used in
the model:
– Volume force is constant because no external forces were
applied (bale movement and density changes have been defined
through mass flow calculations and chamber segmentation).
– Average material density is time independent (stationary
machine operation in terms of mechanical performance has
been assumed) in different segments along bale chamber and
defined through dedicated measurements.

R. Mikulandrić et al. / Applied Energy 184 (2016) 1316–1331

Fig. 5. Heat source in more detailed 2D FEM model.

Fig. 6. Temperature distribution in the bale chamber after 1200 s of operation (axes are in meters).
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R. Mikulandrić et al. / Applied Energy 184 (2016) 1316–1331

Fig. 7. Results of fitting procedure for temperatures near contact areas along compression chamber.

– Bale movement speed has been defined with a constant average
velocity that is defined through mass flow and density
measurements.
– Slip effect between a bale and steel walls [33].
– Bale thermal properties are not temperature dependent and
they are constant in different segments along the bale chamber
[36].
The heat transfer in the metal walls of the compression chamber has been modelled using a time dependent Navier–Stokes
equations for heat transfer in solids:

qcp

@T 2
þ qcp u  rT2 ¼ r  ðkrT2 Þ þ Q
@t

ð4Þ

The steel walls of the compression chamber have not been segmented as their density does not change along the chamber length
and their thermal properties are considered independent from
temperature. Material properties of steel have been extracted from
[37]. The list of used parameters is presented in Table 2.
As the machine for biomass compression moves during baling,
the heat convection coefficient between steel wall and environment is changing during simulation. Based on baler speed measurements the heat convection coefficient has been calculated
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based on the following empirical relation for a flat plate surface at
low air speeds [38].

a ¼ 10:45  u þ 10u1=2

ð5Þ

The implemented heat convection coefficient values are presented in Fig. 2. It should be noted that a more detailed heat convection coefficient could be defined using Reynolds, Nusselt and
Prandtl numbers for laminar flow if dedicated measurements of
air velocities close to the compression chamber are available. Other
model parameters, relevant for the simulation, are summarised in
Table 3.
2.2. Multiphysics simulation model
A multiphysics simulation model has been developed in COMSOL (COMSOL Inc., Burlington, USA) to simulate the thermal processes in a 2D compression chamber (Fig. 3). In order to reduce
the simulation insensitivity and due to the high insulation properties of the bale [27], some additional assumptions related to the
required simulation space have been made. First, a 2D simulation
model that is used for simulation of half of a chamber (left) has
been considered. Next, based on the results derived from the mentioned model a more detailed model with reduced simulation area
size has been developed (right). The chamber has been divided in 2
equal parts based on the assumption of thermal process symmetry.
The compression chamber length has been divided in 10 equally
distributed measurement point segments. Every segment consists
of 2 measurement points, a steel wall instance, a contact surface
and a bale instance. The thickness of the steel walls was set to be
0.005 m. An example of one simulation segment for the detailed
2D model is presented in Fig. 4.
Due to COMSOL implementation limitations, heat sources (that
represent frictional heating) have been defined as line heat sources
that have been set to be 0.001 m (for simulation model with half of
a chamber) and 0.0005 m (for more detailed model) under the
actual contact surface (Fig. 5). The heat transfer between the bale
and steel walls has been defined as convective heat flow with a
very high heat convective coefficient (a = 100,000 W/m2 K, Table 1).
In order to simulate the process behaviour close to the contact surface in a qualitative way, the mesh should have a high quality close
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to the contact surfaces and close to the element that represents
friction heating (heat source). This represents an issue with respect
to the computational intensity of the simulation model. Thermal
insulation has been defined on the bottom part of the bale domain,
under the assumption that there is no heat transfer in straw bale
material (due to conduction process) below this point. The validity
of the assumption will be verified further on.
The detailed simulation model consists of 590,000 elements and
the bigger scale model consists of 153,000 elements with lower
quality of the mesh close to the contact area. To evaluate the effect
of mesh size, simulations have been performed for meshes consisting of 369,000, 386,000, 590,000 and 746,000 elements. No significant differences could be observed in the simulation results for the
mesh with 590,000 elements and the one with 746,000 elements.
Therefore, a mesh with 590,000 elements has been chosen. The triangular element type with automatic calibration for specific physics has been utilised.
In order to define the required domain size of the 2D COMSOL
model that is needed to describe thermal processes in a qualitatively way a simulation on a bigger scale model (where half of
the compression chamber has been considered) has been performed. The total simulation time was set to be 1200 s. For process
simulation the implicit MUMPS (Multifrontal Massively Parallel
Sparse direct) solver (a parallel sparse direct solver) has been used.
Scaled tolerance for solution iteration has been set to 0.01. The BDF
(backward differentiation formula) method was used for time stepping with maximum step size of 10 s. Based on measurements and
initial calculations the heat sources (friction heating) have been
estimated to be up to 1000 W per segment (there are 10 segments
equally distributed along the chamber).
3. Results and discussion
Simulation results for a half bale chamber after 1200 s of operation are presented in Fig. 6. The variation in temperatures is hard
to detect, because the heat source is concentrated close to the contact area, while the low thermal diffusivity of the biomass material
makes that the heat is not transferred deeper into the bale. Therefore, a more detailed simulation model will be used for a detailed
analysis and thermal losses estimation. Temperatures in the bale

Fig. 8. Fitted heat flows for COMSOL model to reach measured temperatures at contact surfaces.
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Fig. 9. Temperature field in compression chamber (segment 3) in 200 and 400 s (axes are in meters).
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Fig. 10. Temperature field at the back of compression chamber in 200 s (up) and 1200 s (down) (axes are in meters).
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Fig. 11. Temperature distribution through the bale depth at the bending after 1200 s.

Fig. 12. Simple model validation based on measurements of friction forces.

R. Mikulandrić et al. / Applied Energy 184 (2016) 1316–1331

Fig. 13. Temperature fields at the bend (up) and at the back (down) of compression chamber in 1200 s (axes are in meters).
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are presented in the left colour bar and temperatures in the steel
wall are presented in the right colour bar. The highest temperature
that occurs in the bale is around 82 °C, while in the steel walls the
temperature does not go higher than 68 °C. Higher temperature
fields are generally distributed close to the contact area, while
the larger part of the bale has a temperature close to the inlet temperature of the biomass residues. The first critical point, from a
standpoint of temperature prediction, is a bending in the chamber
where compression forces are the highest and where the most friction heat is generated. The second critical point is at the end of the
chamber where final (steady state) process temperature distribution occurs. From the simulation results it can be concluded that
due to the low heat conduction coefficient and a low thermal diffusivity of a bale effects of friction heating on temperature distribution can be hardly seen after 2 cm of depth in the bale. This
allows to reduce the model size and to apply thermal insulation
after 5 cm of bale depth.
In order to obtain a better insight in the thermal processes close
to the heat generation zone, the bigger scale bale chamber simulation model has been rescaled and re-meshed to provide better
quality results close to the contact area. For the fitting procedure
and to simulate the real process behaviour in a compression chamber, the values for the boundary heat sources (representing friction
heat) have been varied in order to fit measurement data of steel
temperature near different contact surfaces along the compression
chamber. The results of the fitting procedure for segments 2–8 are
presented in Fig. 7. With the fitted heat source values, the error
between predicted and measured temperature values at the contact area in a more detailed model can reach up to 5 °C in some
cases, while the overall R2 of the detailed prediction model is
0.82. Smaller prediction errors and a better correlation with measured data could be obtained through a more detailed segmentation of heat sources and by applying advanced fitting approaches
which will result in a higher number of iterations, but also in a
longer computation time. The fitted heat flows are presented in
Fig. 8. The large variation in frictional forces can be attributed to
changes in machine operation. Between the 100th and 170th second the machine was not moving but in the compression chamber
the bale was slightly moving left and right due to plunger strokes
(without introduction of new material). Later on, the machine was

fully in operation and the heat losses (together with temperatures)
reached stationary operation values after some 500 s.
Based on the simulation results, process analysis has been performed. For the third segment (0.4–0.6 m) of the compression chamber, where the friction forces are the highest, the temperature fields
have been extracted for different process times (Fig. 9). After 200 s
due to friction heat, the temperature of the bale close to the heat
source has risen significantly. Due to the low conduction and thermal diffusivity properties, bale movement and relatively high heat
accumulation properties of a straw bale the heat is not distributed
to the steel walls. After an additional 200 s and after the second heat
flow peak the temperature near the contact surface has risen enough
to heat the steel walls. In the 600th second, the temperature of the
steels walls has risen up to 78 °C. Between 600 and 1200 s the temperature has reached its stationary value which results in minor
temperature changes in the steel walls. The temperature profile of
the bale has not changed significantly during simulation due to its
low thermal diffusivity. The highest temperatures occurs 1 cm in
the bale, measured from the contact surface.
In order to verify the assumption that due to the low heat conduction property of the bale it is not relevant to analyse thermal
processes in the areas further than 0.1 m from the contact area,
process analysis at the end of the chamber has been conducted
(Fig. 10). In the beginning of the process the initial temperature
of the steel walls and the bale at the back of the chamber are equal
or close to ambient temperature. The temperature at the bottom of
the considered area has remained the same after 1200 s although
the temperature of the steel walls and bale temperature near the
contact has risen. This leads to the conclusion that due to the
assumed low thermal diffusivity of a the bale it is not relevant to
analyse areas that are below 0.02 m from the contact surface,
because the temperature in that area does not change significantly
due to friction heating at the contact surfaces.
The simulated temperature distribution at the bending and
0.06 m in the bale depth are presented in Fig. 11. As in the case
at the back of the chamber at the bending the temperature change
with bale depth decreases significantly after 2 cm (green line) of
bale depth. This means that the simulation area can be further
reduced to reduce the computational load and to get more insight
in the relevant area.

Fig. 14. Fitted heat flows for COMSOL model in sensitivity to reach measured temperatures at contact surfaces.
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Fig. 15. Temperatures at contact surfaces (segments 2–4) and temperature distribution along compression chamber for case with cooling system.

A first model validation was performed by comparing the friction heat with friction measurements at segments 2 and 3
(Fig. 12). It has been assumed that the friction heat generation is
directly influenced by frictional forces (if the speed of the bale is
considered as constant). The friction heat from the simulated

model (green and red line) follows the tendency of the assumed
friction heat generation (blue line) derived from friction force measurements with reasonable resemblance. First friction peaks follow
the trend of measured friction force values. For the second friction
heat peak, the friction heat from segment 3 is in better correlation
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with measured data (and higher in value) than for segment 2.
Therefore, for these segments the real friction heat values are
expected to be between friction heats of segments 2 and 3. Additional verification was done on simple friction heat calculations
based on mechanical losses provided by baler producers. Based
on a simple mechanical loss calculation the average friction heat
during operation was estimated to be around 12–16 kW. Based
on the fitted data the average friction heat is estimated to be
around 11.5 kW.
The same methodology has been applied for the sensitivity
analysis. First, the new model parameters have been applied and
the heat flows have been fitted to meet the measured temperatures
at the contact surface. After the heat flows have been fitted, the
process has been analysed based on simulation results. The simulation results for the sensitivity analysis are presented in Fig. 13.
Similar to the previous case (with lower heat capacity and heat
conduction coefficient) that are presented in Figs. 9 and 10, the biggest temperature increase is expected in the areas close to the contact surface. The residence time of a bale (together with the heat
flows) in the compression chamber is not long enough to result,
in combination with thermal diffusivity, in a higher temperature
increase in the areas that are below 2 cm from the contact surface.
However, there is a slight increase in temperature of the steel components in the chamber, because of the higher conduction coefficient (while the distance between heat source and contact
surface remains the same).
Due to re-fitting procedure for sensitivity analysis the heat
flows (as model input) have been changed (Fig. 14). While in the
previous case of simulation model the heat flows were around
200–350 W for each segment, in the sensitivity analysis and with
new process parameters the heat flows were estimated to be
between 450 and 1200 W per segment. As friction heat that is generated during the process is considered as a thermal loss, the total
heat losses are expected to be 22.8 kW.
Simulation results for different model parameters have shown
that the share of the heat loss in the overall energy consumption
of a baler is estimated to be 11–25%, which represents 25–63% of
the total losses during the process of densification of agricultural
biomass residues.
In order to maintain the temperature at the contact surface
below 60 °C (depending on moisture content) after which waxes
are undergoing an unwanted transition from a glassy into a plastic
state (where particles are losing their lubricating effect) [25] a
cooling system that could reduce temperatures at contact surface
is proposed. A cooling system could consist of fans that blow air
in parallel (easier to implement but the cooling effect is lower)
or preferably perpendicular to the compression chamber in order
to assure forced convection over flat steel surfaces. With forced
convection, the convection coefficient will be improved which
would result in a higher energy dissipation towards the environment. Higher energy dissipation towards the environment would
result in lower temperatures at contact surfaces. Such a case where
the convection coefficient has been increased for 3 times in comparison with previous cases (Fig. 2) has been simulated with the
proposed model. Simulation results are presented in Fig. 15. With
improved cooling of the outer compression chamber shell through
improved convection, the temperatures at the contact surfaces
(segment 2–4) between a steel plate and a bale can be kept below
60 °C. This seems to be a promising approach to avoid unwanted
effects of the wax state transition during biomass compression.

4. Conclusion
For biomass compression performance analysis, both mechanical and thermal process analysis should be performed. Ongoing

thermal processes during compression in machinery for densification of agricultural biomass residues have a significant impact on
various process parameters such as the friction coefficient between
the biomass material and the steel walls, and cause wear of steel
surfaces. The following conclusions can be drawn from this study:
 For thermal analysis of biomass densification a multiphysics
modelling approach, similar to existing modelling approaches
for aluminium extrusion, based on Navier–Stokes equations
for non-isothermal flow and heat transfer in solids has been
elaborated and implemented.
 It was concluded based on the results derived from model simulation, process analysis and model verification, that the developed finite element model enables good approximation of
process temperatures (with R2 of 0.82) at the contact surface
for the fitted data of friction heat and for material properties
derived from literature.
 Based on simulation results and model sensitivity analysis it has
been estimated that the share of heat loss in the overall energy
consumption during the densification process in a baler ranges
between 10% and 25%. As overall losses during baling have been
reported to be around 40%, the total share of heat losses in the
overall losses is estimated to range between 25% and 63%.
 Based on simulation results a cooling system that could contribute to mitigation of unwanted state changes of biomass particle waxes during baling has been proposed.
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