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Abstract: The transition from a linear to circular economy is driving a growing emphasis on utilizing
bio-based materials for bioenergy and construction purposes. This literature review seeks to offer a
thorough bibliometric and critical analysis of bio-based building materials, particularly those that
incorporate agricultural residues. A selection of pertinent articles was analyzed using text-mining
techniques, revealing a substantial increase in research output on this topic, from 74 publications
in 2000 to 1238 in 2023. Key areas such as sustainability, sources of bio-based materials, building
applications, design and analysis, material properties, and processes have been extensively examined.
The cluster “Sustainability” was the most frequently discussed topic, comprising 28.85% of the
content, closely followed by “Building Materials and Techniques” at 28.07%. Given the critical role
of life cycle assessment (LCA) in sustainability, an additional analysis was conducted focusing on
existing research addressing this subject. The findings of this study are aimed at advancing the
incorporation of waste-derived bio-based materials into a circular economy framework, thereby
supporting the broader objectives of sustainability and resource efficiency.

Keywords: agricultural by-products; bio-based materials; building; circular economy

1. Introduction

The construction sector is a major contributor to environmental degradation, global
warming, and climate change, leading to the growing interest in new resources, green
building materials [1], environmental sustainability, and energy efficiency, together com-
monly called ‘Green Building’ [2]. Enhancing building sustainability and energy efficiency
involves increasing thermal efficiency, reducing energy consumption and CO2 emissions,
and employing unconventional eco-friendly materials, recyclables, and renewables with a
low environmental footprint. Several recent studies are, thus, focused on new resources
and sustainable materials that could be integrated into the building process [3,4]. Sub-
stituting traditional construction materials, e.g., concrete, steel, and plastic components,
with unconventional eco-friendly materials could significantly reduce air and water pol-
lution, environmental impacts, CO2 emissions, and waste solid production via modern
energy-saving techniques [5–7]. Eco-building materials could be obtained through the
reconversion of wastes, in accordance with the Circular Economy Action Plan (CEAP)
objectives [8]. In recent years, there has been a significant research focus worldwide on
the valorization of agricultural wastes (AWs), including animal, food process, and crops
wastes [9–11].

Several studies have focused on new eco-friendly building components to significantly
reduce CO2 emissions, environmental pollution, and waste production [12,13], with their
low environmental impact and unique features of thermal performance, ductility, and
mechanical strength forming the basis of this growing research trend. Based on these
observations, in recent years, the valorization of agricultural waste has become an important
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step toward environmental protection, energy saving, and sustainable development [14–16].
The use of organic waste could also become a passive technique that guarantees a more
sustainable architecture as well as favoring a lower energy impact [17,18].

An AW-based material is essentially a building component comprising a matrix rein-
forced by some distinct constituent materials, generally reinforcement fibers or aggregates,
to improve its mechanical and physical performances [19–21].

Bio-based materials produced through agricultural practices can be classified into two
main categories: those derived from animals, and, to a lesser extent, those derived from
plants. Among them, natural fibers, suitable for replacing synthetic fibers as reinforcement
within bio-composite materials, are of great importance [22].

1.1. Plant Bio-Based Building Materials

Materials such as hemp, flax, mycelium, lignin-based fibers, wood waste, sunflower,
cork, corn cob, coconut, rice husk, timber, and bamboo particles can be combined with
inorganic substances like lime and cement to create bio-based construction materials. There
is research indicating that these materials typically enhance thermal insulation and sound
absorption due to their high porosity. Bio-wastes also contribute to improved indoor
comfort by enhancing hygrothermal conditions, and generally have a strong capacity for
moisture buffering, which helps regulate indoor humidity [2,23,24]. Additionally, many bio-
wastes exhibit strong mechanical properties, contributing to greater stiffness and strength,
and often show high resistance to fractures [25–27].

Several studies have investigated the use of natural fibers as a reinforcement for
composite materials instead of synthetic ones (e.g., glass fiber, polymeric fibers) [28]. As-
drubali et al. and Xia et al. demonstrated that, thanks to cotton’s low thermal conductivity,
wooden boards incorporating cotton stem as a fiber reinforcement have good thermal
behavior [29,30]. D’Alessandro et al. assessed the thermal and acoustic behaviors of straw
bale walls, finding good thermal performance [31]; their experimental trial results showed a
thermal conductivity between 0.050 W/mK and 0.060 W/mK, below the maximum recom-
mended by AFNOR (Association Française de Normalisation) for thermal insulation, i.e.,
0.065 W/mK. Measurements carried out in situ showed that the thermal behavior of straw
balls walls, due to the high diffusivity and low thermal inertia, were satisfactory in winter
but not summer conditions. On the contrary, the acoustic behavior, due to the low density,
exhibited a worse performance. Collet and Pretot analyzed the thermal properties of hemp
concrete by mixing hemp and hydraulic lime, demonstrating that thermal performance
varied according to formulation, density, and water content. Nunes et al. studied the
properties of cement particle panels produced by using banana fibers [32,33], observing
that increasing the banana fiber content from 0 to 75% caused an increase in bulk density,
from 1754 kg/m3 to 1995 kg/m3, and a decrease in thermal conductivity, from 0.233 W/mK
to 0.279 W/mK.

1.2. Animal Bio-Based Building Materials

In contrast to the lignocellulosic structure of plants, animal bio-based materials,
whether fibrous or non-fibrous, have a protein-based structure primarily comprising ker-
atin, along with other components such as fibroin, collagen, chitosan, and lipids [34].

The main animal bio-based materials are sheep wool, camel wool, goat wool, chicken
feather (barbs), chicken feather (barbules), chicken feather (pulverized), pig hair, horns,
and cheese industry by-products. Sheep wool has long been used in the construction
industry for its thermal and acoustic insulating properties, and many studies have focused
on repurposing this livestock waste for building applications [35,36].

In the construction sector, wool is primarily utilized as a thermal and acoustic insula-
tor [36] and as a reinforcing fiber in bio-composites to enhance mechanical properties such
as ductility and shrinkage resistance [37].

Araya et al.’s experimental study [38] focused on processing and analyzing pig hair, a
by-product of the food industry, by examining its morphology, physical, and mechanical
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properties to assess its potential effectiveness as a natural fiber reinforcement in mortar
mixes.

The findings of their research indicate that the impact strength can be enhanced by
up to five times compared to plain mortar. Additionally, the compressive and flexural
strengths, bulk density, porosity, and dynamic modulus of elasticity of the fiber-reinforced
mortar containing the specified pig-hair content are not significantly altered.

Oliveira et al.’s review explored the latest developments and research in the use of
animal-based waste materials for sound insulation [39], comparing the performance results
of biomaterial derived from sheep wool, camel wool, goat wool, chicken feather (barbs),
chicken feather (barbules), and chicken feather (quills pulverized).

1.3. Main Uses of AW in Building Sector
1.3.1. Bio-Aggregates in Concrete, Earth Bricks, and Composite Soil

Agricultural waste-derived bio-based materials can enhance the mechanical properties
of concrete. Furthermore, previous research has highlighted the economic benefits of
incorporating these wastes into concrete production. Various studies have evaluated the
effectiveness of different agricultural residues, such as sugar cane straw ash and rice husk
ash (RHA), as partial replacements for traditional materials like blast furnace slag and
Portland cement [40,41]. The findings indicate that these residues can be environmentally
friendly fillers, improve concrete’s compressive strength, and reduce the global warming
potential. The performance of concrete mixtures using agricultural by products like oil palm
ash and fly ash has also been assessed, showing promising results in terms of durability
and strength [42,43]. Khalil et al.’s review investigated the use of bamboo fiber-reinforced
composites, identifying several studies that have compared the properties of bamboo
fiber-based bio-composites with those of glass fiber-based composites. The researchers
found that bamboo fibers can replace up to 25 wt.% of glass fibers without diminishing the
mechanical properties of glass fiber-based composites [44].

The average values of compressive and flexural strength of unfired earth bricks incor-
porating waste materials are reported in Table 1.

Table 1. Mechanical behavior of raw earth adobes incorporating agricultural wastes.

Waste Used Compressive Strength
[MPa]

Flexural Strength
[MPa] References

Sheep wool 3.14 0.88 [45]
Millet 6.5 0.17 [46]

Rice Husk ash 3.4 _ [40]
Bagasse 3 _ [47]

Banana fibers 5.92 0.95 [22]
Straw 4.64 2.03 [48]

1.3.2. Bio-Aggregates as Insulation Materials

Research into natural fiber wastes has revealed their potential as sustainable insulation
alternatives, offering benefits such as low cost, minimal energy use, and high biodegrad-
ability. Studies have compared these bio-based insulations with conventional materials
like expanded polystyrene, finding favorable results in terms of performance and envi-
ronmental impact. The development of bio-insulation materials continues to advance,
with research focusing on improving their properties and applications [29,49]. Giroudon
et al. studied the possibility of using lavender straw to produce composite material [50],
while Cintura et al.’s review investigated the possibility of using vegetal agro-industrial
residues for building products, focusing on their thermal insulation properties [51]. The
use of agricultural wastes like cork and olive stone in mortar mixes has demonstrated
significant benefits. For instance, incorporating olive stone into cement lime mortar reduced
its thermal conductivity and density, providing enhanced insulation properties [23,52,53]
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Muñoz Velasco et al. considered the use of coffee grounds as aggregates to produce
fired bricks, showing that the use of this organic waste improved thermal performance
(thermal conductivity decreased from 0.73 W/mK to 0.38 W/mK) [54].

Liuzzi et al. demonstrated that incorporating waste fibers from olive pruning, ranging
from 4% to 12% by total weight, enhanced the thermal insulation properties of clay-based
plasters. Their findings revealed that increasing the fiber content resulted in a decrease
in density, from 1669 kg/m3 to 1409 kg/m3, a reduction in thermal conductivity, from
0.593 W/mK to 0.428 W/mK, and an increase in porosity [23]. Nunes et al. investigated
the properties of cement particle panels incorporating banana stems [32], finding that
increasing the banana fiber content from 0% to 75% resulted in a rise in bulk density, from
1754 kg/m3 to 1995 kg/m3, and an increase in thermal conductivity, from 0.233 W/mK to
0.279 W/mK.

Asdrubali et al. conducted a comparative analysis of sustainable building insulation
materials, e.g., reeds, bagasse, cattail, corn cob, cotton stalks, and date palm, focusing
specifically on their thermal properties, including thermal conductivity, specific heat, and
density [29].

These findings suggest that agricultural wastes can effectively replace conventional
materials in mortar, improving thermal performance and sustainability. Overall, the
integration of agricultural wastes into construction materials offers a promising route
toward more sustainable building practices.

Table 2 summarizes the thermal conductivity of the most common insulation materials.
The acoustic performance values of a selection of animal bio-based materials are illustrated
in Table 3.

The aim of this study is to offer a bibliometric and critical analysis of bio-based building
materials, specifically focusing on composite materials that incorporate agricultural and
food residues.

Table 2. Thermal behaviors of organic and inorganic insulation materials (adapted from Hung Anh
et al. [55], Journal of Building Engineering, 2021).

Biomaterial Category Density
[kg/m3]

Thermal Conductivity
[W/(mK)]

Glass wool Inorganic 13–100 0.03–0.045
Rock wool Inorganic 30–180 0.033–0.045

Calcium silicate Inorganic 115–300 0.045–0.065
Cellular glass Inorganic 115–220 0.04–0.06
Vermiculite Inorganic 70–160 0.046–0.07

Ceramic Inorganic 120–560 0.03–0.07
XPS Inorganic 32–40 0.032–0.037
EPS Inorganic 15–35 0.031- 0.040
Cork Inorganic 110–170 0.037–0.050

Melamine foam Inorganic 8–11 0.035
Phenolic foam Inorganic 40–160 0.022–0.04

Polyethylene Foam Inorganic 25–45 0.033
Fiberglass Inorganic 24–112 0.033–0.04

Sheep wool Organic 25–30 0.04–0.045
Cotton Organic 20–60 0.035–0.06
Kenaf Organic 40 0.038

Cellulose fibers Organic 30–80 0.04–0.045
Jute Organic 35–100 0.038–0.055

Pineapple leaves Organic 210 0.035
Rice straw Organic 154–168 0.046–0.056

Hemp Organic 20–68 0.04–0.05
Bagasse Organic 70–350 0.046–0.055
Coconut Organic 70–125 0.04–0.05

Flax Organic 20–80 0.03–0.045
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Table 3. Acoustic characteristics of animal bio-based materials and inorganic materials.

Frequency
[Hz] SAA e

[mm]
ρ

[kg/m3] References

Animal
bio-based
material

Duck feathers 1000 0.30–0.54 11.5 70–80 [56]
Chicken Feathers 650–1600 0.99 25–75 48 [57]

Goose down fibers 800–6300 0.33–0.95 30.0 1140.0 [58]
Sheep wool 500–2000 0.77 60 18–23 [59]

Wool hot-pressed
board 800–3150 0.60 24.0 249.5 [60]

Wool mat 100–3150 0.78 50.0 100.0 [61]
Camel wool 1000 0.97 50.0 - [62]
Goat fiber 2000 0.94 50 - [62]

Inorganic
Glass wool 500 1 50 - [29]
Rock wool 500 0.9 50 - [29]

EPS 500 0.5 50 - [63]

In this research, a bibliometric analysis was carried out on indexed manuscripts using
an advanced SCOPUS database search performed following the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram, adapted herein for
our research and considering an interval time range from 2000 to 2023 [64]. In detail, the
structure of this review is as follows: (i) describe the temporal trends in publications over
the years; (ii) identify in which field the research has been mostly focused; and (iii) evaluate
the most important links among topics. The final objective of this work is to identify
research gaps to address future research developments.

2. Materials and Methods
2.1. Article Selection

This exploration focused on “bio-based materials” for building purposes. Articles were
initially selected from SCOPUS using specific search terms relating to building materials,
food and agricultural waste, and plant-based aggregates. Filters were applied to narrow
the fields to environmental science, engineering, materials science, and related disciplines,
resulting in the selection of over 9500 manuscripts published between 2000 and 2023. Only
10% of these were reviews, while the remaining 90% were original articles. All relevant
data, including titles, keywords, and abstracts, were downloaded for analysis, and the
search queries used to perform our study are reported in Table 4.

Table 4. Search scripts for extracting relevant research works.

Step Search Query Number of Manuscripts

Initial
research

(TITLE-ABS-KEY (building AND material*) OR TITLE-ABS-KEY (construction AND
material*) OR TITLE-ABS-KEY (building AND component*) AND TITLE-ABS-KEY (food

AND waste) OR TITLE-ABS-KEY (agr* AND waste) OR TITLE-ABS-KEY (plant AND based)
OR TITLE-ABS-KEY (vegetal AND aggregate*) OR TITLE-ABS-KEY (food AND residues) OR
TITLE-ABS-KEY (forestry AND residues) OR TITLE-ABS-KEY (agr* AND by-product) OR

TITLE-ABS-KEY (bio-based) OR TITLE-ABS-KEY (agricult*) OR TITLE-ABS-KEY (rural) OR
TITLE-ABS-KEY (livestock) OR TITLE-ABS-KEY(husbandry))

22,135

* Subject area filter
application

(TITLE-ABS-KEY (building AND material*) OR TITLE-ABS-KEY (construction AND
material*) OR TITLE-ABS-KEY (building AND component*) AND TITLE-ABS-KEY (food

AND waste) OR TITLE-ABS-KEY (agr* AND waste) OR TITLE-ABS-KEY (plant AND based)
OR TITLE-ABS-KEY (vegetal AND aggregate*) OR TITLE-ABS-KEY (food AND residues) OR
TITLE-ABS-KEY (forestry AND residues) OR TITLE-ABS-KEY (agr* AND by-product) OR

TITLE-ABS-KEY (bio-based) OR TITLE-ABS-KEY (agricult*) OR TITLE-ABS-KEY (rural) OR
TITLE-ABS-KEY (livestock) OR TITLE-ABS-KEY (husbandry))

9562

* Subject area limited to environmental science, engineering, materials science, social sciences, agricultural and
biological sciences, chemical engineering, and earth and planetary science.
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2.2. Article Elaboration

The text extracted was saved as a .txt file. The words shown in the titles, abstracts,
and keywords were then assessed using a text mining process tool through the elaboration
of the data via dedicated software platforms, i.e., Python version 3.12.6 (a high-level
programming language), Microsoft Excel version 16.77 and Gephi version 0.10 (Gephi®

Consortium, Compiegne, France; open-source software for network analysis), for graphical
representations of the results. By performing a statistical analysis of indices obtained via the
text mining process, significant and high-quality information useful for text interpretation
was achieved.

The process began with tokenization, wherein irrelevant elements like punctuation,
websites, numbers, and symbols were removed. The resulting word list was refined by
eliminating low-frequency words and connectors, converting all text to lowercase, and
standardizing terms with multiple spellings. The tokenization was performed using Python
version 3.12.6, a versatile programming language ideal for scripting and data analysis,
which allowed us to identify the most frequent terms for each year.

The final list of the 100 most significant words was exported to Excel version 16.77 for
further analysis. Using the Gephi software version 0.10, these results were processed into a
graphical representation in which vectors illustrate connections between words, and nodes
represent the words themselves. Figure 1 includes a flowchart of this review, depicting the
conceptual analysis based on an adaptation of the PRISMA flow diagram.
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2.3. Cluster Definition

A cluster analysis was conducted by grouping words with similar meanings into
clusters, thus facilitating a multidisciplinary analysis by identifying key connections across
different fields. Four clusters were selected to sufficiently cover the research scope while
avoiding over-classification. The identified clusters are “Sustainability” (environmental
and socio-economic concerns), “Bioresources” (types and sources of agricultural waste
or products used for building materials), “Building Materials and Techniques” (energy
and thermal performance analysis), and “Process and Methods” (design processes used to
create building components).

Each of the 100 most relevant terms identified was assigned to the most appropriate
cluster. Subsequently, a sub-cluster classification was performed to provide a more detailed
analysis of the reviewed manuscripts, and the composition of the clusters is detailed
in Table 5.
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Table 5. Cluster composition.

Cluster Lemmas

SUSTAINABILITY

environment—sustainable—waste—rural—urban—impact—field—emissions—social—land—
traditional—recycling—economic—alternative—cost—community—life cycle

carbon—green—climate—forest—health—change—global—human—wastes—ecological—
farmers—impacts society—air landscape

city—nature—solar—challenges—climate—change—risk—local—water—soil

BIORESOURCES
fly ash—organic—product—sand—concrete—cement—composite—bricks—component—

plant—agricultural—natural—wood—food—bio-based—resources—biomass—composite—
ash—fibers—utilization

BUILDING
MATERIALS AND

TECHNIQUES

building—construction—analysis—properties—energy—performance—characteristics—
assessment—structure—structures—test—quality—parameters—strength—structural—

thermal—efficiency—building
materials—technologies—evaluation—engineering—housing—number—compressive

strength—levels—resistance—wall—heat—construction materials—case
study—behavior—power—tests—mechanical properties—temperature

PROCESS AND METHODS

production—system—development—model—design process—data—method—components—
addition—industry—samples—processes—industrial—produced—information—strategies—

treatment—activities—concentrations—density acid—elements—storage—techniques
practices—complex—novel—integrated—composition—surface—management—application—

effective—rate—technology

3. Results and Discussions
3.1. Analysis of the Trends

Firstly, the publication trend over the temporal range considered in this study was
evaluated, and Figure 2 shows the results: From 2000 to 2015, there was a slight growth in
publications, and from 2016 to 2023, the increment accelerated rapidly. Between 2000 and
2015, the number of manuscripts published per year varied from 74 to 362, and between
2016 and 2023, it increased from an initial total of 440 to 1242.
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The considerable growth in publications is due to the global increase in publications,
but also to the augmented interest of scholars on these topics. Furthermore, the exponential
growth in publications since 2015 seems to be influenced by the Circular Economy Action
Plan (CEAP), adopted by the European Commission and approved in 2015, promoting
actions to improve Europe’s transition from a linear economy toward a circular one, in
accordance with the main global policies of environmental sustainability.



Agronomy 2024, 14, 2152 8 of 20

Subsequently, the top five contributing countries in the field of this review were
identified, and the results are presented in Figure 3. The United States was the leading
contributor with 1394 publications, accounting for 14% of the total. China followed with
13% of the total, while India contributed 7%, the UK 6.8%, and Italy 6.3% (610 publications).
Together, these contributing countries produced over 49% of all publications on the subject
across all continents.
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3.2. Research on Most Recurrent Terms

Using .txt and .csv files, the trends of the 12 most significant thematic word occur-
rences over the 24-year period observed were assessed, and the obtained results are shown
in Figure 4 and Table 2. The top 12 most frequent thematic words are biomass, com-
pressive strength, concrete, recycling, waste management, agricultural waste, bio-based
material, circular economy, insulation, life cycle assessment, mortar, sustainability, and
agricultural waste.
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3.3. Cluster Analysis

In the analysis, the top 100 words, derived from a tokenization process of the most
frequently used terms, were categorized into one of four conceptual clusters. The cluster
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sizes were then determined by calculating the total weight of the terms within each cluster.
The most significant prevalence was detected in the “Sustainability” cluster (28.85%),
followed by “Building Materials and Techniques” with 28.07%, “Process and Methods”
with 23.79%, and “Bioresources” with 19.29%. However, during the observed time range,
the four clusters were well balanced. Figure 5 illustrates the cluster composition results,
showing that the area of the pie chart is proportional to the percentage of words included
in the cluster.
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The next phase considered the trends of the four clusters over the years, as shown in
Figure 6. These trends were assessed over four six-year periods (2000–2005; 2006–2011;
2012–2017; 2018–2023). For the principal cluster, representing the subject “Sustainability”,
a decrease was observed in the first three periods, and a slight increase in the last one.
The second cluster, “Building Materials and Techniques”, exhibited constant growth for
all four periods, reaching a frequency of 29.14% in the last period, thus exceeding the
“Sustainability” frequency of 28.96%. The cluster “Process and Methods” exhibited a slight
decrease for the first three periods and a constant trend during the 2012–2017 and 2018–2023
periods. The smaller cluster concerning the theme of “Bioresources” registered a constant
tendency from the period 2000–2005 to 2006–2011, a peak in frequency during the third
period (reaching 21.45%), and a slight decrease in the final period.
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Subsequently, the trends of the top five words inside each of the four clusters have
been evaluated. Additionally, in this case, the trends were observed over the four six-year
periods (2000–2005; 2006–2011; 2012–2017; 2018–2023), and Figure 7 shows the results of this
analysis. The five most used words within the cluster Sustainability were environmental,
land, rural, waste, and water; for Process and Methods, they were process, management,
method, component, and production.
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Figure 7. Trends of the top five terms detected within each cluster: sustainability (a), process and
methods (b), bioresources (c) and building materials and techniques (d). Structur* represents the
possible words: structure, structural and structures.

The top five words within the cluster Building Materials and Techniques were building,
energy, mechanical properties, structural, and energy. Within the cluster Bioresources, the
five most used words are plant, concrete, product, cement, and natural. This preliminary
analysis of cluster compositions gives the first results concerning the trends of the research
topic of interest over the period observed.

3.4. Sub-Cluster Analysis

To gain a more detailed understanding of the identified research, the four main clusters
were subdivided into 13 sub-clusters to more accurately classify heterogeneous terms.

Sustainability was divided into “Environment” (44.48%), “Social” (25.23%), “Eco-
nomic” (20.41%), and “Climate” (9.88%), covering ecological, social, economic, and climate-
related aspects.

The sub-cluster “Environment” concerns all terms regarding ecological aspects, i.e.,
sustainability, impact, pollution, landscape, land, water, air, soil, forest, nature, field,
and green. “Social” includes all social aspects of sustainability, such as rural, urban,
social, local, traditional, community, health, human, city, farmers, and society. The sub-
cluster “Economic” encloses all terms regarding economic aspects, such as waste, recycling,
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economic, cost, life cycle, and carbon. The last sustainability sub-cluster is “Climate”,
consisting of all terms regarding climate aspects: emissions, climate, global, solar, and
climate change. The sub-cluster divisions of “Sustainability” are inspired by the three
pillars of sustainability: environmental, social, and economic [65].

Building Materials and Techniques was split into “Properties”, “Engineering”, and
“Energy Efficiency”, focusing on technical characteristics, construction methods, and energy
performance. Process and Methods was categorized into “Application”, “Design/Analysis”,
and “Production”, addressing building component fields, design processes, and production
methods. Bioresources was divided into “Source/Origin”, “Constituent”, and “Building
Component”, covering raw material sources, material composition, and building components.

Figure 8 illustrates these sub-clusters, wherein the size of each reflects the proportion
of terms within them.
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Within each cluster, the relative significance of each sub-cluster was evaluated over
the 24-year period observed. Figure 9 shows the word occurrences relating to sub-clusters
over the four six-year periods, and by analyzing these data, the sub-clusters concerning
Sustainability show comparable behavior among all the four six-year periods investi-
gated. Environment emerged above the other sub-clusters with an average frequency of
38.31%; Social registered an average frequency of 34.98%; Economic, 19.65%; and finally,
Climate, 7.06%.
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Within the cluster Building Materials and Techniques, between the first and second
observed periods (from 2000–2005 to 2006–2011), Engineering registered a rapid decrease;
in the same interval, Energy Efficiency exhibited a straight increase, and Properties a
constant behavior.

From 2011 to 2017, the sub-clusters exhibited a constant tendency, with little change in
the last period. Furthermore, the sub-clusters of Sustainability exhibited a more equilibrate
composition, which demonstrated a comparable level of research interest in all the three
sub-clusters concerning the subject. Specifically, Properties had an average frequency of
35.50%; Engineering, 32.96%; and Energy Efficiency, 31.55%.

By considering the trends and composition of sub-clusters within Process and Methods,
a constant trend is observed during all the analyzed periods; the sub-cluster composition is
49.41% for Production, 38.76% for Design/Analysis, and 11.83% for Application. In the
Bioresources cluster, the trends observed were comparable for all the three sub-clusters;
upon analyzing the sub-cluster composition, it emerged that the theme concerning the
Source/Origin of bio-composites is the most interesting for scholars, with an average
frequency of 45.27%, followed by Constituents with 34.39%, and Building Component
with 20.42%.

3.5. Interrelationships between Terms

The highest number of relationships was found between “Building Materials and
Techniques” and “Process and Methods” with 8486 occurrences, followed by “Sustainabil-
ity” and “Building Materials and Techniques” with 7771 interconnections. “Sustainability”
and “Process and Methods” had 7725 links, while “Bioresources” and “Building Materi-
als and Techniques” exhibited 7106 relationships. There were 7047 occurrences between
“Bioresources” and “Process and Methods” and 6474 links between “Bioresources” and
“Sustainability”. Figure 10 illustrates these relationships, with different colors represent-
ing the various clusters and edge thickness indicating the number of connections. Key
interconnections include terms related to “Sustainability” and “Building Materials and
Techniques” (e.g., sustainable–building, recycling–concrete) and “Bioresources” and “Pro-
cess and Methods” (e.g., plant–design, material–composites). Strong correlations also exist
between “Sustainability” and “Bioresources” (e.g., rural–bio-based, soil–material).

Temporal analyses of research trends registered a considerable growth during the
24-year period observed, with an increase of about 1241% in publications (Figure 2).

Specifically, the research interest in the subject of our review, i.e., bio-based materials
for building applications, reached a peak after the 2015. This sudden growth was influenced
by the Circular Economy Action Plan (CEAP), adopted by the European Commission in
2015 [8].

The trends of the most recurrent and significative words were analyzed before their
cluster classification (Figure 4). These raw data were important in implementing the
subsequent analyses and classification to determine the four cluster subject areas. Except
for an initial misaligned behavior at the end of the range, the 12 thematic words exhibited a
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comparable frequency, indicating that scholars focused on multiple aspects of the topic,
with no prevalence of some over others (Figure 4).
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To analyze the evolution of research themes over a 24-year period, the data were
divided into four six-year intervals: 2000–2005, 2006–2011, 2012–2017, and 2018–2023. The
analysis revealed four balanced clusters: Sustainability, Building Materials and Techniques,
Bioresources, and Process and Methods.

Key Findings:

• Sustainability: This was the most studied cluster, but it showed a decline in research
focus from 2017. From 2012, both the Sustainability and Building Materials and Tech-
niques clusters grew, with Building Materials and Techniques surpassing Sustainability
in the most recent period (29.14% vs. 28.96%).

• Building Materials and Techniques: This cluster saw a significant increase in research
interest, highlighting a growing focus on material properties, design processes, and
techniques.

• Bioresources: This cluster had the lowest frequency (19.29%). The focus therein
was more on the sources of bio-based materials than their applications in building
components, indicating a gap in the research on practical applications.

• Process and Methods: Topics here remained consistent over time. The most frequently
discussed sub-clusters were Production Systems (49.1%) and Design/Analysis (38.6%),
with fewer studies on Application (11.83%), pointing to a gap between research and
practical implementation.

• Word Frequency Trends: In the Sustainability cluster, the word “waste” exhibited a
significant increase, reflecting a growing focus on waste valorization. Other words, like
“environmental” and “water”, showed varied trends. In the Building Materials and
Techniques cluster, energy efficiency gained prominence from 2000–2005 to 2006–2011.

• Sub-cluster Insights: Within the Sustainability cluster, the focus was on environmental,
social, and economic aspects, with less attention to climate issues. The Building Mate-
rials and Techniques cluster saw an increased interest in energy efficiency, while the
Process and Methods cluster remained stable, with a noticeable gap in the application
of bio-based materials.
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The use of natural wastes in bio-based building materials presents advantages and
disadvantages, as specified in Table 6.

Table 6. Advantages and disadvantages of bio-based building materials.

Pros Cons

Energy Efficiency: Bio-based building materials often contribute
to energy efficiency in buildings by providing good thermal
insulation and reducing heating and cooling needs.

Development Stage: Many natural-based materials are still in the
prototype phase and require further development to address
critical issues such as fire safety and moisture resistance.

Fire and Mold Resistance: Many natural fibers, such as hemp and
flax, offer inherent resistance to fire and mold, enhancing
building safety and durability.

Certification Standards: To be widely accepted in the construction
industry, these materials must meet established certification
standards, which can be a lengthy and costly process.

Lightweight Properties: These materials are generally lighter than
traditional construction materials, which can reduce structural
load and construction costs.

Durability and Sustainability Concerns: There are ongoing
concerns about the long-term durability and true sustainability
of these materials, as well as their performance under various
environmental conditions.

Climate Regulation: They help regulate indoor climate and
humidity, improving overall indoor air quality and comfort.

Resource-Intensive Pre-Manufacturing: The pre-manufacturing
phase, including cleaning and preparing raw materials, can be
resource-intensive and expensive.

CO2 Capture: Bio-based materials can capture and store CO2
from the atmosphere during their growth phase, potentially
offsetting greenhouse gas emissions.

Environmental Impact of Production: The environmental impact of
production processes needs to be minimized. Efforts could
include reducing the use of additives or exploring alternative
production methods, such as using seawater for washing wool.

Non-Toxicity: Unlike petrochemical-based products, bio-based
materials are free from toxic chemicals, thus reducing health
risks associated with indoor air pollution.

Variability in Properties: The properties of natural fiber-based
materials can vary significantly depending on factors such as
chemical composition, plant type, production methods, and
environmental conditions like location, climate, and harvesting
or dairying techniques.

Recyclability and Biodegradability: At the end of their lifecycle,
these materials can be recycled or biodegraded, thus supporting
a zero-waste economy.

Longevity: Many natural materials are durable and can last for
centuries, contributing to the sustainability of the built
environment.

Overall, using agricultural wastes supports the development of sustainable and eco-
friendly construction materials enhancing the physical, mechanical, and thermal properties
of the bio-derived materials.

Utilizing biomass for construction can be a feasible strategy, if it is properly regulated
and considers the rising demand for biomaterials in construction and other high-demand
fields. Future research needs to address land use dynamics, which pose significant chal-
lenges when evaluating new land uses such as biomass production and deforestation
mitigation. These challenges highlight the importance of a circular bioeconomy approach,
where waste from various biomass uses (agricultural, energy, and industrial) is recycled
into raw materials for producing different types of bio-concretes, based on local availability.

Future research should prioritize extensive laboratory testing to thoroughly evaluate
the properties of the proposed materials. This includes assessing their mechanical, thermal,
and acoustic performance, as well as their durability, fire resistance, moisture tolerance, and
environmental impact. Additionally, long-term studies are needed to explore the materials’
behavior under real-world conditions, including their lifecycle performance, degradation
over time, and interaction with other construction elements. Understanding these aspects
will help validate the materials’ suitability for various construction applications and inform
necessary improvements or optimizations.
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4. Life Cycle Assessments (LCAs) and Environmental Issues

Due to the high importance of life cycle assessments in sustainability, a further analysis
has been performed by considering research addressing this topic.

A life cycle assessment is a comprehensive tool used to analyze and evaluate the costs
and environmental impacts associated with a product, system, or service throughout its
entire life cycle, from “cradle to grave” [66].

An LCA tracks all stages of a product’s life cycle, from raw material extraction to
manufacturing, usage, recycling, and final disposal, aiming to identify and quantify its
impacts at each phase. The assessment evaluates the environmental, cost, and benefit
aspects across the entire life cycle, offering a systematic framework to assess inputs, outputs,
and environmental impacts of materials and energy throughout a product or service’s
life span.

Bilec et al. described a tailored approach for assessing the environmental impact
of the construction sector, based on two primary methods for conducting an LCA: the
Process Method, and the Input–Output (I/O) Method [67]. The Process Method represents
a life cycle assessment as a process flow diagram and sets a specific point where the flow
between processes and emissions becomes negligible, marking the end of the process. On
the other hand, the I/O Method addresses the issue from an operational standpoint by
using a matrix that accounts for the impact of each stage of the life cycle on the overall life
cycle of a product or service.

In this review, almost 7% of the analyzed manuscripts, i.e., 631 studies, focused on
issues relating to a life cycle assessment (LCA) and included LCA among their keywords.
LCA is employed to evaluate the environmental performance of circular bio-based building
solutions at the material scale in 417, at the component scale in 196, and at the building
scale in 20 studies.

Rivas-Aybar et al. [68] used ISO 14040:2006 [69] guidelines to assess the carbon foot-
print (CF) of hemp-based building materials in Western Australia, considering local varia-
tions. For 1 m2 of hemp-based board, the CF was estimated at −2.302 kg CO2 eq. The main
emission sources were electricity from the public grid for binder production (26%) and urea
production (14%). Electricity from the public grid during the post-farm stage accounted for
45% of total emissions. Replacing this electricity with solar power reduced the CF by 164%,
highlighting that hemp-based boards have lower embodied GHG emissions compared to
traditional materials like gypsum plasterboards.

Füchsl et al.’s review highlighted that the most extensively studied renewable insula-
tion materials are cork, cellulose, and hemp. Specifically, hemp, binders, and additives are
the main causes of environmental impacts [70].

Ardente et al. performed a life cycle assessment of kenaf fiber insulation boards,
adhering to ISO 14040 standards [69], covering all stages from production to disposal and
evaluating the board’s environmental and energy benefits in a typical residential setting.
The study compared different insulating materials, identified key environmental impact
sources, and highlighted areas with the greatest potential for improvement. The results
reveal that the Global Energy Requirements (GER) amount to 59.37 MJPrim/f.u., where the
functional unit (fu) is equal to the mass (kg) of insulating board with a thermal resistance
R of 1 (m2 K/W). Specifically, incorporating polyester fibers as a filler in the kenaf fiber
insulation board led to substantial energy use, accounting for approximately 35% of the
GER. Notably, around 38% of the total energy consumption comes from renewable sources,
such as biomass. The results concerning energy and environmental comparisons of some
conventional and unconventional insulation materials are reported in Table 7 [71].

Van der Lugt et al. focused on the potential of bamboo as a building material. Bamboo
culms were environmentally and financially assessed and compared to traditional building
materials, e.g., steel, concrete, and timber. From the study results, the authors affirmed that
bamboo is a very sustainable building material and can be compared to more commonly
used materials. From a sustainability point of view, bamboo culm is 20 times more favorable
than its alternatives. The authors found that the environmental load (in mPt) of 1 kg



Agronomy 2024, 14, 2152 16 of 20

of bamboo culm is composed of 99.4 for transportation, 3.2 for processing, and 1.6 for
preservation [72].

Table 7. Energy and environmental comparison of conventional and unconventional insulation materials.

Sheep
Wool Hemp Flax Cork Mineral

Wool
Glass
Fiber EPS References

NRE *
[MJ/kg] 12.3 - 4.4 - 17 43 95 [29]

GWP ** [kgCO2eq] −0.3 2.4 0.0 1.1 1.2 2.1 2.3 [29,70]
Primary
Energy

consumption
[MJ/kg]

15 1.30 35 10 23 38 110 [29,70]

Total wastes [kg] - - 0.122 - 0.054 6.6 - [70]

* NRE = non-renewable energy, ** GWP = global warming potential

In conclusion, by reviewing the research analysis, it transpires that, despite a substan-
tial body of literature on life cycle assessments, significant gaps remain in the methodologies
employed, which can be categorized into several key areas:

Standardization and Consistency: One of the primary issues is the lack of standardized
methodologies across different studies. While an LCA is a well-established framework,
variations in how different studies define boundaries, select impact categories, and interpret
results can lead to inconsistencies. This lack of uniformity makes it challenging to compare
results across studies and hinders the development of universally applicable conclusions.
Data Quality and Availability: The reliability of LCA outcomes heavily depends on the
quality and availability of data, with studies often relying on outdated or incomplete
datasets, which can affect the accuracy of the results. Furthermore, data availability can
vary significantly between regions and industries, leading to gaps in the assessment of
certain products or processes.
Impact Assessment Methodologies: The methodologies used for an impact assessment in
an LCA are continually evolving. However, there is still a lack of consensus on which
methods are the most appropriate for different types of products and impacts. For example,
assessing environmental impacts such as resource depletion or social impacts may lack
robust methodologies, leading to potential inaccuracies in the assessment.
Temporal and Spatial Considerations: LCAs often present challenges related to temporal and
spatial variability, in that the environmental impacts of products and processes can change
over time and vary by location. Many LCA studies do not adequately account for these
factors, which can lead to misleading results. Addressing these considerations is, therefore,
crucial for developing more accurate and relevant assessments.
Integration of Emerging Technologies and Practices: As new technologies and practices emerge,
LCA methodologies need to adapt to incorporate these changes. For instance, advance-
ments in renewable energy or circular economy practices may not yet be fully integrated
into traditional LCA approaches. Keeping methodologies up to date with the latest techno-
logical developments is essential for ensuring their relevance and accuracy.

Addressing these gaps involves the ongoing research and refinement of LCA method-
ologies, which includes enhancing data quality, standardizing practices, incorporating
emerging technologies, and broadening the scope of impact assessments. By addressing
these challenges, LCAs can provide more accurate and comprehensive insights into the
environmental and social performance of products and processes, ultimately supporting
more informed decision making and sustainable development.

5. Conclusions

In this review, through the analysis of scientific publications focusing on bio-based
building materials and published in the last 24 years, it was possible to draw a tendency
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line and detect the gaps existing in the literature. Furthermore, this analysis constitutes
an efficient tool for setting the direction of future research. This study aimed to describe
the trends of the most relevant research topics over the observed period and to contribute
by developing a useful tool for future studies. The correlations between the most relevant
terms were assessed by highlighting their occurrences within scientific articles. Further-
more, research gaps within this subject have also been identified, which will serve as a
useful guide for future research and development. Aspects such as sustainability, the source
of bio-based materials, building applications, design/analysis, properties, and process and
methods have been deeply investigated and evaluated. This study’s findings should be
used for improving the reconversion of waste as bio-based materials for building purposes.

Generally, natural wastes offer promising benefits for sustainable construction, and
addressing their current limitations and improving their overall environmental impact are
essential for broader adoption and effectiveness.

Overall, the research has shifted from broad sustainability themes to a more detailed
investigation of building materials and techniques, with growing attention to their efficiency
and performance [73]. However, there are still gaps in the practical application of bio-based
materials and integration into building components.

Future development of the research in this field will be oriented toward developing
laboratory-scale applications into practical ones by integrating bio-based materials derived
from agricultural wastes into rural building construction. This will contribute to the
sustainability of rural infrastructure by utilizing locally available resources and reducing
environmental impacts.
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