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A B S T R A C T

The production and use of traditional building materials contribute to environmental pollution and natural
resource depletion. Besides, disposal of agricultural, industrial, and construction waste and other solid wastes is a
significant contemporary for both developing and developed countries. Consequently, this study comprehen-
sively examines sustainable construction materials (SCMs) sourced from waste materials. It analyzes 190 peer-
reviewed papers, evaluating their properties, engineering suitability, and their impacts on the environment,
economy, and society. Findings reveal that most SCMs have good engineering performance, yet improvements
are needed in demonstrating their environmental (33.3%), economic (40%), and social sustainability (73.3%).
Also, most SCMs are in experimental stages, requiring further research on human toxicity, long-term savings,
maintenance costs, and other vital indicators. This review highlights some of the current challenges facing SCMs
to promote their further studies, reduce non-renewable energy consumption and solid waste recycling, and
facilitate their application in green buildings.

1. Introduction

Demand for infrastructure construction in both developed and
developing countries has increased significantly due to rapid growth in
population size and economic development [1–3]. Globally, both the
construction and operation phases of buildings contribute significantly

to energy use and CO2 emissions, constituting 36% and 39%, respec-
tively [2,4]. Actions taken within the construction industry can swiftly
impact global climate change, energy consumption, and economic and
social realms. Construction and infrastructure are increasing all over the
world, and consequently, the pressure on the environment is also
increasing [5,6]. This surge in building construction has led to a
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substantial depletion of natural resources [7–9], exacerbating concerns
about sustainable development. The overuse and inefficient utilization
of non-renewable resources pose significant challenges [10–13]. As a
result, the construction industry is grappling with two pressing chal-
lenges: the depletion of natural resources and the limited uptake of
sustainable construction materials (SCMs). With increasing demands for
sustainability and the circular economy in construction, the widespread
adoption of sustainable materials emerges as a pivotal factor in deter-
mining the industry’s long-term viability [14].

SCMs have been identified as one of the main research topics in the
area of sustainability in the construction industry. Nowadays, several
studies on sustainable materials have been conducted and used to pro-
vide an overall overview of relevant academic work to inspire the future
development of SCMs [15]. This body of research holds significance for
various stakeholders, including engineers engaged in actual construc-
tion, policymakers, and academics [14,16]. Because SCMs can reduce
the demand for natural non-renewable resources and reduce greenhouse
gas emissions, thereby mitigating global warming [8,15]. The technical
and environmental effects of SCMs adoption have been extensively
studied in the existing literature, such as the impact of SCMs use on the
quality of cement composite products and the impact of SCMs adoption
on carbon emissions. Cost factors of SCMs adoption, such as labor and
equipment inputs, have also been considered in the use of SCMs [17].
Thus, SCMs represent a cornerstone of sustainable development in
construction, with far-reaching social, economic, and environmental
implications [18].

The current array of sustainable materials utilized in construction,
coupled with the absence of a robust evaluation framework for SCMs,
has led to the inadvertent use of materials that do not meet SCMs
criteria. Thus, there is a pressing need for a systematic classification and
evaluation system to assess SCMs performance. This review systemati-
cally examines the various types of SCMs used within the construction
industry, analyzing their material characteristics, engineering perfor-
mance, and environmental impact. Additionally, it evaluates the specific
environmental implications associated with different SCMs. Diverging
from previous reviews, this paper offers a comprehensive analysis of the

socio-economic ramifications of various SCMs, illustrating their eco-
nomic benefits for the construction sector. Finally, the review delves
into the challenges and future pathways for SCMs development, aiming
to propel the construction industry towards greater sustainability.

2. Methodology

The review methodology to capture the SCMs-related studies was
based on the text mining method, which is a popular method used in
similar literature review studies [4]. Upon initial screening, it was
observed that certain existing review-based studies were susceptible to
subjectivity due to limited literature samples or pre-selection of journal
sources within a specific research scope. To minimize subjectivity, the
current studies used keywords to shortlist the influential articles with a
focus on SCMs. Fig. 1 illustrates the methods flow of this literature re-
view. Given the accessibility and widespread use of the Scopus and Web
of Science databases, coupled with their clear and concise user interface,
they were chosen as the primary sources for literature research to
enhance efficiency. The text mining approach, supplemented by specific
case studies, aligns well with the sustainability direction in the con-
struction materials industry, offering predictive insights into develop-
ment trends. The literature search targeted keywords related to SCMs,
including types of SCMs, characteristics of SCMs, engineering perfor-
mance of SCMs, environmental impacts of SCMs, and economic analysis
of SCMs. Initially, the search spanned the last five years and yielded
more than 1000 papers on SCMs. Relevant articles focusing on engi-
neering performance, environmental impact, or economic implications
were imported into the Endnote literature management database for
further refinement. Subsequently, 190 articles underwent additional
processing. These collected articles were then categorized into groups
based on engineering performance, environmental impact, and eco-
nomic implications. Notably, the challenges and future directions of
SCMs were further explored and synthesized through a critical review of
the 190 selected papers.

Fig. 1. The method of literature review of sustainable construction materials.
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3. Classifications of sustainable construction materials

SCMs mainly include different types of waste materials as well as
natural renewable materials. The classification of SCMs into waste ma-
terials and natural renewable materials is based primarily on the source
of the raw material. Among them, waste materials mainly include in-
dustrial waste, agricultural waste, and construction and demolition
(C&D) waste [7,17,19–21]. Natural renewable materials mainly focus
on plants and plant derivatives, animal wool, and compacting earth. A
specific systematic classification of SCMs is shown in Fig. 2.

3.1. Waste-based sustainable construction materials

Industrial waste poses a significant threat to soil and groundwater,
leading to severe environmental hazards. To address these challenges,
researchers globally are exploring innovative methods to recycle in-
dustrial waste and repurpose it as valuable raw materials in the con-
struction sector [22]. For instance, fly ash from coal-fired power plants,
silica fume from ferrosilicon alloy production, and blast furnace slag
from steel manufacturing have been demonstrated to enhance the
physical and mechanical properties of commercial concrete [23,24].
Additionally, replacing part of the fine aggregate with lathe iron waste
dust (LIWD) increased the compressive strength, splitting tensile
strength, and flexural strength of concrete by 38%, 13%, and 19%,
respectively [25]. Another study showed that substituting 5% of cement
with silica stone waste (SSW) powder improved the compressive and
tensile strength of concrete by 18.8% and 10.46%, respectively [26].
Meanwhile, low-value solid waste materials, such as asphalt rock, can be
effectively used as construction materials by enhancing their slagging
characteristics with mineral additives like CaCO3, MgO, and Kaolin. This
approach significantly reduces the slagging ratio and pressure differ-
ence, demonstrating the potential of such waste materials in sustainable
construction [27]. These materials not only improve the durability and
strength of concrete but also contribute to sustainability by reducing the
need for virgin raw materials.

Rice husk is widely used as a fuel in energy generation plants and rice
milling processes across various countries. This combustion generates
rice husk ash, a pozzolanic material rich in silica, comprising over 75%
by weight. After combustion, 20% of the rice husk remains as ash, which
is often discarded into water bodies, causing pollution. Rice husk ash
produced below 500 ◦C has limited pozzolanic properties due to
incomplete combustion and the presence of unburnt carbon [28].
However, ash produced at temperatures between 550 and 700 ◦C shows
enhanced pozzolanic characteristics due to the formation of amorphous
silica [29,30].

Research has explored utilizing rice husk ash as a partial substitute
for cement and fine aggregates in cementitious composites [28,31].
Siddika et al. [32] conducted slump tests on fresh concrete with
water-to-binder ratios of 0.40, 0.50, and 0.60, incorporating 10% and
15% rice husk ash as a cement replacement. They reported that at a
water/binder ratio of 0.40, slump reductions were 22.5% and 37.5% for
10% and 15% rice husk ash, respectively. For a water/binder ratio of
0.50, the reductions were 16.1% and 35.5%, and for 0.60, the reductions
were 10.5% and 24.2%. The study recommended using water-reducing
admixtures to achieve workability comparable to control mixes. In terms
of compressive strength, Siddika et al. [32] noted a decrease in flexural
strength with the addition of 10% and 15% rice husk ash at all tested
water/binder ratios. The reductions were 6.9% and 24% at a water/-
binder ratio of 0.40, 8.6% and 24.6% at 0.50, and 16.6% and 27.7% at
0.60. Similarly, Noaman et al. [33] studied composites with rice husk
ash replacing 0%, 10%, 15%, 20%, and 25% of cement at water/binder
ratios of 0.45, 0.50, and 0.55. They observed a slight improvement in
compressive strength at a 10% replacement ratio, but higher ratios led to
reduced strength. Flexural strength also decreased by 10.8%, 15.4%,
21.5%, and 27.7%, with rice husk ash replacement ratios of 10%, 15%,
20%, and 25%, respectively. The study recommended using lower pro-
portions of rice husk ash to improve compressive strength.

Zareei et al. [34] observed improvements in compressive strength
when rice husk ash was used to replace cement at varying levels: 2.1%
for 5%, 4.2% for 10%, 11.0% for 15%, 11.9% for 20%, and 6.9% for

Fig. 2. The classification of SCMs.
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25%. This enhancement is attributed to the pozzolanic reaction, high
specific surface area, and reactive silica content of rice husk ash. Bie
et al. [35] studied the effect of different burning conditions on rice husk
ash’s impact on compressive strength. They found that rice husk ash
produced at 600 ◦C improved compressive strength, whereas ash pro-
duced at 700 ◦C decreased it compared to the reference sample without
rice husk ash. It was concluded that burning at approximately 600 ◦C is
optimal, yielding rice husk ash with a high specific surface area and
amorphous SiO2, while higher temperatures may leave more residual
carbon. Rice husk ash also influences flexural strength in cementitious
composites. Ash produced at 600 ◦C for 1 h increased flexural strength
by 8.4%, 12.5%, and 6.5% for 5%, 10%, and 20% replacement ratios,
respectively. When produced at 600 ◦C for 2 h, the flexural strength
increased by 6.6%, 22.0%, and 18.4% for the same replacement ratios.
Ash produced at 700 ◦C for 1 h led to a 5.2% decrease in flexural strength
at a 5% replacement ratio, but at 10% and 20%, the flexural strength
increased by 35.5% and 47.7%, respectively. These improvements are
attributed to the small particle size and pozzolanic properties of rice
husk ash. In conclusion, while higher replacement ratios of rice husk ash
can detrimentally affect the mechanical properties of cementitious
composites, lower replacement ratios are beneficial and improve these
properties.

Incineration waste powder is particularly effective in reducing car-
bon emissions in cement-based composites. This approach leverages the
pozzolanic properties of incineration waste powder to partially replace
Portland cement, thus lowering the overall carbon footprint associated
with cement production. Meanwhile, municipal solid waste incineration
(MSWI) fly ash, a hazardous waste from incineration plants, can be
effectively recycled into eco-friendly binders through flue gas-enhanced
wet carbonation treatment. This process not only immobilizes poten-
tially toxic elements and sequesters CO2 but also produces binders with
significantly higher compressive strength and reduced carbon emissions
compared to traditional cement-based binders, highlighting its potential
in sustainable construction and waste management [36].

Furthermore, industrial incineration waste rich in silicates and alu-
minates shows great potential in the preparation of alkali-activated
cementitious materials. These materials undergo a chemical activation
process using alkaline solutions, forming a stable three-dimensional
aluminum silicate network. This network not only enhances the me-
chanical properties and durability of the composite but also provides a
new pathway for the preparation of effective, sustainable building ma-
terials without the use of traditional cement [27]. Integrating these in-
dustrial by-products into cementitious composites addresses multiple
environmental issues. It not only reduces the amount of waste sent to
landfills but also lowers the risk of soil and water contamination and
reduces greenhouse gas emissions associated with traditional cement
production. The development and application of alkali-activated mate-
rials from incineration waste exemplify the circular economy concept,
where waste materials are continuously repurposed, thus minimizing
environmental impact and promoting sustainability in the construction
industry. Meanwhile, research and development of SCMs from agricul-
tural waste is also gaining significant popularity due to prevalent
physical properties and the availability of waste materials in abundance.
With the expansion of agricultural production, the generation of more
agricultural waste could result in pressure on the management of agri-
cultural waste and a potential risk of environmental problems. Partial or
full reuse of agricultural waste and by-products in the development of
construction materials is a viable interim solution to reduce agricultural
waste and also minimize the extraction of virgin construction raw ma-
terials [7].

With urbanization and rapid urban renewal, a large amount of con-
struction waste is generated due to the demolition of abandoned
buildings. An investigation revealed that up to 80% of building and
construction waste can be recycled for use in new construction projects.
Materials like waste concrete, bricks, and glass can be repurposed as raw
materials, offering a sustainable construction approach [37]. C&Dwaste

is divided into two main categories: human-made resources and
natural-made resources. Human-made resources include construction
residues, construction sludge, construction waste, demolition waste, and
decoration waste. Natural-made resources include disaster sites after
earthquakes, floods, hurricanes, and tsunamis [38,39]. The construction
waste originating from high-rise and infrastructure buildings may result
in a considerable amount of construction materials being wasted at the
construction site due to improper disposal [40–42]. Therefore, devel-
oping C&D waste recycling strategies to reduce the negative impacts of
waste is an important way to achieve a sustainable construction
industry.

Recently, nanoparticles derived from plant extracts and agro-wastes
have attracted consideration as supplementary cementitious materials
in cement-based construction materials owing to their environmental
friendliness, cost-effectiveness, and low energy consumption [43].
Ainomugisha et al. [43] conducted a scientometric analysis and
comprehensive review of 56 studies from 2005 to 2023, sourced from
Web of Science, Scopus, PubMed databases, and gray literature. The
review revealed that various agro-based nanoparticles, particularly
nano-silica particles, show significant potential as supplementary
cementitious materials. These nanoparticles notably enhance the
microstructure of cementitious materials, making them denser, more
microporous, and reducing cracks, while increasing the presence of
C–S–H hydration products. This leads to improved quality of
cement-based construction materials. The review concluded that
agro-based nanoparticles enhance the performance properties of
cementitious materials, including strength, microstructure, and dura-
bility, except for rheological properties. Optimal benefits are observed at
low dosages (up to 5%), while higher proportions can be detrimental.
Among the reviewed studies, the highest recorded improvements
included a 92.5% increase in compressive strength at 28 days with 4%
nano rice husk ash in high-strength control, a 211.1% rise in tensile
strength using 10% nano palm oil fuel ash in mortar, and a 61% increase
in flexural strength in ultra-high-performance composites.

Three types of agricultural waste— pineapple leaf, banana rachis,
and sugarcane bagasse—have been utilized for isolating nanocelluloses.
Among these, sugarcane bagasse has demonstrated superior perfor-
mance in terms of crystalline index, thermal stability, substrate
complexity, and crystal uniformity [44]. Nanocelluloses show promising
potential as reinforcement materials in cement. The addition of 0.15%–
0.2% cellulose nanofibers to cement paste enhances both its flexural and
compressive strength [44,45]. In related research, incorporating 0.2%
by weight of cellulose nanofibers was found to significantly increase the
formation of calcium-silicate-hydrate gel within the cement matrix,
resulting in a strength increase of 42–45% compared to traditional
cement mortar [46]. Additionally, cellulose nanofibers improve me-
chanical properties by 15–25% and enhance flexural toughness by up to
74% [47].

Bacterial nanocellulose has also been used to improve fiber-cement
composites’ mechanical properties and maximum hydration tempera-
ture [48]. Nanocelluloses in cementitious materials improve hardening
and bonding strength, reduce fiber pull-out, and decrease shrinkage.
They aid in bridging microcracks, enhance fiber-matrix interaction,
protect the fiber lumen from mineralization, accelerate hardening near
the nanocelluloses surface, and reduce autogenous shrinkage [49]. The
inherent characteristics of nanocelluloses, such as high surface area,
high tensile strength, high aspect ratio, and elastic modulus, positively
influence their interaction with cementitious materials [50]. The high
crystallinity index of nanocelluloses increases the compressive strength
of cementitious materials and helps eliminate pores formed during hy-
dration. Their hydrophilic nature and highly reactive surface act as
nucleation sites for early-stage cement hydration, leading to the for-
mation of more homogeneous and compact microstructures [51].
Additionally, their superior water adsorption capacity allows them to
function as water reservoirs, gradually releasing water in dry conditions
to sustain hydration, which further refines pores and seals microcracks

L. Chen et al.
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[51]. Due to their high aspect ratio, nanocelluloses also help capture the
spread of microcracks and enhance stress transfer at the cementitious
material–nanocelluloses interface [51].

Nanocelluloses have garnered significant interest from the scientific
community as materials for 3D printing. This technology allows for the
production of items without the need for dies and casting forms,
resulting in less waste material. It is highly energy-efficient and operates
using air pressure rather than heat [52]. Various strategies for incor-
porating nanocellulose composites in 3D printing, highlight their envi-
ronmental applications [53]. Another study noted that nanocelluloses
hold great promise as renewable, biocompatible, and functional
strengthening agents in 3D-printed components [54]. Additionally,
3D-printed nanocelluloses have been investigated for use in electro-
chemical devices and energy [55]. Films made from graphene- and
nanocellulose-based pastes and inks, known for their high chemical
stability, have been employed in creating liquid-phase electronic devices
[56].

In conclusion, the incorporation of nanoparticles, especially nano-
celluloses derived from agricultural wastes, significantly enhances
construction materials. These nanoparticles improve cement’s strength,
durability, and microstructure, with notable benefits observed from
sugarcane bagasse. Cellulose nanofibers boost flexural and compressive
strength, aid in forming calcium-silicate-hydrate gel, and improve me-
chanical properties. Nanocelluloses also enhance bonding strength,
reduce shrinkage, and act as nucleation sites for cement hydration,
creating more compact microstructures and aiding in sustained hydra-
tion. Their application in 3D printing offers energy-efficient, waste-
reducing solutions, making them valuable for sustainable construction
and advanced electronic devices.

3.2. Natural and renewable-based sustainable construction materials

Natural plant materials or fibrous materials derived from plants are
emerging as modern construction raw materials due to their sustain-
ability and rapid growth. Bamboo, for example, matures for construction
purposes within just 4–6 years, making it a highly sustainable option
[57]. These plant-based materials are widely acknowledged for their
environmentally friendly attributes and sustainability [17].

Additionally, animal hair, such as sheep’s wool, is finding use as a
sustainable construction material, particularly for thermal insulation in
buildings or as a fiber material to enhance the mechanical properties of
building components [58]. Natural wool materials offer an effective
alternative to traditional acoustic materials, boasting reduced produc-
tion costs and environmental benefits [20]. Utilizing sheep’s wool and
textile waste cotton as raw materials can improve the acoustic perfor-
mance of construction materials, aligning with sustainability goals.
Sheep’s wool, in particular, offers notable advantages such as high
strength, toughness, and elasticity, making it a sought-after material in
the construction industry [59].

In terms of renewable resources, rammed earth is once again a viable
and environmentally friendly construction option, as it is reusable [60].
Compared to other building materials, rammed earth consumes signifi-
cantly less energy and produces lower greenhouse gas emissions. The
raw materials for rammed earth can also be sourced locally with mini-
mal preparation or handling, further reducing its environmental impact
[21]. Ciancio and Beckett [61] found through their investigation of
rammed earth construction projects that using locally sourced materials
for rammed earth construction significantly reduces environmental
impact compared to sourcing and transporting materials from distant
locations. Compared to typical concrete houses, the energy consumed in
transportation for rammed earth houses can be reduced by 85%. Addi-
tionally, the embodied energy of rammed earth structures is reduced by
62% compared to reinforced concrete framed structures and by 45%
compared to fired clay brick masonry and reinforced concrete solid slab
construction. All of these SCMs have the characteristics of sustainable
materials mentioned in the previous section: low health impact, energy

efficiency, and renewability. In this paper, different types of SCMs were
selected for specific investigation and analysis, as shown in Table 1.

4. Characteristics of sustainable construction materials

Determining the sustainability of a material typically requires a
multifaceted assessment. It’s crucial to acknowledge that no material
can have a net zero impact on the environment. However, it’s feasible to
evaluate a material based on its characteristics to ascertain its sustain-
ability. An ideal SCMs should be environmentally friendly, cost-
effective, and offer social benefits. This section delves into the charac-
teristics of SCMs concerning health impacts, energy efficiency, and the
use of renewable resources (Fig. 3).

4.1. Low impact on health

Conventional building materials are a major source of indoor air
pollutants, and their impact is very broad, extending from indoors to
outdoors, thus affecting human health and safety. Specific health impact
indicators include indoor air quality (such as concentrations of volatile
organic compounds, formaldehyde, and particulate matter PM2.5 and
PM10), toxicity levels (such as the presence and concentration of heavy
metals, asbestos, and lead), allergen levels (such as substances that can
trigger asthma or other respiratory issues), microbial growth (such as
the growth of mold and bacteria), and thermal comfort (such as the
impact of materials on the indoor thermal environment). Thomas et al.
[80] revealed the irreversible damage non-sustainable construction
materials may cause to human health, emphasizing the urgent need for a
shift towards more environmentally friendly materials. In response,
Mardani et al. [81] proposed that sustainable construction materials
incorporate non-toxic, natural, and organic components, significantly
reducing overall impacts on human health. These materials demonstrate
positive ecological and health effects throughout their life cycle,
including stages of resource acquisition, production, use, processing,
disposal, and recycling. Moreover, research by Bheel et al. [66] high-
lighted the particularly beneficial impact of plant-derived cellulose in
sustainable building materials on human health. This finding not only
emphasizes the health benefits of natural materials but also promotes
the broader application of renewable resources. Simultaneously, Aneke
and Shabangu [8] emphasized that recycling waste plastics and con-
struction debris as building materials can mitigate health risks and push
the construction industry towards more sustainable practices. Specif-
ically, SCMs based on bamboo and wood have been proven to have a
direct positive impact on human health and safety [58,82]. These
studies underscore the potential of natural plant materials in improving
indoor and outdoor air quality, enhancing the quality of living envi-
ronments, and promoting healthy living.

Overall, the importance of integrating SCMs into modern building
practices lies not only in the fight against growing environmental
problems but also in their positive contribution to enhancing public
health and safety. As the impact of environmental pollution on human
health becomes more prominent, the negative effects of traditional
building materials are increasingly recognized. In addition, a shift is
urgently needed, and SCMs offer the possibility of such a shift. By
introducing non-toxic, environmentally friendly and recyclable mate-
rials, not only can the construction industry reduce its reliance on and
consumption of natural resources, but it can also minimize the negative
impacts on the environment and human beings throughout a building’s
life cycle. In addition, the use of SCMs promotes the recycling of waste
materials, which not only helps to reduce the pressure of construction
waste on the environment but also provides a way to create a healthier
living environment.

4.2. Energy efficiency

In an in-depth analysis of how SCMs contribute to energy efficiency

L. Chen et al.
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in buildings, we recognize that their benefits extend beyond only
reducing energy consumption during construction. More importantly,
SCMs optimize the overall energy management of a building through the
innovative use and efficient recycling of waste resources, resulting in
significant improvements in energy efficiency. This approach not only
responds to the principles of the circular economy but also provides a
practical path for the sustainable development of the construction

industry. Firstly, through the reutilization of industrial, construction,
and agricultural waste, SCMs diminish the dependency on virgin re-
sources and simultaneously reduce the energy demand in the material
production process. Studies have indicated that the employment of in-
dustrial waste as a supplementary cementitious material can achieve up
to a 30%–70% reduction in energy consumption during production and
approximately a 25%–40% decrease in CO2 emission [10,15,83]. This

Table 1
Types of SCMs.

Classification of SCMs Types of SCMs Available of SCMs Main application areas of SCMs References

Waste materials Cork The waste from cork oak (Quercus suber) trees, which are
grown in the Mediterranean

■ Insulation board
■ Acoustic panels
■ Green vertical systems
■ Electrical conductivity

[62–64]

Straw bales Agriculture waste ■ Insulation board
■ Partial replacement of cement

[65,66]

Recycled plastic The solid waste from urban, plant, and construction ■ Constituent materials in composite mortar
and concrete

■ Green, efficient masonry bricks

[8,67]

Precast concrete Prefabricated component factory ■ Structural frame
■ Slab
■ Wall

[2,68]

Ferrock The waste from iron industries ■ Greener substitute for cement [69]
Timbercrete Extracted sawdust from the agricultural waste ■ Architecture elements

■ Replacement of fine aggregate
[70,71]

Terrazzo Made with an epoxy resin, which ■ Flooring
■ As a cementing material to enhance the

performance of concrete

[72,73]

Natural and renewable
materials

Bamboo Bamboo forest land ■ Trusses/roof
■ Walls
■ Flooring
■ Foundation
■ Scaffolding

[57]

Sheep’s wool Obtained from sheep ■ Insulation board
■ Acoustic panels
■ Moisture absorption
■ Partial replacement of cement

[20,58,
59]

Rammed earth Obtained from compacting soils ■ Structural elements [60,74]
Hempcrete Extracted hemp fiber from plants ■ Insulation board

■ Acoustic panels
[8,75]

Plant-based rigid
polyurethane foam

Extracted from plants ■ Insulation board
■ Acoustic panels

[76,77]

Mycelium Obtained from natural biological process ■ Insulation board
■ Acoustic panels

[78,79]

Fig. 3. The main factors that make SCMs enhance human health, energy efficiency, and renewable resources.
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data not only highlights the contribution of SCMs towards energy con-
servation and emission reduction but also underscores their potential to
enhance the efficiency of building material production.

Moreover, the integration of animal and plant fibers into construc-
tion materials not only augments their thermal insulation capabilities
but also enhances their structural stability. The use of animal fibers, such
as sheep’s wool, as natural thermal insulation materials has been shown
to significantly improve the thermal efficiency of buildings. Research
indicates that incorporating sheep’s wool as insulation can substantially
enhance the thermal performance of buildings [20,84]. The application
of these natural insulating materials not only diminishes the reliance on
fossil fuels but also contributes to a healthier andmore sustainable living
environment within buildings. Meanwhile, Xia et al. [85] conducted a
study that recycled iron-rich industrial waste into radiation-shielding
functional composites, significantly enhancing compressive strength
and gamma-ray shielding capability while minimizing health impacts
due to reduced toxic emissions. This sustainable approach lowers carbon
emissions and energy consumption by over 60%, offering a low-cost,
eco-friendly solution for industrial waste management and promoting
zero-waste cities and a circular economy.

Therefore, the integrated application of SCMs plays a crucial role in
promoting the construction industry towards a more energy-efficient,
environmentally friendly and efficient development. By effectively uti-
lizing renewable resources, enhancing the performance of building
materials, and implementing energy-efficient building design strategies,
SCMs provide effective solutions to current environmental issues and
energy crises. These practices not only help to mitigate over-reliance on
and consumption of natural resources and reduce energy demand during
the building process and use phase but also directly combat the negative
impacts of climate change by reducing greenhouse gas emissions. At the
same time, the application of SCMs promotes technological innovation
in the construction industry, laying a solid foundation for the long-term
sustainable development of the construction industry by improving the
recycling rate and life cycle efficiency of materials.

4.3. Renewable resources

The search for sustainable and renewable resources is increasingly
becoming a focus of research within the current field of construction
materials. In particular, resources such as agricultural residual ash, in-
dustrial and construction wastes as supplementary cement material have
received much attention due to the remarkable reactivity, cost-
effectiveness, and ease of accessibility they exhibit in concrete mix-
tures [80,86]. These properties not only mitigate the reliance on con-
ventional cement but also promote the efficient utilization of waste,
thereby reducing the overall environmental footprint of the construction
industry. Further, Maraveas [1] stated that the use of renewable re-
sources, such as agricultural residual ash in construction materials,
effectively slows down the rate of depletion of non-renewable resources,
which not only optimizes the recycling of resources but also contributes
positively to ecosystem conservation. More importantly, these wastes
also have renewable properties and have the potential to be a more
renewable resource as long as these powdery wastes are subjected to
appropriate treatment processes (crushing, grinding, activation, and
others) [87–89].

Furthermore, the application of renewable technologies extends to
the development of new sustainable building materials, such as
mycelium-based materials [90–92]. Such materials not only exemplify
the potential of renewable materials technologies for application in
building practice but also open up a whole new category of materials
science that combines biological principles with engineering design and
pushes the boundaries of building materials innovation [93,94].

Thus, the application of renewable and sustainable resources to the
research and development of building materials not only provides the
construction industry with an effective way to minimize environmental
impacts and conserve natural resources but also promotes technological

innovation and collaboration within interdisciplinary fields. This prog-
ress indicates that through in-depth research and application of
renewable technologies and resources, the development of sustainable
building materials is expected to provide a solid scientific foundation
and technological support for the realization of more environmentally,
economically, and socially sustainable building practices.

5. Engineering performances of sustainable construction
materials

The importance of a stable supply of materials should be considered a
crucial factor in the evaluation of new building materials. Ensuring a
stable and reliable supply of materials is essential for various reasons. It
supports the long-term sustainability of construction practices by pre-
venting resource depletion and ensuring continuous availability. This
stability is vital for maintaining the balance between supply and de-
mand, thereby avoiding potential shortages that could disrupt con-
struction projects. The stability of material supply also plays a critical
role in maintaining economic stability within the construction industry.
Supply fluctuations can lead to price volatility, increasing construction
costs and extending project timelines. Economic predictability is crucial
for effective project planning and execution. Transporting materials
over long distances can significantly impact the environment. By
sourcing materials locally or regionally, a stable supply chain can reduce
the carbon footprint associated with transportation, thus promoting
more sustainable construction practices. Furthermore, consistent quality
and performance of building materials are imperative for meeting con-
struction standards and safety requirements. A reliable supply ensures
that these standards are upheld throughout the construction process by
providing consistent access to high-quality materials. Therefore, the
stable supply of materials is a fundamental prerequisite for discussing
their engineering performance, directly influencing the practical appli-
cation and sustainability of building materials.

Concrete is the most widely used building material in construction
projects; therefore, incorporating SCMs into concrete mixing and
proportioning design is particularly crucial for achieving sustainable
development within the construction industry. It is essential to reduce
the environmental pollution and health hazards associated with con-
ventional concrete materials while maintaining the practical perfor-
mance of concrete. This includes ensuring that the strength design
values and workability of the concrete meet industry requirements.
When replacing traditional components such as cement, sand, and ag-
gregates with various SCMs, it is vital to carefully consider their impact
on the workability and strength performance of the concrete. This ho-
listic approach not only addresses environmental and health concerns
but also ensures that the resulting concrete remains functional and
reliable for construction purposes [73,95,96]. Meanwhile, in the actual
use of the building, the thermal insulation performance of the building
and the sound insulation performance are also important considerations
in engineering performance [63,65,75]. A building with good thermal
insulation can reduce energy consumption during actual use and thus
further improve sustainability [78]. At the same time, the performance
of the building in terms of acoustic insulation will largely determine the
quality of life of the people living in the building [20]. Hence, in the
engineering performance section, four main benchmarks are proposed
to assess the engineering performance of the popular SCMs, as shown in
Table 2.

6. Sustainability performance of sustainable construction
materials

Most traditional construction materials have been developed from
the practical value of the material itself, for example, its mechanical
properties such as high strength, high durability, and high suitability.
However, material sustainability has been neglected, thus consuming
large amounts of non-renewable energy and releasing toxic gases [106,
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Table 2
Engineering performances of selected SCMs.

Type of SCMs Workability Strength Thermal insulation Acoustic insulation References

Bamboo ● Bamboo fibers can
reduce the workability
of concrete

● The tensile strength is almost
equal to steel. The ultimate
tensile strength of bamboo
varies between 140 MPa and
280 MPa.

● Bamboo fibers can effectively
enhance the mechanical
properties of concrete.

No contribution No contribution [57,
97–100]

Cork ● Workability and plastic
viscosity are
significantly reduced

● Under different curing methods,
the cork-cement composite ma-
terial was cured in water for 14
days and then air-cured to obtain
the highest compressive strength
due to water contained in the
cork composite to continue
hydration.

● Thermal conductivity is very
low, and the thermal
conductivity of samples in water
and air are 0.46 and 0.38 W/(m-
k), respectively.

● Excellent sound absorption
performance

[62,63]

Straw bales ● The content of straw
fiber increases, and the
workability of concrete
decreases.

● Under the condition of curing for
28 days, when the amount of
straw fiber added is 0.50%, the
compressive, splitting, tensile,
and flexural strengths are
increased by 32.88 MPa, 3.80
MPa, and 5.30 MPa, respectively

● Straw bales can be a good way
to enhance the thermal
insulation of building materials.

● Good performance in terms of
acoustic properties.

[65,66,
101]

Recycled plastic ● The number of recycled
waste plastic particles
increases, its
workability decreases.

● The test results show that as the
number of recycled waste plastic
particles increases, its
compressive strength decreases.

● The thermal conductivity of
conventional concrete is 1.7 W/
mK, whereas that of recycled
plastic aggregate concrete
ranges from 1.1 to 0.5 W/mK,
indicating better thermal
insulation.

● Recycled plastic has improved
acoustic insulation

[42,67,
102,103]

Recycled wood ● High construction
convenience and strong
workability.

● Recycled wood is characterized
by high strength per weight and
ease of use

● Particleboard based on recycled
wood achieves a higher porosity
and provides better insulation
properties (11.7% reduction in
thermal conductivity)

● The use of recycled wood in
the building has a good sound
insulation effect.

[82,104]

Recycled steel ● Recycled steel can
reduce the workability
of concrete

● The addition of recycled steel
fibers increases the fatigue
strength of concrete by 50%–
65%.

No contribution No contribution [96]

Plant-based
rigid
polyurethane
foam

● Polyurethane foam has a
certain ease of
construction

● The porosity (>90%) also shows
that the chemical treatment
increases the interfacial
adhesion between the foam filler
and the polyurethane matrix.
The compressive strength has
increased by about 20%.
Similarly, the impact strength
and flexural strength have also
increased by 48% and 6%,
respectively.

● The polyurethane foam cell size
is small, the closed cell rate is
higher, and it has good heat
insulation performance.

● Polyurethane foam is widely
used in architectural acoustics,
and it can effectively reduce
noise pollution.

[77,105]

Sheep’s wool ● Concrete with a wool
fiber content of less than
5% has a lower capillary
absorption rate and
good workability.

● Compared with ordinary
Portland cement concrete, its
compressive and flexural
strength is higher.

● Better thermal conductivity of
concrete with sheep wool fiber

● The wool-based material has
good sound absorption perfor-
mance, and the sound absorp-
tion coefficient value is greater
than 0.7 in the frequency range
of 800–3150 Hz.

[20,59]

Rammed earth ● In-situ material
sourcing, convenient
and fast construction.

● The compressive and tensile
strength of concrete can be
increased by up to 20%.

No contribution No contribution [21,74]

Hempcrete ● Needs to addmore water
to ensure workability

● Because of its poor compressive
strength, it cannot be used as a
load-bearing material for load-
bearing wall structures.

● Good thermal insulation
performance and can be used as
the filling material and thermal
insulation material of the
structural frame.

Good sound insulation
performance

[8]

Mycelium No contribution ● The study found that the chitin-
glucan extract extracted from
the mycelium has quite a strong
mycelial binder (tensile strength
can reach 25 MPa, and the ten-
sile strength of the fruit body
extract can reach 200 MPa

● The plant fiber bundled with
mycelial growth has low
thermal conductivity
(0.04–0.08 W/m-K), which
makes it an excellent thermal
insulation material.

● Mycelium itself is an excellent
sound absorber, showing
strong inherent low-frequency
absorption (<1500 Hz)

[78,91]

Ferrock ● Ferrock decreases the
workability of concrete
with increasing dosage.

● 8% cement replacement has the
best mechanical strength

No contribution No contribution [69]

(continued on next page)
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107]. As the world continues to advance towards sustainable develop-
ment goals, sustainable building materials are surfacing in the con-
struction industry, which can effectively reduce resource consumption,
waste emissions, and environmental loads and promote waste recycling.
In addition, sustainable building materials are also environmentally,
economically, and socially sustainable and are an effective measure to
achieve carbon neutrality in the construction industry [9,12].

Climate change, human toxicity, and solid waste are the leading
indicators for assessing the environmental benefits of materials for
sustainable construction [9,27]. The construction industry is also paying
more attention to controlling these three categories of indicators to save
energy, reduce climate change and human impact, and reduce solid
waste generation as development objectives to promote sustainable
construction continuously [108]. Climate change refers to the change in
global temperature caused by the greenhouse effect resulting from the
release of ‘greenhouse gases’ such as carbon dioxide from human ac-
tivities [109,110]. Previously, the scientific consensus was that these
increased emissions were having a clear impact on the climate.
Increased global temperatures are expected to lead to climate disrup-
tion, desertification, sea-level rise, and spreading. Human toxicity aims
to quantify the extent to which a particular substance causes damage to
living organisms [111]. Toxicity is assessed based on acceptable con-
centrations in air and water, daily intake, and guidelines for acceptable
human toxicity intake. Solid waste represents the environmental prob-
lems associated with the loss of resources implied by the final disposal of
waste and any waste disposed of in landfills or incinerated without en-
ergy recovery [112,113]. The solid waste generated by construction
materials, the application of materials, the disposal of demolished
structures, and the solid waste generated by construction materials is
enormous.

Hence, certain authors have undertaken studies to evaluate the
environmental impact of various SCMs, aiming to assess their environ-
mental performance and promote their reuse or recycling. However,
despite these efforts, the widespread adoption of these materials for
sustainable construction remains limited, often confined to experi-
mental and laboratory stages in specific cases [114]. This section pro-
vides a summary of the environmental impacts associated with these
SCMs, examining whether each SCMs aligns with the three categories of
environmental benefit impact indicators outlined in Table 3.

The ten types of SCMs listed in Table 3 present a dual role, as they
have both negative and positive contributions to achieving environ-
mental benefits. Some SCMs possess the capacity to mitigate the con-
sequences of the global climate, humanwell-being, and the management
of solid waste. Distinct material categories yield diverse ramifications
upon the environment, yet they collectively culminate in the pursuit of
sustainability. While it remains true that a trifecta of pivotal benchmarks
fails to encapsulate the entirety of each SCMs’ essence, the scrutiny
delineated within Table 3 presents a compendium of the majority of
SCMs, chronicling their ecological merits. This exposition underscores
the evolution of SCMs as a conduit toward the realization of urban
centers characterized by enduring ecological equilibrium, concurrently
assuaging the adversities posed by the escalating specter of global
temperature elevation [131]. Therefore, future research is needed to
optimize the study of SCMs by showing how each type of SCMs achieves
sustainable development goals and rationalizes the selection and use of
SCMs according to environmentally beneficial goals and material

targets.
Additionally, it is important to consider not only the environmental

sustainability of SCMs but also their cost-effective [132]. Economic
factors relate to the cost and benefit aspects of SCMs, such as the initial
investment in the material, the benefits, and the payback time. When
new construction materials or technologies are introduced into the
construction industry, the economic factor is usually one of the primary
considerations of the owner [133]. The use of SCMs can improve the
environment’s performance, enhance the image of the construction in-
dustry, and create more jobs for society [133]. However, if the initial
investment cost of SCMs is substantial and the payback period is pro-
longed, it can greatly influence the adoption of SCMs by owners and
financial institutions. Hence, the consideration of SCMs extends beyond
their environmental suitability to ensure cost-effectiveness as well
[134]. Table 4 presents a summary of the economic benefits analysis of
various SCMs, serving as a valuable reference for investors, owners, and
users.

The economic and cost-effectiveness of SCMs across various project
types in India, Egypt, the USA, Australia, and Pakistan are outlined in
Table 4. The analysis shows that, except for terrazzo, timber, and steel
fiber, most sustainable materials provide economic efficiency benefits.
Financial assessments vary, some calculating costs for an entire building
and others per building unit, encompassing materials derived from
experimental studies and computer simulations throughout a building’s
life cycle. It can be concluded that bamboo-reinforced prefabricated
walls are more cost-effective and stronger than traditional walls in India
[57]. Constructing walls with straw bale directly reduces costs [157].
The application of recycled PET bottles in housing results in consider-
able savings per unit [158]. In Egypt, using rammed earth for walls
significantly reduces costs compared to conventional methods [137].
However, in the USA, wood construction is slightly more expensive than
concrete [139]. Life-cycle cost analysis indicates that terrazzo flooring is
the most expensive among commercial options [159]. Ferrock, as an
alternative to traditional cement, proves cost-effective in experiments
[160]. In Australia, sourcing mycelium composites for raw materials is
relatively inexpensive [140]. Conversely, in Pakistan, steel
fiber-reinforced pavements do not offer economic benefits in enhancing
the mechanical efficiency of concrete compared to glass and poly-
propylene fibers [141].

The costs associated with SCMs are influenced by building design,
site selection, local labor costs, material additives, repairs, maintenance,
and other factors, making it challenging to derive clear economic ben-
efits from a single material [161]. The use of sustainable materials not
only contributes to societal benefits [162], but also supports the
advancement of green building theories and the application of life cycle
theories in construction, significantly altering attitudes and practices
[163]. Furthermore, sustainable materials play a crucial role in the
interdisciplinary development of sciences, contributing to the explora-
tion of natural laws and the construction of resource-efficient societies
globally [164]. A resource-saving society optimizes resource use in
production, distribution, and consumption to maximize economic and
social benefits and achieve sustainable development [165]. The con-
struction industry’s shift towards innovative materials and SCMs aligns
with global sustainable development goals [166]. However, the social
sustainability of sustainable materials like bamboo [167], straw bales
[168], recycled plastic [169], and recycled wood [170] needs more

Table 2 (continued )

Type of SCMs Workability Strength Thermal insulation Acoustic insulation References

(compression, split tensile, and
bending tests) and sustainability.

Timbercrete ● Timber sawdust reduces
the workability of
concrete

● 5% timber sawdust can partially
replace the fine aggregate to
meet the strength requirements
and can be used for structural
purposes.

● Timbercrete board has good
thermal insulation performance.

● Good sound insulation
performance of timbercrete
board

[70,71]
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Table 3
Environmental performance of SCMs.

Type of
SCMs

Climate
change

Human
toxicity

Solid
waste

Key findings References

Bamboo ▴ ▴ ▴ Reduces the
climate’s carbon
dioxide by about
35% and releases a
large amount of
oxygen as it grows.
The surface of
bamboo has a
natural waxy layer
that reduces paint
use and reduces the
danger of paint to
human health.
Bamboo recycling
can be made into
bamboo fiber
composite
concrete, reducing
the disposal of solid
waste.

[115]

Straw
bales

▴ △ ▴ Usually burned
directly, releasing
toxic gases that
pollute the
environment. It can
be used in bricks
and walls, reducing
the release of
carbon dioxide. The
use of straw in
construction
reduces the need
for solid waste
disposal.

[116]

Rammed
earth

▴ N/A ▴ Rammed earth
materials have a
relatively low
environmental
impact and energy
content compared
to industrially
produced
materials. Earthen
materials are
elementary to
recycle and can be
re-used in new
buildings at a low
environmental
cost, which reduces
the need for climate
change and waste
disposal.

[117–119]

Hempcrete ▴ △ N/A The total amount of
carbon dioxide
absorbed by Hemp
during its growth is
greater than the
total amount
released when
used, but the
fertilizers and
pesticides that need
to be applied affect
human toxicity and
reduce climate
change as a
sustainable
material.

[120,121]

Recycled
plastic

▴ ▴ ▴ Waste plastics can
reinforce concrete,
improve waste
disposal, and

[122]

Table 3 (continued )

Type of
SCMs

Climate
change

Human
toxicity

Solid
waste

Key findings References

reduce the resource
consumption and
carbon emissions of
recycled plastic
fibers produced
through the
mechanical
recycling of plastic
waste.

Wood ▴ ▴ ▴ Trees sequester
carbon dioxide and
release oxygen
through
photosynthesis.
Sawdust and waste
wood can be
bioenergy recycled
to promote the
energy balance of
wood products and
reduce solid waste.

[123]

Mycelium ▴ N/A ▴ It can be used in
particleboard and
insulation.
Packaging
mycelium foam is a
natural and
renewable resource
that reduces carbon
dioxide emissions
and solid waste
disposal, making it
an ideal natural
alternative to
wood, lightweight
concrete, cork, and
plastic.

[79,124,
125]

Ferrock ▴ N/A ▴ With specific
treatment, it is an
excellent
condensing
material, ideal for
use in saline
environments.
When dry ferrock
absorbs and binds
large amounts of
carbon dioxide,
helping to trap
greenhouse gases
and reduce the
impact of climate
change.

[126–128]

Terrazzo ▴ N/A ▴ A product made of
crushed stone,
glass, quartzite, or
other aggregates
mixed into cement
bonding material
and then ground
and polished on the
surface, it can
effectively reduce
the disposal of solid
waste, and its reuse
can reduce the
release of carbon
dioxide.

[129]

Recycled
steel

▴ N/A ▴ Can be used as a
whole or partial
replacement for
commercial bulk
steel fibers in
cementitious repair
applications,

[130]

(continued on next page)
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focus to guide the global construction industry towards building a
resource-efficient society. Future assessments should strengthen the
evaluation of the social sustainability of mainstream sustainable build-
ing materials, providing crucial data for global sustainability efforts.

7. Environmental, social, and governance (ESG) impacts of
sustainable construction materials

Environmental, social, and governance (ESG) are the three key pil-
lars for evaluating an investment or project’s sustainability and ethical
implications. This section offers a concise overview of the SCMs covered
in this review, focusing on those derived roughly from natural sources
and industrial waste through ESG criteria (Table 5).

7.1. Natural materials

Natural materials such as bamboo, cork, straw bales, sheep’s wool,
rammed earth, and mycelium offer significant environmental benefits
by reducing carbon emissions, conserving energy, and minimizing
waste. These materials are considered renewable and biodegradable,
which helps reduce landfill waste and pollution. For instance, bamboo
grows rapidly and absorbs CO2 at a similar or even higher rate than
trees. Studies show that bamboo forests have a relatively high carbon
density, ranging between 169 and 260 tons of carbon per hectare of land
[171,172]. Similarly, cork harvesting supports carbon sequestration
from the atmosphere and green building development in the built
environment. Research has shown that the cork captures, on average, 5
tons of CO2 per hectare annually. Additionally, a cork tree with an
average diameter of 38 cm yields about 11 kg of cork over 10 years,
meaning that cork production can reach approximately 6590 kg per
hectare in 10 years [173]. These findings suggest a promising future for
CO2 storage in biomass and offer a new resource for green building
materials.

In the context of construction, these materials often deliver
outstanding benefits, including structural strength and safety [174] and
insulation [175], among others, resulting in significant energy savings
and enhanced durability of buildings [176]. Socially, natural materials
support rural economies by creating jobs and improving livelihoods
[177]. As indicated earlier, they enhance indoor air quality and overall
building safety, with studies indicating positive health impacts from
using natural materials in construction. Governance practices for natural
materials focus on sustainability, transparency, and adherence to stan-
dards [178,179] to enhance supply security and resource efficiency.
Industries using these materials should commit to environmentally and
socially responsible practices. This can be achieved by adhering to
specific regulations set by government authorities and industry stan-
dards [180].

7.2. Industrial and waste materials

Industrial and waste materials such as precast concrete, recycled
plastic, plant-based rigid polyurethane foam, recycled wood, recycled
steel, hempcrete, ferrock, timbercrete, and terrazzo play a crucial role in
construction sustainability. This is primarily achieved by applying
innovative and diverse material technologies and combining industrial
solid wastes to develop value-added engineering materials for con-
struction. For example, precast concrete [181] minimizes waste through
precise manufacturing in a factory setting, unlike onsite casting. It
frequently uses recycled materials, reducing the need for new resources.
Factory curing processes are more efficient in energy and time,
enhancing material quality and reducing carbon emissions. Precast
concrete enhances safety at construction sites by manufacturing off-site
and benefits communities by shortening construction periods and
decreasing disturbances. Building and environmental regulations, such
as ACI (American Concrete Institute) and LEED (Leadership in Energy
and Environmental Design) standards, govern precast concrete
manufacturing and construction to promote best practices. Using recy-
cled steel can cut energy consumption by about 70% and carbon emis-
sions by 60% compared to new steel production [182], significantly
lowering the carbon footprint. These materials help divert waste from
landfills and promote recycling industrial by-products, such as recycled

Table 3 (continued )

Type of
SCMs

Climate
change

Human
toxicity

Solid
waste

Key findings References

effectively
improving the high
carbon footprint of
the construction
industry and
reducing the
impact on climate
change and the
disposal of steel
waste.

Note: ▴ indicates positive impact. △ indicates a negative impact. N/A indicates
no mention.

Table 4
Economics performance of SCMs.

Project
description

Application
type

Country Economics
performance

References

Bamboo-
enhanced
prefabricated
wall panels

Wall India Offers cost-
effectiveness and
maintains strong
durability
compared to
partition brick
walls

[135]

Straw bale for
rural
residences

Wall India Achieves notable
direct cost savings
for wall
construction

[136]

Rammed earth
in modern
construction

Wall Egypt Costs a fraction of
traditional
construction
methods, providing
significant savings

[137]

PET bottles as
alternative
bricks
assessment

Brick India Using PET bottle
cells leads to
considerable
savings per house

[138]

Cost dynamics
analysis of
timber and
concrete

Building USA Timber
construction costs
slightly more than
modeled concrete
buildings

[139]

Economic
analysis of
engineered
mycelium
composites

Composite Australia Competitively
priced against
synthetic foams and
wood, mycelium
composites provide
a low raw material
cost

[140]

Economic
analysis of
concrete and
pavement

Pavement Pakistan Steel fiber is less
economical
compared to glass
and polypropylene
fiber

[141]

Life-cycle cost
analysis of
commercial
flooring

Flooring USA Terrazzo, rubber,
and ceramic tile are
among the most
expensive flooring
alternatives

[142]

Life cycle
assessment of
Ferrock and
Portland
cement

Materials USA Ferrock reduces
building time and
costs, enhancing its
desirability

[143]
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wood and timbercrete. Socially, they create jobs in recycling industries
and contribute to community well-being by reducing environmental
pollution [183]. Recycled products used in construction meet the same
quality standards as new materials, ensuring they comply with all codes
and standards, such as industrial by-products used in concrete. Using
recycled and waste materials can also boost a project’s market appeal
because of its higher sustainability profile, as shown by the life cycle
analysis.

8. Challenges and future outlooks

Currently, the construction sector consumes about 40% of the total
energy produced by human activity in industry, agriculture, and trans-
port [184]. As a result, many countries promote and implement sus-
tainable development, continuously improving all three aspects:
environmental, social, and economical. However, in analyzing and
aggregating SCMs, we found that the 15 most common materials were
progressively not analyzed in the three processes of engineering per-
formance, environmental, economic, and social analysis, as too few or
no researchers were currently working on this aspect. In addition, in the
individual analysis of each material, we found that only some of the
indicators for SCMs were analyzed through the researchers identifying
the most significant indicators for the material. These indicators were

carried out in terms of environmental, economic, and social aspects. On
the environmental aspect, the three key indicators for sustainable ma-
terials are human toxicity, climate change, and solid waste. On the social
aspect, adaptability, thermal comfort, local resources, and housing are
the four key social indicators for SCMs. On the economic aspect, the five
key economic indicators for SCMs are maintenance costs, operating
costs, initial costs, long-term savings, and longevity [185].

Furthermore, the majority of extant sustainable materials continue to
reside within the confines of laboratory experimentation, thereby
omitting comprehensive evaluation encompassing the trifecta of envi-
ronmental, societal, and economic dimensions. Consequently, a sub-
stantial proportion of SCMs remains entrenched in the nascent sphere of
laboratory investigation. Certain materials necessitate more exhaustive
scrutiny of human toxicity, enduring cost benefits, maintenance ex-
penditures, habitation considerations, and other pivotal benchmarks, as
illustrated in Fig. 4. It is worth noting that the methodology for
analyzing the sustainability indicators of SCMs draws directly from the
cited references, using an established integrated assessment methodol-
ogy, and these indicators include environmental, economic, and social
aspects [9,27,185]. In addition, in order to clearly demonstrate the
current research status of the mainstream 15 SCMs, Table 6 systemati-
cally marked the performance of these materials in terms of engineering,
environmental, economic, and social perspectives with a checkmark (✓)

Table 5
listing the ESG impacts of each of the sustainable construction materials in review.

Material Environmental Social Governance References

Bamboo ● Renewable, fast-growing
● Absorbs CO2

● Improves soil

◆ Supports rural economies
◆ Safer, easier construction
◆ Improves indoor air quality

■ Regulated to ensure sustainability
■ Adheres to building codes and environmental

regulations

[57]

Precast concrete ● Reduces waste through
manufacturing

● Incorporates recycled materials
● Energy-efficient production

◆ Improved construction safety
◆ Enhances building safety
◆ Reduced construction time

■ Adheres to building codes and environmental
regulations

[144]

Cork ● Renewable and biodegradable
● Carbon sequestration

◆ Improves indoor air quality and acoustic
insulation

◆ Supports rural economies

■ Regulated to ensure sustainability
■ Adheres to building codes and environmental

regulations

[145]

Straw bales ● By-product of agriculture,
reducing waste

● Carbon sequestration

◆ Reduces building costs
◆ Reduced environmental footprint

■ Regulated to ensure sustainability
■ Adheres to building codes and environmental

regulations

[146]

Recycled plastic ● Reduces plastic waste
● Conserves energy compared to

new plastic

◆ Supports local economies
◆ Reduced environmental pollution

■ Regulations ensure product quality and safety
■ Compliance with standards

[147]

Recycled wood ● Reduces deforestation, waste, and
emission

● Conserves energy

◆ Supports sustainable forestry and local
economies

◆ Reduced waste and resource conservation

■ Adherence to building codes and
environmental regulations

[148]

Recycled steel ● Cuts energy use and carbon
emission

● Minimizes waste

◆ Provides jobs and economic benefits
◆ Reduced environmental impact

■ Follows recycling and production regulations
■ Compliance with industry standards

[149]

Plant-based rigidp
olyurethane
foam

● Renewable materials,
● Biodegradable, less toxic

◆ Safer handling and installation
◆ Improves indoor air quality
◆ Energy-efficient buildings

■ Adheres to environmental regulations and
standards

[150]

Sheep’s wool ● Renewable and biodegradable
● Excellent insulation
● Low environmental impact

◆ Supports rural communities ■ Compliance with environmental and
industrial standards

[151]

Rammed earth ● Uses natural materials
● Low carbon footprint
● Locally sourced materials

◆ Supports local economies ■ Building codes ensure safety and
sustainability

[152]

Hempcrete ● Made from renewable hemp fibers
● Sequesters carbon

◆ Supports rural economies
◆ Improved indoor air quality and comfort

■ Compliance with environmental and
industrial standards

[153]

Mycelium ● Biodegradable
● Low environmental impact

◆ Supports innovative agricultural and
engineering practices

◆ Reduced waste and sustainable materials

■ Compliance with environmental and
industrial standards

[78]

Ferrock ● Made from waste
● Sustainable alternative to concrete

◆ Supports recycling industries
◆ Innovative materials with reduced

environmental impact

■ Compliance with environmental and
industrial standards

[154]

Timbercrete ● Incorporates waste, reducing
waste

● Lower carbon footprint

◆ Supports sustainable forestry and local
economies

◆ Reduced waste and sustainable construction
materials

■ Adheres to building codes and environmental
regulations

[155]

Terrazzo ● Incorporate recycled materials
● Durable and long-lasting
● Energy-efficient production

◆ Provides job opportunities in recycling and
production

◆ Improves aesthetic appeal and safety

■ Adheres to building codes and environmental
regulations

[156]
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if there is a study related to these four aspects in the previously analyzed
references and a cross ( × ) if there is not, and percentage calculations
were made based on the statistical results, which identified the need to
strengthen the research in the future on these specific aspects of the
material.

Overall, Table 6 outlines the aggregate metrics of the SCMs’ efficacy
based on the preceding analysis. The results illustrate that a significant
portion of the studies validate the commendable engineering prowess of
SCMs. However, one-third underscore the need to elucidate their
ecological sustainability, 40% the economic sustainability, and a stag-
gering 73.3% the societal sustainability. Markedly, certain materials are

deficient in workability, thermal shielding, and sonic insulation. Of the
15 SCMs assessed, only quintessential materials like cork, straw bales,
sheep’s wool, hempcrete, and timbercrete boast exhaustive engineering
performance evaluations. Hence, the remaining ten exhibit lapses in
diverse performance realms. It would be judicious for scholars to pri-
oritize these gaps, particularly focusing on workability, thermal barrier
properties, and sound insulation in subsequent investigations.

In the environmental analysis of SCMs, the number of materials
considered decreased from 15 to 10, as shown in Table 6. While
reviewing papers and summarizing the environmental benefits of
various materials, it was found that few researchers have analyzed the

Fig. 4. Summary of sustainability for SCMs.

Table 6
Comprehensive performance of SCMs.

No. Type of SCMs Engineering performance Environmental performance Economics performance Social performance

1 Bamboo ✓ ✓ ✓ ✓
2 Precast concrete ✓ × × ×

3 Cork ✓ × × ×

4 Straw bales ✓ ✓ ✓ ✓
5 Recycled plastic ✓ ✓ ✓ ✓
6 Recycled wood ✓ ✓ ✓ ✓
7 Recycled steel ✓ ✓ ✓ ×

8 Plant-based rigid polyurethane foam ✓ × × ×

9 Sheep’s wool ✓ × × ×

10 Rammed earth ✓ ✓ ✓ ×

11 Hempcrete ✓ ✓ × ×

12 Mycelium ✓ ✓ ✓ ×

13 Ferrock ✓ ✓ ✓ ×

14 Timbercrete ✓ × × ×

15 Terrazzo ✓ ✓ ✓ ×

Note: √ indicates that it has been studied. × indicates that it has not been studied.
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environmental benefits of precast concrete, cork, plant-based rigid
polyurethane foam, sheep’s wool, and timbercrete. Furthermore, the
environmental performance of SCMs shows that most of the materials
are not analyzed for human toxicity indicators or directly impact peo-
ple’s health. Therefore, researchers could conduct environmental
benefit analyses and indicator analyses for the five SCMs in future
studies.

Besides, the number of SCMs analyzed in terms of economic per-
formance has been reduced from 10 in the previous environmental
analysis to 9, as shown in Table 6. Almost no researcher analyzed the
economic performance of the six materials: precast concrete, cork, plant-
based rigid polyurethane foam, sheep’s wool, timbercrete, and hemp-
crete. Furthermore, in the economic performance, some sustainable
materials are economically beneficial, but most of the materials are not
analyzed for their maintenance costs and long-term savings, and some
even cost more than existing materials. Therefore, researchers should
delve into the economic performance of SCMs across various indicators,
recognizing their pivotal role for investment decision-makers.

Moreover, regarding social aspects, the housing indicator describes
housing affordability for everyone in society, but most of the materials
are only analyzed in terms of adaptability, thermal comfort, and local
resources, as these indicators are more relevant to the positive impact of
sustainable development on society [186]. SCMs are evaluated in terms
of environmental, economic, and social aspects, and their performance
in terms of economic, environmental, and social sustainability is
essential in the investment decision process [187]. In addition, in terms
of social sustainability, there are uncontrolled factors in applying and
promoting SCMs, such as government policies, legal support, and
consensus [188]. Therefore, in each new study of sustainable materials
in the future, the impact and analysis of the material on each indicator
should be considered. This is the current challenge and opportunity for
SCMs, which need to find a balance between the material’s environ-
mental, economic, and social aspects so that it becomes a truly SCMs
rather than showing sustainability is only one aspect [189]. Finally, to
achieve sustainability in construction, changes are also needed in four
areas: technology, management, economics, and policy [190].

9. Conclusion

This study provides a systematic review of recent developments of
SCMs in the building construction industry. It offers an overview of the
current research status of various SCMs and evaluates their character-
istics, engineering performance, environmental impact, economic
viability, and social sustainability. The findings demonstrate that SCMs
typically exhibit properties marked by minimal impact on health and the
environment, along with high energy efficiency and reliance on
renewable resources. However, while SCMs generally possess good
strength and workability, some materials may lack adequate thermal
and sound insulation properties. Moreover, while many SCMs contribute
to reducing carbon dioxide emissions, mitigating climate change, and
minimizing solid waste, certain materials may not address or directly
impact human toxicity concerns. Furthermore, the economic perfor-
mance of SCMs remains relatively understudied, with most materials
costing relatively little in terms of building components, but a subset
may incur higher total costs, particularly concerning regional economic
factors. Moreover, a considerable number of SCMs are still in the labo-
ratory stage or have limited applicability. In summary, this study not
only elucidates the current landscape of SCMs but also serves as a
compelling call for increased scholarly engagement with the economic
resilience, social sustainability, and technical viability of these mate-
rials. It brings to the forefront the critical importance of SCMs within the
architectural and construction sectors, showcasing their pivotal role in
steering the industry toward carbon neutrality.

In the future, the landscape of SCMs is marked by an urgent need to
extend research beyond the laboratory and into comprehensive, real-
world applications that thoroughly evaluate their environmental,

economic, and social impacts. Besides, future studies should predomi-
nantly aim to address significant research gaps, particularly focusing on
human toxicity, long-term economic viability, and social adaptability.
This requires broadening the scope of environmental impact studies to
include lesser-studied materials such as precast concrete, cork, and
plant-based foams. Additionally, there is a need to enhance economic
analyses to encompass the full lifecycle costs, including maintenance
and longevity, of all SCMs. Socially, research should also move beyond
mere adaptability and thermal comfort to encompass broader societal
impacts, such as housing affordability and contributions to community
well-being. Collectively, these efforts require a multi-disciplinary
approach and collaboration between academia, industry, and govern-
ment to ensure SCMs contribute holistically to sustainability goals.
Future studies should also incorporate adaptive frameworks that
consider evolving government policies, market dynamics, and commu-
nity needs to ensure that SCMs meet the triple bottom line of sustaina-
bility—environmentally sound, economically viable, and socially
acceptable—thus paving the way for their broader adoption and
implementation in global construction practices.
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