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Ismet CELIK'
Ahmet DAYANC?

Definition, Historical Perspective, and
Multidimensional Classification Analysis

Introduction

Pelletization is a sophisticated agglomeration process in
which fine-grained or powdered materials are transformed into
larger, homogeneous, and higher-density particles through
mechanical forces and, in some cases, thermal treatments (Carlson
& Kozicki, 2025; Wikipedia, 2025d). This technology offers critical
advantages such as reducing dust emissions in material handling,
optimizing logistics costs, and increasing energy or material density
per unit volume (Carlson & Kozicki, 2025; UDMachine, 2024). At
an industrial scale, pelletization is not merely a physical change in
form; rather, it constitutes an engineering discipline that redefines a
material’s reactivity, combustion characteristics, and flowability
(UDMachine, 2024; Wikipedia, 2025d).

Technical Definition of Pelletization and Physical Fundamentals

In the engineering literature, pelletization is regarded as a
sub-branch of agglomeration (particle size enlargement) methods.
This process enables powdered materials to be consolidated into a
defined geometric form (typically cylindrical or spherical). At its
core, pelletization stabilizes interparticle attractive forces (Van der
Waals forces, capillary forces, and electrostatic forces) through
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mechanical compression or rolling motion (Atangsaputra, 1990;
Wikipedia, 2025d).

The pelletization process is implemented via two principal
technical approaches: pressure extrusion (pelleting) and growth by
rolling (briquetting). In pressure extrusion (pelleting), the material is
forced under high pressure through the openings of a die, thereby
forming cylindrical structures. This method is widely used in the
production of wood pellets, animal feed, and fuels. In the rolling-
growth technique, the material is treated with a liquid binder inside
a rotating disc or drum and acquires spherical forms via coalescence.
This method is preferred for the agglomeration of iron ore and
chemical powders (Carlson & Kozicki, 2025; Wikipedia, 2025d).
The physical dynamics of the process are dominated by capillary
forces within the material. Studies indicate that the mechanical
strength of pellets is directly related to the surface tension of liquid
bridges formed within the micro-voids between material particles.
Particularly in the briquetting of lignite and coal derivatives, the
particle size distribution promotes the narrowing of capillary
channels and, consequently, increases briquette strength
(Atangsaputra, 1990). Table 1 below compares the two techniques.

Table 1: Pelleting vs Briquetting

Parameter Pressure Extrusion Tumbling Growth
(Pelleting) (Briquetting)
Fundamental High mechanical Tumble-growth
. . (growth by rolling),
Mechanism compaction .
press and molding
L Spherical granules
Product Form Cylindrical pellets and blacks
Binder Generally low, or relies Typically requires
Requirement on natural binders liquid binder agents
. . Wood fuel, animal feed, | Iron ore, fertilizers,
Main Applications . .
plastics chemical powders
Bulk Density Very high Medium-high
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Historical Development of Pelletization and Industrial Evolution

The history of pelletization technology has evolved in
parallel with humanity’s need to enhance raw-material efficiency
and manage waste. The earliest applications emerged from
agricultural needs in the mid-19th century.

Agricultural Origins and 19th-Century Applications

The first examples of pellet-form products entered the
literature in the 19th century as “compound feeds” developed by
British horse breeders (Yemtar, 2025). In this period, these structures
produced by mixing and baking grains such as oats, peas, rye, and
maize and referred to as “biscuits” served as concentrated energy
sources, particularly for war and transport horses. Experiments
conducted by the Prussian army found that 1.5 kg of this compound
feed could substitute for 5 kg of pure oats (Future Fortune, 2024).
This constituted one of the earliest demonstrations of the logistical
and nutritional efficiency gains enabled by pelletization.

The 20th Century: Formation of Industrial Standards

In the early 20th century, the mass-production demands
brought about by the industrial revolution facilitated the
mechanization of pellet mills. Initial extrusion trials were conducted
in the 1910s; however, the complexity of these machines and their
high operating costs delayed widespread adoption (Castaldo, 2019).
In the 1920s and 1930s in Europe, low-density “wafer” machines
consisting of counter-rotating rollers began to be used (Yemtar,
2025).

A major industrial turning point occurred in 1928, when
Purina began pelletizing flour mill residues (Coffey, Dawson,
Ferket, & Connolly, 2016; Future Fortune, 2024). Fine flour by-
products (wheat midds), which mills had discharged into waterways

-9--



and which caused environmental pollution, were converted into
valuable animal feed through pelletization. By the late 1930s, the
commercialization of “Schueler”-type flat-die presses, followed by
vertical cylindrical ring-die machines, laid the foundation of the
modern pellet industry.

Transition to the Energy Sector and 21st-Century Dynamics

The oil crises of the 1970s shifted the focus of pelletization
technology from feed to the energy sector. Compressing forestry
residues for use as a substitute for charcoal strengthened the concept
of bioenergy. In the 1980s and 1990s, the integration of high-shear
expanders and steam conditioning units enhanced the physical
quality and hygienic standards of pellets (Castaldo, 2019; Yemtar,
2025). From the 2000s onward, pelletization has increasingly
converged with advanced thermal treatments such as torrefaction
and steam explosion, evolving into black pellet technology in line
with carbon-neutral targets (Onyenwoke et al., 2024; Cremers et al.,
2015).

The Logic of Pellet Classification

Pellet technology exhibits a complex classification logic
along the axes of feedstock origin, production process, and intended
end use. This classification determines not only the physical form of
the product but also the legal standards to which it is subject and its
market value (Huang, 2014b; UseWoodFuel, 2018).

Categorization by Intended Use

Pellets can be grouped into four main categories according to
their industrial function: fuel pellets, feed pellets, chemical pellets,
and industrial raw-material pellets.
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Fuel Pellets (Energy Sector)

Fuel pellets occupy a central position in renewable energy
strategies. They are broadly divided into biomass pellets and
coal/lignite-derived pellets (Eyri & Celik, 2021). Biomass pellets are
produced from woody residues, agricultural by-products, and energy
crops, whereas coal-derived pellets are obtained by upgrading low-
grade coal fines (Fabon Engineering, 2025; Goksel, 1981;
Wikipedia, 2025¢). In the classification of fuel pellets, key criteria
include calorific value (MJ/kg), ash content, and moisture content
(Huang, 2014b; Propellets Africa, 2025).

Animal Feed Pellets

Feed pellets constitute a form that increases the digestibility
of agricultural feedstocks for animals and facilitates logistics. They
are produced in specific diameters (from 1.2 mm to 10 mm) for
different types such as poultry, cattle, and fish feeds. In the
classification of these pellets, nutritional homogeneity,
microbiological safety, and water stability (for fish feeds) are of
critical importance.

Chemical and Industrial Pellets

In the chemical industry, pelletization is used for catalysts,
plastic feedstocks (nurdles), and fertilizer production. In the iron and
steel industry, “metallurgical pelletization™ is essential so that iron
ore fines can be processed in blast furnaces. Chemical pellets are
typically designed to maximize reaction surface area (IspatGuru,
2015; Wikipedia, 2025a).

Classification by Feedstock and Processing Technique

The diversity of feedstocks in pelletization technology forms
the basis for selecting production parameters and binders. Table 2
below presents processing profiles by pellet type.
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Table 2: Pellet-Type Processing Profiles

{’Fe;}:)eet Feedstock Source CIP;:r)::tS:rlins%ic Key Benefit
White Untreated Standard drying and Low ash content,
Pellets wood/sawdust pellet pressing widely used
Black | Torrefied / steam- | Thermal pretreatment Hydrophobicity,
Pellets | exploded biomass (200-300°C) high energy density
Lignite Low-grade coal Agglomeration using 1mprlot}_/§d f[.esmtir.lcﬁ
Pellets fines bitumen/pitch binder o seii-heating, g
calorific value
RDF Municipal / Mechanical separgtion Waste-to-energy,
Pellets industrial waste and fuel prepargtlon reduced landfill
(RDF production) demand

Biomass Pellets: The Woody—Herbaceous Distinction

Within the framework of ISO 17225 standards, biomass
pellets are classified by origin as woody, herbaceous, fruit, and
aquatic biomass. In Figure 1 below, 8 kinds of biomass pellets is
presented.

Figure 1: 8 Kinds of Biomass

Reference: Gemco Energy, 2025a

Woody biomass pellets typically exhibit higher energy
density and lower ash content (Altun & Celik, 2021). Herbaceous
pellets (e.g., straw, corn stover) may require specialized combustion
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systems due to elevated chlorine and potassium contents (Bioenergy
Association, 2018; UseWoodFuel, 2018).

Coal Derivatives and Lignite Pelletization

Pelletization of coal fines and lignite is performed to convert
these low-value by-products into marketable fuels. In lignite
pelletization, thermal pretreatment and binder usage are critical due
to the material’s high inherent moisture content (35-60%) and low
fixed-carbon fraction. Lignite pellets produced using bituminous
emulsions or coal-tar pitch can reach calorific values above 9,500
Btu/lb (22 MJ/kg) (University of Kentucky, 2025; Wikipedia,
2025b). In coal (lignite) dust agglomeration, briquetting technology
is preferred when production efficiency is taken into consideration.

Advanced Pelletization Technologies: Torrefaction and Steam
Explosion

Advanced technologies that push the limits of conventional
pelletization aim to produce “energy-dense” fuels by shifting
biomass physical and chemical properties closer to those of coal.

Torrefied Pellets

Torrefaction is a “mild pyrolysis” process conducted in an
oxygen-free environment at 200-300°C. During this process,
hemicellulose decomposes, while the material loses oxygen and
hydrogen and becomes enriched in carbon.

The extent of torrefaction is primarily governed by the
residence time of a (dry) biomass particle in the torrefaction reactor
and by the reactor temperature. In general, increasing either the
operating temperature or the residence time results in a higher
torrefaction severity. However, temperature and residence time
should not be considered fully substitutable parameters, as their
effects are not entirely equivalent.
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While the operating conditions differ somewhat across
reactor configurations, the fundamental approach to torrefaction and
densification remains consistent and typically includes heat
integration. In Figure 2 below, an overview of heat integration
options is presented.

Biomass or — | Combustion [
other fuel

A

Biomass - - - oo
input —» Drying Torrefaction Cooling > Pelletizing 1

T

product

A4

\ 4

A A

4 v
Heat exchange

- - - -]

= » Emission

Figure 2: Overview of heat integration options
Reference: Cremers et al., 2015
Technical Effects of Torrefaction:

» Hydrophobic Character: Torrefied pellets acquire water-
repellent properties, enabling outdoor storage without degradation.

* Grindability: The fibrous structure of biomass is disrupted,
rendering it brittle like coal, which facilitates direct use (co-firing)
in coal-fired power plants (Butler, Skrivan, & Lotfi, 2023; Rinke
Engineering, 2023).

* Energy Density: A shipload of torrefied pellets can carry
30-50% more energy (GJ) than white pellets.

Steam Explosion Pellets

Steam explosion is based on treating biomass with high-
pressure steam (180-220°C and 3.4 MPa) followed by an abrupt
pressure release. This process disrupts fibers at the molecular level
and liberates lignin, a natural adhesive. Steam-exploded pellets are
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dark-colored, high-density, and similar to torrefied pellets; however,
they differ in production costs and energy losses. Table 3 below
shows the differences among White Pellets, Torrefied Pellets, and

Steam Explosion Pellets.

Table 3: White Pellets, Torrefied Pellets and Steam

Explosion Pellets
.y White Pellets Torrefied Steam-
Criterion Exploded
(Standard) Pellets
Pellets
Heating Value
(MJ/ke) 16.5-19.0 20.0-24.0 19.5-23.5
Water Very low High Hich
Resistance (disintegrates) (hydrophobic) &
Grindability Difficult Easy Moderate
Production Cost Low High Medium/high
Color Light brown Black Dark brown

Binder Mechanisms and Chemistry in Pelletization

Keeping particles bound together is the core physico-
chemical challenge of pelletization. Binders provide mechanical
resistance by filling interparticle voids and prevent pellet dusting
during transport.

Natural Binders: Lignin and Starch

In biomass pelletization, the most important natural binder is
lignin. Lignin is a complex polymer found in the cell walls of trees
and plants; it plasticizes at temperatures of 100—130°C and behaves
like a “natural glue” that locks particles together. Starch is used
particularly in feed pelletization and in the agglomeration of
agricultural residues. Under the influence of moisture and heat,
gelatinized starch forms strong solid bridges between particles
(Butler et al., 2023; Huang, 2014a).
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Inorganic and Organic Synthetic Binders

Some materials (e.g., iron ore or low-lignin grasses) do not
contain sufficient natural binders. In such cases, external agents are
added:

» Bentonite: A conventional inorganic binder in iron ore
pelletization. However, its use is limited in modern plants because it
can introduce impurities into steel.

* Bitumen and Pitch: Used in coal and lignite pelletization
to provide water resistance and increase calorific value.

. Molasses: Molasses is the residue remaining after
crystalline sugar has been extracted from syrups under the technical
and economic conditions of sugar production.

* Synthetic Polymers: Substances such as CMC
(carboxymethyl cellulose) and polyacrylamide can deliver very high
mechanical strength at low dosages (0.1-0.5 wt%) (Liu et al., 2025;
Zhao, Zhou, Ma, Wei, & Long, 2022).

Pelletization Applications Across Industrial Sectors

Pelletization technology encompasses specialized sub-
processes tailored to the distinct requirements of each sector.

Metallurgy: Iron Ore Pelletization

Iron ore pellets are the primary feedstock for blast furnaces
and direct reduction (DRI) plants. Fine ore concentrates are mixed
with bentonite or lime and spheronized in disc pelletizers. These
spheres (“green pellets”) are hardened by induration in furnaces at
1200-1300°C. The basicity of DRI-grade pellets is typically below
0.1, and their high porosity enables rapid penetration of reducing
gases into the core.
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Plastics Industry: Nurdles and Thermoplastics

Plastic production begins by converting polymers into
standardized pellets known as “nurdles.” Thermoplastics (e.g., PET,
HDPE, PP) form a cornerstone of the circular economy because they
can be repeatedly melted and pelletized. The plastic pelletization
process includes sorting, cleaning, grinding, extrusion, and cutting
in a water bath. In PET pelletization, pre-extrusion drying is
mandatory to prevent hydrolysis of the material (Retech Machinery,
2025).

Pharmaceutical and Chemical Applications

In the pharmaceutical industry, pelletization is used to enable
controlled release of active ingredients and to maintain dosage
uniformity. Spray congealing and balling agglomeration techniques
are common. In the chemical sector, catalysts are produced in pellet
form to ensure optimal gas flow within reactor beds.

Standards, Quality Control, and Regulatory Framework

In the pellet market, reliable trade depends on compliance
with standards. The process that began in Europe with EN 14961-2
has now been standardized globally through the ISO 17225 series
(Kittle, 2022; Kofman, 2021).

ISO 17225: The Standard for Solid Biofuels

The ISO 17225 standards series classifies biofuels by
feedstock origin and physical properties.

* ISO 17225-2 (Wood Pellets): Defines A1, A2, and B classes
for residential and commercial use. A1 represents “premium’ quality
with an ash content below 0.7%.

* ISO 17225-8 (Torrefied Pellets): The most recent standard
for thermally treated biofuels, updated in 2023. It specifies the
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energy density and hydrophobicity levels of torrefied pellets
(Institute for Standardization of Montenegro, 2023).

Turkish Standards (TS EN ISO 17225)

In Turkiye, pellet production and export are governed by TS
EN ISO 17225-2 as published by the Turkish Standards Institution
(TSE). Companies intending to export are required to enter the
ENplus certification system and obtain analysis reports from
accredited laboratories. While A1l and A2 classes are preferred for
residential use (stoves and fireplaces), I1 and 12 classes are
categorized for industrial facilities (Asan Danismanlik, 2025; TSE,
2022).

Table 4: Standards

Standard Code Scope Critical Parameters

1SO 17225-2 Wood Pellets Ash, moisture, mechanical
durability, nitrogen

Chlorine, sulfur, ash melting

ISO 17225-6 Herbaceous Pellets

temperature
1SO 17225-8 Thermally Treated | Volatile matter, fixed carbon,
Pellets heating value

Process Engineering: Pellet Plant Operations

A modern pelletization line consists of a sequential series of
unit operations that alter the physical and chemical nature of the
feedstock.

1. Feedstock Preparation and Size Reduction

Before entering the pellet press, the feedstock (sawdust,
wood chips, or agricultural residues) must be brought to a
homogeneous particle size distribution (typically 2—5 mm). At this
stage, hammer mills and crushers are employed. In iron ore
pelletization, by contrast, the material is ground to the micron scale
in rod mill or ball mill units.
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2. Drying Technologies

The optimal moisture content for pelletization is generally in
the 10—15% range. Fresh biomass may contain 40-60% moisture;
therefore, rotary dryers or fluidized bed dryers are used to remove
water. Failure to establish a stable moisture balance can cause pellets
to disintegrate at the press outlet or lead to die blockage (Gemco
Energy, 2025b; Kamperidou, 2022).

3. Conditioning

Prior to pressing, the material is softened by treatment with
steam or water. This step is critical for activating natural binders
(lignin/starch). In the feed industry, conditioning also serves a
pathogen-reduction (pasteurization) function.

4. Pressing and Cooling

The material is shaped by being forced through the die
openings via rotating rollers. The hot pellets exiting the press (70—
95°C) must be cooled immediately; otherwise, they may lose
durability due to moisture condensation. Counterflow coolers are
among the most efficient equipment options at this stage.

Circular Economy and Future Projection: 2030 and Beyond

Pelletization is a strategic instrument in combating climate
change one of the most significant challenges of the 21st century. In
line with carbon-neutral targets, the technology’s application
domains are expanding rapidly (European Commission, 2025;
Goldman Sachs, 2022; Neto, 2025).

Biochar Pelletization and Carbon Sequestration

Biochar has the ability to retain carbon in soils for centuries
when applied as a soil amendment. However, applying powdered
biochar to land 1is operationally difficult and can cause
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environmental pollution. Pelletizing biochar enables its
straightforward incorporation into soil using agricultural machinery.
This pathway is regarded as a critical lever for 2030 targets within
the scope of “Negative Emission Technologies” (Ellen Macarthur
Foundation, 2021; Gabrielli, Gazzani, & Mazzotti, 2020; Mars
Mineral, 2024).

Waste-to-Energy: RDF and SRF Pellets

Pelletizing municipal solid waste into Refuse-Derived Fuel
(RDF) represents a low-cost option for cement plants and power
stations that can also reduce carbon emissions. The European
Union’s circular economy action plan encourages the use of such
alternative fuels and aims to increase the recovery rate of municipal
waste by 2030.

Economic Analysis: Torrefied vs. White Pellets

The most significant barrier to the broader adoption of
advanced pelletization systems is high capital expenditure
(CAPEX). Techno-economic analyses indicate that a torrefaction
reactor accounts for approximately 51% of total equipment costs.
Nevertheless, the logistics savings provided by torrefied pellets
primarily lower transportation costs due to higher energy density can
offset this cost over the long term.

Pelletization technology continues to evolve far beyond a
purely physical agglomeration operation, increasingly aligning with
global sustainability, energy security, and industrial efficiency
imperatives. This trajectory from 19th-century horse feed to 21st-
century high-technology torrefied biofuels symbolizes the creativity
of engineering science in raw-material management. Within the
2030 and 2050 vision, pelletization will remain not merely a
production step, but a foundational circular-economy lever through
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which carbon is managed and wastes are converted into value
(Energy Transitions Commission, 2021).

Conclusion

Historically, pelletization began as a simple compaction
method; over time, however, it has become a strategic industrial
process. Today, biomass pellet fuels offer a lower-carbon alternative
to fossil fuels, while the metallurgical sector can process low-grade
ores efficiently through pelletization. A detailed examination of
pelletization demonstrates that feedstock properties (particle size,
moisture, composition) and binder chemistry directly affect pellet
quality. Rapid growth over the last two decades especially in
biomass pellets has driven technological improvements and
standardization. In the coming period, academic and industrial
research is expected to continue in areas such as integrating diverse
wastes into the circular economy, developing new bio-based binders,
and optimizing the energy efficiency of pelletization processes.
Accordingly, pelletization technology will continue to play a key
role in sustainable material management and energy production.
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Fundamentals of Pellet Manufacturing Process

Introduction

Pelletization is the process of converting particulate
feedstocks with low bulk density into high-density products of
standardized geometric form through a combined application of
mechanical pressure, heat, and moisture. Referred to in the industrial
literature as “densification,” this process is employed to optimize a
material’s transportability, storage efficiency, and energy/nutrient
density (Loyal Machine, 2024; World Bioenergy Association, 2014;
Yemmak, 2025). First developed in the United States in the 1930s
for animal feed production, the technology entered the biomass
sector in the 1950s through the valorization of sawmill residues and,
following the global energy crises of the 1970s, became an
indispensable component of the renewable energy industry (Gemco
Energy, 2025a; World Bioenergy Association, 2014). Today,
pelletization is no longer a simple compaction operation; rather, it is
a multidisciplinary engineering discipline integrating complex
pressing kinematics, advanced materials science, and precisely
controlled hydrothermal conditioning processes.

Classical Design Architectures in Pellet Machines

Pelletization equipment is primarily classified according to

(1) the die configuration through which the material is forced and (ii)

the arrangement of rollers that drive the material into the die. Two

principal architectures are widely accepted in industry: Flat-Die and
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Ring-Die pellet mills (Giines & Celik, 2017). Although both systems
operate on the principle of compacting material within die apertures
against frictional resistance, they exhibit pronounced differences in
mechanical efficiency, capacity, and feedstock adaptability (Kmec
Engineering, 2024).

Flat-Die Pellet Mills

The flat-die architecture represents the most fundamental and
historically the oldest form of pelletization technology. Typically
preferred for low- to medium-scale production capacities (80 kg/h to
1,000 kg/h), these machines are distinguished by their compact
footprint and operational flexibility (Huang, 2014). In this design, a
horizontal disc (die) with vertical perforations is coupled with rollers
that traverse the die surface (Celik, 2024).

Flat-die machines are commonly divided into two subtypes
based on their motion scheme:

1. R-Type (Rotating Rollers): In this configuration, the die
remains stationary while the rollers rotate over the die surface to
compact the material. R-type machines provide higher torque and
improved stability in processing dense biomass feedstocks (e.g., oak
and pine sawdust) (Zhu, 2013).

2. D-Type (Rotating Die): The rollers are mounted on a fixed
shaft, while the flat die itself rotates. This design is simpler and more
cost-effective, and is generally suitable for soft feed rations or
hobby-scale applications.

A key structural advantage of flat-die machines is that
feeding can be performed vertically with assistance from gravity.
The material drops directly into the pressing chamber and is
distributed relatively uniformly across the die surface by the rollers
(flatdiepelletmill.com, 2025a; pellet-machine.net, 2025; wood-
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pellet-mill.com, 2025). Moreover, the roller—die gap can typically be
adjusted via a central set screw often even during operation allowing
straightforward optimization when processing materials with
variable moisture or heterogeneous particle-size distributions.
However, due to the inherent geometry of flat dies, the die’s
tangential (circumferential) surface speed varies with radius (v = w
). This radial surface-speed gradient can lead to non-uniform slip,
frictional heating, and contact pressure distribution, which in turn
may cause non-uniform wear on the die surface. Figure 1 below
shows an example of flat die pellet mill.

Roller

Raw maluial! ¢ //"’, ~

distribution ]

Die holes
(channels)

el \%ﬂ

Knife

Pellets

Figure 1: Flat Die Pellet Mill
Reference: flatdiepelletmill.com, 2025b
Ring-Die Pellet Mills

Ring-die machines are the standard equipment of modern
industrial facilities, particularly high-capacity feed mills and large-
scale energy pellet production lines. Approximately 95% of
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industrial pellet presses worldwide employ this system. In this
architecture, a cylindrical ring die rotates about a vertical or
horizontal axis, while two or three rollers located along the inner
circumference rotate due to frictional contact. Figure 2 below shows
an example of ring die pellet mill.

Ring die Raw material
distribution o
Transmition l““

[
%

Knife

Pellets y
2 Die holes
(channels)

Figure 2: Ring Die Pellet Mill
Reference: Huang, J., 2014

Ring-die machines can operate at high peripheral velocities
(6-10 m/s), making them well-suited for continuous, high-
throughput production (Poultry Trends, 2025; Turner, 2019). In
these machines, the material is distributed across the die surface via
centrifugal forces and mechanical scrapers. As the material enters
the narrow nip region between the rollers and the die, substantial
radial pressure is generated, forcing the material outward through the
die channels (Matus, KriZan, Beniak, & Strigac, 2022).

Ring-die systems generally employ two main drive
mechanisms:

* Gear-Driven: Motor power is transmitted to the die via a
gearbox. These systems can transfer approximately 96-98% of the
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motor load and offer high energy efficiency in heavy-duty
applications.

* Belt-Driven: V-belts or timing belts are used. They operate
more quietly and can damp mechanical shocks; however, their
efficiency typically ranges from ~90-96%, depending on
maintenance condition (Turner, 2019).

Table 1 below compares Flat-Die and Ring-Die systems.

Table 1: Comparison of Flat-Die and Ring-Die

Parameter Flat-Die Ring-Die
Capacity 80-1,000 kg/h 0.5-30+ t/h

Range

Feeding Gravity-fed (vertical Forced feed / scraper-
Mechanism flow) assisted (horizontal flow)
Pressure Manual/hydraulic (high Typically fixed (low

Control flexibility) flexibility)

Wear Non-uniform due to Uniform due to constant
Pattern differential speed peripheral speed
Energy Lower specific energy

. High at small scale consumption (kWh/ton) at
Efficiency ] 1
arge scale
Maintenance Low (compact, High (heavy die;
Complexity lightweight parts) lifting/hoisting required)

Pressing Kinematics and Theoretical Pressure Modeling

Pelletization 1s fundamentally governed by the densification
of particles as they overcome frictional resistance within the press
channel. The performance and stability of this process can be
analyzed through kinematic and dynamic models that describe the
feedstock’s mechanical behavior.

Pressure Distribution Within the Press Channel

Material entering the die channel exerts radial pressure on the
channel walls. This pressure produces frictional resistance that
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increases exponentially with channel length. A mathematical model
defining the steady-state pelletization pressure (Px) is given as
follows (Stelte et al., 2011; Oden & Celik, 2022):

P
P, = ﬂpNO(e‘l#VLRC -1)
VLR
In this model, the critical variables directly affect pellet
quality:

» Compression Ratio (c): Defined as the ratio of channel
length (L) to diameter (D), i.e., L/D. As this ratio increases, the
material’s residence time in the channel and the frictional exposure
both rise, which enhances pellet durability; however, it also
increases energy consumption in a non-linear manner (Grains.org,
2018; Verhoven & Thomas, 2025).

» Coefficient of Friction (pn): Represents the interaction
between the material and the steel die surface. With increasing
temperature particularly as resins and oils present in biomass are
released this coefficient decreases, creating a natural lubricating
effect (Tumuluru, Conner, & Hoover, 2016).

* Poisson’s Ratio (VLR): Describes the tendency of the
material to expand radially under axial compression.

Studies indicate that exceeding a pelletization pressure
threshold of 200-250 MPa does not yield a meaningful increase in
pellet density, but instead increases mechanical stress and energy
waste (Stelte et al., 2011).

The Nip Zone and Material Flow Dynamics

The narrow contact region between the roller and the die is
referred to as the nip zone. The kinematic phenomena in this region
occur in two stages:
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1. Compaction Stage: The roller compresses the material
layer on the die (pad thickness), expels entrapped air, and densifies
the feedstock.

2. Extrusion Stage: The densified material is forced into the
die channels under the vertical force applied by the roller.

The nip angle governs the roller’s ability to capture and draw
in the material. Larger-diameter rollers provide a smaller nip angle,
which prevents the material from being “rejected” by the roller
(slippage) and enables the processing of thicker material beds
(JohnPac, 2019). If the feed rate is excessively high relative to roller
speed, the material accumulates in front of the roller instead of
entering the die holes; this increases slippage forces and may cause
die plugging. Figure 3 below shows a die and roller nip points for
three-roll and two-roll applications.

Die and roller nip points
3-roll application

Nip point

Figure 3: Die and roller nip points for three-roll and two-roll
applications.

Reference: Turner, R., 2019
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Feeding Systems: Flow Control and Stability

One of the most critical determinants of pellet mill
performance is controlling the mass flow rate of material delivered
to the press chamber. Irregular feeding leads to motor overloads,
fluctuations in pellet quality, and mechanical failures
(Afrimash.com, 2025). Figure 4 illustrates the effect of doubling the
feed rate, which results in a feed bed (material pad) ahead of the roll
that is approximately twice as thick. Under this thicker bed
condition, the roll is more likely to drive the material forward along
the die surface rather than forcing it downward into the die holes.
The resulting slip force promotes sliding of the feed bed across the
die face, which can ultimately lead to hole blockage and die choking.

\ I,

Slip force
Due to “T"

Slip force
Due to “2T"

Figure 4: Feed Rate vs Roll Force.
Reference: Turner, R., 2019
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Screw Feeders

Screw feeders convey material from the hopper to the
conditioner. Unlike standard conveyors, pellet feeders typically
operate under a flood-loaded inlet principle. Their design must
incorporate features that prevent bridging in the hopper.

To improve feeding precision, the following design
approaches are used:

* Progressive Pitch Screw (Variable Pitch): Increasing the
screw pitch from inlet to outlet ensures uniform withdrawal of
material across the hopper floor (Carson & Petro, 2022; Screw
Conveyor Bega, 2025; smtsite.com, 2023).

* VFD (Variable Frequency Drive): The feed rate is
dynamically adjusted based on the pellet press main motor current
(amperage). This enables continuous operation at maximum
efficiency (Abc Machinery, 2025b; Campabadal, Maier, & Jones,
2019; XueZao Machinery, 2025).

Force Feeders

In processing low-density, lightweight materials such as
wood sawdust, straw, or rice husk gravity-based feeding may be
insufficient. In such cases, force-feeding (imperative/force feeding)
systems are used to push the material into the press chamber
mechanically (pellet-richi.com, 2020). By minimizing air voids
within the press chamber, these systems increase die fill and can
raise production capacity by 15-20%.

Conditioning Units and Hydrothermal Activation

Conditioning is widely regarded as the ‘“heart” of
pelletization. Approximately 20% of pellet quality and a substantial
portion of operational efficiency are determined in this step.
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Conditioning is the controlled addition of heat and moisture typically
in the form of saturated steam to the raw material.

Steam and Thermodynamic Effects

Steam injection induces two critical transformations in the
material:

1. Sensible Heat Transfer: Before condensation, steam
increases the material temperature.

2. Latent Heat and Moisture Transfer: Upon condensation,
steam releases a large amount of energy and increases material
moisture. As a general rule, every 12.5°C temperature increase adds
approximately 1% moisture to the material (Dunmire, Charles, &
Chad, 2021).

The outcomes of these hydrothermal changes include:

« Starch Gelatinization: In the feed industry, starch molecules
are disrupted and become an effective natural binder. This increases
pellet durability (PDI—Pellet Durability Index) while also
improving digestibility for animals (Devenish.com, 2025;
tekpro.com, 2025).

* Lignin Softening: In biomass production, lignin—the
natural polymer in wood—begins to soften around 80°C (glass
transition). Softened lignin forms a thermoplastic bond between
particles and prevents pellet disintegration after cooling (Ismail,
Khor, & Mohamed, 2023).

* Lubrication Effect: Temperature and moisture reduce
material viscosity and decrease friction within the die channels. This
lowers specific energy consumption (kWh/ton) and extends die life.
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Conditioning Parameters and Optimization

Material behavior within the conditioner is governed by the
paddles’ angle and rotational speed.

* Residence Time: The duration for which the material
interacts with steam. While 3045 seconds is sufficient for standard
rations, this can be increased to 90—120 seconds for high-fiber feeds
or feeds requiring stringent hygiene (e.g., Salmonella control).

* Mold Hole Entry Angle: As entry angle is increased from
45° toward 90°, the forward movement of the material slows and
residence time increases. This tends to improve pellet quality in an
approximately linear manner (Briggs, Maier, Watkins, & Behnke,
1999; Gilpin, Herrman, Behnke, & Fairchild, 2002).

Table 2 below presents The Effect of Conditioning
Parameters on Pellet Quality.

Table 2: The Effect of Conditioning Parameters on Pellet

Quality
Conditioning | Ideal Value/ .
Parameter Range Effect on Pellet Quality
Steam >97% saturated | Ensures uniform distribution of heat
Quality steam and moisture.
Target o Critical for activation of lignin and
80-95 °C
Temperature starch.
Added 0 D .
Moisture 4-6% Improves binding, reduces friction.
Conditioner 90-500 RPM Determines mixing intensity.
Speed

Material Specifications and Engineering Requirements

The design and operational settings of pellet mills vary
substantially as a function of the chemical and physical nature of the
processed material.
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Biomass and Wood Pelletization Dynamics

In biomass pelletization, the primary challenge is the
feedstock’s high lignocellulosic content and abrasiveness.

* Wood Sawdust: Softwoods (e.g., pine) pelletize more
readily due to their inherent resin content, whereas hardwoods (e.g.,
oak, beech) may require higher compaction pressures and dies with
lower L/D ratios (Fabon Engineering, 2025; Gemco Energy, 2025b).

* Agricultural Residues (Straw, Rice Husk): These materials
exhibit very high silica contents. In rice husk, silica levels of 15—
20% accelerate abrasive wear of dies and rollers (Richi Machinery,
2025). Moreover, materials such as straw have low bulk density and
cannot be processed efficiently without force-feeding units.

Compound Feed and Aquatic Feed

In the feed industry, pelletization is commonly treated as a
thermal “cooking” process.

* Compound Feeds: Corn- and soybean-based rations are rich
in starch and typically yield high-quality pellets at standard L/D
ratios (8-12).

» Aquatic Feed: Fish feeds must remain stable in water for
extended periods without disintegration. Consequently, two- or
three-stage jacketed conditioners are used to target ‘“cooking”
(gelatinization) levels above 95%.

Lubrication Strategies

Pellet mills operate under some of the most demanding
tribological conditions among industrial machines. Press-chamber
temperatures can reach 110°C, and bearings are continuously
subjected to radial loads on the order of thousands of tonnes
(Lubrication Engineers, 2025).
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Design of Automatic Lubrication Systems

Manual lubrication often creates an “all-or-nothing” scenario
that reduces bearing life. In modern pellet presses, the following
automatic lubrication architectures are widely used:

* Progressive Systems: Lubricant is distributed sequentially
from a main line to all lubrication points. If a single point becomes
blocked, system pressure rises and the main control unit shuts down
the machine to prevent bearing damage.

* Dual-Line Systems: Used in very long plant lines and
systems with many lubrication points to prevent pressure losses.

Due to food safety requirements, lubricants used in feed
production must be certified as H1 food-grade and must be resistant
to oxidation at elevated temperatures (Gpreeves.com, 2024;
Mitchell, 2025; SKF, 2025).

Wear and Failure Analysis

Die and roller wear constitute one of the largest cost
components in pellet production. Dies are typically manufactured
from high-alloy stainless steels (e.g., X46Cr13) and hardened under
vacuum conditions (Abc Machinery, 2025a). Table 3 below shows
some types of failures and solution approaches.

Table 3: Types of Failures and Solution Approaches

Failure Mode Possible Cause Corrective Approach
Run-in/condition the die
Low Die holes clogged or worn using oily sand, or replace
Throughput y
the die
Excessive Roller—die gap imbalance or | Inspect bearings and set the
Vibration bearing damage gap to 0.1-0.3 mm
Brittle Pellets Inadequape conditioning or Increase steam adlelon or
low binder content use a thicker die
Motor Overfeeding or excessively | Reduce feed rate (via VFD)
Overload high compression ratio or revise die specification
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Industrial Implications and Forward Outlook

Pelletization technology represents a critical engineering
domain positioned at the intersection of the global energy transition
and sustainable agricultural policy. The analysis presented in this
report demonstrates that pellet production is not a simple mechanical
compaction task; rather, it is a precise process in which the
thermodynamic properties of the feedstock are synchronized with
machine kinematics.

While ring-die architectures maintain dominance at
industrial scale due to their advantages in energy efficiency and
throughput, flat-die designs continue to occupy an indispensable
niche in flexible and localized production solutions. Future
pelletization systems are expected to evolve toward the concept of
“Smart Pelleting.” In this context, real-time moisture sensors, Al-
driven feeding algorithms, and autonomous lubrication systems will
reduce production costs by minimizing human error. In addition,
specially alloyed dies developed for challenging agricultural
residues and advanced hydrothermal conditioning techniques will
directly strengthen the circular economy. Pelletization will remain
one of modern engineering’s most tangible achievements in
converting wastes into high-value energy and nutrient resources.
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Drive Systems and Maintenance Strategies For
Pelletizing Machines

Introduction

In the modern industrial production ecosystem, pelletization
technology is a critical process that enhances logistics, storage, and
end-use efficiency by optimizing the mechanical properties of bulk
feedstocks. Pellet machines employed in strategic sectors such as
agriculture, livestock production, biomass energy, and metallurgy
densify dusty or fine-particulate solid materials by compacting them
under high pressure and controlled temperature, thereby imparting a
defined profile and density (ud-machine.com, 2024; Yemsa Makina,
2025). This transformation is not merely a simple pressing operation;
rather, it constitutes a complex synthesis of mechanical design,
materials science, and tribological interactions. The efficiency of a
pelletization system depends directly on the extent to which the
energy generated by the motor is converted into useful work within
the narrow clearance between the die and the rollers. In this context,
parameters such as the torque characteristic of the drive system, the
mechanical efficiency of power-transmission components,
metallurgical wear resistance, and surface roughness are
fundamental determinants of production-line profitability (Gemco
Energy, 2025¢c; Yuda Machinery, 2023).

Structurally, pellet machines consist of a few fundamental
components, such as the feeder, conditioner, the die with cutting
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mechanism, coupling and the motor together with the power-
transmission system. Figure 1 below shows a schematic structural
view of biomass ring type pellet machine.

Main function:

1.Adjust the speed.  ~—_

2 Make the feeding
T — ] speed evenly.
3.Improve the capacity (@
Main function: of pellet mill largely. |
Soften and even material,
adjust moisture content,
increase capacity and
also improve the
appearance of pellets,
promote the curing and
evenness of pellets.

Main Motor

Coupling

Pedestal

Forced Feeder

Inspection gate can inspect
the conditioning quality of

material, and can also be the g N

manual feeding gate. Cleaning Main Driving Box
gate can make pressing chamber| |Cutter arbor can control the| |Consist of gear shaft, big
free of particles by discharging | |length of pellets by stretching| | 9€ar wheel, main shaft, dr-
during commissioning and| |in radial direction. iving shaft, gear box, ring
maintenance. o - die, roller, etc.

Rotating Axis Assembly

Figure 1: A Schematic Structural View of Biomass Pellet Machine (R
Type)
Reference: Hengmu Machine, 2025

The synchronized operation of these components directly
influences pellet quality. In particular, in applications processing
high-resistance materials such as biomass and wood pelletization
machines are exposed to substantial mechanical stresses and thermal
fluctuations. These demanding conditions necessitate that
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maintenance engineering adopt predictive and preventive paradigms
rather than a purely reactive approach. From lubrication
management and spare-parts strategy to bearing failure analysis and
die/roller refurbishment operations, each stage must be configured
to optimize the facility’s total cost of ownership (TCO) (Streetz,
2024; Verdantis, 2025).

Drive Systems and Power-Transmission Architecture: Efficiency
and Torque Dynamics

In pellet machines, the drive system is the mechanical “heart”
that converts the rotational motion of the main motor into the high-
torque compressive force applied in the pelletizing chamber. The
design of these systems exerts a decisive influence on energy
consumption, maintenance requirements, and operational stability.
Within industry, belt—pulley mechanisms, gearbox systems, and
modern direct-drive technologies are widely utilized.

Comparative Analysis of Belt and Gear Drive Systems

Belt—pulley systems, commonly preferred in conventional
pellet mills, are recognized for their low initial capital cost, ease of
spare-part procurement, and ability to dampen operational noise.
However, the mechanical efficiency of belt-driven systems
decreases under high load due to the risk of slippage. Belt slippage
not only results in energy losses but also induces undesirable radial
loads on the shaft and increases thermal buildup. Particularly when
processing materials with high frictional resistance such as wood
sawdust or agricultural residues the torque-transmission capacity of
belt-driven systems can become a limiting factor.

Gear-driven systems, by contrast, transmit motor power to
the main shaft directly and at a fixed ratio. This architecture provides
higher mechanical efficiency and greater torque-transmission
capability than belt-driven systems. In the pelletization of hard and
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abrasive materials, gear systems help preserve product quality by
ensuring stable rotational speed and high compressive force
(onecpm.com, 2025; Scribd.com, 2025). Nevertheless, gearboxes
require precise alignment, oil replacement, and
comparatively complex maintenance procedures. To reduce
mechanical losses, modern designs increasingly employ two-stage
power-transmission systems, aiming to achieve quieter, lower-
vibration operation (feedtech.com.tr, 2025). Table 1 below provides
a comparison of Belt Drive, Gear Drive, and Direct Drive.

regular

Table 1: Comparison of Belt Drive, Gear Drive and Direct

Drive
Parameter Belt Drive Gear Drive Direct Drive
o
Energy 90-96% (losses 96-98% (gear o8 A)Jr. (np
. . .. transmission
Efficiency due to slip) friction losses)
losses)
Torque Medlum (risk of High (fixed .
. slip under heavy - . Very high
Capacity load) transmission ratio)
. Frequent (belt Moderate Low (reduced
Maintenance .. . .
. tensioning and (lubrication and mechanical
Requirement .
replacement) alignment) components)
. Medium/high Very low
Noise Level Lo;;r(r:nihrf:r;: nt (metal-to-metal (vibration
ping contact) control)
Limited (requires | Stepped/variable | Stepless (full
Speed . )
Control pulley diameter (supported via control over
changes) VSD) 0-8 m/s)

Direct Drive Technology and Its Operational Advantages

Direct-drive pellet mills, developed in response to the
biomass sector’s high-torque and low-speed requirements, eliminate
intermediate transmission elements such as gearboxes and V-belts
entirely. In these systems, a high-pole torque motor is coupled

directly to the main shaft. Compared with conventional
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architectures, direct-drive designs can deliver energy savings of up
to 20%. The principal source of this saving is the minimization of
mechanical friction points along the transmission chain and the
motor’s synchronized operation directly with the load.

The most distinctive technical advantage of direct-drive
systems is the availability of full torque from zero speed. This
capability enables smooth start-up even when the machine is fully
charged with feedstock (onecpm.com, 2025; Weima, 2025).
Furthermore, the ability to adjust die speed continuously between 3
and 8 m/s without torque loss allows the optimal densification profile
to be defined for different feedstock formulations. Precise speed
control has a direct positive effect on the Pellet Durability Index
(PDI), reducing fines generation and standardizing product quality.
The reduced number of mechanical components also lowers
maintenance costs and decreases the machine’s overall footprint,
improving space efficiency at the plant level.

Tribology and Wear Mechanisms: Metallurgical and Geometric
Interactions

By its nature, pelletization involves severe friction and wear
phenomena. Forcing feedstock through die channels under high
pressure induces both chemical corrosion and mechanical erosion
(Turner, 2019; ubts.net, 2025). Wear management is therefore
foundational to operational sustainability in pellet plants.

Die Metallurgy and Material Selection Criteria

Alloys used in die manufacturing must maintain a delicate
balance among hardness, toughness, and corrosion resistance. Two
elements are particularly determinant in material selection: carbon
and chromium. Carbon content governs the hardness achieved after
heat treatment and, accordingly, the resistance to abrasive wear.
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Chromium, in turn, enhances resistance to oxidation and corrosive
agents.

Steels containing more than 12% chromium fall into the
stainless-steel category and are preferred particularly in facilities
processing acidic feedstocks or high-moisture materials. “Chrome-
Plus” stainless steels provide the most durable solution for highly
abrasive biomass constituents, offering superior resistance to pitting
and die-hole enlargement.

Heat-treatment routes directly determine die service life.
Carburized (case-hardened) dies provide extreme surface hardness
while preserving core toughness, thereby improving fracture
resistance. However, because these dies are initially rougher at the
surface, they require a break-in period before full-capacity operation
is achieved. Through-hardened (neutral-hardened) dies, by contrast,
enable easier start-up; yet, more pronounced declines in pellet
quality may occur toward the end of their service life.

Compression Ratio and Channel Geometry

The most critical engineering parameter governing pellet
quality and production capacity is the compression ratio (CR). It is
defined as the ratio of the effective length (L) of a die channel to the
hole diameter (D).

The compression ratio determines the frictional resistance
(back pressure) encountered by the material as it passes through the
channel. Materials with low oil content and high dryness (e.g., rice
husk) require specific ratios to avoid excessive resistance, whereas
wood pellets typically demand substantially higher compression
ratios. An excessively high ratio can cause die-hole plugging and
machine shutdown due to overload, while an excessively low ratio
leads to insufficient densification and pellet disintegration. Table 2
below presents the ideal compression ratio (CR) by material type.
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Table 2: Ideal Compression Ratios (CR) by Material Type

. Ideal Compression .
Material Type Ratio (CR) Observations
Rice Husk 6:1-8:1 Dry mat'erl.al; requires high
frictional heat.
Wheat Straw 55.1-7:1 Low bulk d§ns1ty; moderate
resistance.
Hardwood 8:1-12:1 High pressure is esgentlal for
lignin activation.
Requires a thicker .
L Demands greater compression
Softwood die (higher than hardwood
effective CR). )

The internal geometry of die channels is not limited to a
purely cylindrical structure. In modern die designs, conical chamfers
at the inlet (taper inlet) or stepped/relieved inlet sections (well inlet)
are commonly used (Matus, Krizan, Beniak, & Striga¢, 2022). These
features increase pre-compaction at the channel entrance, improve
energy efficiency, and reduce stress concentrations on the die surface
(Soyler & Celik, 2021; Wu, Shi, Ding, Peng, & Sun, 2010). Relief
holes at the outlet, in turn, allow the targeted effective length (L) to
be maintained without compromising the die’s structural integrity.

Surface Roughness and Friction Physics: The Performance—
Quality Relationship

In pelletization, the internal surface roughness of die holes
plays a decisive role in both energy consumption and the surface
quality of the final product. The coefficient of friction (p) is a direct
function of surface morphology and governs the pellet’s resistance
to movement within the channel (He et al., 2025; Salas-Bringas et
al., 2010).
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Effects of Ra on Friction and Energy

Surface roughness is typically expressed as Ra (arithmetic
mean roughness). In high-quality dies manufactured via precision
gun drilling (deep-hole drilling), internal hole roughness can be
reduced to approximately 1.2 Ra (CPM, 2025; Gemco Energy,
2025a). Experimental studies confirm that each incremental increase
in surface roughness increases the coefficient of friction and,
consequently, raises the motor current draw (electrical power
consumption).

Smoother surfaces enable material to flow through the holes
with lower energy demand, thereby reducing specific energy
consumption (SEC). However, if friction becomes excessively low,
the critical heat required for pelletization may not be generated (i.e.,
the 80—100°C needed to reach lignin’s glass transition range). To
maintain this balance, surface finish must be matched to the
feedstock’s moisture level and oil content.

Another key finding in friction physics concerns the
orientation of roughness. Longitudinal roughness can increase
frictional resistance by up to 30% compared with transverse
roughness. Within pelletization channels, microscopic roughness
“grooves” aligned with the extrusion direction affect the material’s
ability to “grip”; this can increase pellet density while
simultaneously accelerating the die wear rate (Cordier et al., 2025;
Salas-Bringas et al., 2010).

Effect of Surface Roughness on Product Quality

Pellet surface roughness is the combined outcome of
feedstock particle size and die surface finish. Fine-particle
feedstocks fill voids within the channel more effectively, producing
smoother and more durable pellets. Smooth pellets generate fewer
fines during handling and packaging, thereby improving end-user

54



satisfaction and, for energy applications, combustion efficiency (JD
Ring Die, 2025; Sarkar, Ang, & Liew, 2013). Excessive die-surface
wear or “rollover” (deformation/crushing at the die inlets) causes
dimensional irregularities and surface cracking, reducing the Pellet
Durability Index (PDI).

Maintenance Engineering and Predictive Maintenance
Strategies

In high-torque, continuously operated systems such as pellet
mills, maintenance strategy should shift from a reactive (post-
failure) mode to a predictive (pre-failure) mode. Predictive
maintenance (PdM) seeks to minimize unplanned downtime by
monitoring equipment health via real-time data (DXP Quadna, 2025;
Prometheus Group, 2025).

Vibration Analysis and Fault Diagnosis

Vibration analysis is among the most effective methods for
detecting bearing wear, shaft misalignment, and imbalance in pellet
mills. Each rotating component generates a characteristic frequency
spectrum. Data collected by vibration sensors (accelerometers) are
transformed into the frequency domain using Fast Fourier Transform
(FFT) analysis.

* Bearing Damage: High-frequency “impact” signals indicate
surface roughness or cracks in bearing raceways. Envelope analysis
isolates these signals and quantifies fault severity.

* Misalignment and Imbalance: High-amplitude vibrations
typically occurring at multiples of the motor rotational speed (RPM)
indicate coupling misalignment or rotor imbalance.

* Mechanical Looseness: Irregular frequency responses
indicate loosening of foundation bolts or bearing housings (EMS
Industrial, 2025; vikinganalytics.se, 2025).
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Facilities implementing predictive maintenance have
reported 25-30% reductions in maintenance costs and 40-50%
reductions in unplanned downtime. Large industrial operators such
as General Motors have achieved savings of up to USD 20 million
per year using vibration analysis alone across thousands of robots
and rotating assets (WorkTrek, 2025).

Thermography and Motor Diagnostics

Infrared thermography is used to monitor the temperature
distribution of die and roller bearings in the pelletizing chamber.
Sudden increases above expected operating temperatures (80—
100°C) indicate insufficient lubrication or excessive mechanical
friction. In addition, motor circuit analysis (MCA) can detect
insulation degradation, short circuits, or electrical imbalances in
motor windings before catastrophic motor failure occurs.

Lubrication Management and Advanced Tribological Solutions

Lubrication is the most critical operational variable
governing pellet mill service life. More than 70% of bearing failures
result from insufficient lubrication, incorrect grease selection, or
contamination (Castrol, 2025).

Ceramic-Based and Specialized Industrial Greases

High temperatures in the pelletizing chamber (which can
reach up to 140°C) and intensive steam exposure can rapidly oxidize
standard lithium-based greases and cause them to wash out of
bearings. Under these severe conditions, calcium sulfonate complex
or aluminum complex greases are recommended. These greases
provide excellent water resistance and high dropping points
(250°C+) (Lubriplate Lubricants, 2025; Valvoline, 2025).

Solid-lubricant—additized greases can, in some applications,
reduce wear by promoting tribofilm formation under
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boundary/mixed lubrication conditions. Field performance gains
should be assessed in conjunction with contamination control,
sealing integrity, and relubrication optimization; when addressed
holistically, these measures can deliver meaningful reductions in
grease consumption and measurable increases in bearing service life.
Ultimately, the performance benefit is application-dependent and
should be documented using controlled field data.

Bearing Failure Modes and Root Cause Failure Analysis (RCFA)

Bearings are among the most sensitive components of a pellet
mill and inevitably experience fatigue due to the loads they carry.
However, preventing premature failures requires accurate
interpretation of damage patterns. Figure 2 below shows some
example of bearing damages.

Light corrosion on the Advanced Advanced corrosion Etching and
outer race etching and etching corrosion

l
!

Rib and roller end Rib and Scoring Race deformation from

heat damage roller end damage on  excessive heat generation
heat damage roller end

Fatigue resulting from Severely fatigued rollers Fatigue spalling from Severe peeling and spalling
heavy loads from heavy load excessive preload from heavy loads

Figure 2: Some Example of Bearing Damages

Reference: Timken, 2019
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Post-failure Root Cause Failure Analysis (RCFA) does not
stop at replacing the failed component; rather, it identifies the
underlying source of the problem (e.g., improper sealing design or
an excitation source of vibration) in order to prevent recurrence. In
particular, surface-initiated damage patterns such as Point Surface
Origin (PSO) spalls are often indicative of lubricant contamination
and implicitly signal that the filtration system requires improvement
(NSK, 2014; Timken, 2019).

Table 3 below presents common bearing issues and their root

causes.
Table 3: Common Bearing Issues and Their Root Causes
Failure Mode Visual Symptom Root Cause
Spalling / Surface flaking; pieces | Material fatigue, overload,
Pitting of metal breaking away. | or shaft deflection/bending.
Abrasive Sandblasted or dull gray Dust, sand, or metal
Wear surface appearance. particles entering past seals.
Adhesive Metal transfer and burn | . oil ﬁlm breakdown,
Wear marks on the surface insufficient lubrication, or
(Scuffing) ) sudden load increase.
. Rust-colored/black Microscopic oscillatory
Fretting . . . g
Corrosion marks in the housing motion between the bearing
bore or on the shaft. and its seat.
. Parallel grooves on the | Stray motor current passing
Electrical . ) “ » ;
. inner ring (“washboard through the bearing;
Arc Fluting . .
pattern). inadequate grounding.

Die and Roller Reconditioning Technologies

Scrapping a worn die or roller constitutes a high-cost form of
waste. Professional reconditioning practices extend component life
and reduce the unit cost of pellets.
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Die Restoration Process

Die reconditioning is a protocol involving precision
engineering steps:

1. Diagnostic Inspection: Wear depth, ovality, and cracks on
the die surface are assessed.

2. Hole Cleaning: Cemented feedstock residues inside the
holes are removed using high-pressure water-jet systems at 15,000

psi.

3. Surface Grinding: The die face is skimmed using CNC
grinding machines to eliminate waviness and to bring the roller
contact surface into perfect parallelism.

4. CNC Countersinking: The conical entry angles at the hole
inlets are re-machined. This reduces resistance during material entry,
increases throughput, and provides energy savings (CFE Group,
2025).

5. Heat Treatment (If Required): Surface hardness is verified
and, if necessary, re-hardened via induction.

Roller Reconditioning Process

Roller reconditioning typically includes complete
replacement of bearings and seals, as well as refurbishment of the
roller shell. Using 150-ton presses and specialized manipulators, this
process is executed such that assembly tolerances and grease filling
meet OEM standards (CFE Group, 2025). A reconditioned roller set
is approximately 40-50% more economical than a new set and can
deliver comparable service life.

Spare-Parts Strategy and Operational Inventory Management

In a pellet plant, spare-parts costs can reach up to 8%
annually of total equipment maintenance expenditure (Agico Group,
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2025; Gemco Energy, 2025b). To manage this financial burden,
spare parts should be classified by criticality.

ABC-VED-FSN Analysis Matrix

In industrial inventory management, a three-dimensional
matrix approach yields the most effective outcome:

* ABC Analysis (Economic Value):

Class A: High-cost items comprising 70-80% of total
inventory value (e.g., main motor, large die assemblies). Managed
with tight control and low safety stock.

Class B: The intermediate group between A and C.

Class C: Numerous but low-value items (bolts, seals).
Procured in bulk (Gizaw & Jemal, 2021).

* VED Analysis (Operational Risk):

V (Vital): Parts whose absence halts production immediately
and creates occupational safety risk (roller bearings, shear pins).
Must be kept in stock.

E (Essential): Important; stockouts are undesirable, but short-
term unavailability is typically tolerable (substitution or rapid
procurement may be feasible). Moderate-to-high control with
reasonable safety stock.

D (Desirable): Non-critical items that primarily improve
efficiency or monitoring capability.

* FSN Analysis (Movement Rate):

Fast: Consumables such as roller shells replaced every 300—
500 hours.

Slow: Main shafts or frame components that fail
infrequently.
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Non: Items showing no movement over a defined period
(e.g., the last 612 months).

Supply Chain and Lead-Time Management

Lead times for custom dies can extend to several months
depending on geography and specifications. Therefore, reorder point
calculations should incorporate supplier lead time and an additional
safety margin (safety stock) alongside average consumption rate
(fsm.how, 2025; MDI, 2023). For critical components, avoiding
dependence on a single supplier provides strategic resilience.

Conclusion and Future Prospects

The pursuit of efficiency in pelletization technologies is
currently entering a new phase driven by digitalization and advanced
materials science. The adoption of direct-drive technology in drive
systems not only delivers energy savings but also reduces
mechanical complexity, bringing the “maintenance-free machine”
concept one step closer. From a tribological standpoint, ceramic-
based intelligent lubrication solutions and nanotechnological control
of surface morphology are extending die and roller lifetimes beyond
conventional limits.

In the future, pellet machines will evolve into smart assets.
Data collected from integrated vibration, temperature, and pressure
sensors will be processed via Al algorithms, enabling predictions of
Remaining Useful Life (RUL) with accuracy exceeding 90%.
Surface roughness and channel-geometry optimizations will be
simulated through machine-learning-enabled digital twins,
facilitating die systems that can be dynamically adjusted for each
feedstock type. This technological transformation will elevate pellet
production from a mere densification operation into a hallmark of
resource efficiency and operational excellence.
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