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Simulation of the microalgae-enriched nitrogen
fertilizer granulation mechanism using the DEM
method

Rasa Šlinkšienė, *a Vaidas Bivainisb and Austėja Mikolaitienėa

The use of granular fertilizers offers significant advantages over traditional powder forms, including

improved nutrient distribution, reduced dust, and controlled nutrient release. These benefits enhance plant

growth while minimizing negative environmental impacts. The addition of reused materials (recycle)

significantly influences the size distribution and strength of granular fertilizers. It was determined that

incorporating 60% recycle increases the part of commercial granules (size 2.0–4.0 mm) from 22% to about

68%. However, this increase is accompanied by a decrease in static strength, which drops from 2.8–3.8 MPa

to 1.7–2.3 MPa. Modelling granulation processes holds substantial potential for the fertilizer industry,

enabling the optimization of high-quality granular fertilizer production while minimizing the need for

extensive experimental trials. This approach not only streamlines manufacturing but also ensures consistent

nutrient supply, ultimately contributing to improved crop yields and sustainable agricultural practices. In this

study, a simulation model based on an actual granulation drum was used to investigate the granulation

process of a mixture containing recycled material, crystalline urea, and the microalgae Chlorella vulgaris sp.

The granulation simulation data showed that granule formation began within 30 seconds and that the

desired quantity of the mixture was produced in just 30 seconds. Throughout the process, the segregation

coefficient remained near zero, indicating effective granule formation and distribution.

1. Introduction

Most industries (food, pharmaceutical, fertilizer,
construction) use granular materials, but the size and
properties of granules vary. Granular fertilizers have many
advantages compared to powdered or crystalline fertilizers.
First, they are less dusty, and due to their appropriate size
and spherical shape, they are easier to spread by hand or

with specialized fertilizer spreading machines, thus ensuring
an even distribution of nutrients. Granular fertilizers also
enable a slower, long-term release of nutrients, which
benefits plants by ensuring a stable supply of nutrients over
time. For the same reason, they are less likely to be washed
away by rain or dissolved by atmospheric moisture.
Additionally, granules are less prone to absorbing moisture
and clumping together, making them easier to store and
transport.1,2 In general, granular fertilizers are more
convenient to use, more efficient in terms of nutrient
distribution, and less harmful to the environment and health
compared to powdered forms.

However, some granular fertilizers, such as urea, dissolve
quickly regardless of their form. Because urea is widely used
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Design, System, Application

The granulation process optimization strategy presented in this work, combining experimental studies and molecular modelling, allows for effective
control of granule formation, their size distribution, and mechanical properties of the mixture. Modelling, based on the simulation of a real granulation
drum, makes it possible to reduce the need for physical experiments and accelerate the search for technological solutions. The study revealed that the
amount of return in the mixture significantly affects both the granule size fractions and their strength, which allows for targeted adjustment of product
quality according to the desired functionality. Design constraints, such as material interactions, particle size distribution, and the effect of the binder, were
systematically evaluated both through modelling and experimentation. The results of the study have significant application potential in sustainable
agricultural production – using microalgae, it is possible to regulate urea solubility and reduce environmental pollution. The proposed approach can also
be applied to other systems where the aim is to combine recycled materials and environmentally friendly raw materials.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 7
:3

9:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d5me00091b&domain=pdf&date_stamp=2026-01-14
http://orcid.org/0000-0003-0614-5027
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5me00091b
https://pubs.rsc.org/en/journals/journal/ME
https://pubs.rsc.org/en/journals/journal/ME?issueid=ME011001


Mol. Syst. Des. Eng., 2026, 11, 126–138 | 127This journal is © The Royal Society of Chemistry and IChemE 2026

in crops and is highly soluble, it causes significant losses due
to volatilization and leaching. These losses reduce nitrogen
use efficiency in plants, limit crop yields, and contribute to
environmental pollution, including hazardous gas emissions
and water eutrophication.3 Coating physical urea pellets with
a suitable material is one method of producing controlled-
release urea. This urea coating technology not only reduces
nitrogen losses caused by volatilization and leaching but also
modifies the kinetics of nitrogen release. This, in turn,
ensures that nutrients are supplied to plants at a rate more
aligned with their metabolic needs.4 The controlled release of
nutrients also depends on ambient temperature and
humidity, with release rates increasing at higher
temperatures and humidity levels.5

The solubility of nitrogen compounds in water can be
reduced by physical methods, such as coating or
encapsulating substances with organic or inorganic
materials, and by chemical methods, such as converting
nitrogen into less soluble polymeric forms. Fertilizer granules
are typically coated with low-water-soluble materials, which
allows water to slowly penetrate and dissolve the nutrients
over time, leading to prolonged nutrient release.3,6–9 Another
option for slowing down the solubility of nitrogen fertilizers
is to use organic or biofertilizers, which enrich the soil with
nutrients without deteriorating soil quality.10,11

One suitable bioactive material is algae, which are
described as a group of mostly aquatic, photosynthetic
organisms that lack the roots, stems, leaves, and complex
reproductive structures of true plants. They possess diverse
photosynthetic pigments and unique cellular properties not
found in plants or animals. While most algae
photosynthesize to produce their own food from sunlight
and carbon dioxide, there are certain species of algae that
require only external sources for nutrition.12,13 Algae have
diverse commercial uses, including as food and beverage
ingredients, biofuels, biomedicine, cosmetics, fertilizers, and
pigments.14–18 They are particularly valuable for bioenergy
and biofuel production, as well as for their positive effects on
crop yields when used as fertilizers. Algae cultivation helps
reduce atmospheric CO2, contributing to climate change
mitigation.19–25 Unlike traditional crops, algae do not require
agricultural land and can be grown in environmentally
friendly, closed cycles. Studies show that microalgal biomass
provides a slow release of nutrients, enhancing plant growth
and resilience.26–28 Thus, after careful analysis and evaluation
of the chemical composition, this biomass can be used in the
production of “green” fertilizers, and the use of seaweed
microalgae for these purposes is quite extensive.29 Studies by
Mulbry et al.30,31 show that pure microalgal biomass is
characterized by the slow release of nitrogen, phosphorus,
and potassium, meeting plant needs. With high
concentration of nitrogen and enriched with biosolids, such
granular fertilizers release nutrients slowly and are, therefore,
regarded as advanced and have great future prospects.

High-quality granulation of fertilizers largely depends on
their composition and technological parameters.32,33 The

agglomeration process has a particularly strong influence on
product quality, analysis of which in high-performance
devices is problematic. Therefore, it is very important to be
able to predict and describe the course of the process of
agglomeration using mathematical modelling. Considering
the challenges described, the aim of this work was to create a
model of the wet granulation process for a mixture of a
crystalline urea and microalgae based on experimental data.

This study shows that the discrete element method (DEM)
can simulate the wet granulation of a microalgae-enriched
nitrogen fertilizer mixture, with simulation results validated
against laboratory experiments in a drum granulator. The
new contribution of this work is the development of a
predictive DEM model that represents key stages of the
granulation process – including mixing dynamics and
granule formation—thus enabling more efficient design and
optimization of fertilizer production processes.

2. Materials and methods
2.1. Granulation of fertilizers

The raw materials for producing granulated bioactive
nitrogen fertilizers were crystalline urea (CU) p.a., “Reachem”,
Slovakia, and Microalgae Chlorella vulgaris sp. (MAChV),
obtained from Buxtrade GmbH, Germany. Water (W) was
used as a binder. In this research, the laboratory drum
granulator used is a prototype of the granulator employed in
the production of commercial bulk fertilizers. The ratios of
the length, width, and other geometrical parameters of the
drum granulator are directly proportional to that of the
commercial one. The laboratory drum granulator is a
reduced-size version of the industrial granulator. The model
of the granulator is shown in Fig. 1. A mixture of raw
materials was prepared for granulation and moistened with
water before the process. The mixture consisted of 80%, 60%,
and 40% bulk materials (CU :MAChV ratio 9 : 1) and 20%,
40%, and 60% recycled materials (R) with the same
composition as the bulk materials. The recycled material
consists of improperly sized granules (less than 2 mm)
obtained by granulating urea with microalgae and water. The
granulation process was carried out under the following

Fig. 1 Sectional views of a) hopper and b) drum granulator. 1 –

location of “particle factory”, 2 – hopper inlet, 3 – mixture distribution
section, 4 – granulation section, 5 – discharging section, 6 – granulator
rotation.
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conditions: drum tilt angle was 3°, rotation speed was 26
rpm, operating temperature ranged 58.1 ± 1.4–62.1 ± 2.0 °C,
and granulation cycle time was 5–6 minutes. This
temperature range was chosen based on the thermal stability
of the raw materials and to prevent urea decomposition. The
selection of the aforementioned granulation parameters was
based on an extensive experimental investigation by the
authors. These specific conditions were determined to be
optimal for achieving the desired granule morphology, size
distribution, and mechanical strength, along with other
essential properties critical for product quality and
performance. The aim of the simulation was to create and
validate a model of the process of granulation using a
laboratory granulator model and a set of experimentally
confirmed granulation parameters.

2.2. Determining properties of granular nitrogen fertilizers

Particle size distribution based on diameter was determined
using RETSCH (Retsch GmbH, Haan, Germany) woven wire
sieves with aperture sizes ranging from 0.2 mm to 7.0 mm.
Each fraction of granules with different diameters was
collected, weighed, and expressed as a percentage by mass.

According to the ISO 10390:2005 standard, to measure the
pH values of the granular product, granules were dissolved in
water (10 wt% concentration solution) and filtered.
Furthermore, each test sample was prepared in duplicate,
and a Whatman grade 589/3, blue ribbon filter was used to
filter the obtained suspensions. Following this, the pH values
were determined using a HANNA instruments pH 211
microprocessor (HANNA Instruments, Woonsocket, USA) pH
meter.34

Granules of commercial fraction with diameters of 2.0–
3.15 mm and 3.15–4.0 mm were used for the crushing
strength measurements. It is crucial to obtain the appropriate
granule strength to maintain its shape and form throughout
all handling procedures (from various manufacturing stages
to application). To perform this study, at least 20 granules of
similar size and shape were selected from each fraction. The
crushing strength is defined as the amount of compression
force applied to the granule until the first crack appears.35

The crushing strength test was carried out using an IPG-2
(AO , Yekaterinburg, Russia) device. The
compressive force was measured in N, but the results are
expressed in MPa.

The loose bulk density was determined according to the
gravimetric method by pouring the material into a graduated
cylinder of a known volume, as described in the ISO
7837:2001 standard.36 To determine the density, the empty
cylinder was first weighed, followed by the cylinder
containing the granules. The calculated mass difference
corresponds to the mass of freely poured material per unit
volume. Each measurement was repeated twice.

The moisture content of the granular product (2–4 mm
size) was determined using an electronic moisture analyser
KERN MLS 50-3HA160N (KERN & Sohn GmbH, Balingen,

Germany). The drying program applies a uniform
temperature increase up to 60 °C, and the moisture content
result is given as a percentage. The measurements were
repeated three times to ensure the reliability of the results.

A Dino-Lite Premiere digital microscope (AnMo
Electronics Corporation, Taipei, Taiwan) was used to obtain
optical images of the raw material particles and granules at
200× and 60× magnification. The microscope software allows
the measurement of objects and displays the dimensions in
the captured images.

2.3. Modelling and material properties of the drum
granulator

The computer models of the feeder and drum granulator
used in the modelling studies were created using SolidWorks
2024 EDU software. The models of the feeder and drum
granulator are shown in Fig. 1, and their main geometric
parameters are provided in Table 1.

The granulator consists of three main parts: the mixture
distribution section, the granulation section, and the granule
discharging section. The materials from the granulator's
mixture distribution section were fed into the granulation
section, where they were mixed and granulated by the spiral
and tangential impellers. At the end of the drum granulator,
granules and the residual material mixture pass through the
inner ring and enter the granule discharge section. The raw
material for granulation was supplied through a hopper placed
in the first mixture distribution section of the drum granulator.
The rotation speed of the granulator was 26 rpm, and the angle
of inclination of the drum was 3°. The hopper and the drum
were made of 1 mm thick AISI 304 stainless steels. The main
characteristics of the material37 are presented in Table 2.

The key boundary conditions, including the feeder, drum
geometry, tilt angle, inlet and outlet, and wall properties,
were derived from our experimental studies on urea–
microalgae granulation. Optimal parameters were identified
by varying the tilt angle (2–5°), rotation speed (22–28 rpm),
and residence time (5–10 min) according to granule
formation quality. These conditions were then applied not

Table 1 Geometry of the feeder and drum granulator

Parameters Value

Volume of the granulator, L 4.17
Length of granulator, mm 570
Outer/inner diameter, mm 100/98
Inclination angle, ° 3
Mixture distribution section length, mm 41
Granulation section length, mm 439
Granulation discharging section length, mm 90
Granulation spiral pitch, mm 73
Granulation spiral, inner rings and
granulation blades' height, mm

9

Hopper inlet height × width, mm 59 × 33
Distance of the inlet from the mixing blades
and from the start of the granulator, mm

10

Equipment material thickness, mm 1
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only in this study but also in other works on fertilizer
granulation.38–42

2.4. Discrete element modelling (DEM) of the granulation
process

Granulation of the particle mixture was simulated using the
Altair EDEM 2023 discrete element modelling software.
Initially, the required particle flow was generated. The initial
flow rate of the supplied particles was simulated for 25
seconds, during which 50 g of the mixture was generated.
The initial flow of the bulk material particles was generated
by a software particle factory. This virtual factory introduced
particles into the simulation at a controlled generation rate,
position, and orientation, mimicking a laboratory feed as
realistically as possible. The virtual factory shape was a
rectangular parallelepiped that was placed in the upper part
of the hopper (Fig. 1 and 7(a)); this placement closely
simulated the mixture feeding during the experiment. To
verify the proper generation of particle mass, a virtual total
mass sensor was placed under the hopper inlet, and the
total mass of the generated particles is presented in Fig. 4.
After generating the required amount of particles, the
granulation process continued for about 7 minutes. More
details about the DEM simulation parameters are given in
sections 3.2 and 3.3.

In the granulation modelling studies, the binder (water)
used was evaluated by modifying the mixture properties, i.e.,
the mixture properties were altered so that the properties of
the mixture of particles in the final model were close to the
properties of the real experimental mixture. During the
modelling studies, all the selected particle properties were
calibrated. The calibration of the particles' properties and the
discrete element model was primarily achieved through
visual comparisons with experimental observations. A visual
comparison of the modelling and experimental studies was
essential for validation because no intermediate parameters
of the granulation process were recorded during the physical
experiments. This approach was crucial for assessing process
dynamics that could not be captured by real-time
measurements. Furthermore, visual comparison is often a
fundamental validation approach in the simulation of
complex systems and processes, particularly when a lack of
intermediate experimental data precludes quantitative
comparison.

The first stage of verification involved ensuring that the
simulated particle flow through the hopper inlet was
consistent with experimental behaviour. Fig. 7(a) shows a
snapshot of the simulated particle flow from the virtual
particle factory to the hopper inlet. Throughout the

simulation, the particle mixture exhibited a stable and
uniform flow, with no visible sticking to the hopper walls.
This behaviour was also confirmed by direct observations
during the laboratory experiments. Furthermore, the
granulation dynamics of the particle mixture within the drum
granulator, including particle–particle and particle–wall
interactions such as sticking and discharging, were validated
through visual comparison with experimental footage. The
results of this visual comparison are presented in
Fig. 7(c and d). Based on this, it can be stated that this visual
agreement confirmed the selection of appropriate particle–
particle and particle–wall properties for the model.
Observation of seeded granule formation, where fine particles
were seen adhering to larger ones, further validated the
choice of simulation parameters.

2.5. Statistical analysis

All measurements of the fertilizer physical properties were
performed in triplicate, with 6 or 20 replicates, depending on
the parameter analysed. The data are expressed as mean ±
standard deviation (SD). For each sample, the static crushing
strength was measured on 20 granules (n = 20), while other
physicochemical properties (e.g., moisture content, pH,
electrical conductivity, nutrient content) were determined in
triplicate (n = 3). Experimental particle size was determined
on 6 granules (n = 6) using a digital microscope. Statistical
differences among treatments were evaluated by one-way
analysis of variance (ANOVA) at a significance level of p <

0.05. All statistical analyses were performed using Microsoft
Excel 2021 (Microsoft Corp., USA).

3. Results and discussion
3.1. Properties of granular nitrogen fertilizers

Urea, microalgae, and a recycle of the same composition
formed during previous granulation processes, as described
in our earlier study,38 were used to investigate the influence
of recycling on the properties of granules. The resulting
granulated product was dried in a laboratory dryer until it

Table 2 Material properties of equipment

Properties Density, kg m−3 Young's modulus, MPa Poisson's ratio

Value 8000 190 000 0.29

Fig. 2 Granule size distribution of microalgae-enriched nitrogen
fertilizers in relation to the amount of recycle. Values represent mean
± standard deviation (n = 3). Statistical differences among treatments
were evaluated by one-way ANOVA at a significance level of p < 0.05.
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reached a stable mass, after which its properties were
evaluated. The most important properties of granular
fertilizers, granulometric composition and strength, are
presented in Fig. 2 and 3.

The results in Fig. 2 show that the addition of recycle
significantly affects the size distribution of granules. When
20% and 40% recycle is added to the raw material mixture,
the amount of 1.0–2.0 mm and 2.0–3.15 mm granules
increase by more than threefold compared to granulation
without recycle. Further increasing the recycling rate to 60%
alters the particle size distribution with 2.0–3.15 mm
granules constituting about 50% of the product. Woodroof
emphasizes that the specifications of fertilizers regarding the
particle size distribution impose stringent requirements on
manufacturers. Generally, granules are expected to range
from 1.0 to 5.0 mm in size, with over 90% falling between 2.0
and 4.0 mm.43 However, at this stage, the results achieved
under laboratory conditions do not fully meet these
standards. It is anticipated that optimizing the process
conditions across a wider range could yield improved granule
size distribution results,44 but this would require an
enormous amount of physical investigation.

We hypothesize that such experimental studies could be
significantly enhanced by the development of a granulation
model. This would represent a major advancement in
optimizing industrial plant operations and improving the
quality of granular fertilizers. A uniform particle size ensures
even distribution of granules in the field, while optimally
shaped granules contribute to efficient and controlled
nitrogen leaching into the soil.43

Research shows that different granulation technologies,
such as accretion and agglomeration methods, influence
granule strength. Granules produced by accretion are
generally stronger and more durable than agglomerated ones,
resulting in less damage during transport and reduced risk
of dust generation.45 The type of granulator thus affects
various granule parameters, including their resistance to
crushing and other mechanical effects. The simplest plate
granulators for solid bulk fertilizers44,46 have low

productivity, and the process is difficult to control due to the
interaction between the granulation pan and the
environment. A significantly more advanced and
technologically capable device is the drum granulator.
Granules produced by accretion reach a compressive strength
of about 4–8 kg,45 which, for an average 3 mm pellet,
corresponds to 5.55–11.10 MPa when converted from kg to
MPa. As shown in Fig. 3, the granules obtained during wet
granulation in our laboratory conditions exhibit lower static
strength on average, which varies depending on the granule
size: 2.31–3.30 MPa for granules of size 2.0–3.15 mm and
1.73–3.82 MPa for granules of size 3.15–4.0 mm.

Both granule fractions (2.0–3.15 mm and 3.15–4.0 mm)
show a clear trend – with an increasing amount of
recycle, the strength of the granules decreases. Smaller
granules (2.0–3.15 mm) exhibit slightly higher strength
than larger granules (3.15–4.0 mm), especially at lower
recycle quantities. For example, without recycle the static
strength is about 2.84 MPa (Fig. 3a) and 3.82 MPa
(Fig. 3b), but at 60% recycle it decreases to 2.31 and 1.73
MPa, respectively. Large dispersion intervals (especially
without recycle) indicate that the strength of the granules
is quite uneven, which is likely due to the varying
properties of the raw materials and their uneven
distribution at the initial mixing stage. In general, the
decrease in the static strength of the granules indicates
that recycle negatively affects the adhesion and
mechanical integrity of the urea granules enriched with
microalgae. The raw material mixture containing recycle
represents a system into which already dried, harder
particles with lower plasticity are introduced. It is known
that stronger interaction forces occur between particles of
similar size, whereas the interaction between smaller raw
material particles and larger recycle particles is weaker,
which in turn influences the granule formation
mechanism. Our results agree with the research of Macák
et al., who found that smaller fertilizer particles and a
more uniform granulometric structure increase granule
resistance to pressure, reducing the risk of breakage.47

Fig. 3 Crushing static strength of microalgae-enriched nitrogen fertilizer granules depending on the amount of recycle: a) 2.0–3.15 mm
granules, b) 3.15–4.0 mm granules. Values represent mean ± standard deviation (n = 20). Statistical differences among treatments were
evaluated by one-way ANOVA at a significance level of p < 0.05.
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Other properties, such as moisture, bulk density, pH of
granular fertilizers, are presented in Table 3.

The amount of moisture used to wet the raw materials
directly depends on the amount of recycle used. It is evident
that the amount of the marketable fraction (2–4 mm) is
significantly higher when recycle is applied. It was found that
the bulk density increases with the use of recycle, while the
moisture content of the final product remains unchanged.

3.2. Geometry and material properties of the particles

The microscopic model for discrete element modelling is
defined by three key parameter sets: particle properties,
interaction parameters, and the contact adhesion model.
Particle properties specifically encompass particle shape,
material density, Young's modulus, and Poisson's ratio.

The shape, size, and mass fraction of the particles in the
mixture, as well as the material properties of the used
particle materials, and the flow rate and mass of each part of
the mixture during the initial 25 seconds of the study are
given in Table 4. This table shows images of the particles of
the raw materials used in the experiment, taken with a 200×
Dino-Lite optical microscope, along with the sizes of the
particles. In the modelling, recycle particles were chosen to

be the maximum size of the experimental particles. The
maximum value was selected because successful granulation
of the wet mixture requires the diameter of the larger
particles (in this case, the recycle) to be at least 1.5 times the
diameter of the smaller particles (in this case, CU and
MAChV).50,51

The granulation simulation of the mixture was carried out
using single-sphere or dual-sphere particles. The recycle
(60% of the total mass) was modelled using single-sphere
particles with a diameter of 2.20 mm. This particle shape was
selected because it most closely resembles the shape of the
return granules used in the experiment.

Crystalline urea (36% of the total mass) was modelled
using both single-sphere particles with a diameter of 1.50
mm and two-sphere particles with a diameter of 1.50 mm
and a length of 2.25 mm. The single-sphere particles in the
modelling represented urea crystals with a length-to-diameter
ratio of approximately 1.00, while the two-sphere particles
represented these crystals with a length-to-diameter ratio of
approximately 1.50. Each type of particle represented half the
mass of CU. Particle sizes were selected based on
experimental results and estimated size ratios with recycle
particles for the granulation simulation. MAChV (4% of the
total mass) was modelled as single-sphere particles with a

Table 3 Physical characteristics of the raw materials' mixture and microalgae-enriched nitrogen fertilizer granules. Values represent mean ± standard
deviation (n = 3 or n = 20)

Raw materials' mixture Granular fertilizers

Ratio
CU :MAChV

Recycle
quantity, %

Raw materials'
moisture, %

Commercial fraction
(2.0–4.0 mm) quantity, %

Granule
moisture, %

Bulk density,
kg m−3

pH of 10% fertilizer
solution

9 : 1 0 13.42 ± 0.02 21.89 ± 2.58 1.0 ± 0.04 392.0 ± 2.48 5.9
9 : 1 20 13.74 ± 0.02 39.24 ± 0.15 1.1 ± 0.04 432.1 ± 1.18 5.9
9 : 1 40 14.44 ± 0.01 46.32 ± 0.10 1.0 ± 0.05 430.4 ± 1.31 5.9
9 : 1 60 15.13 ± 0.02 67.49 ± 0.07 1.1 ± 0.06 457.4 ± 0.80 6.0

Table 4 Geometry, mixture composition, flow rates and materials properties of experimental and DEM model particles

Properties

Materials/values

R CU MAChV

Experimental particle size,a mm 1.85 ± 0.35 1.10 ± 0.90 1.10 ± 0.90 0.33 ± 0.27
Experimental particle size range, mm 1.50–2.20 0.20–2.00 0.20–2.00 0.06–0.60
Percentage by weight 60% 18% 18% 4%
Shape of particle model Single sphere Single sphere Dual sphere Single sphere
Diameter of particle model, mm 2.20 1.50 1.50 0.90
Mass, g 30 9 9 2
Mass flow rate, g s−1 1.00 0.60 0.60 0.07
Density, kg m−3 1400 1100
Young's modulus, MPa 620 380
Poisson's ratio 0.25

a Values represent mean ± standard deviation (n = 6).
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0.90 mm diameter. The single-sphere particles were modelled
to have the same shape as microalgae. For the simulations,
the particle size of the microalgae was chosen to be about 10
times larger. Microalgae, as a minor component, were
modelled with particles ten times larger, following similar
studies of finely dispersed powder mixture granulation.48–51

To compensate for the modified geometric properties of the
particles, the interparticle interactions were adjusted to
achieve a simulated behaviour that closely matches
experimental observations.

Literature surveys report the material density of CU to
range from 1200 to 1400 kg m−3. In the present modelling
studies, a material density of 1400 kg m−3 was selected.52 The
primary component of the recycle material used in these
studies was crystalline urea; consequently, the density of the
recycle material was assumed to be equivalent to that of CU.
Because data on the material density of MAChV are not
available in the literature, it was assumed to be lower than
that of CU, and a value of 1100 kg m−3 was selected.

Another important material property for accurate DEM
modelling is Young's modulus. Literature reports on
Young's modulus for CU exhibit a considerable range,
typically between 250 and 800 MPa; for the present
modelling studies, a Young's modulus of 620 MPa was
adopted.52 Given that recycle was granulated from urea, its
Young's modulus was assumed to be identical to that of
crystalline urea. Because data on MAChV elastic modulus
are not available in the literature, it was assumed to be
lower than that of crystalline urea. A value of 380 MPa was
adopted for the elastic modulus of microalgae. The elastic
modulus of paracetamol powder, a material with similar
properties, was found to be comparable to the selected
value for microalgae.53

The Poisson's ratio of crystalline urea typically falls within
the range of 0.25 to 0.30. For the present modelling studies,
a value of 0.25 was selected.52 Given the relatively minor
impact of Poisson's ratio compared to material density and
Young's modulus in DEM modelling, identical values were
adopted for all materials. In the modelling studies, the
granulator was fed with a total mixture of 50 g for 30
seconds. After this initial feed, the entire mixture continued
to be granulated and mixed within the granulator until the
process was complete. The selected set of model particle
properties resulted in simulations that agreed well with the
experimental data, as shown in Fig. 7. This validation

confirms the accuracy of the model in representing the
granulation process.

3.3. Interactional properties of the particles

Granulation is primarily influenced by the particle–particle
and particle–equipment static and dynamic friction
coefficients,54 coefficient of restitution, and the adhesive and
cohesive properties of the particles.53 These particle
interaction properties are summarized in Table 5.

The particle–particle coefficient of restitution for
crystalline urea was 0.22.52 This value was used in the
granulation modelling studies for urea and recycle, while a
lower value of 0.18 was chosen for microalgae, as the
literature lacks information on the coefficient of interaction
for this material. The lower value of this coefficient was
selected because microalgae is a softer material than
crystalline urea, and the lower the value of the interaction
coefficient, the softer the material. The associated particle
properties are reported in ref. 48 and 50.

The coefficient of restitution between urea particles and
the stainless-steel equipment contact surface was 0.55.52 In
the studies, the value of this coefficient for crystalline urea
was assumed to be less than half of the value 0.22, as this
was used to evaluate the effect of the liquid binder on the
behaviour of the whole granulation mixture.53 For the other
material, recycle, these properties were assumed to be the
same as those for urea, while a lower value was chosen for
the coefficient of interaction for MAChV. The interaction
coefficients between particles with similar properties and
steel were determined to be 0.20 in ref. 48 and 50.

The particle–particle static friction coefficient for
crystalline urea and particles with similar properties can
range from 0.30 to 0.60.48,50,52 As can be seen from Table 5
above, the particle–particle static friction coefficient for urea
was set to the maximum value of 0.60. A higher value for this
coefficient was chosen to account for the influence of the
liquid binder on the overall mixture behaviour. Particles with
a higher coefficient of static friction are more resistant to
separation during wet granulation of the mixture. The value
of this coefficient was chosen to be identical for recycle and
microalgae.

The coefficient of particle–equipment static friction
between CU or particles with similar properties and a
stainless-steel surface can range from 0.30 to 0.70.48,50,52 For

Table 5 Interaction properties of the particle models

Interaction

Materials/values

Recycle CU MAChV

Particle–particle Particle–equipment Particle–particle Particle–equipment Particle–particle Particle–equipment

Coefficient of restitution 0.22 0.22 0.22 0.22 0.18 0.18
Coefficient of static friction 0.60 0.55 0.60 0.55 0.60 0.60
Coefficient of rolling
friction

0.16 0.10 0.16 0.10 0.16 0.10

Surface energy, J m−2 2.50 0.50 2.50 0.50 2.80 0.50
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crystalline urea and recycle, a static friction coefficient of
0.55 was used, while for MAChV, a value of 0.60 was selected.
The higher value of this coefficient was chosen due to its
correlation with particle adhesion to the drum granulator
walls.

The particle–particle coefficient of rolling friction for urea
or very similar materials can range from 0.10 to 0.20.48,50,52

The same value of 0.16 for this particle–particle rolling
friction coefficient was chosen for all materials in these
studies. To assess the impact of the liquid binder on particle
adhesion to the granulator wall, the particle–equipment
rolling friction coefficient was set to 0.10 for all materials. A
higher value for the particle–equipment rolling friction
coefficient was selected because the particles exhibited a
greater tendency to adhere to one another than to the drum
granulator walls during the experiments.

Due to the cohesive and adhesive nature of the mixture,
the Hertz–Mindlin with JKR contact model was used to
represent the contact behaviour between elastic particles in
the simulation. Because it only requires one additional
parameter: the interface energy – this contact model is well-
suited for simulating the granulation of wet mixtures
composed of finely dispersed particles with similar
properties, such as iron ore and detergent powder.53

Cohesion and adhesion between particles and surfaces are
essential parameters in the granulation process, as they
contribute to the formation of liquid–particle bridges and the
seeding of smaller particles onto larger ones.54,55 The surface
adhesion energy for wet calcium carbonate powder in drum
granulation was determined to be between 0.5 and 5.0 J m−2

using the Hertz–Mindlin with JKR contact model.50

To calibrate the interface energy properties of these
particles, modelling studies were performed using the
following surface energy values: 0.5, 1.5, 2.5, 3.5, and 4.5 J m−2.
The calibration tests assessed three parameters: the passage
of the wet mixture through the hopper opening, the mixture's
behaviour in the drum granulator, and the mixture's
segregation coefficient value. A visual analysis of the
simulated and experimental wet mixture flow and
granulation processes indicated that the properties of the
simulated mixture were most accurately represented when
the particle–particle surface energy was 2.5 J m−2 and the
particle–equipment surface energy was 0.5 J m−2. The
interface energy values indicate that the particles of the wet
mixture exhibit greater interparticle adhesion but reduced
adhesion to the walls, spiral, and blades of the drum
granulator. During the granulation phase, the mixture
adheres to the drum walls, but at a certain height, a fragment
of the granulated mixture detaches and falls, leading to a
complex process of mixing and granulation (Fig. 7).

3.4. Particle's total mass, total number of contacts and
segregation

The generated particle mass as a function of time is shown
in Fig. 4 below. The required total mass of 50 g of particles

was produced in 25 seconds. However, when the total mass
sensor was placed at a certain distance from the particle flow
generation factory, the final accumulated mass of the
particles was achieved in 30 seconds from the start. Once the
required mass of particles was produced and loaded into the
granulator, the mixing and granulation process began. The
resulting particle flow is illustrated in Fig. 7. In the
experimental study, a mixture of the raw materials and a
liquid binder was granulated. The liquid binder is generally
not modelled individually in DEM simulations, and its
impact on the granulation of the raw material mixture is
assessed by modifying the properties of the materials and
their interactions.49,53 The mass and segregation sensors in
the modelling software were used to estimate the mass of the
generated particles and the segregation of the granulated
mixture. In the simulation of granulation of a fertilizer
mixture, no granules are produced in the final stage of the
granulation process, as opposed to the experiment.50

Granulation is considered successful when smaller particles
adhere to larger particles, resulting in a reduced number of
contacts between individual particles.

The following Fig. 5 shows the time dependence of the
number of particle contacts for the mixing and granulation
processes. This dependence is an indication of the total
amount of contacts that the particles have with each other
and with the surface of the equipment. The total number of
contacts increased significantly within the first 30 seconds

Fig. 4 Total mass of generated particles.

Fig. 5 Total number of contacts between large and fine particles
during the granulation.
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due to the introduction of mixture particles into the
granulator; however, this trend stabilized, forming a plateau.
This is characterized by the absence of significant
fluctuations, which indicates that the particles' relative
positions remained consistent due to their stickiness. The
particles began to adhere to each other, and granules started
to form. In this case, granulation is considered to have been
initiated approximately 30 seconds after modelling had
begun.

Another parameter which indicates the quality of the
granulated mixture is the degree of segregation. The degree
of segregation, a critical parameter for evaluating the quality
of the granulated mixture, was quantified using a virtual
segregation sensor. The analysis involved continuously
tracking the spatial distribution of a specific material (e.g.,
MAChV) within the granular mixture throughout the

simulation. The segregation value was then estimated by
summing the total mass of the designated material that had
migrated from its initial uniform distribution at a specified
time. Fig. 6 shows a snapshot of the granulated particles in
the granulator. For clarity, the granulator is not shown, and
only the mixture particles are displayed. As can be seen from
the presented figure, the resulting segregation value of the
mixture was found to be 0.0047 g. This value, being
exceptionally close to zero, indicates minimal particle
segregation, which confirms the effectiveness of the
granulation process. These results were recorded for up to
82.6 seconds, with a stable segregation value observed and
negligible variation thereafter.

In the presented visualizations, a consistent colour
scheme is used to differentiate particle types within the
granular mixture. Green particles represent the MAChV, army
khaki particles denote the R, and white particles correspond
to the CU, including both single spheres and dual spheres.
This scheme is applied uniformly throughout all the
presented results of the simulation.

3.5. Formation of granules

Fig. 7 shows an image of the feeder and granulator with a
mass of particles of granular material. For visual clarity, the
hopper is shown as a solid object, and the granulator is
shown as a transparent object.

The virtual “particle factory” is also shown positioned in
the upper part of the hopper. The particle mixture was
granulated, further granulated, and then gradually fed into

Fig. 6 Particle segregation value (0.0047 g) after 82.6 seconds of
granulation.

Fig. 7 A view of the granulator and the granulated particles: a) view of the hopper inlet, b) view along the granulator in modelling, c) view from
the end of the granulator during modelling, and d) view from the end of the granulator during experiment.
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the discharge section of the granulator. From the figures
above, the behaviour of the granulating mixture in the
simulation and experimental studies was quite similar. The
mixture is lifted by the spiral and blades, and at a certain
point, it drops down and continues to flow through the
granulator in this mixing process.

Fig. 8 shows an image of the simulated granule, where the
larger recycle particle is covered by smaller crystalline urea
and microalgae particles. An optical microscope image at 60×
magnification of the experimental granule is shown on the
right.

As seen from the simulation results, the discrete element
method can be used to carry out granulation studies on finely
dispersed particles using a drum granulator.55 To enhance
model accuracy, further research on the properties of the
granulation mixture is needed to calibrate particle
characteristics, interaction properties, and parameters of
surface energy.

The DEM model demonstrates high reliability within the
calibrated and validated operating conditions. These include
a drum rotation speed of 26 rpm, a drum inclination angle of
3°, a low fill level of about 2.8% of total volume, moderate
raw material moisture content (∼14%), and near-spherical
particles with a seeded size distribution. The model also
reflects the dynamics of the tested granulator geometry,
including its length-to-diameter ratio and internal spiral and
blade configuration. Readers should exercise caution when
applying the model to conditions outside these limits. In
particular, extreme moisture levels, strongly non-spherical
particles, very different drum speeds or angles, alternative
geometries, higher fill levels, or scale-up to industrial drums
require recalibration and validation of the contact
parameters. For practical use, we recommend starting within
the tested operating window, as granule size, uniformity, and
strength are most predictable under these conditions. This
provides a reliable basis for process design and further
optimization.

4. Conclusions

This study shows that DEM can successfully simulate the wet
granulation of a microalgae-enriched nitrogen fertilizer
mixture. The new contribution of this work is a predictive

DEM model that captures essential stages of granule
formation and supports the optimization of fertilizer
production parameters.

Adding recycle to the raw mixture significantly influences
granule size distribution. Specifically, with 20% and 40%
recycle additions, there is a notable increase in the amounts
of granules of size between 1.0–2 mm and 2.0–3.15 mm
compared to granulation without recycle. Notably, at a 60%
recycle addition, the fraction of commercial granules (sized
2.0–4.0 mm) yields approximately 68%. This result suggests
that the percentage of recycle directly influences the
formation of granules within the desired size ranges.

Granules produced with higher amounts of recycle exhibit
lower static strength. This reduction is most likely
attributable to a less uniform particle size distribution,
weaker interaction forces between particles of varying sizes, a
diminished elastic–plastic effect, and poorer agglomeration.

The granulation of a mixture comprising recycle,
crystalline urea, and finely dispersed microalgae was
simulated using a model of an actual experimental
granulation drum. Particles of materials were modelled as
single-sphere and dual-sphere particles, with shapes and
sizes approximating those of the experimental materials.

Experiments were conducted using a wet granulation
process with a binder. To assess the influence of the liquid
binder on the mixture behaviour during granulation
simulation, particle–particle, particle–equipment, and
adhesion–cohesion properties within the model were
modified. These adjusted properties were calibrated through
simulations and demonstrated reasonable agreement with
experimental results.

Simulations indicated that the target quantity of the
granulation mixture was produced within 30 seconds, while
granulation for the studied materials commenced after
approximately 30 seconds. Throughout the granulation
process, the segregation coefficient of the model mixture
remained near zero, and granule formation began in the
granulation and discharge sections of the granulator.

For the granular fertilizer production industry, this study
represents a significant advancement in understanding the
process and optimizing it. The detailed quantitative and
qualitative evaluation of the granulation effect was not
included due to the considerable complexity and inherent

Fig. 8 Image: a) of the granule formed in simulation, b) of the granule from experiments. Green particles represent MAChV, army khaki particles
show R, and white particles are CU.
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challenges associated with the selection and calibration of
numerous microscopic contact model parameters within the
discrete element method (DEM). However, current findings
already provide a foundational understanding of the
granulation mechanism of microalgae-enriched urea
fertilizers. A broader parametric study conducted by us or
other researchers in the future can provide deeper insights
into the optimal operating conditions and material
properties.
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