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1.Introduction

Biomass-based solid biofuels play a key role in sustainable energy systems due to their
low carbon footprint, regional availability, and contributions to energy security (Jordan et al.,
2019). Among these fuels, biomass pellets have gained widespread acceptance owing to their
high bulk density, low moisture content, uniform combustion behavior, and compatibility with
automated heating systems (Goh et al., 2013).

Maintaining high pellet quality requires not only suitable feedstock properties but also
the optimization of pelletization parameters, including moisture, temperature, pressure, and
binder utilization. Insufficient particle adhesion during densification often leads to low
mechanical durability, excessive fines, reduced density, and operational problems in pellet mills
(Stelte et al., 2011). These challenges are more prominent in low-lignin agricultural residues,
fibrous materials with weak inter-particle bonding, and biomass with high inorganic content,
where natural binding mechanisms are inadequate (Samuelsson et al., 2012).

Therefore, the application of binders has become an essential strategy for producing
durable and standardized pellets, particularly from low-quality or heterogeneous biomass
sources. Binders enhance particle adhesion during densification, reduce energy consumption in
pellet mills, and significantly improve pellet density, abrasion resistance, hygroscopic behavior,
and combustion performance (Tumuluru, 2014). However, binder selection must be carried out
carefully, as certain binders can influence ash content, slagging tendencies, and gaseous
emissions either positively or negatively (Garcia-Maraver et al., 2011).

This chapter provides a comprehensive overview of the mechanisms, classifications, and
quality impacts of binders in pellet biofuel production. Additionally, commonly used binder
types from the literature are summarized, and the potential of cotton dust as a natural fiber-
based binder is evaluated as an example of an innovative and cost-effective additive.

2.Fundamental Properties of Binders

Binders in pellet biofuel production are additives that enhance adhesion and cohesion
among biomass particles during densification, thereby improving mechanical durability,
density, and overall pellet quality. Their effectiveness depends on multiple factors including
feedstock characteristics, chemical composition, moisture content, and pelletization parameters
(Ungureanu et al., 2018).

Binders function by reinforcing the physical, thermal, and chemical interactions among
biomass particles under high pressure and temperature. The success of binder action is strongly
related to the formation of inter-particle bonding bridges, which provide structural integrity to
the pellet (Anukam et al., 2021).

2.1 What is a Binder?

A binder is defined as an organic or inorganic substance that facilitates particle adhesion,
improves plasticity during pelletization, and forms a stable structural matrix upon cooling.
Binders serve three primary functions:
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e Adhesion — interaction between binder and particle surfaces.
e (Cohesion — internal bonding within the binder matrix.
e Bridge Formation — solid or semi-solid connections formed during drying or cooling.

The performance of a binder is directly linked to its ability to create stable micro- and
macro-level bonding networks within the pellet structure.

2.2 Binder Mechanisms

The mechanisms through which binders enhance pellet structure can be categorized into
four primary pathways:

a) Lignin Softening and Thermal Interactions

Natural lignin softens between 140-180 °C and acts as an intrinsic binder. Low-lignin
biomass requires external binders to compensate for this deficiency (Lizundia et al., 2021).

b) Physical Bonding and Fiber Interlocking

Fiber-rich binders such as cotton dust or straw fines promote mechanical interlocking
between particles (Stelte et al., 2011).

¢) Gelatinization and Chemical Bonding

Starch-based binders undergo gelatinization during heating, producing a strong adhesive
matrix (Ahn et al., 2014).

d) Capillary Forces and Moisture-Induced Adhesion

Capillary bridges formed by moisture during compression support temporary adhesion,
contributing to initial pellet shape formation before solidification (Kaliyan & Morey, 2010).
Together, these mechanisms enhance pellet durability, density, and overall structural stability.

%&

Lignin softening Fiber interlocking
Starch gelatinization Capillary adhesion

Figure 2.1. Mechanisms of Binder Action in Biomass Pelletization
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3. Types of Binders

Binders used in pellet biofuel production can be categorized based on their origin,
chemical structure, and bonding mechanisms. (Butler et al., 2023). The primary groups include
natural binders, industrial/organic binders, and agricultural waste-derived binders.

Table 3.1. Comparison of Major Binder Types Used in Biomass Pelletization

Binder Type Source / Primary Advantages Limitations Typica
Origin Mechanism 1
Dosage
Starch Corn, Gelatinizati ~ High Hygroscopicit 1-5%
wheat, on — strong  durability T, y T, risk of
potato adhesive good cohesion  microbial
matrix growth
Lignosulfonates Pulping Chemical Durability 11,  Ash 1 slightly,  0.5-2%
industry bonding via  density 1, dark color
by-product  sulfonate lubrication
groups effect
Glycerol / Crude  Biodiesel Plasticizatio ~ Energy Excess 1-3%
Glycerin production n, consumption softening at
lubrication |, flowability high ratios
1
Molasses Sugar Sugar Durability 1, CO emissions 2-5%
processing caramelizati  fines | 1, sticky
residue on — handling
coating
Fiber-rich Agricultura ~ Mechanical ~ Low ash, low Low chemical ~ 5-20%
Additives (cotton 1 residues interlocking  cost, improved  bonding, needs
dust, straw fines) structure blending
Bio-oils / Pyrolysis &  Aromatic Strong Odor, variable ~ 1-4%
Pyrolytic Lignin HTL polymerizati  bonding, viscosity
products on hydrophobicit
y1
Inorganic Natural Filling & Improved Ash 11, HHV 0.5-2%
Binders (clays, minerals bridging shape stability |
bentonite)

3.1 Natural Binders

These are widely used due to their biodegradability, low cost, and compatibility with
biomass.

a) Starch (corn, wheat, potato starch)

o Undergoes gelatinization upon heating, forming a continuous adhesive matrix between
biomass particles. (Stahl et al., 2012; Hu et al., 2015)

o Provides strong adhesive properties even at low dosages (typically <2 wt%), increasing
pellet hardness and reducing abrasion and fines (Butler et al., 2023; Ahn et al., 2014).

e At higher proportions it can increase hygroscopicity and equilibrium moisture content
of the pellets, which may affect storage stability (Wang et al., 2020; Anukam et al.,
2021).

10
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b) Lignosulfonates

Lignosulfonates are among the most effective and widely used natural binders in biomass
pelletization. They are generated as by-products of the sulfite pulping process and contain
sulfonate functional groups that enable strong chemical bonding with biomass components.

Key mechanisms include:

e Formation of cross-linking bridges between cellulose, hemicellulose, and lignin
fragments

o Improved die lubrication due to their surfactant-like behavior

o Enhanced thermal softening, promoting compact and dense pellet structures

Numerous studies have shown that lignosulfonates significantly increase pellet
mechanical durability (up to 20—40%), reduce fines generation, and enhance bulk density, even
at low addition levels (typically0.5-2wt%) (Nielsen et al., 2009; Kaliyan & Morey, 2010;
Tumuluru, 2014).

These properties make lignosulfonates one of the most powerful and industrially
preferred organic binders in pellet production.

¢) Molasses

Molasses is a viscous by-product of sugar refining and contains high concentrations of
sucrose, glucose, fructose, and various organic compounds. Due to its sticky, hygroscopic, and
film-forming nature, molasses acts as an effective natural binder during pelletization.

During pressing, molasses spreads as a viscous coating layer around biomass particles,
increasing cohesion and reducing fines.
It also contributes to thermal softening, which improves densification behavior.

However, at high proportions, molasses may increase moisture uptake and can lead to
slightly higher CO emissions during combustion due to its sugar content (Kaliyan & Morey,
2010; Adapa et al., 2009; Oladeji, 2010).

d) Vegetable Oils

Vegetable oils (such as soybean, rapeseed, linseed, and sunflower oil) are commonly used
as lubricating additives in pelletization. Because of their low viscosity and hydrophobic
molecular structure, they effectively reduce friction inside the die, lowering required
compression energy and preventing die overheating.

However, their direct impact on mechanical durability is generally limited. Vegetable oils
do not form strong chemical or solid bridges between biomass particles; instead, they primarily
improve pelletization efficiency by enhancing lubrication and flowability of the material.

At excessive dosages, vegetable oils may even reduce pellet durability due to over-
lubrication, leading to insufficient inter-particle bonding and weaker structural compaction
(Stelte et al., 2011; Tumuluru, 2014).

11
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3.2 Industrial and Organic Binders

These binders originate from industrial residues and often possess strong adhesion
properties.

a) Glycerol and Crude Glycerin

Glycerol and crude glycerin—major by-products of biodiesel production—are widely used as
organic binders and plasticizing agents in biomass pelletization. Due to their hydroxyl-rich
molecular structure, they reduce the glass transition temperature of biomass polymers,
improving plasticity and deformability under compression.

Their lubricating behavior decreases internal die friction, which:

o lowers energy consumption during densification,
o improves feedstock flowability,

e reduces die wear,

o and stabilizes pellet production rates.

However, excessive addition of glycerol can soften pellets and reduce durability, as it does not
create strong solid bridges between particles. Optimal dosages reported in literature are
generally within 1-5 wt%, depending on biomass type and moisture content (Emami et al.,
2015; Tumuluru, 2014; Strezov et al., 2019).

b) Pyrolytic Lignin and Bio-oils

Pyrolytic lignin and bio-oils are liquid by-products generated during fast pyrolysis and
hydrothermal liquefaction (HTL) of lignocellulosic biomass.

Their high content of aromatic phenolic compounds, lignin fragments, and oxygenated
polymers provides strong adhesive properties during pelletization.

Due to their thermoplastic behavior, these liquids:
e promote softening and fusion of biomass particles,
e form polymeric adhesive films upon cooling,
o enhance inter-particle bonding,

e and can increase pellet density and durability at low addition rates (1-5 wt%).

However, high dosages may increase moisture, reduce stability, or cause odor/darkening
in pellets.

Their variable composition (depending on pyrolysis temperature and feedstock) also
requires careful optimization (Hu et al., 2015).

¢) Paper Mill Sludge

Paper mill sludge, generated from pulp and paper manufacturing, is a fiber-rich residue
containing significant amounts of cellulose, hemicellulose, and mineral fillers. Owing to its

12
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fibrous morphology and high surface area, it promotes mechanical interlocking between
biomass particles during pelletization.

The presence of short cellulose fibers enhances inter-particle bonding, increases pellet
density, and reduces fines formation. Additionally, its moderate moisture content can aid
compressibility; however, high ash content (originating from fillers like kaolin and calcium
carbonate) may limit its use in premium pellet grades (e.g., ENplus Al).

Optimal addition levels typically range from 5-20 wt%, depending on sludge
composition, initial moisture, and biomass type (Matus et al., 2018).

3.3 Agricultural and Waste-Derived Binders

These binders are sustainable, low-cost, and increasingly preferred.

a) Cotton Dust

Cotton dust, generated during cotton ginning, carding, and spinning operations, is a fine
fibrous residue composed primarily of cellulose-rich short fibers, lint fragments, and minute
plant particles.
Its fibrous morphology provides excellent mechanical fiber interlocking, which enhances pellet
cohesion and structural stability during densification.

Because cotton dust contains very low ash (typically 0.5-1.5 wt%), it does not
significantly increase the ash content of pellets—an important advantage for meeting premium
fuel standards (e.g., ENplus A1/A2).

Its high availability in textile and ginning industries, combined with its low cost, makes
cotton dust an attractive binder or co-fiber additive in biomass pelletization.

Cotton dust addition (typically 5-20 wt%) improves durability, reduces fines, and
enhances packing density, especially when mixed with low-lignin agricultural residues.
(Suvunnapob et al., 2015; Espinoza-Tellez et al., 2020).

b) Wheat Straw Fines

Wheat straw fines, generated during milling, chopping, and grinding operations, consist
predominantly of cellulose and hemicellulose fibers with relatively low lignin content (typically
12-16%).

Their fibrous structure promotes mechanical interlocking during pelletization, improving
particle cohesion and reducing fines formation.

However, due to the low lignin content, wheat straw fines exhibit limited thermoplastic
behavior, resulting in weaker chemical bonding compared to woody biomass. This often leads
to lower durability and higher abrasion unless binders or pre-treatments (e.g., steam explosion,
torrefaction, moisture optimization) are applied.

Despite these limitations, wheat-straw-derived fines remain widely used as a low-cost,

renewable additive or co-biomass in pellet formulations, particularly when combined with
higher-lignin materials (Kaliyan & Morey, 2010; Serrano et al., 2011; Samuelsson et al. 2012).

13
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¢) Olive Pomace and Kernel Powder

Olive pomace and olive kernel powder are by-products generated during olive oil
extraction processes (two-phase or three-phase systems). These residues contain cellulose,
hemicellulose, residual lignin, waxes, and olive oil traces, giving them moderate binding
capability during pelletization.

Their fine particle structure and partial oil content enhance plastic deformation and offer
limited adhesion, improving densification to some extent. However, the ash content of olive
pomace is typically higher (3—7%) due to the presence of soil particles, mineral residues, and
fruit skin fragments.
This elevated ash restricts its use in premium pellet classes (e.g., ENplus A1) unless blended
with low-ash biomass.

Olive kernel powder generally contains more lignin compared to the pomace fraction and
may contribute better mechanical stability, but both materials benefit from blending with wood
or other low-ash feedstocks to achieve acceptable durability and emission properties
(Christoforou & Fokaides, 2016; Garcia Martin et al., 2020).

d) Rice Husk, Corn Stover, and Other Agricultural Particles

Rice husk, corn stover, and similar agricultural residues represent some of the most
abundant lignocellulosic materials available globally. These particles are composed mainly of
cellulose, hemicellulose, and variable amounts of lignin, ash, and silica, depending on the
residue type.

Their fibrous structure offers structural reinforcement during pelletization through
mechanical interlocking. Rice husk and corn stover fines can improve particle packing and
stabilise densification when blended with woody biomass or other high-lignin feedstocks.

However, rice husk contains high silica (15-20%), which contributes to elevated ash
levels and abrasion during combustion or pellet milling equipment wear.

Corn stover provides better compaction and moderately higher lignin than rice husk,
improving durability compared with other low-lignin agricultural residues.

These residues are low-cost, renewable, and widely available, making them attractive co-
biomass additives for pellet production, especially in regions with large cereal production
systems (Kaliyan & Morey, 2010; Sam Obu et al., 2022; Gilbert et al. 2009).

4. Effects of Binders on Pellet Quality

Binders play a critical role in determining the overall quality of biomass pellets by
influencing their physical, mechanical, thermal, chemical, and process-related characteristics.
Their mode of action depends on the binder’s chemical composition, thermal behavior, dosage,
and interaction with the biomass matrix. Proper binder selection becomes especially important
when working with low-lignin, high-ash, or poorly compressible feedstocks, where natural
binding mechanisms are insufficient.

14
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Figure 4.1. Effects of Binders on Pellet Quality
Binders can improve pellet quality through several pathways:

o Physical effects: enhancement of particle packing, reduction of fines, and stabilization
of pellet structure.

e Mechanical effects: increased tensile strength, higher durability, improved abrasion
resistance, and reduced breakage during handling.

o Thermal effects: facilitation of softening during compression (e.g., lignin activation,
plasticization), improving energy efficiency.

e Chemical effects: formation of solid bridges, polymeric films, hydrogen bonding, or
chemical cross-linking between biomass components.

e Process effects: reduced die friction, decreased energy consumption, improved
throughput, and stabilization of pellet dimensions.

These improvements are well-documented in the literature. Stelte et al. (2011) describe
the fundamental bonding mechanisms of biomass densification—including solid bridging,
mechanical interlocking, and film formation—while Tumuluru (2014) identifies how additives
modify feedstock flowability, compaction energy, and inter-particle bonding. Together, these
studies emphasize that appropriate binder selection enhances pellet performance and can
compensate for inherent weaknesses in low-quality agricultural residues.

Table 4.1. Summary of Binders’ Effects on Pellet Quality

Binder Type Durability Density Fines / Ash & Notes
Abrasion Emissions
Starch " 1 | fines Hygroscopicity Strong gelatinization; low
dosage effective
Lignosulfonates 71 " 1| fines Slight ash 1 Best industrial binder;
lubricates die
Glycerol / Crude Glycerin 1 (moderate) —or! | abrasion CO 1 slight Over-dosage softens pellets
Molasses 1 — | fines CO 11 Film-forming; sticky handling
Fiber-rich Additives (cotton 1 > | fines Ash stable High mechanical interlocking;
dust, straw fines) low cost
Bio-oils / Pyrolytic lignin " " l Dark color, odor  Strong thermoplastic bonding
1
Inorganic Binders 1 (shape 1 | fines Ash 11, HHV | Not suitable for premium
stability) pellets

15
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4.1 Physical and Mechanical Effects

a) Mechanical Durability Improvement

Binders play a key role in improving the mechanical durability of biomass pellets, which
is critical for minimizing pellet breakage, dust formation, and fines generation during handling,
storage, and transportation.

Improved durability enhances fuel logistics and overall pellet performance in industrial
applications.

Common binders such as starch, lignosulfonates, and cotton dust enhance durability
through different mechanisms:

o Starch increases adhesion via gelatinization, forming a continuous matrix that
strengthens particle bonding.

o Lignosulfonates provide strong chemical bonding and solid bridge formation, often
producing the highest durability gains.

e Cotton dust, due to its fibrous morphology, improves mechanical interlocking and
enhances structural integrity.

Experimental studies have shown that these binders can increase pellet durability by
approximately 10—40%, depending on biomass type, binder dosage, and processing conditions
(Nielsen et al., 2009; Ahn et al., 2014; Suvunnapob et al., 2015).

b) Density Enhancement

Binder addition can significantly improve the bulk density and energy density of biomass
pellets by enhancing particle packing, reducing void spaces, and promoting more effective
compression during densification. Higher density leads to improved handling, reduced transport
cost, and greater combustion efficiency.

Two binder groups are especially effective for density enhancement:

e Lignosulfonates: Owing to their thermoplastic behavior and chemical bonding
capability, lignosulfonates promote particle softening and solid bridge formation. This
facilitates tighter compaction and produces pellets with higher unit density.

e Glycerol / Crude Glycerin: Glycerol acts as a plasticizer, lowering the glass transition
temperature of biomass polymers and improving deformability under pressure. This
results in smoother pellet formation and a more homogeneous, dense structure.

Studies have shown that lignosulfonates and glycerol-based binders can increase pellet
density by 5-20%, depending on biomass type, moisture content, and binder dosage (Emami et
al., 2015; Marrugo et al., 2019; Bala-Litwiniak & Radomiak, 2019).

¢) Reduction of Fines and Abrasion

Binders play an important role in reducing fines formation and surface abrasion—two
key indicators of pellet durability and quality. By enhancing particle bonding and improving

16
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pellet surface integrity, binders minimize the generation of dust during handling, transportation,
and storage (Nielsen et al., 2009; Serrano et al., 2011).

Lignosulfonates are particularly effective in fines reduction due to their ability to form
solid bridges and polymeric films between particles. Their thermoplastic and adhesive behavior
results in smoother pellet surfaces and fewer fractures.

Studies have shown that even low dosages of lignosulfonate (typically 0.5-2 wt%) can
reduce fines production by 30-50%, depending on biomass type and processing conditions.
Starch-based binders and fibrous additives such as cotton dust also contribute to surface
stabilization, although their effect is generally lower compared with lignosulfonates (Butler et
al., 2023; Sykorova et al., 2024).

Overall, binder incorporation significantly improves pellet handling characteristics and
reduces material loss.

d) Hygroscopic Behavior

The hygroscopic behavior of pellets is strongly influenced by binder type. Some binders
increase the pellet’s tendency to absorb moisture, while others reduce hygroscopicity by
creating more compact or hydrophobic structures.

Starch-based binders may increase moisture uptake due to their hydrophilic nature and
strong affinity for water molecules. When added at higher proportions, starch can increase the
equilibrium moisture content of pellets, negatively affecting storage stability and promoting
swelling or surface softening.

In contrast, fiber-rich binders such as cotton dust, agricultural fines, or other cellulose-
rich materials tend to reduce hygroscopicity by enhancing mechanical interlocking and creating
denser microstructures with fewer open pores. These additives improve water resistance by
minimizing capillary pathways within the pellet matrix (Ahn et al., 2014; Wang et al., 2020;
Suvunnapob et al., 2015).

Overall, hygroscopic behavior depends on the hydrophilicity of the binder and its effect
on pellet porosity and microstructure.

4.2 Thermal and Chemical Effects

a) Higher Heating Value (HHYV)

Binders influence the calorific value of biomass pellets depending on their chemical
composition and combustion characteristics.

Organic binders, such as starch, molasses, bio-oils, and crude glycerol, generally increase
or maintain the higher heating value (HHV) because they contain combustible carbon-rich
components. These binders enhance thermal stability and contribute additional energy during
combustion.

In contrast, inorganic binders (e.g., bentonite, clay, cement dust, kaolin) increase the ash
content and introduce non-combustible mineral matter. This results in lower HHV and reduced

17
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energy density, making inorganic binders less desirable for high-quality fuel pellets where
energy efficiency is critical (Garcia-Maraver et al., 2011; Tumuluru, 2014; Bala-Litwiniak &
Radomiak, 2019).

Therefore, selecting organic binders is generally preferred for applications where
maintaining or improving HHV is essential.

b) Ash Content and Ash Behavior

Ash content and ash behavior are critical parameters in pellet quality classification
because they directly affect slagging, fouling, and emission performance during combustion.
The influence of binders on ash depends strongly on their origin and chemical composition.

Organic binders, such as starch, molasses, plant oils, bio-oils, and glycerol, typically
contribute negligible additional ash due to their predominantly carbon—hydrogen—oxygen
composition. Therefore, they do not significantly alter ash content and generally maintain
compliance with premium pellet standards.

In contrast, inorganic binders (e.g., bentonite clay, kaolin, cement dust, dolomite)
introduce substantial mineral matter into the pellet matrix. These materials can increase ash
content by several percentage points, often exceeding the limits defined in ISO 17225-2, which
classifies premium pellets (A1/A2) based on strict ash thresholds (typically <0.7-1.2% for Al
and <1.5% for A2). Elevated ash from inorganic additives may downgrade pellets to lower fuel
classes.

Ash behavior (softening temperature, slagging tendency) is also negatively affected by
inorganic binders due to increased silica, alumina, and metal oxides (Garcia-Maraver et al.,
2011; Gilbert et al., 2009).

¢) Combustion and Emissions

Binders also influence combustion stability, volatile release patterns, and emission
profiles. These effects depend on binder composition and chemical reactivity.

Molasses

Molasses contains high levels of sugars and volatile organic compounds. During
combustion, these components promote rapid devolatilization, which can increase CO
emissions, especially under suboptimal air—fuel ratios. Studies on briquettes containing
molasses consistently report slightly elevated CO levels compared to unmodified biomass fuels.

Glycerol / Crude Glycerin

Glycerol improves combustion uniformity by acting as a thermal stabilizer. Its hydroxyl-
rich molecular structure promotes controlled ignition and steady flame propagation. Glycerol-
blended pellets exhibit reduced CO fluctuations and smoother temperature profiles during
combustion.

18
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Cotton Dust

Cotton dust consists mainly of cellulose and hemicellulose and contains very low ash
(0.5-1.5%) without alkali-metal impurities that lower ash melting points. Therefore, cotton-
dust-based blends do not negatively affect ash fusion temperature and show favorable ash
behavior compared to agricultural residues with high silica (Suvunnapob et al., 2015; Bala-
Litwiniak & Radomiak, 2019).

4.3 Effects on the Production Process

Binders influence multiple process-related parameters during pelletization, including
energy consumption, die temperature, plugging behavior, and overall production efficiency.
Their impact is closely tied to binder viscosity, lubricity, thermal characteristics, and interaction
with biomass polymers.

a) Energy Consumption

Energy consumption during pelletization is largely determined by die friction, feedstock
flowability, and plastic deformation capacity.

Oils and lipid-based binders

Vegetable oils and similar lipid-based additives act as natural lubricants, reducing die—
particle friction. Lower friction translates directly to reduced specific energy consumption
(SEC) per kilogram of pellets produced. Oils also smoothen particle sliding, reducing wear on
the die surface.

Glycerol / Crude Glycerin

Glycerol behaves as a plasticizer, lowering the glass transition temperature of
lignocellulosic polymers. This enhances flowability and reduces mechanical resistance inside
the die channel. As a result:

¢ motor load decreases
o pelletizer torque is reduced

e SEC can drop by 10-25% depending on dosage

These effects contribute to more efficient compaction with less mechanical force
(Tumuluru, 2014; Emami et al., 2015).

b) Die Temperature and Plugging

The pellet die is subject to thermal and mechanical loads, and its performance depends
heavily on binder—biomass interactions.

19
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Binders that reduce friction

Lubricating additives (oils, glycerol) reduce frictional heat generation, leading to lower
die temperature. Reduced hot-spots help prevent thermal degradation of biomass polymers and
improve pellet surface quality.

Binders that improve plasticity and cohesion

Starch, lignosulfonates, and bio-oil soften biomass fibers and improve compaction
behavior, aiding uniform passage through die channels and minimizing plugging or choking
events.

Inadequate or overdosed binders

Very sticky binders (e.g., excessive molasses) may increase die fouling and raise the risk
of plugging if moisture conditions are not optimized.

Overall, proper binder selection stabilizes die temperature profiles and reduces downtime
associated with clogging (Stelte et al., 2011; Gilbert et al., 2009).

¢) Production Efficiency

Binder addition often improves overall production performance by enhancing feedstock
processability and stabilizing pellet formation.

Higher throughput

Reduced friction and improved flowability result in smoother material transport through
the conditioning and die sections. Many binders increase production throughput by:

o reducing torque
e increasing feed rate
e decreasing downtime

More stable pelletization

Organic binders provide improved cohesion and plasticity, yielding more uniform pellets
with fewer defects. This translates into:

o fewer machine interruptions

e consistent die pressure

o optimized pellet length and density

o reduced fines accumulation in the system

When used correctly, binders offer an economic advantage by improving operational

stability and lowering maintenance requirements (Kaliyan & Morey 2010; Bala-Litwiniak &
Radomiak, 2019).

20
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5. General Applications and Representative Studies on Binders

Numerous experimental and review studies have investigated the effects of different
binder types on pellet quality across a wide range of biomass feedstocks. The collective findings
of the literature demonstrate that binder type, application rate, and feedstock properties (e.g.,
lignin content, particle size, ash composition, moisture) are the dominant factors governing
pellet mechanical durability, density, fines generation, ash characteristics, and combustion
behavior.

Organic binders such as starch, molasses, crude glycerol, lignosulfonates, and bio-oils are
widely used because they improve pellet cohesion, reduce friction during densification, enhance
mechanical durability, and generally maintain or increase heating value. Studies by Nielsen et
al. (2009), Ahn et al. (2014), and Bala-Litwiniak & Radomiak (2019) highlight that these
binders can significantly increase durability (10—40%) and reduce fines by up to 50% at low
dosages.

Fiber-rich agricultural additives, including wheat straw fines, corn stover, and cotton dust,
have also been shown to promote mechanical interlocking and improve pellet structure (Gilbert
et al., 2009; Suvunnapob et al., 2015). These materials typically have low ash content and
minimal impact on combustion performance, making them suitable for co-pelletization with
woody biomass.

In contrast, inorganic binders such as bentonite, kaolin, and cement dust are less desirable
for fuel pellet production due to their tendency to increase ash content and decrease heating
value. ISO 17225-2 quality standards place strict limits on ash levels, and even small additions
of mineral binders can downgrade pellets from premium classes (A1/A2).

Recent studies have expanded the understanding of binder effects, especially in torrefied
or mixed feedstocks. Works by Butler et al. (2023), and Sykorova et al. (2024) emphasize that
binder—feedstock interactions depend strongly on thermal pretreatment, polymer softening
behavior, and ash chemistry.

Overall, the literature demonstrates that no single binder is universally optimal. Instead,
the effectiveness of a binder depends on its compatibility with the biomass matrix, its impact
on pelletization energy demand, and its influence on the final fuel’s physical and combustion
properties.

5.1 Studies on Starch-Based Binders

Starch is one of the most widely studied and applied natural binders in biomass
pelletization due to its low cost, availability, and strong adhesive properties. Its binding
mechanism is primarily attributed to gelatinization, a process in which starch granules swell
and form a viscous, cohesive matrix when exposed to heat and moisture during pelletization.

Ahn et al. (2014) conducted one of the most detailed investigations on starch-modified
wood pellets. Their findings demonstrated that:

e Mechanical durability increased by approximately 10-25%, depending on binder

dosage.
o Fines generation decreased significantly due to improved inter-particle bonding.
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e Moisture uptake increased, as starch is highly hydrophilic and absorbs water readily.

Similarly, Kaliyan and Morey (2010) highlighted starch's ability to form strong solid
bridges during densification. They reported that starch-based binders improve pellet integrity
by promoting plastic deformation and enhancing adhesion between lignocellulosic particles.

In addition, Mani et al. (2006) confirmed the effectiveness of starch during densification,
attributing its strong adhesive role to gelatinization under elevated temperatures. Their work
emphasized that starch improves compaction behavior and contributes to reduced die friction
at optimal moisture levels. Mani et al. also noted that starch reduces die friction when moisture
is within the optimal range (10-15%).

Overall, the literature consistently supports the use of starch as an effective natural binder
that improves mechanical performance, although its hydrophilic nature can negatively influence
hygroscopic stability during storage.

5.2 Lignosulfonate in Pelletization

Lignosulfonates, derived from the sulfite pulping process, are among the most effective
and widely used industrial binders for biomass pelletization. Their superior performance is
attributed to their thermoplastic behavior, high molecular weight, and ability to form solid
bridges between lignocellulosic particles during compression.

Extensive experimental work by Nielsen et al. (2009) and Stelte et al. (2011) has clearly
demonstrated the advantages of lignosulfonate addition in pellet production:

e Mechanical durability increases by 20-40%, even at low inclusion rates.

o Fines generation can be reduced by up to 50%, due to strong cohesive bonding and
smoother pellet surfaces.

e Die lubrication is improved, as lignosulfonates lower friction between the die wall and
biomass particles, reducing energy consumption and thermal stress.

e Very low dosage levels (0.5-2 wt%) are sufficient for significant improvements, making
lignosulfonates highly economical for industrial application.

Because lignosulfonates enhance process stability, reduce wear on pellet mill
components, and improve operational throughput, they are especially advantageous in
commercial-scale pellet mills, where feedstocks may vary in quality and large volumes require
consistent densification performance.

Overall, lignosulfonates remain one of the most effective binder options for high-quality
pellet production, particularly when durability, fines control, and process efficiency are
prioritized. They are particularly effective when densifying low-lignin feedstocks such as
agricultural residues, where natural binding mechanisms are insufficient.

5.3 Glycerol and Crude Glycerin

Glycerol and crude glycerin, major by-products of biodiesel production, have gained
significant interest as low-cost and effective pellet binders. Their molecular structure—rich in
hydroxyl groups—enables plasticization, improved flowability, and enhanced bonding within
lignocellulosic matrices.
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Experimental studies show that glycerol modifies pelletization behavior through the
following mechanisms:

v’ Reduced die friction

Glycerol acts as a lubricant and plasticizer, lowering friction between biomass particles
and the die wall.
This results in smoother pellet formation and reduced mechanical resistance.

v Lower energy consumption (=10-25%)

Emami et al. (2015) and Marrugo et al. (2019) demonstrated that crude glycerol reduces
specific energy consumption (SEC) during densification due to improved particle
deformability.

V' Improved pellet density

Bala-Litwiniak & Radomiak (2019) showed that adding 2—7% waste glycerol yields more
compact, denser pellets with enhanced structural uniformity.

v’ Excessive amounts may soften pellets

At higher dosages (>7-10%), glycerol’s strong plasticizing effect can lead to over-
softening, reducing mechanical durability and increasing deformation during storage.

Overall, glycerol is considered one of the most efficient industrial binder candidates,
especially in mixed biomass systems and large-scale mills seeking to reduce pelletization
energy costs (Emami et al., 2015; Marrugo et al., 2019; Bala-Litwiniak & Radomiak, 2019).

5.4 Molasses and Sugar-Rich Binders

Molasses is a sugar-rich by-product of the sugar industry and has been extensively
evaluated as a cost-effective binder for biomass densification. Its high content of sucrose,
glucose, fructose, and various organic compounds gives it excellent adhesive potential during
pelletization. When heated, these sugars undergo caramelization and thermal polymerization,
forming strong solid bridges between particles.

Numerous studies have shown that molasses can significantly improve pellet quality. Its
viscous nature enhances particle cohesion, while the sugars act as natural adhesives during
compaction and cooling.

Key findings from experimental research include:

V' Increased durability

Molasses consistently improves mechanical durability due to enhanced particle bonding
and reduced surface cracking. Many briquette and pellet studies report substantial gains in
durability at relatively low inclusion rates (3—8%).
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v Reduced fines

Because of its strong binding action and surface coating ability, molasses effectively
reduces fines generation during handling and transport. Pellets exhibit smoother surfaces and
improved abrasion resistance.

v' Potential increase in CO emissions

The high sugar content leads to rapid devolatilization during combustion. Under
suboptimal air—fuel conditions, this can increase CO emissions, a finding supported by
combustion studies on molasses-bound briquettes. Therefore, while molasses improves
physical quality, its combustion profile must be carefully evaluated.

v’ Effective but requires combustion behavior analysis

Given its strong adhesive characteristics, molasses is an effective binder for improving
durability and reducing material losses, but its influence on emissions and ash chemistry must
be assessed to ensure compliance with fuel standards (Garcia-Maraver et al., 2011).

5.5 Fiber-Based and Agricultural Residue Binders

Fiber-rich agricultural residues—including straw fines, rice husk powder, corncob
particles, and other lignocellulosic by-products—have received increasing attention as cost-
effective natural binders in biomass pelletization. Their high cellulose and hemicellulose
content promotes mechanical interlocking, enhancing particle—particle cohesion during
densification.

Research on agricultural fines consistently demonstrates several advantages:

Stelte et al. (2011) and Gilbert et al. (2009) showed that fiber-rich residues contribute to
the formation of a reinforcing structural network within the pellet matrix. This improves pellet
integrity, enhances mechanical durability, and reduces breakage during handling. Unlike
inorganic binders, agricultural fines introduce little to no additional ash, keeping fuel quality
within acceptable limits.
Ajimotokan et al. (2019) demonstrated that composite briquettes made from rice husk and
corncob maintain ash contents compatible with standard biomass fuel classes, while also
showing improved strength and compaction behavior.
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Table 5.1. Summary of Key Findings From Representative Binder Studies

Binder Type Positive Effects Negative Effects / Key References
Limitations
Starch * Durability 1 (10-25%) * Strong * Highly hydrophilic — Ahn et al., 2014; Kaliyan &
gelatinization — solid bridging ¢ moisture uptake 1 ¢ Storage Morey, 2010; Mani et al., 2006
Fines | * Improved compaction stability |
Lignosulfonates * Durability 1 (20-40%) * Fines | « Slight ash increase * Color Nielsen et al., 2009; Stelte et

up to 50% ¢ Die lubrication 1 ¢
Works at low dosage (0.5-2%)

darkening possible

al., 2011

Glycerol / Crude Glycerin

* SEC | (10-25%) * Density 1 *
Flowability 1 * Improved heat
transfer during compaction

 Over-dosage — pellet
softening * CO emissions
slight 1

Emami et al., 2015; Marrugo et
al., 2019; Bala-Litwiniak &
Radomiak, 2019

Molasses

* Durability 1  Fines | * Strong
surface adhesion ¢ Effective at 3—
8%

* CO emissions 1 * Sticky
behavior — handling issues

Garcia-Maraver et al., 2011

Bio-oils / Pyrolytic Lignin

* Thermoplastic softening ¢
Density 1 ¢« Mechanical bonding 1

* Moisture variability « Odor
& color darkening

Huetal., 2015

Fiber-Based Residues
(cotton dust, straw fines,
corncob, rice husk)

* Interlocking 1 * Durability 1 »
Ash stable (low increase) * Very
low cost, highly available

» Low thermoplasticity * Rice
husk silica 1 (if high ratios
used)

Gilbert et al., 2009;
Suvunnapob et al., 2015;
Ajimotokan et al., 2019; Sarker
etal., 2023

Inorganic Binders
(bentonite, kaolin, cement
dust)

* Shape stability 1 « Bridging 1
(mineral bonding)

* Ash 11« HHV | « Not
suitable for premium pellets
(ISO 17225-2 limits)

Garcia-Maraver et al., 2011;
Gilbert et al., 2009

Agricultural residues are abundant, inexpensive, and readily available in major crop-

producing regions.

Sarker et al. (2023) highlighted their suitability as economical binder alternatives for
large-scale pellet and briquette manufacturing, especially when blended with woody biomass
to compensate for lower lignin levels.

Fiber-based binders offer a practical and economically attractive strategy for improving
pellet quality. They enhance inter-particle bonding, maintain acceptable ash levels, and provide
cost-effective solutions for industrial-scale operations, particularly in regions with large
agricultural processing industries.
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6. Conclusion

Binders play an essential role in defining the physical, mechanical, chemical, and
combustion-related properties of biomass pellets. Extensive literature demonstrates that the
strategic use of binders greatly enhances pellet quality, particularly when dealing with low-
lignin, high-ash, or structurally weak feedstocks. Natural binders (e.g., starch, lignosulfonates),
industrial and organic binders (e.g., glycerol, bio-oils), and agricultural residue—based binders
(fiber-rich powders) improve pellet durability, density, and surface integrity through a variety
of bonding mechanisms, including gelatinization, chemical bridging, plasticization, and
mechanical interlocking.

Effective binder selection must consider feedstock composition, target pellet class,
processing conditions, and economic practicality. Most studies indicate that optimal binder
dosages fall within the 0.5-5% range; higher concentrations may lead to undesirable effects
such as increased hygroscopicity, softening, or elevated ash content. When appropriately
applied, binders reduce specific energy consumption during pelletization, enhance die
lubrication, and decrease fines and abrasion during handling and transport.

Overall, binders offer multiple performance advantages:

e Increased mechanical durability

e Improved density and compaction behavior

e Reduced fines and abrasion

o Enhanced process stability and efficiency

e More uniform and controlled combustion characteristics

Consequently, a deep understanding of binder mechanisms, pellet-binder interactions,
and process optimization is critical for the continued advancement of biomass densification
technologies. Future research should focus on the thermochemical behavior, microstructural
bonding phenomena, and long-term performance of low-cost and waste-derived binders, with
particular emphasis on developing sustainable, high-efficiency formulations suitable for
industrial-scale pellet production. Particular emphasis should be placed on binder performance
under varying moisture regimes and high-throughput industrial pelletization settings.
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1. INTRODUCTION

Fiber-reinforced composite materials are widely used as structural elements in engineering
applications due to their exceptional strength-to-weight ratio, along with good damping
characteristics and excellent fatigue resistance. Since materials in such applications are often
exposed to high temperatures and stresses, they must perform efficiently and maintain their
stability under environmental conditions. For this reason, composite materials are preferred
where high performance and stability are required under extreme conditions.

Textile composites are generally defined as structures formed by combining polymer-based
matrix materials with textile-based reinforcement elements. Compared to conventional fiber-
reinforced products, the main advantages of textile composites are their ability to provide
balanced reinforcement within the structure and the ease and low cost of obtaining
reinforcement materials [1].

The textile reinforcements consist of interlaced structures made from yarns and products
derived from yarns. With the development of modern textile processing technologies, it has
become possible to produce high-quality and multifunctional reinforcement elements.

In particular, in the aerospace industry, the high level of discontinuities in conventional
laminated composites increases interlaminar stresses [2]. Since textile composites do not
exhibit such discontinuities, delamination between layers is not observed, especially in braided
textile composites.

Textile composites find extensive applications across the aerospace, marine, defense,
automotive, construction, and energy sectors. The reinforcement elements in textile composites
can be produced in various forms such as braided, woven, or nonwoven structures. Common
reinforcement fibers include glass fiber, carbon fiber, polyester fiber, and aramid fiber. As for
matrix materials, polymer-based resins, polyurethane foam, and thermoplastic materials (such
as polypropylene and polyethylene) are typically used.

The behavior of textile-based materials under thermal loads varies depending on their
micromechanical structure, which is influenced by the geometric characteristics of the material.
Therefore, there has been a growing need to investigate the micromechanical structure of textile
composites. Micromechanics-based approaches in textile composites date back to the 1980s,
when when Yoshino and Ohtsuka conducted a two-dimensional finite element study employing
plane strain elements and a unit-cell method to simulate intricate yarn architectures.[3].

In the mid-1980s, with the development of micromechanical models, stress fields under thermo-
mechanical loads in continuous fiber-reinforced composites were identified. By the late 1980s,
parallel to the advancements in textile manufacturing technologies, the first micromechanical
models for woven composites were developed by Chou and his colleagues [4]. During this
period, the coefficients of thermal expansion and thermal bending in two-dimensional woven
composites were also determined through micromechanical models.
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Non-crimp fabric (NCF) reinforced composites are composed of reinforcement elements
created by stacking yarns in the thickness direction and stitching them together. NCF-reinforced
composites exhibit higher compressive strength compared to woven textile composites [5].
Drapier S. et al. investigated the interlaminar shear strength and compressive strength of NCF
composites using the finite element method and found that their compressive strength was
higher than that of other woven composites [6].

With the advancement and widespread adoption of carbon and aramid material manufacturing
techniques, their use in textile composites has become more common.NCF composites made
from carbon fiber and kevlar yarn offer high temperature resistance, high compressive strength,
and structural stability. Composites reinforced with Carbon-Carbon, Aramid-Aramid, or
Carbon-Aramid fibers find extensive applications due to their high-temperature resistance (up
to 1500°C) and low specific weight.

The earliest studies on thermal deformation in composite materials were based on energy
principles. In the 1970s, the coefficients of thermal expansion for fiber-reinforced composites
were determined. Scharpery determined the coefficient of thermal expansion for both isotropic
and anisotropic composites containing isotropic phases [7]. In two-phase woven composites,
the coefficients of thermal expansion in the longitudinal and transverse directions were defined
by Ishikawa and coworkers using one- and two-dimensional micromechanical models [8].
Rogers et al. defined the longitudinal and transverse coefficients of thermal expansion for
transversely arranged fiber reinforcements within an isotropic matrix based on the Chamberlain
equations [9],[10]. In the 1980s, the determination of thermal expansion coefficients in fiber-
reinforced materials accelerated research on thermal deformation. Reddy and colleagues
investigated the deformations and stresses in the thickness direction of laminated composite
plates [11-13].

Research on thermal buckling of composite plates increased during the 1990s. These studies
generally employed large-deformation theories and examined the effects of transverse shear
deformations on critical buckling parameters and buckling mode shapes. From the 2000s
onward, thermal buckling studies have focused primarily on different types of composite
materials. Some studies investigated the temperature-dependent variation of material properties
in composite and sandwich plates and analyzed the effects of viscoelastic and hygroscopic
behavior on thermal buckling results. Babu C. S. et al. studied the thermal buckling behavior
of materials made from composite and sandwich plates using large-deformation theories. [14].
Jones R. M. et al. demonstrated that, considering the effects of hygroscopic and thermal
influences on critical thermal buckling temperatures, some laminates buckle during cooling
rather than heating, depending on boundary conditions [15]. Similarly, Aydogdu determined
the critical thermal buckling temperatures of laminated composite beams based on the ratio of
thermal expansion coefficients in orthotropic directions, showing that some beams buckle
during cooling while others buckle during heating [16]. Pradeep V. et al. investigated the
vibration and thermal buckling parameters of multilayered viscoelastic sandwich plates [17].
Matsunaga H. et al. conducted a study on the thermal buckling analysis of structures composed
of angled-layered laminated composites and sandwich plates [18]. Research on thin-walled
laminated shell-based beams and laminated composites in smart structures under electric and
magnetic fields remains active, particularly regarding their buckling and vibration behavior
[19-20]. Thermal buckling of hybrid metal/composite panels has also received significant
attention, with Ahmed et al. [21] showing that machine learning can predict the behavior of
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laminated composite plates under mechanical and thermal loads, while Deng et al. [22] verified
analytical, numerical, and experimental methods for accurately predicting the thermal buckling
of hybrid metal/composite panels under aircraft temperature conditions. Numerical and
analytical solutions for thermal buckling using classical and higher-order laminated plate
theories are still being investigated. Eruslu et al. studied short fiber-reinforced laminated
composite plates, considering the orthotropy and aspect ratios of both plates and fibers for
cross-ply laminates [23]. Baran et al. examined how ply orientation influences the thermal
buckling behavior of laminated plates using both analytical and numerical approaches [24].
Emrullah analyzed the thermal buckling of laminated plates with varying fiber volume fractions
through the differential quadrature method and finite element modeling [25]. Finite element
analysis (FEA) is a commonly employed approximate technique that yields results in close
agreement with analytical solutions for thin plates and shell-based structures under various
boundary conditions [26].

Although laminated composites are generally used as multilayer structural elements in practical
applications, they are also widely employed as thin layers in sandwich composites and, in
particular, as coating materials in woven or non-crimp textile composites. Accordingly, in this
chapter, both experimental and numerical analyses of the thermal buckling behavior of thin
laminated composites were conducted.

2. Experimental Study

The composite materials were manufactured using the vacuum infusion method, which was
carried out in the laboratory using the setup shown below [1].

Sow

Figure 1. Vacuum infusion setup used at composites production

In this study, an infusion-type vinylester resin, designated as Polives 702, was used as the matrix
phase,the mechanical properties of vinlester resin is given in Table 1. In the first stage,
composite plates of Woven Carbon, Woven Aramid-Carbon Epoxy, and NCF Carbon Epoxy
were fabricated using the vacuum infusion method and subsequently subjected to a curing
process. The mechanical properties of the fabrics obtained from the manufacturer and used in
the study are presented in Table 2 [1]. Tensile specimens were then prepared from the produced
composites along orthotropic directions (0°, 90°, and 45°) for mechanical characterization. In
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textile composites, these testing directions are referred to as the Machine Direction, Warp
Direction, and Weft Direction. To ensure that the lamina specimens met the minimum thickness
requirement for tensile testing according to ASTM D3039, four-layered specimens with a
thickness greater than 1 mm were selected for mechanical characterization. The mechanical
properties of the produced specimens obtained from the tensile tests are presented in Table 3.

Table 1: Mechanical properties of vinlester resin

Material Elastic Tensile Elongation at | Density Termal
Modulus Strength Break % [g/cm3] Expansion
(MPa) (MPa) Coefficient
[10°K]
Vinlester 3000 76 5 1 10
Resin

Table 2: Mechanical properties of textile fabrics employed in composite production.

Plain Weave | Plain Weave | Non Crimp
Carbon  Fabric | Aramid Fabric Carbon Fabric
Fiber Properties ; o
Fiber diameter [um] 7 5 5
Density [g/cm3] 1.76 1.10 3.00
Tensile Strength[MPa] 3950 3600 4000
Elastic modulus[GPa] 238.2 124 235
Termal Expansion Coefficient -0,1 -2.1 -0.1
[10%/K]
Elongation at Break (%) 1.9 24 1.8
Ply Orientation 0/90 0/90 +45/-45
Volume Fraction (%) 35 32 41.5
Ply Thickness (mm) 0.35 0.34 0.3
Table 3: Tensile test results of textile fabric epoxy composites
Textile | Layer Test Elastic Modulus | Tensile .
Fabrics | Number | Directions | (GPa) Strength Elongation
at Break %
(MPa)

Carbon 0’ 22.319 460.181 4.067
Fabric | 4 45° 7.353 105.755 33.247

90° 22.308 460.1 4.06
Aramid - 0 20.624 456.333 4.603
Carbon | 4 45° 6.514 54.136 16.465
Fabric 90" 20.585 455.29 4.628
NCF 0 6.518 28.118 4.857
Fabric 2 45° 23.053 185.847 5.534

90° 5.745 24.500 4.23
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In the second stage, specimens were prepared to investigate the thermal behavior of the
produced plates, and heating and rapid cooling procedures were carried out in the thermal
chamber shown below [1].

Figure 2. Thermal chamber and clamps used in the thermal buckling tests.

The specimens were fixed in the chamber using two small clamps designed to provide clamped
boundary conditions at both ends. . The ambient temperature was recorded with a J-type
precision thermocouple and relayed to the temperature control unit. The specimens were heated
to a target temperature, maintained until thermal equilibrium was achieved, and subsequently
rapidly cooled to 22 °C.

3. Determination of the Thermal Expansion Coefficients of Laminated Composites

When determining the temperature range, the thermal expansion coefficient of the specimens
was calculated using rule of mixture equations based on the fiber and matrix phase thermal
material properties. The thermal expansion coefficients of consitiuents of composites i and
a2 have been theoretically defined in the literature.

Scharpery determined the thermal expansion coefficients for isotropic and anisotropic
composites with isotropic phases [27]. For a two-phase composite, the longitudinal and
transverse thermal expansion coefficients can be defined as follows [28].

_ Ef(Xfo+Em0(me
o = Efvi+tEmvm (1)
a, = (1 + ﬁf)afvf + (1 +9) v, — al(ﬁfvf + ﬁmvm) (2)

In plain weave woven composites, using the rule of mixtures were obtained using the rule of
mixtures given by the following equation.

Efa¢ve+Emamvm (3)

0‘1 = 0(220( =
Efve+Emvm

Cc

The calculated thermal expansion properties of laminated composites at the experiments are
given as follow
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Table 4: Thermal expansion coefficients of produced textile fabric epoxy laminated composites

Thermal Expansion
Textile Fabric Layer Volume Fraction Coefficient
Epoxy Number % (107%/K)
Composites
Carbon Fabric 4 35 1.918
Aramid-Carbon 4 32 1.761
Fabric
NCEF Fabric 2 41.5 1.51

The numerical analysis of the specimens was performed using the finite element method, and
the thermal buckling temperatures were determined. The experimentally obtained results were
compared with the numerical results to identify the thermal buckling temperature range. The
plate dimensions used in the experimental studies were also adopted in the numerical
calculations for finite element modeling, with the plate length and width specified as a =
130mm and b = 30mm, respectively.

4. Finite Element Modeling

A finite element model was developed in ANSYS using the laminated plate dimensions from
the experiments, with boundary conditions replicating the clamping setup. The specimen was
restrained along two edges, and a uniform temperature was applied up to the resin’s melting
point (120 °C), consistent with the analysis conditions (Figure 3).

Figure 3. Finite element model a) Mesh b) Boundary conditions

The coupled-field analysis approach was employed, in which a static analysis was first
performed to determine the prestress effects at the supports under a uniform temperature field.
Subsequently, a buckling analysis was conducted to identify the critical buckling temperatures
and corresponding mode shapes. Based on the convergence study, the mesh density was set to
200 elements. The convergence results are presented in Table 5 . The analysis was performed
for [0°/90°] carbon fabric plain weave laminated composites produced experimentally. The
plate dimensions were specified as a = 130 mm and b = 30 mm, respectively.
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Table 5: Convergence Results at Finite Element Model

Element Size Element Number | The Equivalent Critical Buckling

(mm) Von Mises Stress | Temperature
(MPa) T (C)

6 66 1.117 40.7

4 165 1.264 40.7

3 301 1.372 40.7

2 650 1.526 40.7

The convergence study indicated that the critical buckling temperature remained unchanged
with an increasing number of elements, whereas the Von Mises stress increased due to stress
singularities occurring at the fixed support boundaries, as shown in the figure below. An
element size of 3 mm was selected, considering the variation in the Von Mises stress
distribution.

Figure 4. Stress singularity problem at the boundaries

In the analysis, the shell element SHELL181, which is an eight-node element with quadratic
interpolation and six degrees of freedom per node, was used to account for the out-of-plane
deformations resulting from prestress effects.

5. RESULTS AND DISCUSSION

In this study, the thermal buckling results from finite element analysis are compared with
experimental findings. The influence of layer count, fabric type, and hybrid configurations on
the thermal buckling behavior of laminated plates is examined. The critical buckling
temperatures and their associated mode shapes are determined and reported.

5.1 Finite Element Analysis and Experimental Results

The finite element results for the critical thermal buckling temperatures of textile fabric
laminated composites, considering the effect of the number of layers, are presented in Table 6.
These results are compared with the experimental findings in the same table [29]. Temperatures
above 120 °C were not considered, as this value corresponds to the glass transition temperature
of the vinylester epoxy resin.
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The results indicate that thermal buckling is significant for thinner woven fabric composites
with thicknesses up to 0.5 mm. Two distinct buckling modes were observed for these thinner
laminates. For composites with an increasing number of plies, the thermal buckling temperature
exceeds the melting point of the vinylester epoxy. Some second-mode buckling responses were
not captured experimentally due to temperature measurement limitations in the setup.

It was observed that the thermal expansion coefficients calculated using the Schapery-based
rule of mixtures provided satisfactory results for isotropic-type composites, while a good
correlation was obtained between the analytical and experimental results for the critical thermal
buckling temperatures [28]. In hybrid carbon—aramid laminate combinations, the thermal
buckling temperature decreased with an increasing number of aramid fabric plies, owing to
their lower thermal expansion coefficients. The thermal buckling modes of the textile fabric
laminates for thinner specimens are presented in the following figures for both the experimental
and numerical results.

Table 6. Thermal buckling temperature results for textile fabric laminated composites

Experimental Numerical Numerical
Textile Layer Thickness | Critical Critical Critical
Fabric Number Buckling Buckling Buckling
Epoxy (mm) Temp. Temp. Force (N)
Composites T (C) Model | Ter (C)Model
Mode
Mode?2 2
Carbon 1 0.35 40.3 40.7 5.55
Fabric 82.7 60 11.29
Carbon 2 0.52 72.6 63 18.10
Fabric - 106 37.09
Carbon 4 1.06
Fabric - 192 153.05
Aramid- 2 0.51 68.4 65 15.88
Carbon - 110 32.51
Fabric
Aramid-
Carbon 4 1.03 - 197 130.33
Fabric
NCF Fabric 2 1.05 - 270 120.27
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Figure 8. Thermally buckled two layer carbon-aramid fabric laminates [1]

When we present a comparison between the experimental results and numerical simulations,
we observe close agreement in both the mode shapes and buckling patterns.The thermal
buckling temperatures can be obtained more accurately in the experimental data by increasing
the measurement precision.
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6. CONCLUSIONS

Based on the experimental and finite element investigations of the thermal buckling
behavior of textile fabric laminated composites, the following conclusions can be drawn.

Thermal buckling was found to be significant for thinner woven fabric laminates,
particularly those with thicknesses below 0.5 mm, where multiple buckling modes can occur.
In this study, only the first and second buckling modes were considered due to the melting
limitations of vinylester epoxy. However, other buckling modes and relatively thicker laminates
may be investigated in future studies, given advancements in epoxy resin technology that now
allow materials to withstand temperatures up to 600 °C.

In hybrid carbon—aramid laminates, the thermal buckling temperature decreased with an
increasing number of aramid plies due to their lower thermal expansion coefficients,
demonstrating the influence of material combination on thermal stability.

NCF laminated composites have a higher fiber content and more uniform load transfer
because the fibers are laid in biaxial directions without being interlaced. This arrangement
allows for a higher fiber volume fraction and reduces the presence of voids. As a result,
laminates produced using the vacuum infusion technique tend to be thicker compared to woven
fabric laminates. Therefore, NCF laminated composites produced using this technique generally
exhibit higher thermal buckling resistance compared to woven fabric laminates, making it
important to consider alternative manufacturing methods—such as prepreg lay-up, compression
molding, or resin transfer molding (RTM)—to produce thinner laminates when required.

The finite element results closely matched the experimental data, confirming the
accuracy of the numerical model and the reliability of the coupled-field analysis method. The
Schapery-based rule of mixtures provided satisfactory predictions for thermal expansion
coefficients in isotropic-type composites and yielded good correlation with experimental results
for critical buckling temperatures.
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1. Introduction

The rapid growth of the world population and the accelerating pace of industrialization have
led to a continuous rise in global energy demand, while existing energy resources have
become increasingly inadequate to meet this demand. It is estimated that global energy
consumption will reach twice the 1998 level by 2035 and triple by 2055 [1]. This dramatic
increase places energy supply, energy security, and environmental sustainability at the center
of the international agenda. Conventional and limited fossil resources—such as oil, natural
gas, coal, lignite, and nuclear energy—generate high carbon emissions, resulting in serious
environmental problems including global warming, air pollution, and ecological degradation
[2]. The intensive use of these resources in residential areas, transportation, and industry
further complicates their environmental impacts and underscores the urgency of adopting
sustainable energy approaches.

Renewable energy refers to energy sources that are naturally replenished and
inexhaustible, and it plays a critical role in the global energy transition due to its low
environmental footprint [3]. International energy authorities project that the share of
renewable energy in total global energy production will reach approximately 45% in the
coming years [4]. Furthermore, by 2050, the largest growth among renewable resources is
expected to occur in solar energy [5]. In this context, increasing the role of solar energy in
long-term national energy strategies has become both an economic and environmental
necessity.

Photovoltaic (PV) panels are among the most widely used technological solutions for
converting solar energy directly into electrical energy. The electrical efficiency of PV panels
depends on several parameters, including module material, solar irradiance, ambient
temperature, and particularly module temperature [6]. The literature reports that the adverse
effect of temperature elevation on PV efficiency is highly pronounced [7]. In many
geographical regions, high ambient temperatures cause PV module temperatures to rise
significantly above the surrounding air temperature during daylight hours. This temperature
rise reduces panel efficiency through physical mechanisms such as bandgap narrowing and
changes in carrier recombination rates. The black-surfaced cell design further intensifies this
issue by absorbing a large portion of solar energy as heat, leading to even higher temperature
increases [8]. Experimental studies have demonstrated that PV surface temperatures can
reach up to 80 °C, resulting in efficiency losses of up to 8% [9]. These findings clearly
highlight that temperature regulation is a critical determinant of energy production
performance in PV systems.

Accordingly, various passive and active cooling techniques have been developed to limit
temperature increases in PV panels. Among these, passive cooling methods are particularly
attractive for commercial applications because they require no additional energy input and
do not increase system cost [10]. In this study, the effectiveness of passive cooling methods
aimed at reducing PV panel temperature and enhancing electrical efficiency is investigated.
Two different passive cooling configurations—comprising heat pipes and finned heat
sinks—were integrated into PV panels, and their performance outcomes were comparatively
analyzed. In doing so, the study provides innovative and practically oriented findings that
contribute to the existing literature on PV cooling technologies.
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2. Photovoltaic Cells
2.1. Cell Structure and Material Types

Photovoltaic (PV) cells are semiconductor devices that convert incident solar energy
(photons) directly into electrical energy, and they are commonly referred to in the literature
as solar cells or photovoltaic panels. PV cells can be manufactured in various geometrical
shapes, with square, rectangular, and circular designs being the most widely used. A typical
solar cell has an active surface area of approximately 100 cm? while its thickness ranges
between 0.2 and 0.4 mm depending on the fabrication technology. The conversion efficiency
of PV cells can reach up to approximately 25%, depending on the semiconductor material
used—such as mono-Si, poly-Si, or thin-film technologies—and the associated
manufacturing processes [11]. This efficiency range highlights the critical influence of
advances in materials science and production technologies on PV performance.

As illustrated in Figure 1, solar cells can be interconnected in series or parallel to enhance
their power generation capability. When combined in this manner, the resulting assembly is
referred to as a photovoltaic panel or solar module. Depending on the required power output,
series connections provide higher voltage, while parallel connections allow higher current
production. Through such configurations, PV systems with a wide range of power levels can
be designed to meet specific application requirements. Therefore, the proper selection of cell
and module configuration is a decisive parameter in ensuring both the efficiency and
operational performance of photovoltaic systems.

Cell

Figure 1. PV Panel Structures.
2.2. Operating Principle of Solar Cells

Solar cells are manufactured from semiconductor materials commonly used in electronic
components such as transistors and diodes. Although a variety of semiconductors can be
utilized for photovoltaic applications, gallium arsenide (GaAs), silicon (Si), and cadmium
telluride (CdTe) are among the most widely preferred materials. The semiconductor
properties of these materials constitute the fundamental physical basis of photovoltaic energy
conversion.

For a semiconductor to be used in solar cell fabrication, it must be doped as either N-type
or P-type. Doping refers to the introduction of a controlled amount of impurity atoms into
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the molten intrinsic semiconductor. The position of the dopant in the periodic table
determines the resulting semiconductor type.

To produce N-type silicon—the most widely used semiconductor in PV technology—an
element from Group V, such as phosphorus, is added. Because phosphorus has five valence
electrons whereas silicon has four, the extra electron becomes a free carrier within the crystal
structure. For this reason, Group V elements are referred to as “donors” or “N-type dopants.”
Conversely, P-type semiconductors are produced by adding a Group III element, such as
aluminum, into the silicon melt. These trivalent atoms create electron deficiencies in the
crystal lattice, forming positively charged carriers known as “holes.” Thus, Group III
elements are called “acceptors” or “P-type dopants.”

When N-type and P-type materials are joined together, a P-N junction is formed. Before
junction formation, each region is electrically neutral: electrons are the majority carriers in
the N region, while holes dominate in the P region. Upon contact, electrons diffuse from the
N to the P side, whereas holes migrate in the opposite direction. This bidirectional diffusion
results in a charge redistribution that forms the depletion region. The accumulated charge
separation creates a built-in electric field, which plays a key role in photovoltaic energy
conversion.

Photovoltaic conversion takes place predominantly within the P-N junction region and
progresses through two fundamental steps:

(1) absorption of photons that generate electron—hole pairs in the semiconductor,
(1) separation and transport of these carriers by the built-in electric field of the depletion
region (Kincay et al., 2012).

Electrons and holes separated by this electric field accumulate at opposite terminals,
resulting in a potential difference and enabling current flow through the external circuit. In
this way, solar radiation is directly converted into electrical energy.

Sunlight

999 "_() e | vty
n-type p-type
3 oa .eo.»e silicen |slli¢:nn
Junetion

Flow Solar Panel

Diagram

Figure 2. Basic operational mechanism of photovoltaic solar cells.
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The electrical current generated by a PV panel is directly related to the incident irradiance.
As irradiance increases, the number of photons rises, thereby increasing the photocurrent.
Due to their semiconductor nature, PV cells exhibit diode-like electrical behavior; hence,
their output characteristics are significantly influenced by both irradiance intensity and cell
temperature. Series resistances formed within the junction cause carrier transport losses and
constitute one of the key parameters limiting cell efficiency.

The output power of a solar cell reaches its maximum at a specific voltage—current pair
known as the maximum power point (MPP). The location of the MPP varies with the photon
flux (irradiance) and module temperature. Therefore, operating PV panels at the MPP is
crucial for achieving high conversion efficiency [12]. Continuous tracking and regulation of
the MPP are essential in industrial PV systems to ensure sustainable and optimal energy
production.

3. Material and Method

In this study, the aim is to reduce the excessive heating that leads to efficiency losses in
photovoltaic (PV) panels and thereby improve the overall panel performance. Two different
passive cooling approaches were evaluated during the experimental stage:
v The system employing heat pipes together with a flat aluminum heat-absorbing plate
(PV-HP),
v The system utilizing an aluminum finned heat-sink structure (PV-AF).

These cooling arrangements were selected due to their low cost, the availability of
commercially accessible components, and their ease of installation and integration. The
effectiveness of passive cooling solutions—particularly in systems with low power demand
and minimal maintenance requirements—is widely emphasized in the literature, supporting
the applicability of the designs selected in this study.

Three monocrystalline photovoltaic panels were used in the experimental setup, and their
technical specifications are presented in Table 1. To enable a performance comparison
between the PV-HP and PV-AF systems, a non-cooled PV panel was also included as a
reference. Thus, the effects of cooling on panel temperature and power generation could be
directly evaluated.

Table 1. Technical specifications of the photovoltaic panel

Parameters Symbol Values Unit
Maximum power Pmax 50 \\
Power tolerance — +5 %
Open-circuit voltage Voc 24.62 \Y
Short-circuit current Isc 2.57 A
Maximum power Vmp 20.84 A%
voltage

Maximum power Imp 2.46 A
current

Previous studies indicate that the optimum tilt angle for photovoltaic systems in the
Gaziantep region is approximately 30°. Therefore, a specially manufactured support frame
with a 30° tilt angle was used throughout the experimental process to ensure that all panels
were tested under identical conditions. As shown in Figure 3, the experimental setup was
mounted on this frame.
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Figure 3. Experimental setup.

A schematic representation of the experimental configuration is provided in Figure 4.
These illustrations offer explanatory details regarding the geometric structure of the applied
cooling solutions, their contact areas with the panel surfaces, and the associated heat-transfer
pathways.
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Figure 4. Schematic representation of the experimental setup [3].
3.1. Measurement Devices and Technical Specifications
During the experimental study, the primary parameters influencing the thermal and electrical
performance of photovoltaic panels were measured in detail. These parameters include panel

surface temperature, ambient temperature, wind speed, solar radiation, evaporator and
condenser temperatures of the heat pipes, load current (Imp), load voltage (Vmp), short-
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circuit current (Isc), and open-circuit voltage (Voc). Since the literature emphasizes that
panel temperature, irradiation intensity, and electrical characteristics are the key variables
determining PV performance [13], ensuring high accuracy in recording these parameters was
considered a fundamental priority throughout the experiments.

Panel surface temperatures and ambient temperature were measured using LYK 389
model K-type air and surface probes. These probes allow temperature measurements within
the range of =50 to +350 °C, enabling precise monitoring of the daily temperature variations
of the PV panels. Considering that panel temperature decreases cell efficiency linearly
(approximately —0.4 to —0.5%/°C), the accuracy of temperature measurements is critically
important for the reliable interpretation of system performance results. For data validation,
a Benetech GM320 infrared thermometer was additionally employed, allowing comparison
between contact and non-contact measurement techniques and thus enhancing overall
measurement reliability. All temperature measurement devices used in the experiment are
shown in Figure 5.

(a) (©)

Figure 5. Surface probe (thermocouple), (b) probe reader, and (c¢) infrared thermometer.

Wind speed, which is one of the mandatory parameters in thermodynamic analyses, was
measured using a CEM-DT-619 anemometer. With a measurement range of 0.4-30 m/s and
an accuracy of +3% or +0.20 m/s, this device provides sufficient precision for evaluating the
cooling effect of natural convection on the panel surface. Since previous studies have shown
that increases in wind speed reduce PV panel surface temperature and thereby enhance
output power [14], recording this parameter is essential for maintaining the analytical
integrity of the study.

The electrical performance of the photovoltaic panels was determined using current and
voltage data measured with a Fluke 15B+ digital multimeter. The device is capable of
measuring up to 1000 V in DC/AC voltage and 10 A /400 pA in current, and its +0.5% basic
DC accuracy enables reliable extraction of PV characteristic curves. The accuracy of
electrical measurements is particularly critical for determining the maximum power point
(MPP), which is a key metric in PV performance evaluation.

Solar irradiance was measured using a CEM DT-1307 solar meter, which can measure up
to 1999 W/m? with an accuracy of =10 W/m?. This level of precision lies within the widely
accepted limits for experimental PV studies. Since instantaneous variations in solar radiation
directly influence PV output power, irradiance data significantly enhanced the reliability of
performance comparisons.

During the experimental period, a variable resistor with a capacity of 5 A and 15 Q was
used to ensure a consistent load on the panels. This approach allowed all PV panels to be
tested under comparable loading conditions during each measurement interval, thereby
improving the consistency of inter-system comparisons. The measurement devices used in
the study are presented in Figure 6.
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(b) (c)
Figure 6. (a) Anemometer, (b) solar meter, and (c) rheostat.

4. Results and Discussion

Solar energy is one of the most significant renewable energy resources today due to its
sustainability and broad accessibility [15]. Even under cloudy weather conditions, where
solar irradiance decreases because of seasonal and meteorological variations, electricity
generation can still be achieved, which is primarily the result of advances in photovoltaic
(PV) technologies [16]. This capability enables PV systems to operate not only under high
irradiance conditions but also at low irradiance levels, thereby expanding the utilization of
solar energy across a wide range of applications, including heating, cooling, and electricity
generation.

PV panels, which directly convert solar energy into electrical power, have become central
components of modern energy-generation technologies. Although PV manufacturing costs
were considerably high in the past, current production technologies have significantly
reduced these costs, placing PV panels among the most economically viable methods of
electricity generation [17]. Nevertheless, commercial PV modules still operate below their
theoretical efficiency limits. Among the primary factors that limit PV performance are dust
accumulation, shading, surface contamination, and most critically, the increase in cell
temperature. Temperature rise reduces the semiconductor bandgap, leading to a decrease in
the output voltage, which in turn causes noticeable performance losses. Previous studies
have shown that each 1 °C increase in cell temperature can reduce panel efficiency by
approximately 0.4-0.5% [18].

The present work aims to mitigate efficiency losses caused by temperature increases in
PV panels and investigates the potential for reducing panel temperatures using passive
cooling methods. Passive cooling solutions are gaining increasing attention in the literature
due to their simplicity and the fact that they do not require additional power consumption.
In the experimental analysis, improvements in performance resulting from controlled panel
surface temperatures were comprehensively evaluated. The temperature—power relationship
of the PV module, the effectiveness of passive cooling systems, and comparative
performance differences with the reference (non-cooled) panel were analyzed. The findings
obtained in this study align with existing literature and further support the applicability and
performance benefits of passive cooling approaches in PV systems.

4.1. Experimental Results
In this study, the performance of two different passive cooling methods was evaluated with

the aim of reducing efficiency losses associated with increased cell temperature in
photovoltaic panels. The experimentally investigated systems were the PV-HP
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configuration, which integrates heat pipes with a flat aluminum heat-absorbing plate, and
the PV-AF configuration, which utilizes an array of aluminum cooling fins. Both cooling
structures require no additional power consumption, are cost-effective, consist of easily
accessible components, and offer practical applicability. Therefore, they align well with
passive cooling strategies widely recommended in the literature. In this context, the study
supports the commonly emphasized approach that “simple yet effective passive cooling
mechanisms can be readily integrated into field applications.”

Before commencing the experimental procedures, the functional accuracy of the PV
panels was tested, and their compatibility with nominal specifications was confirmed. This
step ensured that the influence of the cooling systems on panel performance could be
assessed in an isolated and controlled manner. The experiments were conducted outdoors in
Gaziantep, Turkiye, an area located at the intersection of Mediterranean and continental
climate zones, during September and between 10:00 and 18:00. Throughout the experimental
period, ambient temperature ranged from 30 to 37 °C, solar irradiance varied between 179
and 1,077 W/m?, and wind speed fluctuated between 0.34 and 2.15 m/s. These
meteorological parameters directly affect PV panel performance and were therefore
continuously recorded.

During the experiments, ambient temperature, solar irradiance, wind speed, average
surface temperatures of the PV panels, and electrical output power were monitored. Since
rapid changes in wind speed or irradiance due to cloud movement can influence
measurement stability under open-field conditions, experiments were repeated on different
days to enhance data reliability. Time-averaged values from repeated measurements were
used in the analysis. This methodological approach is consistent with recommendations in
field-based experimental PV studies and increases the statistical significance of the results.

Based on the recorded data, energy and performance analyses were conducted, and the
temperature—power characteristics of the PV-HP, PV-AF, and non-cooled reference panel
were comparatively examined. These analyses clearly demonstrate the effectiveness of
passive cooling methods in mitigating temperature-induced efficiency losses in PV panels,
and the observed trends are consistent with similar findings reported in the literature.

4.2. Comparison of Surface Temperatures and Electrical Power Outputs of Photovoltaic
Panels

In this study, two passive cooling systems designed to mitigate temperature-induced
performance losses in photovoltaic panels were investigated. The first system is the PV-HP
configuration, which integrates a heat pipe with an aluminum flat plate heat sink, and the
second is the PV-AF configuration, which utilizes aluminum finned heat sinks. The surface
temperatures, temperature differentials, power outputs, and electrical efficiencies of the
cooled panels were comparatively evaluated.

According to the data presented in Figure 7, the minimum-maximum surface
temperatures of the PV-HP, PV-AF, and the uncooled reference panel were measured as 34—
45 °C, 42-51 °C, and 45-54 °C, respectively. The daily average panel temperatures were
obtained as 39.7 °C for PV-HP, 44.6 °C for PV-AF, and 47.7 °C for the reference panel.
These results indicate that the PV-HP system operated approximately 8 °C cooler than the
reference panel, while the PV-AF system operated about 3 °C cooler. Furthermore, the PV-
HP system achieved surface temperatures approximately 5 °C lower than those of the PV-
AF system. The reduction in temperature differences after 17:00, as solar irradiance
decreases, is consistent with literature reports indicating the diminished effectiveness of
passive cooling systems during the late afternoon.
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Figure 7. PV panel temperatures as a function of solar irradiance.

Analysis of the electrical power outputs shows that the minimum-maximum power
values for the PV-HP panel were 9.46-47.09 W, with an average of 36.19 W. For the PV-
AF panel, the values ranged between 8.75-46.70 W, with an average power of 35.67 W. The
uncooled reference panel produced 7.59—46.18 W, with an average output of 34.83 W.

Based on these findings, the PV-HP and PV-AF systems provided 5.13% and 2.56%
higher electrical efficiency compared to the reference panel, respectively. Moreover, the PV-
HP system exhibited an approximately 2.50% efficiency advantage over the PV-AF system.
This improvement can be attributed to the effective heat transfer capability of the heat pipes
in the PV-HP configuration, which maintains a more stable and lower panel surface
temperature. Similar trends are widely reported in the literature, indicating that heat-pipe-
based passive cooling systems enhance panel efficiency particularly under moderate-to-high
irradiance conditions.

The variation of power enhancement with respect to solar irradiance and ambient
temperature is presented in detail in Figure 8. This graph clearly demonstrates the inverse
relationship between panel temperature and electrical output, providing field-measured
evidence of the effectiveness of passive cooling methods.
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Figure 8. PV panel power output as a function of solar irradiance and ambient temperature.
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4.3. Effect of Temperature and Wind Speed on the Efficiency of Photovoltaic Panels

The instantaneous efficiencies of photovoltaic (PV) panels vary depending on the
semiconductor material properties of the module, the intensity of incoming solar irradiance,
the ambient temperature, and directly on the module surface temperature. According to
widely accepted findings in the literature, each 1 °C increase in PV module temperature
results in approximately 0.4-0.5% loss in electrical efficiency. Therefore, controlling the
panel surface temperature is considered a critical parameter for improving PV system
performance, particularly in hot climatic regions.

The experimental data obtained in this study reveal a clear linear relationship between the
electrical power generated by the panel and the solar irradiance intensity, as shown in Figure
8. However, while increasing irradiance enhances power generation, it also raises the panel
temperature, creating a dual—direction effect on overall efficiency. Hence, when evaluating
cooling techniques aimed at improving panel efficiency, not only irradiance but also
environmental variables such as ambient temperature and wind speed must be considered.

In this context, the effect of wind speed on panel temperatures was separately analyzed,
and the variations in module temperature are presented in Figure 9. The measurements
indicate that wind speed exhibits sudden fluctuations due to cloud movements, variations in
wind direction, and local microclimate conditions. For this reason, instead of momentary
short-scale data, hourly averaged wind speeds—which provide more stable trends—were
used in the assessment.

The influence of wind speed was examined in two time intervals: before and after 12:30.
The average solar irradiance intensities for these periods were determined as 999 W/m? and
971 W/m?, respectively. Similarly, the average wind speeds were recorded as 0.79 m/s and
0.93 m/s. Thus, despite a 2.8% decrease in irradiance, an approximately 17.7% increase in
wind speed resulted in an ~8.5% increase in power output for the PV-HP, PV-AF, and
reference panels.

This finding is consistent with studies in the literature emphasizing the role of wind-
driven natural convection in enhancing PV cooling performance. It has been widely reported
that even small increments in wind speed can significantly reduce module temperature and
consequently lead to notable improvements in PV efficiency, particularly in hot climatic
conditions. Similarly, the present study demonstrates that environmental wind speed acts as
a complementary factor that enhances the effectiveness of passive cooling systems.
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Figure 9. Effect of wind velocity on the power production of PV panels.
4.4. Energy Analysis of PV Systems and Comparison of Electrical Efficiencies

A detailed energy analysis was carried out to reveal the comparative performance of the
photovoltaic panels used in the experiment. In this analysis, thermal and electrical
efficiencies, maximum power values, time-dependent variations of solar irradiance, and
environmental conditions such as wind speed were evaluated together. Thus, the holistic
effect of passive cooling methods on panel behavior was determined.

The electrical efficiency of the reference PV panel ranged between 1.41% and 15.48%
depending on the changes in irradiance and module temperature throughout the day, and the
average efficiency was calculated as 11.7%. This result indicates that the reference panel
experiences significant efficiency losses particularly during periods of high irradiance and
high temperature. The large number of studies in the literature explaining the negative effect
of PV module temperature on efficiency confirms that these findings are consistent with
expected trends.

In the PV-HP system, which uses heat pipes together with an aluminum flat heat sink, the
measured electrical efficiency ranged between 1.77% and 15.96%, with an average
efficiency of 12.3%. This corresponds to an improvement of approximately 5.13% compared
with the reference panel. The increase in the PV-HP panel is attributed to the effective
removal of heat from the back surface of the panel due to the high thermal conductivity of
heat pipes, which significantly reduces the module temperature. This observation is
consistent with the efficiency improvements frequently reported in the literature for passive
heat-pipe-based systems.

For the PV-AF panel cooled with aluminum fins, the efficiency ranged from 1.65% to
15.75%, with an average value of 12.0%. This corresponds to an improvement of
approximately 2.56% compared with the reference panel. The improvement in the PV-AF
system is associated with enhanced natural convective heat transfer enabled by the fins.
However, since the heat-pipe design provides more effective heat removal, the PV-HP
system achieved higher efficiency than PV-AF.

Both passive cooling methods were experimentally found to have positive effects on
electrical efficiency. However, the cooling effectiveness was more pronounced in the PV-
HP system, resulting in higher efficiency improvement. This is attributed to the high heat
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transport capacity of heat pipes and their ability to homogenize heat distribution, which
reduces maximum peak surface temperatures on the panel.

The irradiance levels and time-dependent electrical efficiencies of the panels used in the
experiment are presented in Figure 10, demonstrating that passive cooling methods provide
more noticeable efficiency improvements, especially during high-irradiance periods.
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Figure 10. Electrical efficiency as a function of solar irradiance.
5. Conclusion

This study experimentally investigated the performance of two passive cooling
approaches—heat pipe—assisted configuration (PV-HP) and fin-enhanced aluminum heat
sink configuration (PV-AF)—implemented to mitigate temperature-induced efficiency
losses in photovoltaic (PV) panels. The performance of these systems was comparatively
evaluated against an uncooled reference PV panel. The experimental data and revised
calculations demonstrate that both improved cooling configurations effectively reduce the
panel surface temperature and consequently enhance the electrical performance.

According to the corrected results, the PV-HP system achieved approximately 5.13%
higher electrical efficiency compared to the reference panel, whereas the PV-AF
configuration provided an improvement of about 2.56%. These enhancements are directly
associated with the reduction in module temperature, as the literature consistently reports
that each 1 °C increase in PV module temperature decreases electrical efficiency by
approximately 0.3—-0.5%. Therefore, the observed efficiency gains align well with the
thermophysical mechanisms governing PV performance.

Throughout the experimental period, the observed increase in wind speed also contributed
to cooling performance. While the baseline average wind velocity was 0.79 m/s, the
measured value reached 0.93 m/s, corresponding to an increase of roughly 17.7%. This rise
strengthened the natural convection process and further supported the effectiveness of
passive cooling. Such findings are consistent with previous studies emphasizing the
significance of ambient wind effects in natural-convection-based PV cooling systems.

Overall, the results clearly indicate that both the heat-pipe-assisted and fin-enhanced
passive cooling configurations improve the thermal behavior of PV modules and yield
meaningful enhancements in electrical output. However, the PV-HP configuration
outperformed the PV-AF system, primarily due to its superior thermal conductivity and more
effective heat spreading capability.

These findings confirm that passive cooling techniques constitute a practical and
sustainable option for enhancing PV system performance owing to their low cost,
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maintenance-free operation, and ease of integration. Future studies are recommended to
examine the behavior of these passive structures under different climatic conditions, develop
optimization models, and evaluate hybrid (active + passive) cooling solutions.
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