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Abstract: The increasing urgency to reduce the environmental impact of human activities has underscored the 
critical role of bio-materials in sustainable architecture and construction. This systematic review consolidates 
and critically analyzes recent advancements in bio-composite materials, focusing on their thermal insulation 
capabilities and broader applications within the built environment. Data from studies published since the start 
of 2024 were meticulously selected using stringent inclusion criteria guided by the PRISMA protocol. A meta-
analysis conducted via VOSviewer software (version 1.6.20) illustrates keyword co-occurrence in titles and 
abstracts, highlighting emerging trends in bio-composite research. This review compiles and categorizes infor-
mation on 50 bio-composite materials with confirmed properties of biodegradability or recyclability, system-
atically assessing their morphology, internal structure, and thermal characteristics, which are central to their 
insulation performance. While the primary focus of this review is on the thermal insulation properties of bio-
composite materials, the mechanical properties are also included as supplementary data, reflecting the inci-
dental availability of this information in the reviewed studies. The findings emphasize that thermal insulation 
applications dominate the usage of these materials (44%), followed by sub-structural roles (40%). A compara-
tive analysis highlights the significant bio-composite thermal conductivity (λ) advancements, positioning them 
as viable alternatives for standard building materials. A detailed matrix is presented to showcase the roles of 
polymer and ceramic matrices, further contextualizing their potential in construction, particularly for insula-
tion applications. The study identifies critical challenges, such as scalability and durability. It proposes future 
research directions to enhance bio-materials integration in sustainable building practices, prioritising advanc-
ing technologies. 

Keywords: bio-based composites; thermal insulation materials, biodegradable, architecture 
 

1. Introduction 
The building sector has a substantial environmental impact on both global and local scales [1]. 

New investments often require substantial quantities of raw materials, including sand, stone, wood, 
and water. Additionally, the production processes of conventional building materials are energy-
intensive and contribute to the depletion of natural resources, often from non-renewable sources.  

1.1. The Problems and Challenges of the Architecture and Construction Sectors 
Despite efforts to improve sustainability, many widely used materials still have a high carbon 

footprint and low recycling rates [2]. For example, concrete is one of the most essential building ma-
terials for modern architecture, and the demand for its production is growing every year due to new 
buildings and the need to develop surrounding infrastructure [3]. Cement production alone, a key 
component of concrete, is responsible for 8% of global CO2 emissions [4]. Concrete production is be-
coming an increasingly significant challenge in the worldwide crisis related to limited freshwater 
resources [5]. Similarly, according to data from 2019, global production of plastic waste has reached 
almost 460 million tons per year, with more than half generated by the building sector [6]. 

Moreover, approximately 91% of all plastics produced have not been recycled, often ending up 
in landfills or the oceans [8]. Although plastic recycling is considered an environmentally beneficial 
solution, it has limitations [7]. Recycling plastic often produces material of lower quality, and the 
possibility of multiple recycling is also limited – the material can only be recycled 2-3 times, 
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depending on the type [8]. Furthermore, not all plastics are recyclable, and developing efficient meth-
ods for processing materials such as polypropylene and synthetic fibres remains a significant techno-
logical and economic challenge [8]. 

1.2. The Importance of Using Biomaterials in Architecture and Construction Sectors 
Already in the 1970s, there was an increase in ecological awareness and concern about the on-

going climate change. The turning point was the publication of the report The Limits to Growth by the 
Club of Rome (prepared by a research team from MIT), which pointed out the need to limit the ex-
ploitation of natural resources [8]. The report analyses the long-term consequences of global popula-
tion growth, consumption of raw materials, industrial production, pollution, and environmental deg-
radation. Using computer models, the authors simulated various future scenarios to understand how 
the world economy could develop in the face of limited resources. Subsequent updates of the report 
(including in 1992 and 2004) confirmed some of the original assumptions, but attention was paid to 
technological developments that could mitigate the effects of growth [10]. Today, in response to the 
challenges of the construction sector related to waste generation, air and water pollution, energy con-
sumption, and negative impact on ecosystems, emphasis is placed on buildings having, among other 
things, energy certifications [11]. Sustainable development in the building industry is based on min-
imising the negative impact of buildings and infrastructure on the environment through modern 
technologies and effective energy management systems [12]. However, the additional use of ecolog-
ical building materials (materials with ecological certifications, i.e., LEED (Leadership in Energy and 
Environmental Design) or BREEAM (Building Research Establishment Environmental Assessment 
Method)) and savings of fossil raw materials are becoming crucial [13]. In recent years, there has been 
an apparent increase in interest in ecological materials, as indicated by their availability on the mar-
ket, and an increase in scientific articles, which translates into better product quality. Unfortunately, 
the phenomenon of creating a false image of an environmentally friendly product—greenwashing—
is becoming increasingly noticeable. Companies often promote their activities as environmentally 
friendly to earn the trust of eco-conscious consumers through declarations not supported by verifia-
ble certificates or research. [14]. This results from the still insufficiently developed market for envi-
ronmentally friendly products, leading to a price of approximately 10-20% higher than conventional 
products. [15]. 

Transitioning to bio-based composites presents several economic implications, including poten-
tial cost savings from reduced energy consumption and lower waste management costs due to their 
renewable and biodegradable nature [16]. This shift also opens market opportunities driven by grow-
ing consumer demand for sustainable materials and adherence to green building standards, fostering 
innovation and product differentiation within the construction industry [17]. However, economic 
barriers such as high initial production costs, limited large-scale manufacturing capabilities, and com-
petition with established materials can hinder market adoption, alongside regulatory and scalability 
challenges that must be addressed for broader integration [18]. 

1.3. Target Audience: Researchers and Designers 
This systematic review comprehensively examines bio-based composites' advancements, appli-

cations, and challenges, with a particular focus on their thermal insulation properties and potential 
in sustainable architecture. The review is especially valuable for researchers aiming to identify inno-
vation gaps, trends, and future directions in enhancing the thermal performance of bio-composites, 
as well as for designers seeking eco-friendly materials to improve energy efficiency in buildings. By 
bridging scientific research with practical design considerations, this work serves as a critical re-
source for fostering innovation in sustainable thermal insulation solutions within the built environ-
ment. 

2 State of the Art 
Previous review articles focused on the use of natural-origin substances as building materials 

were analysed. Given the significant number of articles on these compounds, it was decided to con-
centrate on a single group of engineering materials: bio-composites. 

In 2022, Amin et al. [19] summarised data from the last decade (2011-2022) and provided a com-
prehensive review focusing on applying plant-based fibres in construction. The review covers fibres 
derived from bamboo, sugarcane bagasse, hemp, kenaf, jute, ramie, flax, sisal, coir, pineapple, cotton, 
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wood, and wheat straw. The authors aim to analyse these fibres as sustainable alternatives to syn-
thetic materials, emphasising their mechanical properties, treatment methods, and potential to re-
duce the carbon footprint of buildings. The review highlights the benefits of alkaline treatment in 
enhancing fibre durability, addressing biodegradability limitations, and supporting sustainable de-
velopment goals in the architecture and construction sectors. Based on their analysis, composites re-
inforced with plant fibres show potential applications in earthquake-resistant housing, bridge piers, 
canal linings, soil reinforcement, pavements, and more. 

Another study comprehensively reviews innovations, engineering applications, and future di-
rections of bast fibre composites, focusing on ramie, jute, kenaf, flax, and hemp. Zhu et al. [20] exam-
ine the structure, composition, and functional performance of bast fibres in bio-composites. They ex-
plore the integration of bast fibres into composites to enhance properties such as mechanical strength, 
flame retardancy, and biodegradability. Potential applications in construction and architecture in-
clude using bast fibre composites as lightweight, durable, and sustainable alternatives to traditional 
building materials, including reinforced panels, structural components, and acoustic insulation ma-
terials. 

In addition to using natural fibres as reinforcement for composites, subsequent articles have also 
focused on using agricultural waste. Sugarcane bagasse ash deserves special mention, as it is exten-
sively discussed in the study by Gbadeyan et al. [21] as a sustainable alternative to cement in con-
struction materials. The article reviews sugarcane bagasse ash and other agricultural wastes like rice 
husk ash as partial or complete substitutes for Portland cement in engineering materials, including 
bricks, concrete, binders, and mortars. Over 70 studies are examined, highlighting performance en-
hancements, including increased compressive strength and reduced bulk density when using sugar-
cane bagasse ash as an additive in construction materials. The analysis includes evaluations of phys-
ical properties like compressive strength and water absorption and comparative studies on various 
sugarcane bagasse ash composites. 

Another widely used agro-waste-based material is rice husk, as mentioned earlier. Singh et al. 
[22] provided a review focusing on using this material in sustainable composites. The study covers 
numerous case studies and summarises the outcomes of incorporating rice straw into different poly-
mers, including polypropylene (PP), polyethene (PE), polyvinyl alcohol (PVA), polylactic acid (PLA), 
and others. In total, over 20 examples of rice-straw composites are discussed. Particular attention is 
given to the potential use of rice husk-based composites in architectural applications as insulation 
materials due to their lightweight, thermal conductivity, and acoustic properties. The reviewed arti-
cles are categorised based on their application in building materials, with a clear tendency to classify 
specific materials as structural or insulating. Only a small number of articles address other categories 
of building materials. 

In 2024, Asfaw et al. [23] examined bio-composites potential for enhancing thermal insulation in 
the construction sector. Among the materials reviewed, Typha australis fibre, moss, wood fibre, and 
corn husk demonstrated favourable thermal conductivity and mechanical properties, making them 
viable for architectural insulation. The review draws on multiple studies and considers factors such 
as fibre orientation, fibre-to-matrix adhesion, and material density to analyse bio-composite perfor-
mance comprehensively. The authors also highlight the limitations and challenges associated with 
natural-based insulation materials, including limited long-term durability, potential moisture sensi-
tivity, and issues with fibre-to-matrix adhesion compared to conventional materials. Addressing 
these challenges often requires optimising the composite formulation, applying chemical treatments, 
or combining natural fibres with synthetic components, which can increase production complexity 
and costs. A year earlier (2023), another group of researchers led by Raja et al. [24] tackled similar 
issues, analysing various bio-based materials and their environmental, thermal, and fire perfor-
mance. Several bio-insulation materials, such as hemp-lime, wood wool, cellulose fibres, sheep's 
wool, and vegetable-based composites, were evaluated, revealing similar limitations during their 
summarised analyses. 

Conversely, bio-based composites for structural applications were analysed in a 2021 review by 
Kopparthy and Netravali [25]. The review highlights the potential of fully green materials, which 
combine biodegradable plant-based resins and natural fibres, as replacements for conventional com-
posites in structural applications. It concludes that while these composites show promise for second-
ary structural applications due to their environmental benefits, overcoming limitations such as 
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moisture sensitivity, UV degradation, and limited load-bearing capacity is essential to expanding 
their applicability. See Table 1. 

Table 1. The previous review studies on bio-based composites 

Ref No. Team Year Focus No. of 
papers  

[19] Amin et al. 2022 summary of data from the last decade (2011-
2022) 209 

[20] Zhu et al. 2024 structure, composition, and functional 
performance of bast fibres 

153 

[21] Gbadeyan et al. 2023 substitutes for Portland cement in engineering 
materials 

70 

[22] Singh et al. 2024 use of rice husk in sustainable composites 20 
[23] Asfaw et al. 2024 bio-composites for enhancing thermal insulation 

in the construction sector 
88 

[24] Raja et al. 2023 various bio-based materials and their 
environmental, thermal, and fire performance 

108 

[25] Kopparthy and 
Netravali 

2021 materials, which combine biodegradable plant-
based resins and natural fibres 

101 

3. Materials and Methods 
The presented paper is a systematic literature review article conducted following the PRISMA 

protocol (Preferred Reporting Items for Systematic Reviews and Meta-Analysis). The PRISMA pro-
tocol integrates systematic review with meta-analysis [26]. The inclusion of the PRISMA protocol was 
necessitated by the publisher's requirement to ensure (i) standardization, (ii) comprehensive cover-
age, (iii) transparency and (iv) enhanced credibility, see Figure 1. The subsequent subsections provide 
a detailed explanation of the selection process of materials (and papers that reported them) for review 
and discuss their quantitative aspects. 

3.1. Eligibility Criteria, Data Identification 
The data for this review were collected from the international scientific database Scopus. Bio-

based composite materials have recently garnered significant research attention due to efforts to re-
duce the carbon footprint in the building industry. Analysing the frequency of publications tagged 
with "bio-based composites" within the building sector yields interesting insights based on Scopus 
data. The overall trend reveals periods of variability and change, including decreases in 2015, 2017, 
and 2023, rather than a consistent upward trajectory. Notably, there was a substantial spike in 2024, 
reflecting a sharp increase compared to preceding years. This surge highlights a growing research 
interest and a notable shift toward incorporating natural fibres into composites. 
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Figure 1. Visualization of the PRISMA protocol flowchart, illustrating the systematic process for identifying, 
screening, and selecting studies in a systematic review. 

To capture this surge in interest, the authors concentrated on studies published only in 2024, 
ensuring an up-to-date and focused review highlighting the latest advancements and trends in this 
topic. 

Only full, open-access scientific articles written in English were analysed. During the primary 
information search, the following keywords were used: ('bio-based' OR 'biobased' OR 'natural' OR 
'plant-based' OR 'biodegradable' OR 'agro-waste' OR 'agro AND waste') AND ('construction' OR 
'building' OR 'architecture' OR 'wall' OR 'roof' OR 'ceiling' OR 'envelope' OR 'insulation' OR 'adhe-
sive' OR 'binder'). A notable increase in articles on these topics has been observed since the start of 
the 21st century. 

This review was conducted based on reports published between January 1, 2024, and October 
12, 2024, during which 6,475 publications related to natural materials in construction and architecture 
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were identified. Due to this volume, further criteria were applied to narrow the scope to 2,965 articles 
focusing on engineering, material sciences, and multidisciplinary studies. 

Additional filtering involved supplementary keywords (34 terms), resulting in 1,194 articles, 
which were then reviewed by title and abstract to identify 127 relevant items. 

The inclusion criteria for the review were as follows and are also illustrated graphically in the 
accompanying diagrams: 

• The focus was limited to composites, excluding pure metals, ceramics, and polymers (see Figure 2a). 
• Materials were categorized based on the organicity of their composite phases into fully organic, semi-

organic, and fully inorganic. Only two non-organic composites were identified and excluded (see 
Figure 2b). 

• The review concentrated on mixtures containing at least one plant-based or animal-based organic 
phase (matrix or reinforcement). The procedure for material classification in this review is outlined 
below (see Figure 3). 

(a)  (b)  

Figure 2 (a) A traditional classification of engineering materials. The review is restricted to materials categorized 
as composites. (b) A schematic representation of the phase classification of selected composites based on the 
organic origin of the raw materials. The review focuses on composites containing at least one organic or semi-
organic phase.  

Finally, from the 126 relevant publications identified up to October 12, 2024, 50 noteworthy bio-
composites presented within 48 articles were analyzed to show the field's diversity, depth, and 
emerging directions. This method facilitated a comprehensive and timely analysis while preserving 
the relevance and quality of the reviewed content. 
3.2 PRISMA protocol limitations 

To enhance the methodological robustness of the paper, the limitations of PRISMA protocols, 
such as the potential exclusion of non-English studies or grey literature (e.g., reports, theses, or con-
ference papers not indexed in major databases), should be acknowledged. 

 

 
Figure 3. Classification of raw materials based on biological origin. The review emphasizes composites with 
at least one bio-phase derived from plant or animal sources. Materials are included if no more than one phase is 
inorganic and meets the criterion of natural origin. 
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3.3. Meta-Analysis 
A comprehensive bibliometric analysis was conducted using data extracted from Scopus up to 

October 21, 2024. The study utilized VOSviewer software (ver. 1.6.20) [27], a user-friendly, open-
source tool designed to map and visualize bibliometric networks. VOSviewer stood out for its excep-
tional ability to easily manage large bibliometric datasets, offering an intuitive interface that simpli-
fies complex analyses. Its advanced features – particularly for clustering and visualizing co-occur-
rence networks – made it the preferred choice over other tools like CiteSpace [28] or Gephi [29]. Using 
VOSviewer, the study generated a detailed co-occurrence network map of keywords extracted from 
the titles and abstracts of the reviewed studies (see Figure 1). 

During the preparatory stage of the mapping study, the keywords were pre-processed by ap-
plying several steps: all keywords were converted to lowercase to ensure consistency and prevent 
case-sensitive mismatches, common stopwords were removed to eliminate irrelevant terms, key-
words were reduced to their base forms through lemmatization to group similar concepts, and vari-
ations in spelling (e.g., British and American English) were standardized to unify terminology. These 
pre-processing steps significantly improved the reliability and accuracy of the analysis by reducing 
noise in the data and ensuring that semantically equivalent terms were treated as single entities. 
These steps were essential to prevent distortions in the results, as treating different grammatical or 
orthographic forms of words separately would have introduced inconsistencies in the analysis. Ad-
ditionally, before performing the co-occurrence analysis, synonyms were merged using field-specific 
thesauri, such as dictionaries of technical terms related to material sciences and environmental sus-
tainability. For example, terms like ‘fiber’ and ‘fibres’ or ‘thermal insulation’ and ‘heat insulation’ 
were unified. This ensured accurate and consistent representation of keywords across the dataset, 
enhancing the reliability of the results. 

Using a threshold of three occurrences for a given keyword, the analysis identified five clusters 
of keywords. These three occurrence thresholds were chosen to balance inclusivity and specificity, 
ensuring that less frequent but potentially significant keywords were included while filtering out 
noise from rarely occurring terms. By setting this limit, the analysis focused on keywords with suffi-
cient contextual relevance to reveal meaningful patterns in the dataset. The three most prominent 
clusters were as follows: 
• Cluster 1 (Red, seven items): This cluster includes, among others, three keywords with the high-

est occurrences: ‘thermal insulation,’ ‘sustainability,’ and ‘structural assessment.’ 
• Cluster 2 (Green, six items): This cluster contains keywords such as ‘bio composite’ and ‘natural 

fibres.’ 
• Cluster 3 (Blue, five items): This cluster features keywords ‘tensile strength’ and ‘composite ma-

terial.’ 
The keyword mapping effectively grouped related terms and highlighted critical thematic areas 

within the dataset. The keywords with the highest number of occurrences are: ‘thermal insulation,’ 
‘sustainability,’ ‘tensile strength,’ ‘composite material,’ ‘natural fibres,’ and ‘structural assessment.’ 
These phrases also exhibited the highest link strength and, importantly for this study, showed strong 
interconnections with one another. 

This approach added significant value by demonstrating keyword relevance and identifying fo-
cus areas in the reviewed literature (see Figure 4). For instance, clustering keywords such as ‘thermal 
insulation’ and ‘sustainability’ highlighted their prevalence and revealed their interconnectedness, 
offering insights into research trends on environmentally conscious building materials. Similarly, 
identifying clusters with terms like ‘tensile strength’ and ‘composite material’ underscored the em-
phasis on material performance, pointing to advancements in structural applications. These examples 
showcase how the analysis pinpointed critical thematic concentrations within the dataset, guiding 
future research directions. The findings provide a robust framework for understanding key trends 
and thematic concentrations in the field. 
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Figure 4. Network visualization of keyword co-occurrences from analyzed papers. Node size indicates term 
frequency, and connecting lines represent co-occurrence relationships. Colour-coded clusters highlight thematic 
groups, with larger nodes showing greater importance. Created using VOSviewer, December 2024. 

Data extraction from the studies relied on the information provided by the authors of the re-
viewed papers. A small spreadsheet was designed to facilitate data collection and comparison. Indi-
vidual study summaries are presented in Tables 2–7, enabling comparison of results achieved by 
different research teams. Thermal insulation materials are highlighted in yellow in these tables. The 
risk of bias due to missing results is minimal, as the data originate from various sources within the 
reviewed papers. Statistics are given in Section 5.2. 

3.4. Data Assessment and Compilation 
The primary aim of this review is to analyse the parameters of materials identified by the authors 

as genuinely sustainable. During the data collection for the review, consideration was given not only 
to the natural origin of the materials serving as either the matrix or reinforcement in composites but 
also to the recyclability and biodegradability potential of resulting products. Information on individ-
ual bio-composite materials is presented in the paragraphs below, and tables summarise the review's 
key sub-sections. These tables contain essential details such as the reference number, the research 
team involved, and the name of the material. Additionally, the tables include information on the 
biodegradability, compostability, recyclability, purpose as building part (insulation, structure, 
binder), lowest and highest measured values, thermal conductivity coefficient, tensile strength, flex-
ural strength, and waste reuse characteristics of individual materials.  

Due to space constraints, all data gathered on the reviewed materials (Reinforcement-to-Binder 
Ratio, Matrix Type, Declared Suspected Benefits 1, Declared Suspected Benefits 2, Challenges and Limitations, 
Young's Modulus [GPa], density [kg/m³], Water Absorption [wt% after 24h], Optical Transmittance [%], Fire 
Reaction) are included in the supplementary materials. These provide technical information on parti-
cle shape, particle size, reinforcement-to-matrix ratio, matrix type, expected environmental benefits, 
and whether the material has potential for the construction industry. Readers interested in more 
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detailed data are referred to the supplementary materials, where all gathered information is compiled 
into a comprehensive spreadsheet table. 

In the presented review, some materials are classified as acoustic insulation, often exhibiting 
thermal insulation capabilities. In such cases, thermal conductivity (λ) is estimated based on source 
references for comparable materials; those values are marked with an asterisk. The tables highlight λ 
values with a yellow cell background to emphasize the review’s focus.  

4. Results 
This review of bio-based composite materials has led to the creation of a simplified typology. 

This typology offers a visual representation of the bio-composite materials' morphological composi-
tion, covering aspects such as the type of matrix used and the three-dimensional form of reinforce-
ment. Definitions of key terms are provided to ensure consistent terminology and a clear understand-
ing throughout this article. 

4.1. Definitions 
Composite materials "consist of two or more constituent materials with distinct physical or 

chemical properties that, when combined, produce a material with characteristics different from the 
individual components, while each component remains distinct in the final structure" [30]. Although 
a composite forms a single monolithic material, the boundaries between the phases remain distinct: 
• Matrix is the substance that shapes the product and binds the dispersed phase. 
• Reinforcement is the dispersed phase, a material held together by the matrix. Reinforcement 

can vary in the size, spatial configuration and degree of dispersion. 
Composites may also contain additives, such as dyes or fillers, although these are not essential 

to classify a material as a composite [31]. 
Reinforcement is a fundamental component of many composites, especially structural compo-

sites, where reinforcing materials (e.g., glass, carbon, or aramid fibres) significantly increase the 
strength and stiffness of the composite. Reinforced composites can be categorised based on the type 
of dispersed phase embedded in the matrix: 
• Category 1. Particle-reinforced composites: When all three dimensions of the dispersed phase 

are similarly small, the composite is considered particle-reinforced. This category includes both 
dispersion-strengthened and large-particle-reinforced composites, primarily distinguished by parti-
cle size. Large particles are visible to the naked eye in large-particle-reinforced composites. In 
contrast, dispersion-strengthened composites utilise particles uniformly dispersed throughout 
the material, resulting in more consistent mechanical and physical properties across the compo-
site. The size of those particles varies, down to the nanoscale particles (typically <100 nm), pro-
ducing nanocomposites (e.g. carbon nanotubes, graphene nanoplatelets, and metal nano-parti-
cles) [32].  

• Category 2. Fibre-reinforced composites: When the dispersed phase consists of particles whose 
length is much greater than their cross-sectional dimension, the composite is considered fibre-
reinforced. Fibre reinforcement includes two main types: continuous fibre-reinforced composites, 
full-length fibres that extend through the entire structure, providing significantly increased stiff-
ness and mechanical strength; discontinuous fibre-reinforced composites: This type can be further 
subdivided based on fibre alignment: (i) oriented fibres: particles are aligned in a specified di-
rection, which imparts greater strength and stiffness along that direction, making the composite 
resistant to loads acting in alignment with the fibres, (ii) random fibres: particles are randomly 
distributed, resulting in isotropic properties [33]. 

• Category 3. Layer-reinforced composites: When the length and width of the reinforcing phase 
are much greater than its thickness, the composite is considered layer-reinforced. Two types of 
layer-reinforced composites can be distinguished: laminates, materials comprising several thin 
layers bonded together with a matrix (adhesive), creating a structure with high strength and 
desired mechanical properties; and sandwich structures, composites with two thin, strong outer 
layers (cladding) and a lightweight but stiff core (matrix) in between. Thanks to its multi-layer 
structure, the layer-reinforced composites can be designed to provide strength in specific direc-
tions while maintaining a relatively low weight [34]. 
The linear presentation of each material in this review will follow the above structure, as illus-

trated in Figure 5, generally following the composite "morphology" describing the form, structure, 
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and arrangement of components within a material. First, materials will be reviewed according to 
reinforcement type. The initial subsection will examine particle-reinforced materials, presented in 
ascending order based on particle size, from the smallest to the largest. The subsequent categories of 
materials will follow the same principle for their sequential presentation within the review. 
4.2 Particle-reinforced 
4.2.1 Dispersion-strengthened 

Dispersion-strengthened (DS) composites enhance mechanical strength and thermal stability by 
uniformly distributing fine, stable particles within a metal, ceramic, or polymer matrix. These parti-
cles are typically small, non-reactive, and stable under processing conditions, commonly made of 
oxides, carbides, or other refractory materials. Instead of chemically bonding with the matrix, the 
particles enhance the strength of the material by physically blocking the movement of dislocations—
defects within the crystal structure that, when mobile, can reduce the material's strength under stress. 

 

 

 
Figure 5. Hierarchy of Composite Materials: An overview of the structural classification of composites, high-
lighting reinforcement types (particle, fibre, and layer) and their subdivisions, as well as the matrix materials 
that bind them. 

D-S composites are characterised by the inclusion of fine particles (microparticles), typically 
smaller than 0.1 mm (100 μm). These particles are often present as dust, ashes, powders, granules, or 
very fine fibres. Dust particles usually measure less than 100 μm in diameter and can naturally occur 
or result from mechanical or environmental processes. Ash particles, often a byproduct of combus-
tion processes, are typically finer than powders and range from sub-micron sizes up to a few milli-
metres. Powders generally exhibit a broad particle size distribution, often ranging from approxi-
mately 1 μm to several millimetres, and are typically produced through artificial processing or grind-
ing. 

This fine dispersion within the matrix improves thermal/mechanical properties, including en-
hanced thermal stability and increased wear resistance. This section examines the applications of dis-
persion-strengthened composites in the construction industry, which are used for insulation, semi-
structural elements, binders, and other functional components starting from fully organic solutions. 
• Liquid phases  

Open-cell foams with mostly organic matrices were presented by Kurańska et al. Natural oils 
from watermelon, cherry, black currant, grape, and pomegranate seeds were used to synthesise bi-
opolyols through a transesterification reaction. Unlike conventional petroleum-based polyols, 
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biopolyols are derived from renewable materials to produce polyurethane foams. In the transesteri-
fication reaction, an ester group is exchanged with an alcohol group from another molecule. The re-
sulting foams, with a cellular structure, showed insulation properties with thermal conductivity val-
ues of λ = 0.035–0.037 W/m·K [35]. 

Bio-based epoxy resin was studied as a potential binder by Gavrilović-Grmuša et al., who used 
natural polyphenols lignin and tannic acids as wood adhesives. Tensile shear strength testing showed 
that lignin and tannic acid "can effectively replace amine hardeners in epoxy resins" [36]. The mate-
rial's mechanical properties and flame retardancy make it promising for wood products, though it 
has limitations in compatibility with synthetic adhesives and broader applications without further 
chemical modifications. 
• Dust (< 100 μm) 

Mohan et al. investigated a hybrid panel made from cotton microdust, a byproduct of the yarn 
spinning industry, combined with coir pith, using low-melt epoxy resin as a matrix. Two types of 
panels, 6 mm and 10 mm thick, were created. It was found that "thermal resistance improved while 
strength decreased with increased coir pith" [37]. These biodegradable panels exhibited thermal re-
sistance k values ranging from 0.11 to 0.29 K·m²/W (thermal conductivity λ = 0.02 to 0.09 W/m·K), 
outperforming commercial non-biodegradable synthetic panels of the same thickness used in hous-
ing. 

Varamesh et al. developed a fully organic bio-based aerogel using an assembly technique that 
deposits "two oppositely charged bio-based materials, phytic acid and chitosan (20nm - 30 μm), onto 
a fully biobased aerogel system," incorporating interconnected networks of cellulose filaments. This 
material displayed an excellent peak heat release rate and superior thermal insulation properties, 
with a thermal conductivity λ below 0.0382 W/m·K [38]. 
• Ash (>100 μm – mm) 

A material with organic reinforcement was reported by Hilal et al., who used nano-sunflower 
ash and nano-walnut shell as partial replacements for cement in self-compacting concrete. The result-
ing material has a lower density than traditional concrete due to its lightweight aggregate composi-
tion, which includes recycled plastic replacing part of the natural coarse aggregate. This concrete 
resembles typical self-compacting concrete but incorporates nano-particles, forming a fine, dense ma-
trix with compressive strength ranging from approximately 15 to 30 MPa, depending on curing time 
[39]. Additionally, lightweight concretes demonstrate enhanced thermal insulation properties. 

In a study by Anwajler from Wroclaw University of Science and Technology, a 3D-printed, fully 
organic cellular insulation composite was developed using layers of natural fillers, such as soybean 
oil, glycerine, and wastepaper ash, with options for various colours, including transparent, black, 
grey, and metallic. Using a soybean-oil-based resin, the material was printed as a closed-cell foam 
based on a Voronoi pattern generated by a Rhino/Grasshopper script. Samples with a thickness of 
100 mm demonstrated a thermal conductivity of λ = 0.016 W/m·K [40]. This material shows significant 
potential as a sustainable insulation solution, particularly in construction, where its customisable lay-
ering and composition make it adaptable to various thermal requirements. 
• Powder (>mm) 

Fully organic material was investigated by Ibraheem and Bdaiwi, who reinforced unsaturated 
polyester resin with Sidr leaves powder. Sidr is a hardy tree from the Ziziphus genus, native to arid 
regions in the Middle East, North Africa, and parts of Asia. In the experiment, Sidr powder particles 
were added at concentrations ranging from 5% to 25%. Small samples were produced using hand-
lay moulding procedures and tested for mechanical properties such as durability, compression, and 
impact resistance. At a 25% fraction, the thermal conductivity was λ = 0.101 W/m·K [41]. 

Cigarruista Solís et al. introduced a bio-thermal insulation material from ground rice husk pow-
der combined with rice flour. The mixture was formed into panels using a metal mould and dried at 
high temperatures to produce a compact, solid material. These rice husk-based insulation panels 
demonstrated thermal conductivity λ of 0.073 W/m·K, within the range of conventional thermal in-
sulators. This sustainable solution offers thermal performance comparable to conventional insulators, 
leveraging a local resource to enhance thermal comfort while reducing environmental impact [42].  
• Fibrous particles 

Another promising non-load-bearing material for building applications was tested by Raja et al. 
This composite consists of an epoxy matrix reinforced with Ipomoea carnea fibres mixed with bran 
particulates as a filler (fibre 0.238 mm, powder 158 μm). Ipomoea carnea is a flowering plant in the 
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Convolvulaceae family, native to tropical and subtropical regions of the Americas. The combination 
yields a composite material with an earthy tone and a textured surface. The fabrication process in-
volves a hand layup technique, with varying weight fractions of bran filler added to the epoxy matrix. 
Its antibacterial properties make it suitable for applications requiring hygienic surfaces, such as wall 
panels in kitchens, bathrooms, or healthcare facilities [43]. 

Dispersion-strengthened composites show promise as load-bearing materials. Aguillón et al. de-
scribed a composite made from a sorbitol glycidyl ether epoxy resin blend and brewer's spent grain 
(particles < 212 μm, ground at high speed and mixed), a byproduct of the beer industry [44]. The final 
material, produced through thermopressing, yields a dense, wood-like product with a natural brown 
hue. It shows strong potential as an alternative to traditional fibreboards for furniture manufacturing 
and construction. 
• Granules (approx. 800 μm) 

Bio-based materials reinforced with organic additives were studied by Wan et al., who demon-
strated that rice husk (granules of 800 μm) could serve as "a legitimate and environmentally accepta-
ble alternative in composite materials" [45]. The team compared conventional plaster's thermal con-
ductivity to plaster's with bio-based additives. Samples containing 20% paddy husk showed excellent 
insulating properties, with a thermal conductivity of λ = 0.67 W/m·K. 

Sergi et al. developed a fully organic material for non-structural applications, such as interior 
panelling and decorative elements [46]. This material consists of polylactic acid (PLA) reinforced with 
linoleum waste dust (860 μm), which contains wood flour, cork, and jute fibres. PLA is a biodegrada-
ble, bio-based plastic derived from renewable sources like corn starch or sugarcane. The material's 
moderate tensile strength and improved flexural stiffness make it suitable for lightweight furniture, 
decorative partitions, and wall panels. 
• Powder and granules mix 

A non-organic material—vitreous foam—with organic reinforcement is reported by Fernandes 
et al. This foam is produced at 750–850°C temperatures, using glass granules (12.5 mm) with sugar-
cane bagasse ash as an additive. Sugarcane bagasse ash (SCBA) is the fibrous residue left after ex-
tracting juice from sugarcane, and its ash is rich in silica.  
(SiO₂). The resulting vitreous foam has uniformly distributed closed pores, making it suitable for 
construction applications "intended to replace natural aggregates in lightweight concrete" [47], with 
a compressive strength ranging from 0.48 to 0.58 MPa. Low-density materials often correlate with 
lower thermal conductivity λ. Comparable materials, such as commercial glass foams with similar 
densities, typically have λ values in the range of 0.05–0.07 W/m·K [48]. 

The team of Pop et al. presents a study on a sound insulation material made from cellulose pulp 
reinforced with beeswax, fir resin, and natural fillers like horsetail, rice flour, and fir needles. The 
material has a textured, natural appearance with subtle colour variations depending on the filler 
used. Eight formulations were developed, and their resistance to thermal stress, oxidation tempera-
ture, and acoustic properties were evaluated. Sound absorption coefficients ranged from 0.15 to 0.78, 
with some formulations exceeding 0.5 in mid-frequencies, indicating good sound-dampening poten-
tial [49]. Although heat stress tests were conducted, no thermal conductivity measurements were 
reported. However, similar materials typically exhibit λ values in the range of approximately 0.05–
0.08 W/m·K [48]. See Table 2, which summarizes the data on dispersion-strengthened bio-compo-
sites. 

Table 2. Summary of properties and sustainability characteristics of dispersion-strengthened composites, in-
cluding biodegradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors Engineering mate-
rial BP B/C R Metric [unit] v1 v2 

[35] 
Kurańska 

et al. 

Bio-based open-cell 
spray  

polyurethane foams 
I PB WR λ [W/m·K] 0.035 0.043 

[36] 
Gavrilović-
Grmuša et 

al. 

Bio-epoxy resins and 
wood composites 

B B WR τt [MPa] 5.64 10.87 
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[37] 
Mohan et 

al. 

Natural fibre-rein-
forced  

composite 
I PB WR λ [W/m·K] 0.02 0.09 

[38] Varamesh 
et al. 

Biobased aerogel I B - λ [W/m·K] 0.036 0.038 

[39] Hilal et al. Lightweight self-
compacting concrete S - WR 

σt [MPa] 1.1 3.0 
σc [MPa] 14.0 33.0 
σf [MPa] 1.88 5.2 

[40] Anwajler 
Natural fibre-rein-

forced  
insulating materials 

I PB WR 
LOI [%] 56.2 63.1 

λ [W/m·K] 0.016 ~ 

[41] Ibraheem 
and Bdaiwi 

SLP-reinforced un-
saturated polyester 

composite 
S - WR 

σc [MPa] ~34.5 48.7 

λ [W/m·K] 0.101 0.190 

[42] Cigarruista 
Solís et al. 

Rice husk fibre insu-
lation  
panels 

I PB WR λ [W/m·K] 0.073 - 

[43] Raja et al. 
Natural fibre-rein-

forced 
composite 

O - WR 
σt [MPa] 16.42 24.97 

σf [MPa] 16.98 27.36 

[44] Aguillón et 
al. 

Fibreboards S B WR σf [MPa] 33.3 51.5 

[45] Wan et al. 
Plaster composites 

enhanced with 
paddy husk 

I - WR λ [W/m·K] 0.67 0.83 

[46] Sergi et al. PLA-linoleum com-
posite 

O PB WR 
σt [MPa] 49 69 
σf [MPa] 75 98 

[47] 
Fernandes 

et al. Glass foam O - WR 
σc [MPa] 0.48 0.58 

λ [W/m·K] 0.05* 0.07* 

[49] Pop et al. Insulation panels I C WR 
SAC α 0.15 0.78 

λ [W/m·K] 0.05* 0.08* 
Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; λ – Thermal conduc-
tivity coefficient; σₜ – Tensile strength; σc – Compressive strength; σf – Flexural strength; τₜ – Tensile shear 
strength; LOI – Limiting oxygen index; SAC – Sound absorption coefficient, * values are estimated by analogy 
to similar commercial materials, as no specific thermal conductivity measurements are provided by the authors.  

4.2.2 Large-particle reinforced 
• Particles size 0.1-1 mm 

Four materials with a particle size of 0.1-1 mm are identified in this review. Fayzullin et al. report 
a composite of polypropylene combined with natural fillers such as wood flour, rice husk (abbrevi-
ated as RHS), and sunflower husk, which have undergone enzymatic modification. This modification 
enhances the mechanical properties of the composite, resulting in improved filler-matrix bonding 
and yielding increased tensile strength, flexibility, and impact resistance. As noted in their study, 
"surface modification of natural fillers improves mechanical properties" [50]. Additionally, tensile 
strength increases by 10% and viscosity by 12% with the inclusion of wood and sunflower fillers. This 
composite demonstrates a fine, dispersed structure essentially free from visible defects such as cracks 
or agglomerates. 

Jamal et al. introduce a recycled polyethene material with RHS designed for building partition 
applications. Their research focuses on developing a "green polymer composite using natural re-
source materials (…) which holds potential applications in Malaysia" [51]. Various ratios of rice husk 
fibre (RHF) were blended with recycled polyethene (RPE) to create RHF/RPE composites, with an 
optimal composition for partition applications identified at 0.4 wt./wt.% RHF/RPE. Please note that 
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"wt./wt.%" (weight/weight per cent) is a common way of expressing the proportion of one material 
in a composite relative to the total weight of the mixture. 

Grzybek et al. present a composite derived from wood particles (pine sawdust) impregnated 
with ethyl palmitate (from epoxidised linseed oil) and combined with fire retardants like boric acid, 
recycled paper, or clay. This material is designed for wall panel applications and has a compact struc-
ture and smooth surface. With phase change material (PCM) properties, it is intended for building 
applications requiring thermal energy storage and enhanced fire safety. The results indicate that fire 
retardants did not interfere with the preparation process, and the panels were successfully manufac-
tured. The composite containing BPCM "demonstrated its capacity to absorb and release thermal en-
ergy, with an average latent heat of 50 J/g" [52].  

Finally, using limestone-based binders, Bonifacio and Archbold explore a composite comprising 
RHS from oats and rice. Their study innovatively assesses how surface treatments on husks influence 
the mechanical performance of composites. They conclude that coating oat husks—particularly with 
linseed oil—effectively "delays particle degradation and improves mechanical strength compared to 
untreated particles" [53]. 
• Particles size 1-2 mm 

Particles sized 1–2 mm are used across three materials, each with varied application potential. 
Buda and Pucinotti's team presents a preliminary study that is part of a broader research initiative 
which aims to "design an innovative fibre-reinforced plaster using natural, sustainable, and locally 
produced materials" [54]. The analysed plaster combines natural hydraulic lime with granulated 
cork, resulting in a distinctive light colour and coarse texture due to the cork granules. Two variants 
containing 15% and 30% cork by volume were tested. The latter exhibited a reduction in compressive 
strength of about 42% compared to standard mortars. Despite this reduction, the material offers vis-
ible opportunities for application due to its enhanced thermal insulation properties with λ = 0.39-0.44 
[W/m·K]. 

The team led by Dymek et al. also uses cork aggregate, this time with eco-friendly porous poly-
urethane bio-composites, where post-consumer cooking oil serves as the matrix [55]. This composite 
has a cellular structure with cork granules distributed throughout the polyurethane matrix, and its 
appearance varies slightly depending on the cork content and the type of polyol used. Its ability to 
efficiently absorb and dissipate impact energy makes it ideal for low-impact applications, such as 
protective padding or lightweight energy-absorbing layers. It may also be used as an insulating ma-
terial, for which λ is likely to fall between 0.04–0.07 W/m·K based on [56] 

Sergi et al.'s team employed cork as a reinforcement in composite material for deck board pro-
duction. While wood is a sustainable option, concerns about forest depletion have significantly im-
pacted its use. In this context, agglomerated cork presents a promising alternative. Their process in-
volves converting the cork's "cellular structure into a consolidated one through hot compression" [57]. 
High temperatures expose the cork cell walls to weld, developing adhesive properties. The resulting 
material demonstrates thermal insulating properties of λ = 0.24–0.68 W/m·K and improved mechan-
ical properties: bending stiffness that is 40.9% higher and bending strength 107.1% higher than local 
code requirements. 
• Particles size 2-5 mm 

Particles between two and five millimetres are incorporated into four materials, one intended 
for semi-structural applications and the other for insulation purposes. Krumins et al. introduce a 
novel concept for producing particle boards where petrochemical-based binders are partially re-
placed with bio-based carbohydrate adhesives. In this process, composite reinforcements—such as 
branches, needles, bark, and particles sourced from Latvian State Forests—are hot-pressed with the 
binder to form a board. Notably, conifer bark serves as both reinforcement and binder, revealing 
binding properties due to its resin content when processed under pressure and at elevated tempera-
tures (140-160°C) [58]. The highest strength was observed in plates with a particle size of 2.8 mm. 

Bendaikha and Yaseri's team present a material described as a straw-based bio-insulation suita-
ble for bioclimatic applications. This material is created by milling straw to an approximate fibre 
length of 2 mm, then combining it with Aloe Vera (30 wt%) and sodium bicarbonate (10 wt%) as a 
fire retardant, and finally coating it in vinyl glue [59]. The mixture is moulded to insulate pipes in 
geothermal systems, with the resulting 2 cm thick straw-based material demonstrating favourable 
thermal insulation properties compared to conventional foam. 
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In their study, Mucsi et al. investigate five composite panels made from coconut coir and reed 
straw particles with methylene diphenyl diisocyanate as the binding agent. The thermal conductivity 
of these panels—comparable to that of similar natural insulation materials—ranged from 0.08 to 0.10 
W/m·K [60]. The panels are lightweight and fibrous, with a medium-density structure, and the com-
bination of coconut and reed fibres provides both thermal insulation and moderate mechanical 
strength, making it suitable for interior and non-load-bearing insulation layers. 

Finally, Glenn et al. report cellulose fibre foams as a viable alternative to plastic foams in the 
packaging industry. The material consists of cellulose fibre foam bound with starch and reinforced 
with paperboard elements like angles, cylinders, or grid structures to enhance strength. It has a light-
weight, porous structure with customisable surface finishes that can be adapted to various building 
requirements. The thermal conductivity of all samples was relatively low, ranging from 0.039 to 0.049 
W/m·K [61]. 
• Particles size 5-10 mm 

In the 5–10 mm particle size sub-type, only one material is reported, as presented by Rodríguez 
et al. This study aimed to assess an insulation panel made from rice husk using a pulping method 
with the addition of sodium hydroxide (NaOH). The resulting material has a lightweight, fibrous 
structure with a porous texture that traps air, enhancing its insulating properties. Thermal conduc-
tivity values range from 0.037 to 0.042 W/m·K, with a high acoustic absorption coefficient greater than 
0.7 across octave frequency bands between 125 Hz and 4 kHz [62]. The raw pulp is moulded into 
panels of varying thicknesses, which can be adapted for numerous building applications. 
• Particles larger than 10 mm 

Materials with particles larger than 10 mm are represented by two instances reported by the 
teams of Mohammed et al. and Kamalizad and Morshed. The first team evaluated particleboards 
made from three natural fibres—bagasse, kenaf bast fibres, and cotton stalk—bonded with bio-based 
adhesives, specifically casein and tannins. This process results in a natural, wood-like panel with a 
coarse texture due to the visible fibres embedded within the matrix. Boards with a thickness of 20 
mm vary in density and appearance depending on the fibre type and adhesive used, with casein-
based boards generally demonstrating higher mechanical performance than tannin-based boards. 
These materials suit interior applications, including furniture, wall panels, and thermal insulation. 
The thermal conductivity values were recorded at 0.082 W/m·K for bagasse particleboard, 0.056 
W/m2·K for cotton stalk particleboard, and 0.089 W/m·K for kenaf bast fibre particleboard [63]. 

The second team, Kamalizad and Morshed, worked on a much larger scale, analysing com-
pressed earth blocks (CEB) with a thickness of 120 mm. Since CEBs typically exhibit poor seismic 
performance, the team reinforced them with sand-coated common reeds. Their testing indicated that 
"the strength and lateral displacement of the reinforced specimen with four vertical reeds increased 
by 44% and 76%, respectively, compared to the non-reinforced ones" [64]. CEBs combine affordability 
and sustainability due to low-energy production, the use of local materials, and minimal emissions, 
making them particularly suitable for residential and small commercial buildings in rural or devel-
oping areas. See Table 3, which summarizes the data on large-particle reinforced bio-composites. 

Table 3. Summary of properties and sustainability characteristics of large particles-reinforced composites, in-
cluding biodegradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors 
Engineering mate-

rial BP B/C R Metric [unit] v1 v2 

[50] Fayzullin 
et al. 

Polypropylene-
based composite 

with modified nat-
ural fillers 

S - WR σt [MPa] 21.0 31.9 

[51] Jamal et al. 

Rice Husk Fibres 
and Recycled  

Polyethylene com-
posite 

S - WR 

σt [MPa] 0.52 0.6 

σf [MPa] 19.04 27.17 

[52] 
Grzybek et 

al. 
Pine Wood-based 

particleboard S - WR 
PHRR [kW/m2] 347.8 547.7 
THR [MJ/m2] 82.2 213.4 

MARHE [kW/m2] 217.5 430.3 
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[53] 
Bonifacio 

and  
Archbold 

Limestone-based 
composites  

with oat husks as 
bio-aggregates 

B B WR - - - 

[54] 
Buda and 
Pucinotti 

Natural lime-cork 
mortar B B - 

σc [MPa] 2.16 3.35 
σf [MPa] 2.34 3.87 

λ [W/m·K] 0.39 0.446 

[55] 
Dymek et 

al. 
Cork–polyure-

thane-based foams O PB WR 
σc [MPa] 0.283 0.344 

λ [W/m·K] 0.04* 0.07* 

[57] Sergi et al. 
Consolidated Cork 

Planks S B - 
σt [MPa] 7.98 9.27 
σf [MPa] 12.82 16.43 

λ [W/m·K] 0.24 0.68 

[58] 
Krumins et 

al. 
Bio-based parti-

cleboard S PB WR σf [MPa] 2.13 9.99 

[59] Bendaikha 
and Yaseri 

Straw-based ther-
mal insulation ma-

terial 
I PB WR Thermal gradient 9o - 

[60] Mucsi et al. Lignocellulosic fi-
bre composite I - WR 

λ [W/m·K] 0.08 0.1 
σf [MPa] 2.41 6.33 

[61] Glenn et al. Insulative fibre 
foam 

I B C - 
λ [W/m·K] 0.039 0.049 
σf [MPa] 0.038 0.460 
σc [MPa] 0.001 0.305 

[62] Rodríguez 
et al. 

Rice husk-based 
thermal insulation 

panels 
I PB WR 

λ [W/m·K] 0.037 0.042 

NRC 0.77 0.98 

[63] 
Moham-

med et al. 
Bio-composite par-

ticleboards I B - 
σf [MPa] 1.6 15.6 

λ [W/m·K] 0.050 0.089 

[64] 
Kamalizad 

and 
Morshed 

Compressed Earth 
Block S B C - σt [MPa] 40.9 - 

Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; λ – Thermal conduc-
tivity coefficient; τₜ – Tensile shear strength; σₜ – Tensile strength; σ  – Compressive strength; σf – Flexural 
strength; LOI – Limiting oxygen index; SAC – Sound absorption coefficient; NRC – Noise Reduction Coefficient 
at 1000Hz; PHRR – Peak heat release rate; THR – Total heat release; MARHE – Maximum average rate of heat 
emission, * values are estimated by analogy to similar commercial materials, as no specific thermal conductivity 
measurements are provided by the authors. 

4.3. Fibre-Reinforced 
Fibre-reinforced composite materials (FRCs) are engineered materials consisting of fibres em-

bedded within a matrix, providing a balance of strength and lightness. These materials, especially 
fibre-reinforced polymers, are highly valued for their high strength-to-weight ratio, durability, cor-
rosion resistance, and adaptability in various applications such as aerospace, automotive, and build-
ing construction [65,66]. FRCs can feature continuous and discontinuous fibres aligned or randomly 
positioned to meet specific performance needs, allowing them to outperform traditional materials in 
targeted scenarios. 
4.3.1 Continous fibres 

Natural fibre-reinforced epoxy composites (NFRCs) have recently garnered significant attention. 
The team of Tasgin et al. conducted a study on the mechanical properties of NFRCs incorporating 
cotton and sisal. Using the vacuum-assisted resin transfer moulding (VARTM) technique, they pro-
duced composite plates measuring 35 × 35 cm. The cotton-rich continuous-fibre panel achieved the 
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highest tensile strength at 52.81 MPa (approximately 10% of the tensile strength of steel). These com-
posites could be suitable for semi-structural applications in non-load-bearing walls, interior parti-
tions, or acoustic panels [67]. 

Spyridonos et al. utilised pultrusion, a manufacturing process designed to produce composite 
materials of continuous lengths with a consistent cross-sectional shape. In this process, hemp bast 
fibres were drawn through a resin bath to coat them with a plant-based resin matrix. The resulting 
profiles are cylindrical, with a 6 mm diameter, and are primarily designed to bear bending loads, 
exhibiting a bending modulus of 21 GPa (approximately 10% of steel's bending modulus) [68]. This 
material is promising for semi-structural and architectural applications, especially in non-load-bear-
ing elements or load-bearing roles when combined with other structural materials. See Table 4. 

Table 4. Summary of properties and sustainability characteristics of continuous fibre-reinforced composites, in-
cluding biodegradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors Engineering material BP B/C R Metric [unit] v1 v2 

[67] 
Tasgin Y. et 

al. 

Natural fibre-rein-
forced epoxy compo-
sites – sisal and cot-

ton 

S PB - 

σt [MPa] 15.34 52.81 

λ [W/m·K] 0.697 1.017 

[68] 
Spyridonos 

E. et al. 
Fibre pultruded pro-

files S PB WR σf [MPa] 247 311 

Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; λ – Thermal conduc-
tivity coefficient; σₜ – Tensile strength; σf – Flexural strength. 

4.3.2 Discontinuous fibres 
• Aligned cut fibres 

Tasgin et al., in their previous research, developed composite materials featuring discontinuous 
fibres such as sisal and coir. Due to their thermal properties, these composites show promise as insu-
lation materials, effectively reducing heat transfer in walls and ceilings. The coir composite demon-
strated the lowest thermal conductivity at 0.187 W/m·K [67]. While coir composites offer some insu-
lating capability, they are significantly less effective than EPS for thermal insulation, with an approx-
imate efficiency ratio of 1:5. 

Han et al. developed a composite reinforced with oriented bamboo fibres, from which lignin and 
hemicellulose were removed. The bamboo fibres were used with phenolic resin as an adhesive, fol-
lowed by hot pressing. This process created a highly interwoven composite structure, with strong 
hydrogen and chemical bonds formed during pressing. The resulting material has a dense, smooth 
surface with a wood-like texture underneath. Its processing yields a uniform structure with tightly 
aligned fibres, providing a polished, natural wood appearance. This high-performance composite 
exhibited a tensile strength of 421.5 MPa (comparable to steel) and a bending strength of 211.19 MPa 
(equivalent to lower-strength steel) [69]. See Table 5, which summarizes the data on cut fibre-rein-
forced composites bio-composites. 

Table 5. Summary of properties and sustainability characteristics of oriented cut fibre reinforced composites, 
including biodegradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors Engineering material BP B/C R Metric [unit] v1 v2 

[67] 
Tasgin Y. et 

al. 

Natural fibre-rein-
forced epoxy compo-

sites - wool 
I PB - 

σt [MPa] 18.55 
- 

λ [W/m·K] 0.518 

[69] Han S. et al. 
Densified Aligned 

Bamboo Fibre Compo-
site 

S PB - 
σt [MPa] 421.5 

- 
σf [MPa] 211.1 

Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; λ – Thermal conduc-
tivity coefficient; σₜ – Tensile strength; σf – Flexural strength. 
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• Random cut fibres 
Materials with randomly cut fibres comprise most of those discussed in this review section. 

These materials are available in two main types: fully organic composites, in which both the rein-
forcement and the matrix are organic, and partially organic composites, where only the reinforcement 
is organic. This distinction highlights the versatility of fibre-reinforced materials and their potential 
applications across various fields, particularly as sustainable and biodegradable building materials. 

Urdanpilleta et al. combined soy protein as a polymeric matrix with 10, 15, and 20 wt% Latxa 
breed sheep wool using freeze-drying to develop porous bio-composites for sound absorption appli-
cations. The resulting samples had 175 × 104 mm² dimensions and a very low density of 61.2 kg/m³ 
[70]. The material demonstrated excellent sound insulation properties, with a sound absorption coef-
ficient close to 1 at a frequency of 4000 Hz, suggesting a competitive performance compared to tradi-
tional synthetic materials. Similar bio-based materials, such as sheep wool or other natural fibre com-
posites, are reported in the literature to have λ values within 0.04–0.07 W/m·K [71]. 

Additionally, Tasgin et al., within the same research framework, developed a third type of ma-
terial made of wool fibres, exhibiting a thermal conductivity of 0.518 W/m·K, positioning it for appli-
cations requiring thermal insulation [67]. 

Segura et al. conducted a study investigating a multilayered panel made from fruit stones and 
coconut fibre sourced from agro-industry waste. They tested the acoustic absorption and thermal 
transmission properties of panels made from four different fruit stone types—olive, cherry, apricot, 
and peach—combined with a layer of coconut fibre [72]. The mixture was poured into 100 mm diam-
eter circular moulds with varied thicknesses. The study found slight differences in thermal conduc-
tivity ranging from 0.59 to 0.69 W/m·K among the fruit stone samples, with peach showing the lowest 
and olive the highest values. This thermal conductivity range represents approximately 5% of the 
thermal resistance of EPS. 

Ali et al. reported that new composites made from natural fibres, including waste date palm 
surface fibres and pineapple leaf fibres, were mixed with polyvinyl acetate resin. Samples measuring 
approximately 20 × 20 cm were produced under a pressure of 173 N, demonstrating significant po-
tential for thermal and acoustic insulation in building environments. The thermal conductivity 
ranged from 0.054–0.075 W/m·K for loose fibre polymers, bound composites, and hybrid composites 
[73]. These values are close to those of mineral wool, which has a thermal conductivity of approxi-
mately 0.035–0.045 W/m·K. 

Kharshiduzzaman et al. examined composites made from rattan and date palm fibres combined 
in a single material. The fibres were treated with 3%, 4%, and 5% NaOH solutions and compressed 
using a moulding machine. Samples measuring 115 × 19 mm were mechanically tested, revealing that 
composites containing 20% treated rattan-midrib fibres exhibited the highest tensile and flexural 
strengths at 13 MPa ÷ 39 MPa [74]. While 13 MPa is stronger than plain concrete, it remains weaker 
than reinforced or structural materials. Due to its lightweight nature and moderate semi-structural 
strength, this composite shows promise for non-load-bearing applications in interior spaces, such as 
acoustic panels, partition boards, or ceiling tiles. 

A team led by Krishnasamy et al. in India studied six different composite samples composed of 
coir and jute fibres, reinforced with epoxy resin and produced using compression moulding tech-
niques. The physical and morphological properties of the samples were examined using Scanning 
Electron Microscopy [75]. The thermal conductivity of these natural fibre composites, based on 
coir/jute fibre materials, was measured at 0.156 W/m·K and 0.146 W/m·K, respectively. These values 
indicate moderate thermal insulation capabilities compared to EPS, with a thermal conductivity of 
0.030–0.040 W/m·K, making these composites suitable for non-critical areas in buildings with some 
beneficial heat resistance. 

Ariharasudhan et al. conducted a mechanical study on bagasse fibre/jute fibre composites to 
evaluate their potential for technical applications. Polyvinyl alcohol (PVA) was used as a matrix to 
manufacture samples measuring 250 × 25 × 6 mm. The study showed that the tensile strength of the 
bagasse and jute fibre composites reached 265.80 MPa [76], suggesting that this material can with-
stand a high level of pulling or stretching force, comparable to mild steel, which has a tensile strength 
range of 250–400 MPa. This material is thus suitable for specific load-bearing applications but simul-
taneously features some degree of thermal insulation properties with λ = 0.12 to 0.156 W/m·K. 

Six partially organic composites were evaluated, starting with the study by Trociński et al., 
which investigated the feasibility of producing fibre–gypsum composites using natural gypsum 
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(building gypsum) and hemp (Cannabis sativa L.) fibres cultivated in Poland. The highest flexural 
strength achieved was 4.19 MPa, observed in fibre–gypsum composites containing 4% hemp fibre 
with a fibre length of 50 mm [77]. Since standard-grade concrete typically has a flexural strength of 
about 3 to 5 MPa, this material could have limited structural applications but shows potential in 
lightweight or non-load-bearing roles, significantly enhanced by properties such as insulation or low 
density. The hemp fibre-gypsum composite has a natural appearance and a visible fibre texture. 

Following this trend, Greco et al. developed a novel bio-composite material for reinforcing ma-
sonry structures, utilising Spanish Broom (Spartium junceum) fibres. Two types of fibres were em-
ployed: raw and thrums, which are textile offcuts characterised by short, uneven ends. The composite 
is a metakaolin-lime mortar reinforced with these fibres, achieving a compressive strength of approx-
imately 12.5 MPa [78]. Traditional lime mortars generally exhibit compressive strengths ranging from 
2 to 10 MPa, so 12.5 MPa marks this as a robust lime-based mortar. This strength is sufficient for 
masonry and historical building repairs, where lime mortars are preferred over concrete for their 
thermal compatibility and aesthetic qualities. Additionally, the metakaolin additive enhances the 
mortar's resistance to environmental stressors such as moisture. 

Jové-Sandoval et al. addressed the thermal improvement of adobe walls using three types of 
agricultural waste: long and short wheat straw fibres and sawdust. These fibres were mixed with 
barbotine, a fluid clay slurry (a blend of clay and water), to "reduce the mixture's solid content" [79]. 
Thermal testing on 20 cm-thick panels containing wheat straw revealed a notably low thermal con-
ductivity of 0.05 W/m·K, comparable to expanded polystyrene (EPS), which ranges from 0.030 to 
0.040 W/m·K. This low thermal conductivity makes the composite effective in reducing heat transfer 
and maintaining stable indoor temperatures. These panels have a natural, rustic look, with visible 
straw or sawdust textures embedded in a clay-like matrix. Their lightweight nature simplifies han-
dling and installation, making them ideal for non-structural interior partitions. 

Jadhav et al. reported on "fire-retardant cellulose xerogel insulation nanocomposites" derived 
from recycled hemp fibres. The preparation involved: (i) hemp fibre treatment with sodium hydrox-
ide (NaOH) to remove non-cellulosic components like lignin and pectin; (ii) acid treatment with boric 
acid; (iii) silica xerogel preparation; and (iv) composite formation by mixing the treated hemp fibres 
with silica xerogel. The mixture was moulded, compressed, and dried to create solid composite pan-
els. The final material exhibited a low thermal conductivity of 0.0313 W/m·K [80], similar to EPS, 
making it suitable for building insulation with the added benefits of recyclability and eco-friendli-
ness. 

Kabore and Ouellet-Plamondon studied the shrinkage rate and mechanical properties of cob 
samples. "Cob is a natural building material made from clay, water, and varying amounts of plant 
fibres." The samples were handcrafted, dried for 28 days, and tested for compressive strength. The 
results, with a maximum compressive strength of 4.57 MPa [81], suggest that this material could be 
suitable for non-load-bearing applications or insulating fillers. However, it lacks the strength needed 
for primary structural components. Its high density and thermal mass make it an effective insulator, 
capable of absorbing and slowly releasing heat, which could contribute to energy efficiency in build-
ings. The thermal conductivity λ of cob with this composition is likely between 0.2–0.5 W/m·K, with 
the lower end for higher fibre content and higher porosity [82]. 

Kebede et al. explored water lily fibres, which in local environments can disrupt water surfaces 
due to overgrowth. The composite, made from a polyester resin matrix reinforced with water lily 
fibres at varying matrix-to-fibre ratios, was tested for flexural strength. Results ranged from 57.92 to 
110.73 MPa [83], making this material significantly stronger in bending than standard unreinforced 
concrete (with flexural strength of 3 to 10 MPa). The performance of this composite is similar to, or 
slightly lower than, some high-performance composites, depending on the fibre type and matrix 
used. See Table 6, which summarizes the data on random cut fibres reinforced bio-composites. 

Table 6. Summary of properties and sustainability characteristics of random cut fibre-reinforced composites, 
including biodegradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors Engineering ma-
terial 

BP B/C R Metric [unit] v1 v2 

[70] 
Urdanpil-
leta et al. 

Bio-composite 
sheep wool and 

soy protein isolate 
I B C WR 

SAC α - 0.95 

λ [W/m·K] 0.04* 0.07* 
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[67] 
Tasgin et 

al. 

Natural fibre-rein-
forced epoxy com-

posites - coir 
I PB - 

σt [MPa] 15.34 - 

λ [W/m·K] 0.187 - 

[72] 
Segura et 

al. 
Fruit stone-based 
composite panels I B WR 

σf [MPa] 0.21 0.48 
λ [W/m·K] 0.145 0.159 

SAC α 0.7 0.95 

[73] Ali et al. Insulation Panels    
σf [MPa] 0.04 1.67 

λ [W/m·K] 0.054 0.075 
SAC α 0.43 0.85 

[74] 
Kharshidu
zzaman et 

al. 

Rattan- and date 
palm fibre-rein-
forced polyester 
resin composite 

S - - 

σt [MPa] 4.62 12.47 

σf [MPa] 14.34 39.11 

[75] 
Krish-

nasamy et 
al. 

Natural fibre-rein-
forced composite I PB WR 

λ [W/m·K] ~0.11 0.156 

SAC α ~0.1 ~0.44 

[76] Ariharasu-
dhan et al. 

Natural fibre-rein-
forced composite I B WR 

σf [MPa] 11.99 14.56 
σt [MPa] 6.72 7.02 

λ [W/m·K] 0.112 0.156 

[77] Trociński 
et al. 

Hemp-fibre rein-
forced gypsum 

composite 
S PB - 

σt [MPa] 0.64 1.02 

σf [MPa] 2.9 5.2 

[78] Greco et al. 

Metakaolin lime 
mortar reinforced 

with Spanish 
broom fibres 

S PB WR 

σf [MPa] 0.8 2.84 

σc[MPa] 6.68 12.5 

[79] Jové-Sand-
oval et al. 

Earth-straw com-
posite panels 

I B C WR λ [W/m·K] 0.05 0.15 

[80] 
Jadhav et 

al. 

Hemp-Silica Xero-
gel  

Nanocomposite 
I PB WR λ [W/m·K] 0.031 0.036 

[81] 

Kabore 
and  

Ouellet-
Plamon-

don 

Fibre-reinforced 
cob materials O B - 

σc[MPa] 1.8 4.57 
σf [MPa] 0.6 1.5 

λ [W/m·K] 0.2* 0.5* 

[83] 
Kebede et 

al. 

Water Lily Fibre-
reinforced  

polyester compo-
site 

S - - 

σt [MPa] 43.81 95.67 

σf [MPa] 57.92 110.7 

Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; λ – Thermal conduc-
tivity coefficient; σₜ – Tensile strength; σc – Compressive strength; σf – Flexural strength; SAC – Sound absorption 
coefficient, * values are estimated by analogy to similar commercial materials, as no specific thermal conductivity 
measurements are provided by the authors. 

4.4. Layer-Reinforced Composites 
Thin layers or sheets reinforce composites primarily in two dimensions. In literature, "layered 

composites" typically refer to laminates, where reinforcing layers are stacked upon one another. Lam-
inates are composite materials reinforced by alternating layers of planar reinforcement and matrix 
material (such as in plywood). In contrast, sandwich panels generally refer to materials where the 
core matrix is encased between two external layers of reinforcement. 
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4.4.1 Laminates 
Bąk et al. present a study on innovative geopolymer-based binders for the production of layered 

building envelopes, focusing on the insulating properties of natural fibre-based materials such as 
coconut mat, jute felt, hemp felt, flax felt, flax wool, hemp wool, and flax-jute wool. The composite 
utilises four layers of natural insulating materials, laminated and reinforced with fibreglass bars. The 
resulting thermal conductivity coefficient ranges from 0.805 to 1.177 W/m·K [84], depending on the 
exact structure of the geopolymer composites (4 mats with layers of 4- and 8-mm bars). Generally, 
materials with a thermal conductivity below 1 W/m·K are considered good insulators (as claimed by 
[85]), comparable to some forms of foam or wood. This composite shows strong potential for use in 
construction as prefabricated building envelope panels. 

Varma et al. offer a different approach, using natural materials to reinforce concrete cylinders. 
Pre-cast concrete columns were externally wrapped with multiple jute and basalt fibre layers using a 
"hand layup" procedure. Additional layers were wrapped in a similar pattern after curing for 24 
hours at room temperature. The wrapped column achieved a compressive axial stress of 40.20 MPa, 
compared to 22.76 MPa for the unconfined control specimen, showing a 76.63% increase in strength 
[86]. Basalt fibres, derived from volcanic rock, provide high strength, chemical inertness, and re-
sistance to environmental stressors, protecting the inner jute layers from moisture and biological deg-
radation. The composite exhibits a natural woven texture from the fibres with a glossy finish, indi-
cating its potential for retrofitting existing concrete structures. 
4.4.2 Sandwich Structures 

Abu-Saleem and Gatta's report on hybrid timber-cardboard sandwich beams in two publica-
tions. The first study examines the compression behaviour of timber-cardboard sandwich (TCS) pan-
els, using recycled and waste corrugated cardboard cores sandwiched between two plywood facings. 
The columns withstand ultimate loads of 34.3, 53.4, and 84.1 kN with plywood facings of 4 mm, 7 
mm, and 12 mm, respectively [87]. This load capacity is notable, given that a well-designed timber 
column with dimensions around 100 x 100 mm can typically withstand loads between 50-100 kN. 
This lightweight material is intended primarily for structural elements such as columns or wall pan-
els in building applications. 

The second publication addresses similar composite horizontal elements exposed to flexural 
stress, showing average ultimate loads of 13.00 kN and 12.96 kN [88]. In structural terms, 13 kN is 
relatively low for the flexural strength required in primary load-bearing elements, such as beams in 
typical buildings. However, this load capacity may be sufficient for lightweight, non-structural ap-
plications or scenarios with minimal load demands. This material shows promise for temporary or 
low-cost housing, modular construction, and interior structures, especially where both strength and 
reduced weight are essential. See Table 7, which summarizes the data on layer-reinforced bio-com-
posites. 

Table 7. Summary of properties and sustainability characteristics of layer-reinforced composites, including bio-
degradability, recyclability, and key mechanical and thermal metrics. 

Ref. Authors 
Engineering ma-

terial BP B/C R Metric [unit] v1 v2 

[84] Bąk et al. 
Multi-layer Geo-

polymer  
Composites 

S PB WR λ [W/m·K] 0.805 1.117 

[86] Varma et al. 

Hybrid jute and 
basalt  

fibre-reinforced 
polymer 

S PB - σf [MPa] 73.62 110.7 

[87] Abu-Saleem 
and Gattas 

Hybrid timber-
cardboard  

sandwich col-
umns (TCS) 

S PB R σc [MPa] 23.4 25.4 

[88] Abu-Saleem 
and Gattas 

Hybrid timber-
cardboard 

S PB R σf [MPa] 26.7 28.6 
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 sandwich beams 
(TCS) 

Code: BP – Purpose as building part; I – Insulation; S – Structure; B – Binder; O – Other; B/C – Biodegradabil-
ity/Compostability; B – Biodegradable; C – Compostable; PB – Partly biodegradable; R – Recyclability; WR – 
Waste reuse; Re – Recyclable; v₁ – Lowest measured value; v₂ – Highest measured value; σc – Compressive 
strength; σf – Flexural strength. 
 

4.5 Practical application 
The chapters above were intentionally designed to showcase the potential practical applications 

of the reviewed materials within a building context by defining their function as insulation (I), struc-
ture (S), binder (B) or other (O). This is exemplified through the axonometric section in Figure 6, 
which illustrates how these materials can be potentially integrated into architectural design. This vis-
ual representation provides a clear and practical demonstration of their usability, bridging theoretical 
review and real-world implementation. By focusing on this illustrative approach, the authors empha-
size both the versatility and applicability of the materials in construction and design. 

 
Figure 6. A schematic, scale-free 3D axonometric section of a building illustrating potential locations where con-
ventional materials could be replaced with the bio-composites reviewed in this study. The materials are coded 
using reference numbers corresponding to those in the review, with thermal insulation materials highlighted in 
yellow. 

5. Discussion 
In the discussion, this review emphasizes the critical need to prioritize materials and practices 

that deliver genuine and substantial environmental benefits. Among the selected materials, two clear 
trends emerge. The first emphasizes maximizing the fragmentation of bio-based components to en-
hance thermal or acoustic insulation properties. The second focuses on optimizing mechanical per-
formance parameters. These distinct approaches reflect a clear trajectory toward achieving specific 
performance and sustainability goals in the reviewed materials. 

5.1 Performance of Bio-Composites 
The parameters of bio-composite materials presented above in the tabular format using data 

from various studies provide a valuable resource of information verified by the authors of the pre-
sented review. This approach aligns with the principle of morphological typology, which emphasizes 
the structural composition of a given bio-composites. However, it has been argued that regardless of 
morphological structure, comparing material properties within thermal insulation and the load-bear-
ing materials groups is crucial. As stated above, these are the two main categories identified in the 
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review, highlighting their prominence in classifying and evaluating bio-composites. This dual focus 
allows a comprehensive understanding of bio-composites and their potential in construction appli-
cations. 
5.1.1 Bio-composites as Thermal and Sound Insulating Materials 

Bio-composites planned to be used as thermal insulating materials are often evaluated compared 
to expanded polystyrene (EPS), a widely recognized benchmark for thermal insulation, e.g. by Pa-
lumbo et al. [89]. Recent studies have emphasized the potential of bio-composites to match the ther-
mal conductivity values of conventional materials like expanded polystyrene (EPS) while providing 
significant environmental advantages. These benefits include reduced embodied energy and carbon 
neutrality, primarily due to the renewable origins of bio-composites. This review confirms such ma-
terials' availability and growing prevalence in the field. Notably, the work of Kurańska et al. [35], 
Varamesh et al. [38], Glenn et al. [61], Rodríguez Neira et al. [62], and Jadhav et al. [80] has demon-
strated the development of bio-composites with thermal conductivity (λ) values closely comparable 
to EPS, see Figure 7. Remarkably, these materials represent approximately 22% of all bio-composites 
analyzed in this review, highlighting their importance as sustainable alternatives in construction and 
insulation applications. Please note that in the case of selected acoustic materials, the review's authors 
estimated the thermal properties; those cases are marked with an asterisk.  
5.1.2 Bio-composites as Load-Bearing Materials 

Researchers compare mechanical properties such as bending, compressive, and tensile stresses 
for bio-composites intended for both i) materials designed to function primarily as thermal insulation 
and ii) structural materials for load-bearing applications against conventional materials like steel and 
concrete. The following parameters are particularly relevant: 
• Flexural Strength (σf): Bio-composites demonstrate bending strength significantly lower than 

steel but sufficient for light semi-structural applications. However, some exceptions, such as 
hemp bast fibres embedded in resin by the team of Spyridonos et al., can reach bending strengths 
up to 311 MPa [64], whereas steel typically exceeds 250 MPa, see Figure 8. 

 
Figure 7. Comparison of thermal conductivity (λ) values [W/m·K] for bio-composites with EPS (shown in blue). 
Data points are labelled with reference numbers corresponding to the bibliography. * values are estimated by 
analogy to similar commercial materials, as the original authors provide no specific thermal conductivity meas-
urements. 

• Tensile Strength (σt): Tensile properties of bio-composites, such as those reinforced with natural 
fibres, can achieve strengths up to 100 MPa, depending on the matrix and reinforcement type. 
While these values are much lower than those of steel, they make bio-composites viable for spe-
cific architectural components or lightweight structures. In this comparison, the bio-composite 
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developed by Han et al. stands out as a notable exception, presenting a tensile strength of 421.5 
MPa [69], see Figure 9a. 

• Compressive Strength (σc): Compressive strengths of bio-composites are often compared to con-
crete. Most of the reviewed materials possess lower strength than concrete, making them suita-
ble for non-load-bearing walls. However, the teams led by Hilal et al. and Ibraheem and Bdaiwi 
have reported bio-composites with comparable σc values, reaching up to 48.7 MPa [41], see Fig-
ure 9b. 

 
Figure 8. Comparison of flexural strength (σf) [MPa] of load-bearing bio-composites with steel (shown in blue). 
Data points are labelled with reference numbers corresponding to the bibliography. 

(a)  (b)  

Figure 9. Comparison of mechanical properties: (a) tensile strength (σt) [MPa] of load-bearing bio-composites 
with steel; (b) compressive strength (σt) [MPa] of load-bearing bio-composites with concrete. Data points are 
labelled with reference numbers corresponding to the references.  

The three categories of strengths—bending, tensile, and compressive—form the basis for evalu-
ating bio-composite potential in structural applications. Comparing bending and tensile stresses to 
steel highlights bio-composite limitations for high-load applications but demonstrates their suffi-
ciency in non-critical structural roles. In contrast, comparing compressive stresses to concrete under-
scores bio-composites suitability for insulation and non-structural partitions rather than primary 
load-bearing elements.  
5.1.3 Comparative Framework and Significance 

Bio-composites offer a compelling balance between environmental benefits and functional per-
formance, primarily when categorized and compared through the lens of suitability for building 
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construction. This approach enhances material selection for specific applications and encourages the 
integration of sustainable materials into modern construction. Further research and standardized 
testing are essential to broaden bio-composite adoption in diverse engineering applications. 

5.2 Statistical Analysis 
Of the 50 bio-based composite materials reviewed, 22 (44%) can be used as insulation (thermal 

or acoustic), 20 (40%) serve as structural elements, three functions as binders, and five have other 
purposes in buildings. In most cases, the structural properties of these bio-materials are not sufficient 
to serve as primary structural components of buildings, being limited mainly to self-supporting struc-
tures or secondary semi-structural applications. 

From the perspective of material origin, the majority are fully organic (60%). The semi-organic 
materials are further divided into those with organic reinforcement (34%) and primarily organic re-
inforcement (2%), as well as materials with organic or mostly organic matrices, representing 4% of 
the total collection (see Figure 10). 

(a)  (b)  

Figure 10. (a) distribution of bio-based composite materials based on their functional applications in buildings; 
(b) analysed materials are further categorised by their origin. 

The most common type of reinforcement is particle-based, with 28% each for large particles and 
dispersion strengthening. Continuous fibres account for 4% of fibre-reinforced materials, while dis-
continuous fibres comprise 32%. Layer reinforcement, including laminates and sandwiches, shall 
consist of 4% of the total (see Figure 11 a). Regarding the matrix type, the vast majority are polymers 
(76%), followed by ceramics (24%). No metal-based matrix materials were identified (see Figure 11 
b). 

(a) (b)  

Figure 11 (a) Reinforcement types in bio-based composite materials show the prevalence of particle-based rein-
forcement (large particles and dispersion strengthening); (b) The matrix composition is primarily polymers, with 
ceramics as a secondary component. 

Almost half of the reviewed materials are partially biodegradable (46%), while 22% are fully 
biodegradable. Only one material was compostable (2%), while four (8%) can be both biodegraded 
and composted. No information was available regarding the biodegradability and compostability of 
nine materials. Over two-thirds of the reviewed materials use recycled waste in their production. 
Only two (4%) materials can be fully recycled and reused, while 12% cannot. There was no infor-
mation on the recyclability of eight materials (16%). See Figure 12. 
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(a) (b)  

Figure 12. (a) overview of biodegradability, compostability, and recyclability; (b) recycled waste in producing 
the reviewed bio-based composites. 

The presented review underscores significant advancements in research on bio-based materials, 
which hold potential applications in architecture and the construction sector. Many of these materials 
are currently in the experimental phase, often produced in small sample sizes specifically for thermal 
or mechanical testing. Figure 13 categorizes these materials by their reinforcement type (particle, fi-
bre, layer) and matrix type (polymer, ceramic), highlighting specific examples referenced in this re-
view. While still in developmental stages, these materials can be sustainable alternatives to conven-
tional building materials. However, their integration into the construction industry will require fur-
ther prototyping, testing, and scaling up production processes to achieve the Technology Readiness 
Level (TRL) proven in an operational environment and fully deployed. 
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Figure 13. The matrix of bio-based composites is categorised by their reinforcement type (particle, fibre, layer) 
and matrix type (polymer, ceramic), with specific reference numbers listed for each category. 

5.3 Genuine Environmental Impact, Trends and Challenges  
The authors of the presented review believe that genuinely sustainable composites should aim 

for meaningful reductions in environmental impacts, such as by significantly improving recyclability, 
reducing emissions, or enhancing biodegradability through bio-based components. During the re-
view process, a notable trend was observed (as detailed in the PRISMA flow diagram, see Figure 1 
involving the partial substitution of synthetic matrices or reinforcement bands with small amounts 
of bio-based organic materials. For example, some studies have incorporated minor percentages of 
bio-derived components, such as 0.25% to 1.25% grass hay in a mortar [89] or 1.5% to 7.5% agave fibre 
in foamed concrete [91], while most of the matrix or reinforcement remains synthetic. Similar ap-
proaches have been noted in treatment processes, such as cigarette waste-based bricks fired at high 
temperatures (950 to 1250°C) [92], limiting their reprocessing potential. These observations raise im-
portant questions about whether such minimal inclusion of bio-based components can genuinely de-
liver the expected benefits of recyclability and biodegradability. For instance, minor augmentations 
in a cement matrix may not significantly alter recycling or biodegradability characteristics. As such, 
the risk of creating a misleading perception of environmental benefits—sometimes referred to as 
'greenwashing'—warrants careful consideration and further study. 

It is important to emphasise that this trend pertains specifically to publications considered but 
ultimately excluded from the presented review. The observations made during the identification, 
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screening, and inclusion/rejection phases underscore the need to address vital issues identified in 
these 'candidate' studies, which are not present in the studies that were finally included. 

This review focuses exclusively on materials that demonstrate superior environmental perfor-
mance, with confirmed recyclability and biodegradability. Adopting a rigorous approach to evaluat-
ing environmentally friendly parameters ensures that only genuinely recyclable or biodegradable 
materials are included, setting a high standard for sustainability in material selection. 

6. Conclusions 
The following section outlines the principal findings derived from the review, highlighting key 

insights and trends observed throughout the analysis. 

6.1. Key Findings from the review 
• Reducing Environmental Impact: Properly engineered bio-based materials derived from waste 

sources and designed for recyclability or biodegradability can significantly lower environmental 
footprints. This pathway offers potential for reducing carbon emissions and the overall carbon 
footprint of the construction industry. 

• Focus on Thermal Insulating and Structural Materials: Both the material review and meta-
analyses indicate that researchers predominantly concentrate on two types of bio-based materi-
als: thermal insulating (44%) and structural (40%). This targeted focus reflects the necessity for 
both robust, effective thermal insulation materials and load-bearing solutions within the con-
struction industry. 

• Challenges in Performance: A significantly larger group of materials, approximately 22%, 
demonstrates thermal conductivity properties equivalent to those of expanded polystyrene 
(EPS). This opens the prospect of using these materials to address the pressing issue of improv-
ing building insulation to reduce heat loss. Bio-based materials typically exhibit lower mechan-
ical strength than traditional construction materials such as steel and concrete. Exceptions in-
clude single materials that achieve strength comparable parameters.  

• Challenges in Scaling: Despite substantial research progress, bio-based materials face potential 
challenges in scaling up for broad industry adoption. These issues include sensitivity to mois-
ture, long-term durability concerns, and other limitations that require further investigation to 
ensure adequate performance in real-world applications. 

• Innovations and Future Research Trajectories: Recent achievements in bio-based material re-
search have been driven by novel manufacturing methods and hybrid formulations incorporat-
ing natural components. Continued exploration in this area aims to overcome existing limita-
tions and facilitate the integration of these materials into mainstream construction practices. 

• Avoiding Greenwashing in Bio-based Composites: It is crucial to critically assess bio-based 
materials that contain minimal natural content, as such products may be part of misleading 
"greenwashing" campaigns rather than genuinely sustainable solutions. For this reason, further 
empirical research is necessary to establish standards and benchmarks for bio-based materials, 
ensuring that they deliver real environmental benefits. 
In conclusion, the potential of bio-based composites in construction is evident. Yet, their full 

adoption depends on overcoming current challenges and developing rigorous certification and 
standards to distinguish genuinely sustainable solutions from superficial claims. Future research will 
be pivotal in refining these materials for practical, eco-friendly construction applications. 

6.2 Review Limitations 
This review has certain limitations that warrant consideration. The primary limitation stems 

from the number of included studies (48 studies and 50 materials), which may introduce potential 
bias and affect the comprehensiveness of the findings. To mitigate this, the review adhered to 
PRISMA protocols, although the inherent limitations of such a dataset must still be acknowledged. 

Other challenges include the varying performance metrics reported across different studies, 
complicating direct comparisons. In several instances, critical data were not explicitly provided in the 
texts and had to be extracted from graphs, potentially reducing precision. Additionally, some data 
required recalculation by the review authors to ensure consistent units – commonly converting U-
values (W/m2·K) to thermal conductivity values λ (W/m·K) where the thickness of the sample was 
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provided. In the clearly marked cases, the λ properties were estimated by the analogy with similar 
materials developed by other researchers.  

Despite these constraints, authors strongly believe this review offers a valuable and original con-
tribution by synthesizing recent developments in bio-based composites technology. Caution should 
be exercised when interpreting the presented findings due to these limitations, yet the results largely 
align with systematic reviews conducted by other researchers in the field, e.g. [31]. 

6.3 Future Research 
Emerging approaches are helping address current limitations in bio-composites. Fibre treatment 

and surface modification advancements improve mechanical properties and bonding behaviour. 
Combining bio-based and synthetic fibres, hybrid composites offer optimized performance while 
maintaining sustainability. Improved modelling tools are being developed to predict and standardize 
bio-composite behaviour, enhancing design reliability. 

Promising research focuses on bio-polymers and bio-resins from renewable sources, providing 
biodegradability and closed-loop life cycle potential. Innovations like nanomaterials and 3D printing 
enable tailored bio-composite structures. 

Successful applications highlight bio-composites potential, such as hemp-based panels in con-
struction and interior components, demonstrating reduced weight and carbon footprint. Continued 
collaboration between academia, industry, and policy-makers is crucial to drive innovation and real-
ize the full potential of bio-composites. 

More detailed directions should be explored in future research, mainly focusing on interdisci-
plinary collaborations that integrate insights from architecture, material science, and engineering. 
Such collaborations could foster innovations to overcome scalability barriers, enabling the broader 
adoption of advanced materials in real-world applications. By addressing these challenges, future 
studies can bridge the gap between experimental findings and their practical implementation in 
large-scale construction projects. 
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Nomenclature 

Metric  Unit  Description 

λ  [W/m·K] Thermal conductivity 

σt  [MPa] Tensile strength 

σc [MPa] Compressive strength 

σf [MPa] Flexural strength 

τt  [MPa] Tensile shear strength 

SAC α [-] Sound absorption coefficient 

LOI  [%] Limiting oxygen index 

PHRR [kW] Peak heat release rate 

THR [kW] Total heat release 

MARHE [kW] Maximum average rate of heat emission 
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