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ABSTRACT: Typically used thermal insulation materials such as foam insulation and fibreglass may pose notable
health risks and environmental impacts thereby resulting in respiratory irritation and waste disposal issues, respectively.
While these materials are affordable and display good thermal insulation, their unsustainable traits pertaining to
an intensive manufacturing process and poor disposability are major concerns. Alternative insulation materials with
enhanced sustainable characteristics are therefore being explored, and one type of material which has gained notable
attention owing to its low carbon footprint and low thermal conductivity is natural fibre. Among the few review studies
conducted on Natural Fibre Reinforced Composite (NFRC) insulation boards, the multitude of factors and underlying
mechanisms affecting their thermal conductivity performance have been sparsely covered. This review study aimed
to address this gap by providing a holistic overview of some of the key intrinsic and extrinsic factors affecting the
thermal conductivity performance of NFRCs. Key intrinsic factors pertaining to the microstructural features and to the
physico-mechanical traits of NFRCs, namely the fibre lumen size, «, and the fibre-matrix thermal conductivity ratio,
B, respectively, were found to largely affect the Transverse Thermal Conductivity (TTC) in NFRC boards. Extrinsic
factors, which were found to indirectly affect NFRCs’ thermal conductivity, such as fibre pre-processing, composite
manufacturing and environmental factors, were also covered. Some of the noteworthy NFRC features which were found
to affect their thermal conductivity are volume fraction of fibres, bulk density and porosity. The findings of this study
highlight the need for additional research investigation to address the foregoing limitations observed in NFRC thermal
insulation boards by considering appropriate natural fibres, composition and fabrication techniques. The fabrication of
high-grade NFRC boards, which will display an optimum balance between enhanced thermal insulation and long-term
durability performance, could further replace conventionally used thermal insulation boards in the modern building
and construction industry.

KEYWORDS: Natural fibre-reinforced composites (NFRCs); thermal conductivity; thermal insulation; transverse
thermal conductivity (TTC); porous materials; microstructural features; physico-mechanical traits

1 Introduction

One booming sector in which greener materials are required to curb its environmental impacts is the
building and construction industry. An estimated two-fifths of the carbon footprint is attributed to the
building and construction industry which is predominantly associated with the operational emissions and
production of key materials requiring carbon-intensive processes such as cement and steel [1]. To reduce
environmental impact and promote the concept of circular economy, eco-friendly materials with reduced
carbon footprints, such as natural fibre composites, are necessary. Typical components in the building and
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construction industry which can be manufactured from natural fibre composites include structural elements
such as roofing sheets, door frames, multi-purpose panels and other load-bearing elements [2,3].

One essential component which is required in modern building design and construction to cope with
the harsh weather patterns occurring due to climate change, is thermal insulation board [4]. Thermal
insulation boards play an important role in the building envelope and are generally fitted in the roof and wall
sections of modern constructions, as displayed in Fig. 1. These boards are utilized to act as a physical barrier
between the exterior and interior environments of buildings, and their primary function is to control heat
transfer [4]. Besides addressing thermal comfort in buildings, the use of proper thermal insulation minimizes
heat transfer, thereby rendering buildings more energy-efficient and reducing the need for additional heating
and cooling. Some of the conventionally used thermal insulation boards are made of polystyrene, glass fibre
or rock wool owing to their low thermal conductivity performance, as indicated in Fig. 2 [5]. The efficiency of
recently developed advanced insulation panels, such as the Vacuum Insulation Panels (VIPs) [6] and wood-
based sandwich panel [7], was found to hinge on the thermal conductivity of the core material and of their
surrounding layers.
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Figure 1: Thermal insulation boards are fitted in the roof and wall sections of modern constructions to minimize heat
gains and losses in: (a) warm and (b) cold climates, respectively
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Figure 2: Summary bar chart displaying the thermal conductivity of typical insulation materials used in the building
and construction industry, namely molded polystyrene, extruded polystyrene, injected polystyrene, polyurethane
board, glass fibre, rock wool and perlite. Reprinted/adapted with permission from reference [5]. Copyright 2006,
Elsevier
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Presently used insulation panels, which are made of conventional materials like fibreglass and foams,
have notable drawbacks in terms of health risks and environmental impacts [8]. In the recent past, loose-
fill asbestos insulation, which was widely utilized in older residential buildings, was known to lead to
serious health complications [9]. Besides, long-term exposure to presently used insulation materials such as
mineral wool, fibreglass and foams, has also been reported to result in health issues leading to skin irritation
and respiratory complications [10]. Moreover, both fibreglass and foam-based insulation materials have
high environmental impacts given their intensive process of production and poor disposability attributes,
respectively [11]. Other limitations associated with fibrous-type insulation are their propensity to trap and
absorb moisture content in hot-humidity environments thereby leading to an increase in heat transfer and
energy inefficiencies [12,13].

One potential alternative and eco-friendly material which can address the foregoing issues is Natural
Fibre-Reinforced Composites (NFRCs) [14,15]. As one of the main reinforcement components in NFRCs,
natural fibres offer numerous benefits to manufacturers based on their ubiquitous presence in the environ-
ment, affordability, disposability and sustainability traits [16,17]. In terms of sustainability, natural fibres have
zero environmental impacts, are renowned for their inherent biodegradability and act as carbon sinks when
integrated into products [18,19]. As a result, NFRCs have been increasingly considered in both engineering
and non-engineering applications for the automotive industry [20] and for the food packaging industry,
respectively [21]. The use of natural fibres and their hybrid composites was also hypothesized to partially
reduce the dependency on synthetic fibres as reinforcing components in modern NFRCs [22]. Moreover, the
use of natural fibres in insulation boards can also be derived from organic waste materials, thereby addressing
environmental concerns pertaining to improper waste management [23,24]. A classification chart of typical
fibre reinforcement and polymeric binders used in NFRCs is provided in Fig. 3.

Natural Fibre
Reinforced
Composites(NFRC)
Remforcmnefn Binding Component:
omponers Polymeric Matrix
Cellulosic Fibres
Bast Leaf Fruit Seed Grass Thermosetting Thermoplastics Biopolymer
Plastics

Flax Abaca Epoxy Resin Polypropylene Starch
Hemp Palm Coir Cotton Bamboo Polyurethane Polyethylene Cellulose
Jute Pineapple Oil Palm Fibre Kapok Bagasse Urea-formaldehyde Polyamide Lignin
Kenaf Sisal Polyester Resin Polyvinyl Chloride Polylactic Acid

Figure 3: Classification chart of typical components used in NFRCs’ fabrication, namely cellulosic fibre reinforcement
components and polymeric binding matrix components

Besides their numerous environmental benefits, the consideration of natural fibres in the development
of insulation panels for the building and construction industry can address some of the drawbacks posed by
conventional insulation panels. For instance, their integration in modern buildings can partly address the
high carbon footprint associated with the construction industry [25]. The utilization of such insulation panels
will provide better compatibility for humans thereby limiting the risks for health hazards. Besides negligible
environmental impact, other determinant factors which can further propel their integration as insulation
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materials into modern engineering applications include their lightweight nature, porous structure and low
thermal conductivity [26-29]. Some of the key benefits provided by bio-based thermal insulation boards
are summarized in Fig. 4. Moreover, additional promising traits in NFRCs, which can be further explored
and exploited in building insulation panels, are their acoustic performance [30,31] and fire resistance [32].
Fire resistance, which encompasses flame resistance and flame retardancy, is a paramount factor normally
considered to ensure the fire safety of modern building design [32,33]. Flame resistance and flame retardancy,
which refer to the material’s ability to resist ignition and spread of flames, respectively, have been reported
to depend on multitude of factors ranging from the volume fraction of fibres [33,34] to the heat release rate
of fibres [32,35]. Moreover, both the flame resistance and flame retardancy of NFRCs can be enhanced by
considering specific fire-retardant additives [32,34,36-38].
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Figure 4: Schematic illustration outlining some of the key benefits provided by thermal insulation boards manufac-
tured from bio-based materials

From past review studies on NFRCs, emphasis was mainly directed on specific areas pertaining to the
recent development in particular application, comprehensive investigation of their fibre-matrix composition
and corresponding physico-mechanical performance and durability attributes [3,20,21,28,39-43]. Moreover,
even though few review studies have been conducted on NFRC thermal insulation boards, the numerous
factors and underlying mechanisms affecting their thermal conductivity performance have only been
sparsely covered [24,34,36]. This study was therefore conducted to review the latest advancements made in
the development of eco-friendly thermal insulation boards for the building and construction industry by
considering NFRCs. The key physical and mechanical characteristics of natural fibres affecting the thermal
conductivity performance of NFRC boards were first reviewed and discussed. In the second part of this
study, key extrinsic factors which were found to indirectly affect NFRCs’ thermal conductivity performance,
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namely pre-processing stage of fibres, manufacturing-related factors and environmental factors were further
examined. The key findings of this review study will be useful to material scientists and designers as they
will shed light on the latest progress made in the utilization of natural fibres for the development of thermal
insulation boards while revealing new opportunities for further research and development.

2 Thermal Conductivity of Typical NFRCs

The thermal conductivity, normally measured in Wm™'K™%, is one of the essential parameters to assess
the heat flow through a material [44]. Several methods have been considered in past studies to measure the
thermal conductivity of NFRCs, namely via the guarded hot plate method [45], specialized sensors such as
the Modified Transient Plane Source (MTPS) sensor [46], the thermal conductivity ring probe method [47]
and via thermocouples [48]. In other studies, advanced heat flow meter [49] and laser-operated thermal
conductivity equipment, such as the Fox-304 LaserComp [50], were utilized to investigate the thermal
conductivity characteristics of fibrous insulation materials.

As reviewed from past literature, polymeric resin-based composite materials reinforced with natural
fibres have shown satisfactory thermal insulation characteristics even though the thermal conductivity
of neat epoxy material was reported to be around 0.120 Wm™'K™! (Alazzawi et al., 2024). The thermal
conductivity for NFRCs was found to range between 0.050 and 0.150 Wm™'K™! for those having a weight
percentage of fibre content not exceeding 20% [51,52]. The thermal conductivity of banana-sisal resin
composite was reported to be 0.153 Wm™'K™! for a volume fraction of fibre content of 0.20 [52]. In another
study for instance, a higher thermal conductivity value of 0.187 Wm™'K™' was observed in coir-epoxy
composite having a weight percentage of fibre content of 36% [53]. The thermal conductivity performance
observed in typical NFRCs with respect to their weight percentage of fibre content is summarized in Table 1.

In other studies, the thermal conductivities of typical NFRCs such as hemp-, jute- and date palm-epoxy
composites with a weight percentage of fibre content of 10% were found to be approximately 0.063, 0.051 and
0.061 Wm™'K™!, respectively [51]. Interestingly, the thermal conductivities of the foregoing composite were
found to increase by 5% to 35% with an increase in weight percentage of fibre content from 10% to 20% [51]. A
similar trend was observed in other NFRCs whereby the weight percentage of fibre content was greater than
20% [53]. For instance, cotton-, sisal- and wool-epoxy composite having a weight percentage of fibre content
of 61%, 56% and 43%, respectively, displayed corresponding thermal conductivity values of 1.017, 0.697 and
0.518 Wm™'K!, respectively [53].

Moreover, a significantly lower thermal conductivity value of 0.093 Wm™'K~! was observed with respect
to the high weight percentage of fibre content of 90% in coir-melamine-urea-formaldehyde composite [54].
This notable variation was attributed to the nature of both the fibre and matrix components and their
interaction. As a general observation, an increase in fibre content in most NFRCs was found to result in a
reduction in the thermal conductivity based on the fact that the natural fibre reinforcement component tends
to display notably lower thermal conductivity performance than the binding matrix material [50,51,55,56].
Another observation along the same line revealed that the thermal conductivity in one type of NFRC
decreased from 0.166 to 0.159 W/mk as the wt % of fibre content increased from 10% to 40% [56].

Being an orthotropic material, the thermal conductivity in NFRCs normally varies with respect to the
fibre direction. The thermal conductivity measured in-plane direction was found to be much greater than
measurements taken perpendicular to the fibre direction [57]. Moreover, the notable disparity observed in
the thermal conductivity of various NFRCs with respect to their increasing weight percentage of fibre content
is further discussed in the forthcoming sections by probing further into the inherent microstructural features
of the natural fibres.
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Table 1: Summary of thermal conductivity values observed in typical NFRCs with respect to their weight percentage of
fibre content

No. Composite specimen details Fibre content/wt % Thermal References
conductivity/ Wm™K™!
1.0 Thermal conductivity decreasing with increased fibre content
11 Coir-Melamine-Urea-Formaldehyde 86 0.108 [54]
1.2 Coir-Melamine-Urea-Formaldehyde 88 0.094 [54]
13 Coir-Melamine-Urea-Formaldehyde 90 0.093 [54]
1.4 Banana/Sisal-Resin 0.20 V¢ * p * 100 0.153 [52]
1.5 Banana/Sisal-Resin 0.40 Vg * p * 100 0.140 [52]
1.6 Banana-Polypropylene 0.10 V¢ * p * 100 0.217 [58]
1.7 Banana-Polypropylene 0.50 V¢ % p % 100 0.157 [58]
1.8 Abaca-Epoxy 13.4 0.292 [59]
1.9 Abaca-Epoxy 24.9 0.273 [59]
2.0 Thermal conductivity increasing with increased fibre content
21 Hemp-Epoxy 10 0.063 [51]
22 Hemp-Epoxy 20 0.084 [51]
2.3 Jute-Epoxy 10 0.051 [51]
2.4 Jute-Epoxy 20 0.071 [51]
25 Date palm-Epoxy 10 0.061 [51]
2.6 Date palm-Epoxy 20 0.065 [51]
2.7 Bamboo-Epoxy 14.4 0.309 [59]
2.8 Bamboo-Epoxy 224 0.317 [59]
3.0 Thermal conductivity for fixed composition
31 Cotton-Epoxy 61 1.017 [53]
32 Sisal-Epoxy 56 0.697 [53]
33 Wool-Epoxy 43 0.518 [53]
34 Coir-Epoxy 36 0.187 [53]
3.5 Kenaf Core Fibre-Polypropylene 10 0.0877 [60]
4.0 Non-NFRC materials
41 Neat polypropylene _ 0.240 [58]
4.2 Neat epoxy _ 0.120 [51]
4.3 Polystyrene (Molded) _ 0.036 [5]
4.4 Rock wool _ 0.042 [5]
4.5 Glass fibre 0.034 [5]

3 Influence of Physical and Mechanical Characteristics of Natural Fibres on Their Thermal
Conductivity Performance

3.1 Microstructure of Natural Fibres

The thermal conductivity characteristic in natural fibres is the result of their unique microstructure
arrangement. In general, a densely arranged microstructure free of defects tends to promote heat transfer,
hence leading to higher thermal conductivity. The structure of plant cell walls is composed of several key
layers, namely a primary cell wall, secondary cell walls and a central lumen section, which determine the
cell’s shape while providing strength and support to the plant structure [61]. A schematic illustration of the

microstructure of plant cell walls is given in Fig. 5. Both the primary and secondary cell walls are made-up
of cellulose microfibrils which are strengthened by hemicellulose and lignin components [39].
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Figure 5: (a) Schematic illustration of the microstructure of plant cell wall and (b) longitudinally aligned fibre bundles
in NFRCs

The layered arrangements and orientation of microfibrils have a notable influence on the corresponding
mechanical characteristics of the fibres [40]. From past studies, the mechanical strength in natural fibres
was found to be highest when the microfibrils were primarily aligned in the fibre’s loading direction [62].
Moreover, this distinctive composition of layers’ arrangement in plant cell walls has a marked influence on
the thermal conductivity performance of natural fibres which results in a direction-dependent or orthotropic
behaviour [29]. As reported in another research investigation, longitudinally aligned cellulose microfibrils
in the fibre direction in thick lamellae sections were found to display the highest thermal conductivity along
their length [63].

3.2 Physical Characteristics of Natural Fibres

One main challenge when dealing with natural fibres is their inherent physical variability owing to
several factors pertaining to their origin, plant species and maturity among other factors. These factors can
notably affect some of the key physical characteristics of natural fibres such as their moisture content and
density which can in turn influence their thermal conductivity performance [41]. In conditions of high
humidity, an increase in moisture content was found to adversely affect the thermal insulation characteristics
in bio-based materials as water molecules tend to be a good conductor of heat in comparison to air [64].
Density, on the other hand, was also found to affect the thermal conductivity of natural fibrous composite
specimens as shown in Fig. 6 [65]. An increase in bulk density for instance, was found to enhance the thermal
insulation characteristics of natural fibres which resulted from their reduction in thermal conductivity
performance [50]. From past literature, the heat transfer distance, which is defined as the average distance
between particles and related to pore size and shape, was considered to determine the rate of heat transfer
in particulate-based materials. In such materials, where porosity tends to largely depend on particles’ shape
and size, the heat transfer distance was found to be reduced with increasing bulk density thereby decreasing
their thermal conductivity [55].
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Figure 6: Variation of thermal conductivity of fibrous composite specimens, namely hemp fibres, sheep wool and equal
portion of hemp and sheep wool fibre mix with respect to density. Source: [65], License CC-BY 4.0.

Being an organic material, natural fibres undergo degradation due to thermal exposure at relatively low
temperatures of around 200°C thereby limiting their processing temperatures and subsequent utilization
in high-temperature applications. The degradation of natural fibres was found to be closely related to the
degradation of their main chemical constituents [66]. At 200°C and above, micro-constituents of natural
fibres such as lignin start to degrade [67] followed by hemicellulose and cellulose which start to degrade as
from 220°C and 300°C, respectively [32,68]. Moreover, when integrated in composites such as in epoxy-
based NFRCs, the overall decomposition of the composite material, as evidenced from the Differential
thermal analysis (DTA) curves, was found to occur at a higher temperature than the fibre reinforcement
component at around 375°C [66,69,70]. Owing to their relatively high curing temperature, care must be
taken when using thermoset resins in NFRC fabrication as it has a bearing on the thermal degradation of
natural fibres [42]. Moreover, given the notable limitation observed in the thermal stability of natural fibres
and their derived composites, their use as insulation materials in high-temperature applications such as in
industrial furnaces and in automotive exhaust systems can be highly compromised.

3.3 Mechanical Characteristics of Natural Fibres and NFRCs

Besides affecting their strength-to-weight ratio, the intrinsic physico-mechanical properties of plant
fibres, which are influenced by microstructural features, also affect their thermal conductivity performance.
For thermal insulation boards, mechanical strength plays an important role in maintaining a high structural
integrity, minimize failure and ensure consistent performance in engineering applications. From a material
insulation point of view, high mechanical strength and excessive reinforcement have been postulated to
enhance the material’s thermal conductivity, hence affecting its thermal insulation performance [71]. The
current challenges posed to material scientists and engineers, especially in the fabrication of thermal
insulation boards with NFRCs, is to develop a structurally viable material which can exhibit both satisfactory
thermal insulation characteristics while having adequate mechanical properties for long-term durability [47].
Moreover, numerical modelling and other simulation techniques, which have been widely utilized in past
studies to predict the elastic properties of natural fibre composites, can be considered to determine the
optimum mechanical characteristics of NFRC-based insulation boards [72-74].

Some of the key mechanical attributes which are required in thermal insulation boards made from bio-
based materials for use in the building and construction industry are high stiffness, tensile strength and
compressive strength in order to resist external loadings and self-weight [75,76]. In recent years, advanced
NEFRCs with satisfactory degradability traits have been developed by considering biodegradable polymer
matrices [77]. From reviewed literature, hemp-Polylactic acid (PLA), Flax-PLA, Kenaf-PLA and Ramie-PLA
with random fibre orientation were found to display tensile strength and Young’s modulus ranging between



] Renew Mater. 2026;14(1):7 9

30 and 75 MPa and between 4.0 and 9.0 GPa, respectively [78]. In contrast to randomly arranged fibres, both
aligned and carded fibres in NFRCs were found to display improved mechanical characteristics [79,80]. In
short, the mechanical characteristics of NFRCs were affected by a multitude of factors, namely by fibre type,
fibre orientation, weight percentage composition of fibre, characteristic of binding matrix and fabrication
techniques among other factors [40]. Moreover, for long term durability, further mechanical testing is
essential to uncover key aspects of the fracture mechanisms in NFRC thermal insulation boards ranging
from crack propagation to crack growth [81,82].

4 Transverse Thermal Conductivity in NFRCs

The combination of axially aligned fibre reinforcement in NFRC and the foregoing orthotropic thermal
characteristic owing to the plant structure often results in a distinctive thermal behaviour which has been
characterized as the transverse thermal conductivity (TTC) [29]. The TTC in NFRCs is generally measured
perpendicular to the direction of the fibres as depicted in Fig. 7. The TTC in NFRCs has been reported to be
affected by the inherent microstructure of plant fibres and by their arrangement [29]. In contrast to randomly
reinforced composites, the TTC in axially reinforced NFRCs was reported to be lower. While this observation
was mainly attributed to the unidirectional alignment of the fibres, the underlying microstructural features
of the fibres were found to be determinant factors [29]. Besides, the thermal conductivity in composites
reinforced with unidirectional natural fibres, such as abaca fibres for instance, was found to be greatest in the
longitudinal direction and lowest in the transverse direction (Liu et al., 2012) (Liu et al., 2014). The notable
disparity observed between the longitudinal thermal conductivity and the transverse thermal conductivity
performance of typical NFRCs is summarized in the horizontal bar chart displayed in Fig. 8.

Transverse Thermal
Conductivity

Axially Reinforced NFRC

Longitudinal Thermal

Axial Direction ; J Conductivity
) = "
- 2 Soe. NN | j|» Discrete Composite Layer
/ : . . . —
Natural Fibre Strand  Binding Matrix ,
Transverse Direction Y

Figure 7: Schematic illustration depicting the principal directions for longitudinal thermal conductivity and transverse
thermal conductivity in the discrete layer of NFRC
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As reported in previous studies, microstructural features such as fibre cell walls and lumen sections
were found to reduce the TTC in the transverse direction, an effect which further intensified with increasing
fibre content [29,57,83]. Moreover, the TTC was found to further decrease with increasing size of fibres’
lumen section which acted as a natural barrier for heat transmission in NFRCs [29]. This observation
could be further observed in Fig. 9, whereby the TTC of bamboo fibre epoxy composites (BFECs) and
unidirectional abaca fibre epoxy composites (AFECs) increased and decreased respectively with respect to
volume fraction of fibres [29]. The disparity observed in the results of these two composite specimens was
attributed to their lumen sections which were found to be very small and large in bamboo fibres and abaca
fibres, respectively [29].

Neat Polypropylene (PP) (0 wt % Fibre) [P @ Longitudinal (n-Plane) Themmal Conductivity / W/(mK)

AcrylicResin Polymer (0 wt % Fibre) i O Transverse Themal Conductivity / W/(mK )
Flax-Polypropylene (PP) (34 wt % Fibre) [
Bamboo-Poly lactic acid (PLA) (60 wt % Fibre) [
Bagasse Fibre-Epoxy (80 wt % Fibre)
Banana-Polypropylene (PP) (100 wt % Fibre) f=
Flax Fibre (100 wt % Fibre) (&

Hemp Fibre-Acrylic Resin (100 wt % Fibre) [

Abaca-Epoxy (100 wt % Fibre)

PR S S S T S S S U S S S S U S S S S S S S S U S S S S S T S
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Themal Conductivity / W/(mK)

Figure 8: Summary bar chart displaying the longitudinal thermal conductivity and transverse thermal conductiv-
ity performance of typical NFRCs. Neat Polypropylene (PP) [84], Acrylic Resin Polymer [57], Flax-Polypropylene
(PP) [84], Bamboo-PLA [85], Bagasse Fibre-Epoxy [86], Banana-Polypropylene (PP) [58], Flax Fibre [84], Hemp
Fibre-Acrylic Resin [57], Abaca-Epoxy [29]
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Figure 9: Variation of transverse thermal conductivity of bamboo fibre epoxy composites (BFECs) and unidirectional
abaca fibre epoxy composites (AFECs) with respect to volume fraction of fibres. Reprinted/adapted with permission
from reference [29]. Copyright 2012, Elsevier

Several models have been formulated to investigate the TTC performance in unidirectional NFRCs.
For instance, the numerical modelling of the TTC behavior of Manila-hemp fibre in the solid region (Ksf)
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has shown a large dependency on the fibre’s features such as lumen size in contrast to the lumen’s shape and
distribution across the fibre’s cross-section (Liu et al., 2011). In another study, investigation about the TTC
in unidirectional NFRCs by considering the two-dimensional Square Arrayed Pipe Filament (SAPF) unit
cell model, has shown that the transverse thermal insulation properties tend to originate from the inherent
morphological features of natural fibres [59]. The results demonstrated that the key factors affecting the TTC
are the lumen size of the natural fibre («) and the fibre-to-matrix thermal conductivity ratio (f) [59]. The
TTC was observed to be inversely proportional with respect to parameter « and somewhat proportional with
respect to the parameter  [59].

This observation was evidenced in another study, whereby the TTC of unidirectional natural composites
reinforced with Manila-hemp (abaca) fibre bundles were modelled by considering the progressive Locally
Exact Homogenization Theory (LEHT) [87]. In contrast to in-plane thermal conductivity, which increased in
amonotonic manner with increasing volume fraction of fibres, a linear reduction in the TTC of the composite
model was observed with respect to increasing percentage volume composition of hollow fibres [87]. Besides,
from the investigation results, the effective TTC of the composite material was also found to decrease with
an increase in size of lumen sections («) and a reduction in thermal conductivity of hollow natural fibres

(B) [87].

5 Factors Affecting the Thermal Conductivity in NFRCs

Besides intrinsic factors pertaining to microstructural features and physico-mechanical traits, the
thermal conductivity in NFRCs is also largely affected by extrinsic factors such as the fibres’ pre-processing
stage, manufacturing-related factors and environmental factors. A classification chart outlining some of the
key intrinsic and extrinsic factors affecting the thermal conductivity performance in NFRCs is provided
in Fig. 10.

Factors Affecting
NFRCs’ Thermal
Conductivity k
! ¥
Intrinsic Factors Extrinsic Factors
_[—
v v v
Microstructural Physical & Pre-Processing of Manufacturing- Environmental
Features Mechanical Traits Natural Fibres Related Factors Factors
Q Arrangement of O Increased in Fibre' Tregtmen}t Composi'te Flame Moisture & NFRC.
Fibre Cell Fibre-to-Matrix Processing Modification Compression Retardancy Temperature Degradation
Walls Thermal
0 Increased Fibre Conductivity l l l l l l
Lumen Size (o) Ratio ()
- Reduced - Increased Q Sectioned QO Enhanced O Compaction O Reduction in O Increased in O NFRC Organic
Transverse Transverse Length, NFRCs’ Traits - High Fibre Wt % of Fibre Moisture Cnt.: Composition
Thermal Thermal Q Fibre Yield & - Better Fibre- Vol. Fraction Content - Increase in - Degradation
Conductivity Conductivity | Q Fibre - Matrix Bond - Dense Mat. - Reduced Hygroscopicity by Biotic &
Straightening =>NFRC Tum - Better Fibre- Flammability -> Reduced k Abiotic Factors
0O Mechanical Homogeneous Matrix Bond - Increased k | O Low Temp.:k - Affecting
Processing: => Reduced -> Reducing 0 Fire-Retardant Vary non-linear Physical Traits
- High Bulk p Defects Void Spaces Additives O High Temp.:k - Reduced k
-> Reduced k => Enhanced k -> Reduced k - Affecting k Vary linearly Performance

Figure 10: Classification chart summarizing key factors ranging from intrinsic to extrinsic factors affecting the thermal
conductivity performance in NFRCs
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5.1 Pre-Processing of Natural Fibres
5.1.1 Fibre Processing

The mechanical processing of natural fibres involving thinning, chopping and combing stages, was
found to result in fibre damage thereby affecting the fibre microstructure [28,50]. The processing methods of
natural fibres in terms of their sectioned length, fibre yield and fibre straightening were consequently found
to affect their thermal conductivity [50]. For instance, short fibres processed via grooved rollers were found to
display a thermal conductivity ranging between 0.0530 and 0.0390 W/(m - K) while chopped fibres displayed
a thermal conductivity ranging between 0.0475 and 0.0420 W/(m - K) [50]. The mechanical processing of
natural fibres was also found to largely affect their overall bulk density, hence leading to a decreasing thermal
conductivity performance at higher density values [40,50].

5.1.2 Treatment Modification

Treatment modification remains one of the indispensable stages for the pre-processing of natural fibres
in order to promote their usage into a wider range of applications [88]. Considerable research studies
have been conducted to develop NFRCs with enhanced physico-mechanical and durability attributes by
considering specific treatment modification for the natural fibre component [41,61,89-92]. Accordingly,
diverse types of treatment methodologies ranging from thermal to chemical treatment methods have been
developed [40,50]. While some of the thermal treatments are considered to address the physical properties
by improving their dimensional stability and reducing the moisture content, chemical treatments on the
other hand, are considered to enhance their mechanical properties by improving their tensile and flexural
strengths [93].

Besides reducing moisture absorption, specific treatment methodologies are also employed to preserve
their structural characteristics and enhance their compatibility with the matrix component [41]. Some of
the typical treatment methodologies which have been considered to enhance the surface characteristics of
fibres and to improve their dimensional stability include the alkaline [90]and the acetylation [89] treatments,
respectively. Besides, the improvement in the fibre-matrix adhesion can lead to the formation of composite
materials with homogeneous structure and consistent characteristics thereby reducing the manufacturing
defects while enhancing the thermal conductivity performance. For instance, the effect of NaOH-based
alkaline treatment on epoxy composite reinforced with kenaf fibres was found to enhance the fibre-matrix
interfacial contact, hence resulting in improved thermal conductivity and diffusivity performance [60].

5.2 Manufacturing Related Factors

The manufacturing defects associated in the fabrication of thermal insulation boards by considering
NFRCs can also result in inconsistent thermal performance. Natural fibres can pose notable challenges when
integrated into NFRC boards given their inherent natural variability, geometry and surface roughness among
other factors [61]. Being a naturally derived material, natural fibres have a high tendency to absorb moisture,
exhibit poor dimensional stability, have limited durability and are susceptible to degrading over time in the
absence of adequate treatment [61,94]. Besides, the characteristics of natural fibres can largely vary following
the fibre extraction phase and treatment modification stage [93,95]. Other typical defects in NFRC boards
may arise due to insufficient fibre-matrix adhesion and due to irregular dispersion and concentration of fibre
bundles [41].
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5.2.1 Volume Fraction and Density of Compacted Fibres

In NFRC manufacturing, the volume fraction of fibres can affect their heat transfer attributes. Even
though the optimum percentage of fibre content for optimum mechanical performance does not exceed
40% in most cases, this amount can be subjected to change in thermal insulation boards [80]. Moreover,
one common obstacle faced in the integration of high-volume fractions of fibres in NFRCs is poor fibre-
matrix interaction due to poor interfacial strength and adhesion [41]. To overcome this challenge, specifically
designed compression moudling machines are utilized under controlled pressure and temperature con-
ditions to promote adequate fibre-matrix adhesion while reducing void spaces [43]. Accordingly, the
compaction of natural fibres in a finite volume tends to naturally increase the density of the NFRC material. In
densely compacted NFRCs, the thermal conductivity has been reported to be reduced [55]. Similarly, reduced
thermal conductivity performance was also observed with respect to increasing density in conventional
insulation materials [49].

Moreover, less dense insulation materials such as loose-fill insulation were found to exhibit a reduced
thermal resistance at larger temperature differences across the insulation [96]. In less dense NFRCs however,
the presence of air bubbles could also increase the thermal insulation performance as air molecules are in
general a poor conductor of heat. For instance, greater porosity or void content was found to occur in less
dense composite specimens such as in bamboo fibre reinforced composites (BFGC) fabricated by using a
reduced compaction pressure of 1.6 MPa during the hot pressing stage. The specimens with greater porosity
were in turn found to display a reduced thermal conductivity performance as shown in Fig. 11 [85].
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Figure 11: Variation of the thermal conductivity in bamboo fibre reinforced composites (BFGC) with respect to
increased porosity (void content). Reprinted/adapted with permission from reference [85]. Copyright 2007, Taylor &
Francis

Moreover, with increasing fibre content, the overall thermal conductivity of NFRC tends to decrease
as the latter component displays lower thermal conductivity than typical matrix materials [51,53]. This
trend about the overall decrease in the thermal conductivity of NFRCs, is also in line with the increasing
bulk density of natural fibres. An increase in the bulk density, which accounts for the density of the fibre
component and includes its void spaces, was found to promote a reduction in heat transfer [55]. Besides bulk
density, the thermal conductivity in porous structures such as in natural fibres was found to depend on other
key features pertaining to the convection of gas-phase within the fibres and radiance transmitted between
the fibre wall sections [50].
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5.2.2 Flame Retardancy of NFRCs

In the building and construction industry, low flammability and high fire retardancy are desirable
characteristics in modern materials including NFRCs to enhance fire safety [32]. In the recent past, numerous
studies have been conducted to investigate the flammability and fire resistance characteristics of natural fibres
and NFRCs [32,33]. The heat release rate, which was assessed during the flammability tests, was found to
be lower for bast fibres and was attributed to their reduced lignin content [32]. Moreover, the heat release
rate observed in NFRC during flammability tests was also found to decrease with increasing wt % of fibre
content [34]. In terms of flammability, the propensity of ignition in natural fibre composite material was
reported to be greatly reduced at a volume fraction of fibres exceeding 25% [33]. The thermal decomposition
of natural fibre composites is generally accompanied by blackening and blistering of the exposed surface
originating from polyester residues and charred regions of the fibre laminas [33]. Moreover, the charred
layers have also been reported to act as a natural insulation barrier against further thermal degradation of
the remaining lignocellulosic fibres [42].

To maximize the flame retardancy and exposure time prior to ignition, specific fire-retardant additives
in powder form, such as boric acid, phosphoric acid, zinc borate, and magnesium hydroxide are added to the
composite in the manufacturing stage [32,34,36,37]. In another study, the addition of expandable graphite
fillers having a weight percentage of 5% into NFRC was reported to significantly improve their fire resistivity
characteristics [97]. Moreover, expandable graphite is a good conductor of heat and can adversely affect the
insulation characteristics of NFRC:s if utilized in high percentage composition [98]. Additionally, during
thermal degradation of NFRC, expandable graphite fillers were found to lead to higher char generation
thereby reducing both the pyrolysis reactions and thermal conductivity of burning substances [97].

In contrast to synthetic-based composites, the effect of fire-retardant additives on the thermal conduc-
tivity of NFRCs has been sparsely investigated in literature. Among the few studies, the thermal conductivity
and flammability in terms of burning rate of NFRC, which were found to be 0.159 W/mk and 35 mm/min
respectively for a wt % of fibre content of 40%, were found to increase and decrease respectively with a
reduction in the wt % of fibre content [56]. In another study based on synthetic composites, optimum flame
retardancy and thermal conductivity in epoxy-based alumina composites were achieved by incorporating 5
wt % of magnesium hydroxide and 7 wt % of graphene nanoplatelets in the composite mix, respectively [99].

5.3 Environmental Factors
5.3.1 High Temperature and Moisture Exposure

Detailed studies on the influence of interconnected environmental factors such as humidity and
temperature, which can largely affect the thermal conductivity of NFRC-based insulation materials in their
operating environment, are sparsely available in literature. In terms of operating temperatures for instance,
the thermal conductivity was observed to vary non-linearly at low temperatures and linearly at higher tem-
peratures above 35°C [5]. As discussed in the foregoing section, a high-temperature environment exceeding
200°C could result in thermal degradation of natural fibres thereby affecting their thermal conductivity.
Moreover, an increase in temperature, even at room temperature along with high humidity conditions, can
adversely affect the dimensional stability of NFRCs and their corresponding thermal conductivity behaviour.

Long term exposure to varying temperature and humidity levels in actual locations in the building
envelope can greatly affect the dimensional stability of NFRCs used for thermal insulation. This can in
turn affect the effectiveness of thermal insulation boards over their service lifetime, which is dependent on
the thermal conductivity (k-value). In one study on fibrous insulation materials, the increase in moisture
content due to a surge in the humidity level in the ambient environment, was found to affect the thermal
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insulation performance of insulation materials [100]. The impact of moisture content on the insulation
thermal conductivity has been reported to vary in accordance with the composition, properties and internal
structure of the insulation materials [12].

In hot and humid climates for instance, condensation has been reported to occur within conventional
fibrous insulation materials. The increase in humidity content in the surrounding environment due to
condensation led to an increase in the amount of moisture absorbed in the material thereby exceeding its
hygroscopic level [12]. This has a notable impact on its thermal conductivity performance and on its k-value,
which tends to increase with increasing moisture content. This trend in the increase of thermal conductivity
can be explained by the fact that the presence of water molecules within the porous fibrous material, which
have a k-value greater than natural fibres, tend to foster the heat transfer within the material [12].

5.3.2 Degradation of NFRCs

In contrast to synthetic fibres which display satisfactory durability in various operating environments
such as glass fibres, aramid fibres and carbon fibres, natural fibres on the other hand have limited durability
owing to their organic composition. This composition tends to attract insects and microorganisms primarily
bacteria and fungi during their service lifetime leading to biological degradation [40]. Besides, exposure
to environmental conditions such as UV, rain and wind can lead to physical degradation thereby affecting
the physical structure and properties of natural materials [40]. From past studies, even fully treated and
modified natural fibres were found to degrade over time, though adequate preservative treatment protection
can considerably curb the effects arising from both biological and physical degradation [40]. In contrast
to the numerous treatment modifications devised to enhance the physico-mechanical traits of NFRCs, few
treatments such as thermal modification [101], acetylation [102] and enzymatic treatments [93] have been
considered to address their biological and physical degradation.

Thermal modification for instance has been reported to enhance the dimensional stability of natural
fibres by lowering their moisture content and rendering them stronger. This modification was found to
impart positive thermal insulation attributes in natural fibres as a reduction in moisture content generally
tends to reduce the k-value [12]. Besides improving the water repellency, thermal stability and resistance to
environmental degradation, the application of acetylation treatment to natural fibres, on the other hand, was
also found to result in a low thermal conductivity performance which was below 0.050 W/mK [103]. While
enzymatic treatment can be considered to break down the lignin content and improve their resistance to
fungal and bacterial degradation [93], a reduction in lignin content can also affect the fibres’ strength while
reducing their flammability given its structural contribution as a binding agent [104] and lower heat release
rate, respectively [32]. Moreover, in one study the addition of kraft lignin filler particles in polypropylene-
based composites was found to lead to an increase in density from 910 to 980 kg/m® hence slightly increasing
their thermal conductivity performance from 0.085 to 0.088 W/mK [60].

6 Future Work to Advance the Development of NFRC Thermal Insulation Boards

In line with the key findings obtained from this review study, some of the priority areas for future
study and development on NFRC thermal insulation boards are listed in this section. Firstly, for advanced
engineering applications, high-end NFRC thermal insulation boards can be devised by considering specit-
ically modified natural fibres or hybrid mix of fibres which would attain both the high thermal insulation
and mechanical performance requirements. Even though there are no specific standards for NFRCs, the
ISO 6324:2024 and ISO 24260:2022 standards, which have been developed for composite material consisting
of fibres and fibre mats, respectively, can be considered to evaluate their thermal insulation performance.
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Advanced research and development could also be conducted on NFRC thermal insulation boards to
achieve low flammability and high fire retardancy while maintaining a high thermal insulation performance
in order to meet the pressing requirements of modern building design. Moreover, to maintain high
and consistent performance in diverse environments with varying temperature and moisture conditions,
additional research study to enhance the hydrophobic characteristics of natural fibres and their derived
composites could be envisaged. Last but not least, the integration of automated technologies in key stages
of NFRC fabrication from fibre processing to composite curing, could enable the close monitoring of key
manufacturing-related factors affecting their thermal insulation traits such as porosity and fibre distribution.

7 Conclusion

This review study was conducted on NFRCs which could be considered as an alternative thermal
insulation material to conventionally used ones, such as foam insulation and fibreglass, in the building and
construction industry. The review included a holistic summary of thermal conductivity performance of
recently developed NFRC boards including their notable variation with respect to the weight percentage of
fibre content. To determine the suitability of NFRCs for thermal insulation boards, emphasis was mainly
directed on key factors affecting their thermal insulation performance, ranging from intrinsic to extrinsic
factors. Among the reviewed intrinsic factors, an increase in microstructural features such as the fibre lumen
size, «, and in physico-mechanical features such as the fibre-matrix thermal conductivity ratio, 8, was found
to result in a decrease and increase in the TTC, respectively. Besides, the extrinsic factors covered in this
study, namely fibre pre-processing, composite manufacturing and environmental factors, were also found
to have indirect effects on the thermal insulation performance of NFRC boards. While fibre pre-processing
factors were found to be related to fibre length, fibre yield and treatment modification, manufacturing-
related factors included fibre orientation, volume fraction of fibres, fibre-matrix adhesion, bulk density and
porosity among other factors. Moreover, the thermal insulation performance of NFRC boards was also found
to be adversely affected by external environmental factors such as high humidity levels and degradation.
Despite NFRCs having noteworthy sustainable attributes and high potential, some of the underlying factors
affecting their thermal conductivity properties as highlighted through this review study should be addressed
to devise high-grade thermal insulation boards with enhanced performance and durability. Besides aligning
with the decarbonization policy in modern building and construction industry given their lower embodied
carbon, the increasing use of NFRC thermal insulation boards will gradually reduce the heavy reliance on
less eco-friendly and synthetic insulation materials.
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