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ABSTRACT

As socioeconomic development continues, the issue of building energy consumption has attracted significant
attention, and improving the thermal insulation performance of buildings has become a crucial strategic measure.
Simultaneously, the application of solid waste in insulation materials has also become a hot topic. This paper
reviews the sources and classifications of solid waste, focusing on research progress in its application as insulation
materials in the domains of daily life, agriculture, and industry. The research shows that incorporating household
solid waste materials, such as waste glass, paper, and clothing scraps into cementitious thermal insulation can sig-
nificantly reduce the thermal conductivity of the materials, leading to excellent thermal insulation properties.
Insulation materials prepared from agricultural solid waste, such as barley straw, corn stalk, chicken feather,
and date palm fibers, possess characteristics of lightweight and strong thermal insulation. Industrial solid waste,
including waste tires, iron tailings, and coal bottom ash, can also be utilized in the preparation of insulation mate-
rials. These innovative applications not only have positive environmental significance by reducing waste emissions
and resource consumption, but also provide efficient and sustainable insulation solutions for the construction
industry. However, to further optimize the mix design and enhance the durability of insulation materials, contin-
uous research is required to investigate the mechanisms through which solid waste impacts the performance of
insulation materials.
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1 Introduction

With the rapid development of the social economy, energy issues have become the focus of public
concern, people pay more attention to the thermal insulation performance of buildings. Good building
insulation materials not only ensure the thermal comfort of occupants but also greatly enhance energy
utilization efficiency [1]. Given that individuals spend nearly 90% of their time indoors, creating a
thermally comfortable environment plays a pivotal role in safeguarding the quality of life [2].

However, with the rapid growth of global industry, the increase in energy consumption and pollutant
emissions has become a pressing issue. According to statistics, the construction industry accounts for
20%~60% of total energy consumption in various countries and regions [3,4]. Over the past four decades,
energy demand in the construction sector has continued to rise at an annual rate of 1.8%. It is projected
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that by 2050, this demand will increase from 279 billion tons of oil equivalent in 2010 to more than
440 billion tons of oil equivalent, with the majority of this growth occurring in developing countries [5].
Furthermore, greenhouse gas emissions from the construction sector account for one-third of total
emissions [6]. It is worth noting that carbon dioxide emissions constitute three-quarters of global
greenhouse gas emissions and are widely recognized as a primary driver of climate change [7]. Therefore,
the construction sector plays a crucial role in reducing carbon dioxide emissions.

In recent years, materials with low heat conductivity and high insulation efficiency have been widely
used in building insulation systems [8,9]. Throughout the research and application of building insulation
materials, there has been a transition from organic to inorganic materials. Initially, organic materials such
as polystyrene particles [10], polystyrene boards [11], extruded boards [12], and polyurethane [13] were
employed as building insulation materials due to their advantages, including low thermal conductivity
and good insulation properties. However, these materials had inherent fatal flaws, such as easy-aging,
flammability, and poor high-temperature resistance, resulting in serious safety hazards. Consequently, they
have gradually been replaced by inorganic materials. Inorganic materials, such as vitrified beads [14],
expanded perlite [15], rock wool [16], and expanded vermiculite [17], as insulation aggregates, employed
as building insulation materials due to their advantages, including low thermal conductivity and good
insulation properties. Have been rapid development and demonstrated excellent thermal insulation
properties. However, these insulation mortars exhibit challenges like high water absorption rates,
increased thermal conductivity after moisture absorption, easy cracking, and limited durability.

Aerogels are regarded as ideal insulation materials due to their high porosity, low density, and favorable
thermal insulating properties, having a wide range of application prospects [18]. However, their high
production costs and intricate manufacturing processes constrain their application on a large scale [19].
Therefore, the pressing need is to develop a new, low-cost, high-performance insulation material that can
be widely accepted and applied within society. Some scholars argued that more effective utilization of
existing resources is a feasible way to alleviate energy shortages [20]. Abdulmunem et al. [21–23] used
waste paper and waste chicken feathers as raw materials for the preparation of thermal insulation
materials. The results showed that these new thermal insulation materials produced from waste had good
sound and heat insulation effects, contributing to reducing the cold and heat load of the building. This
initiative not only achieves resourceful utilization of solid waste but also reduces cost.

With the acceleration of population growth and urbanization, the rate of solid waste generation is a
worrisome trend, especially in developing countries. Statistical data indicates that generated solid waste
includes municipal waste, construction debris, and electronic waste [24]. The accumulation and burning
of large quantities of waste are shown in Fig. 1. Toxic and hazardous substances within these solid
wastes, if not properly managed, pose significant threats to the environment and human health. Therefore,
strengthening the management and treatment of solid waste, promoting waste resource utilization and
reduction, has become a critical challenge faced by the global community.

(a) Solid waste accumulation (b) Solid waste incineration

Figure 1: Solid waste accumulation and incineration
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This paper comprehensively reviews the application of solid waste in insulation materials. It summaries
the thermal conductivity, mechanical properties, density, and water absorption of thermal insulation materials
prepared from solid wastes and analyses them economically. Also, limitations of using waste materials as
insulation are discussed. This paper proposes viable methods to promote resourceful utilization of solid
wastes to contribute to environmental protection.

2 Sources and Classification of Solid Waste

According to different sources of solid waste, it can be primarily categorized into domestic solid waste
(DSW), industrial solid waste (ISW), and agricultural solid waste (ASW). A schematic representation of the
sources and classifications of solid waste is illustrated in Fig. 2.

2.1 Domestic Solid Waste
DSW refers to the collective term for various discarded materials generated in the daily lives of urban

and suburban residents, such as waste paper, waste glass, scrap metal, ceramics, and discarded batteries [25].
Common examples of DSW are depicted in Fig. 3.

Currently, the predominant methods for managing DSW largely involve landfilling and incineration.
Among the collected waste, 70% is directly disposed of in landfills, 19% is recycled, and 11% is utilized
for energy recovery, with landfilling being a traditional disposal method [26]. However, concerns have
arisen due to issues such as land occupation by landfill sites and the potential leakage of pollutants.

Figure 2: Schematic diagram of solid waste sources and classification

Figure 3: Domestic solid waste
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Incineration, on the other hand, is a process in which DSW is subjected to high-temperature thermal
decomposition, converting it into ashes and gases [24]. However, this process generates significant
quantities of harmful gases, including carbon dioxide and sulfur dioxide, resulting in adverse
environmental and health effects.

2.2 Agricultural Solid Waste
ASW refers to various solid waste materials generated in agricultural production and rural living.

Globally, billions of tons of agricultural waste are produced annually [27], primarily including crop
residues, livestock and poultry manure, and agricultural pesticide packaging waste [28]. Common
examples of ASW are shown in Fig. 4.

The management of ASW is a common concern in both developed and developing countries. Usually,
these wastes are either directly dumped in landfills or subjected to incineration. In landfills, solid waste
containing organic components undergoes microbial decomposition, generating leachate that can lead to
groundwater contamination. Furthermore, the decomposition of organic matter releases methane gas,
which possesses a potent greenhouse effect, with a warming potential 25 times that of CO2 [29]. The
pollution of the environment and disruption of ecosystems by ASW not only impact human health but
also pose potential hazards to animal well-being.

2.3 Industrial Solid Waste
ISW refers to the solid waste materials generated during industrial production processes. In 2019,

China’s ISW production reached a staggering 3.543 billion tons [30]. This category encompasses various
waste materials, including dust, slag, and other residues produced in processes such as metal smelting,
electricity generation, and chemical manufacturing [31]. Common examples of ISW are depicted in Fig. 5.

Figure 4: Agricultural solid waste

Figure 5: Industrial solid waste
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The accumulation of ISW not only occupies land resources, but also produces dust, polluting the air
and exacerbating air quality issues. Furthermore, these wastes contain significant quantities of heavy
metals and alkaline substances that can potentially leach into the ground, contaminating groundwater
resources and leading to soil salinization [32]. Therefore, effective utilization of ISW faces formidable
challenges.

3 Application of Solid Waste in Thermal Insulation Materials

Using solid wastes as insulation materials has become a hot topic in the field of sustainable development.
Firstly, compared with traditional thermal insulation materials, the use of solid waste can reduce
environmental pollution. Secondly, the thermal insulation performance of these materials is comparable to
that of traditional materials, with longer service life and lower maintenance costs. Finally, the use of solid
waste also reduces dependence on limited resources, mitigates environmental degradation, and promotes
sustainable development. In conclusion, the use of solid waste in insulation materials is an
environmentally friendly and sustainable initiative.

3.1 Application of Domestic Solid Waste in Thermal Insulation Materials
With the growth of urban populations and an increase in people’s living standards, more frequent

production and consumption activities have resulted in the generation of a greater volume of domestic
solid waste. In order to reduce the environmental impact of waste, people are increasingly exploring how
to convert waste into resources. This includes the widespread utilization of waste materials such as waste
glass, waste woolen clothes, and waste paper as insulation materials.

Waste glass is a highly non-degradable solid waste material that is ubiquitous in our daily lives [33].
According to statistics, waste glass accounts for 5% of the total urban household waste [34]. The non-
degradability of waste glass not only poses a threat to human health, but also causes varying degrees of
harm to livestock [35]. Due to its unique properties, insulation materials made from waste glass exhibit
outstanding durability, resulting in a long service life that effectively protects buildings [36]. Flores-Alés
et al. [37] utilized glass waste to replace sand in the preparation of cement mortar, effectively improving
the thermal performance and reducing the density of the mortar. However, its mechanical behavior is not
uniform and is influenced by the composition, quantity, and manufacturing process of the specimens.
Yousefi et al. [38] discovered that replacing natural sand with waste glass and adding nano-titanium
dioxide as a nanofiller substantially improved the compressive strength and water resistance of the mortar.
These studies demonstrate that the reuse of waste glass not only reduces environmental pollution but also
provides a sustainable material choice for applications in construction and industry.

In addition to waste glass, life’s waste woolen clothes, due to their unique thermal insulating properties,
are suitable for the production of various types of insulation materials. Research conducted by Cardinale et al.
[39] explored the potential application of wool in cement mortar boards, demonstrating that the addition of
2% wool fibers could achieve a thermal conductivity of 0.107 W/(m·K) in composite materials. El Wazna
et al. [40] employed needle punching technique to fabricate four types of nonwoven waste using acrylic
and wool as substrates. The results indicated that the thermal insulation performance of the wool samples
outperformed the acrylic samples, reaching as low as 0.0339 W/(m·K). In addition, wool fibers can also
enhance the mechanical properties of building materials. The study by Fiore et al. [41] found that as the
fiber content increases, the thermal conductivity of wool-filled mortar decreases, with shorter fibers
further reducing thermal conductivity.

In order to achieve efficient value addition of waste paper, Mandili et al. [42] have developed a new
building insulation material based on waste paper and limestone aggregates. This material exhibits
thermal conductivity ranging from 0.097~0.12 W/(m·K) and compressive strength in the range of
4.2~10.95 MPa. It possesses dual functionality, being capable of providing effective thermal insulation
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performance while also being suitable for structural applications. Additionally, Shibib [43] has identified
significant potential in the utilization of waste paper in brick production, thanks to two factors. First of
all, due to the release of a substantial amount of thermal energy during the combustion of waste paper in
the firing process, bricks can exhibit uniform performance characteristics overall. Secondly, waste paper
possesses a high calorific value, reducing the energy costs required for brick production and thus
enhancing its environmental friendliness.

Overall, the utilization of DSW to produce insulation materials has made significant advancements in
thermal insulation performance. For instance, waste glass can be used to produce building and insulation
materials, enhancing durability and longevity. The incorporation of a certain amount of glass powder can
reduce the material’s thermal conductivity while increasing compressive strength and water resistance.
Lightweight bricks made from waste paper show excellent thermal insulation properties while remaining
suitable for structural applications. The addition of wool noticeably reduces the material’s thermal
conductivity.

Table 1 summarizes insulation materials prepared from other common DSW and their performance
changes. Based on tabulated data, it is evident that the thermal insulation materials prepared with the
addition of household solid waste consistently exhibit excellent heat insulation performance, with thermal
conductivity values reaching below 0.2 W/(m·K). When incorporating 5% eggshells and 3% discarded
glass bottles, the composite material’s thermal conductivity can be reduced to 0.037 W/(m·K), with a low
density of 210 kg/m³ and a remarkably high porosity of 91.4%. However, the compressive strength is
relatively low, only 1.12 MPa. On the other hand, incorporating 40% waste paper can increase the
material’s compressive strength to 10.95 MPa, while maintaining a relatively high porosity. Nevertheless,
an excessive amount of waste paper can lead to an increase in the material’s water absorption rate. In
summary, using DSW to produce building insulation materials shows great potential for environmental
and cost benefits. Importantly, the mix designs need optimization for different wastes to balance
insulation and mechanical properties.

Table 1: Insulation materials prepared from common domestic solid waste

DSW Proportion Thermal
conductivity
W/(m·K)

Other performance changes Reference

Waste paper 40%~80% 0.097~0.12 Compressive strength 4.2~10.95 MPa, porosity 49.75%~66%,
water absorption 54%~112%

[42]

Waste paper 40%~90% 0.0851~0.0978 Compressive strength 3.43~6.43 MPa, Flexural strength
2.54~3.41 MPa, Density 682~1042 kg/m³

[44]

Waste paper 13%~75% 0.046~0.069 Density 473~702 kg/m³, compressive strength 0.41~0.8 MPa [45]

Waste newspaper 65%~80% 0.083~0.15 Water absorption 9%~17%, compressive strength
0.24~0.45 MPa, flexural strength 0.031~0.039 MPa

[46]

Duvet waste 15% 0.05 Exemplary fire resistance [47]

Waste leather 50% 0.19 High porosity, low density [48]

Eggshells and
discarded glass bottles

5% and
3%

0.037 Density 210 kg/m³, compressive strength 1.12 MPa [49]

Textile waste 40% 0.078 Density 308 kg/m³, flexural strength 0.84 MPa compressive
strength 0.44 MPa

[50]

Clothes waste 40%~80% 0.041~0.053 Density 203–491 kg/m³ [51]
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3.2 Application of Agricultural Solid Waste in Insulation Materials
Utilizing ASWas insulation material represents an economically prudent choice. These waste materials

are typically readily available at little to no cost, and the expenses associated with processing them into
insulation materials are relatively modest. This approach not only reduces costs within sectors such as
construction, and farming but also yields economic benefits. Furthermore, these waste materials constitute
renewable resources, contributing to a reduction in reliance on natural resources through recycling.

It is estimated that China produces over 700 million tons of crop straw annually, making it one of the
world’s largest agricultural nations [52]. The primary sources of straw include wheat straw, rice straw, and
corn straw. Currently, these agricultural and forestry residues are typically disposed of through on-site
burning, with approximately 280 million tons of crop straw being burned in fields each year. This kind of
burning or haphazardly discarding straw not only severely pollutes the environment but also results in
wastage of valuable resources [53]. However, straw is widely used as an insulating material due to its low
density, porous structure, rich source, and good insulating properties [54].

Jiang et al. [52] employed straw and fallen leaves fibers as organic thermal insulation materials to
prepare plant fiber cement-based composite insulation mortar. The results showed that adding wheat straw
fibers and straw fibers improved the uniformity of the composite mortar. Mixing leaf fibers with some
wheat straw fibers or straw fibers could enhance the strength of the composite insulation mortar. Dou
et al. [55] used hydrated lime and rice straw to prepare insulation blocks and assessed the impact of
expanded polystyrene waste on the insulation blocks. They found that slaked lime increased the dry
apparent density and weight of the insulation blocks, while the expanded polystyrene waste effectively
mitigated this negative impact, keeping the thermal conductivity of the insulation blocks below
0.049 W/(m·K).

On the other hand, Laborel-Préneron et al. [56] utilized barley straw, hemp shiv, and corn cob to prepare
insulation materials. They found that among these three materials, barley straw exhibited superior insulation
performance, reaching 0.14 W/(m·K). Furthermore, it displayed good mechanical properties when coarser
particles were added. Similarly, Liu et al. [57] observed that trace amounts of slightly cadmium-enriched
kenaf straw had a positive impact on the thermal performance of cement mortar. When the content of
slightly cadmium-enriched kenaf straw was 8% of the mass of the cementitious material, the mortar’s
thermal conductivity decreased by 37%, and its dry density decreased by 27%. The 28 d compressive
strength of the cement mortar was 5.55 MPa, still meeting engineering requirements.

Karapinar [58] used corn stalk as raw material to produce a polyurethane insulation material. When the
corn stalk content was 10%, the thermal conductivity of the insulation material decreased by 22%, reaching
0.042 W/(m·K). This is of significant importance for the utilization of agricultural waste as a new type of
insulation material. Shao et al. [59] explored the use of processed corn cob aggregate to replace river
sand in mortar production. They found that the processed corn cob aggregate had almost no inhibitory
effect on the hydration products of cement and could even accelerate cement hydration. However, a high
content of corn cob aggregate reduced the workability and strength of the mortar while enhancing its
ductility and insulation performance. The addition of corn cob aggregate reduced the thermal conductivity
of the mortar and increased its water vapor permeability, making it suitable for lightweight structural
concrete production.

Date palm fibers is widely used in insulation materials due to its lightweight properties and excellent
insulating performance. Boumhaout et al. [60] found that when date palm fibers was incorporated into
composite materials, the thermal conductivity of the composite decreased by 70%, thermal diffusivity
decreased by 52%, density decreased by 39%. However, its influence on mechanical strength was
relatively minor. Benmansour et al. [61] demonstrated that when the date palm fibers content was below
15%, the composite material met the thermal and mechanical requirements of building materials and
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could be used in building components as a novel bio-based composite material for energy-efficient
construction. Benaniba et al. [62] through further research found that with increasing date palm fibers
content, the composite material’s thermal conductivity, flexural strength, and compressive strength
significantly decreased. When the coconut palm fiber content was 6%, the compressive strength of the
material decreased by 16%. When the coconut palm fiber content reached 30%, the thermal conductivity
of the composite material could be as low as 0.083 W/(m·K), making it possess excellent insulation
properties.

With the continuous growth of the global population and economic development, there has been a steady
increase in chicken meat consumption, leading to the generation of a substantial amount of chicken feather
waste. About 65 million tons of chicken feathers are produced worldwide every year [63]. In European, it is
estimated that chicken feather production reaches around 3.1 million tons annually [64]. The conventional
methods for handling chicken feather waste involve landfilling and incineration. However, due to the
highly toxic and non-degradable nature of chicken feathers, these treatment methods are easy to cause
pollution of the air, soil, groundwater, and surface water [22]. Therefore, numerous research efforts are
dedicated to exploring novel and high-value utilization pathways for chicken feathers.

Bessa et al. [65] evaluated the potential application of chicken feather fibers in reinforced polymer
materials. It was found that the thermal conductivity of the composites decreased from 0.175 to
0.128 W/(m·K) with the increase in the mass content of chicken feather fibers, which may be related to
the unique structural morphology of chicken feather fibers. These fibers contain a large number of hollow
channels within them, which are helpful in improving the thermal performance of composites. Fedorik
et al. [66] investigated the thermal insulation properties of several bio-based insulation materials. The
results showed that the thermal conductivity of peat, recycled paper, wood chips, and chicken feathers
was 0.033~0.044 W/(m·K) at 10°C. And among these materials, the chicken feather-based thermal
insulator had the best thermal performance.

In a word, date palm fibers and straw, due to their lightweight nature and excellent insulation properties,
hold significant promise in the field of insulation materials. The addition of date palm fibers can reduce the
thermal conductivity and thermal diffusivity of composite materials, enhance thermal damping, and
simultaneously reduce material density. In the construction sector, the combined use of date palm fibers
with other organic fibers can meet both thermal and mechanical requirements, potentially serving as novel
materials for energy-efficient construction. However, an excessive amount of date palm fibers can reduce
thermal conductivity, flexural strength, and compressive strength, so it is necessary to balance between
fiber content and material properties. Similarly, plant fibers like straw exhibit excellent insulation
properties and can be used to produce products such as composite insulation mortar and other products.
Waste chicken feather fibers are also gradually coming into people’s view because of its good thermal
insulation performance. However, the impact of different plant fibers on insulation material performance
may vary, requiring optimization based on specific applications.

Table 2 summarizes the preparation of insulation materials using other common ASWand their resulting
performance changes. From the data in the table, it can be observed that composite materials prepared with
the addition of 20% bagasse waste fibers exhibit outstanding thermal insulation performance, with a thermal
conductivity as low as 0.034 W/(m·K), along with excellent sound absorption properties and noise reduction
effects. Furthermore, insulation materials prepared from groundnut shells demonstrate good overall
performance. When the groundnut shell content is 20%, the composite material has a thermal
conductivity of 0.156 W/(m·K), a tensile strength of up to 15.6 MPa, and a flexural strength of 37.6 MPa.
In conclusion, insulation materials prepared from plant fibers not only provide insulation effectiveness but
also effectively utilize agricultural waste, offering environmental and sustainable development advantages.
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3.3 Application of Industrial Solid Wastes in Insulation Materials
ISW refers to discarded solid materials generated during industrial production processes, in 2011, global

industrial waste production amounted to approximately 9.2 billion tons, with China contributing 3.2 billion
tons to this total [78]. According to data, in 2019, China’s industrial solid waste generation reached
approximately 3.543 billion tons, primarily consisting of tailings, red mud, aluminum dust, carbide slag,
flue gas desulfurization gypsum, fly ash, coal gangue, and waste tires [79]. These wastes are typically
byproducts, residues, wastewater, or emissions produced during industrial production processes. They

Table 2: Insulation materials prepared from common agricultural solid wastes

ASW Proportion Thermal
conductivity
W/(m·K)

Other properties Reference

Olive
pomace
waste

80% 0.219 High-quality acoustic performance [67]

Chicken
feather
fiber

0.2%~0.8% 0.23~0.25 Improved surface roughness and porosity of
hardened mortar

[68]

Spent tea 7.5% 0.205 57% reduction in thermal diffusivity and 24%
reduction in density

[69]

Coir 10% 0.092 Strength increased by 35% [70]

Groundnut
shell

20% 0.156 Tensile strength max. 15.6 MPa, flexural strength
max. 37.6 MPa

[71]

Bagasse
waste
fibers

20% 0.034 Average value of sound absorption 0.26~0.64, noise
reduction coefficient 0.27~0.62

[72]

Coconut
husk

80% 0.046~0.068 Density 250~350 kg/m3 [73]

Bagasse 50% 0.049~0.055 Density 250~350 kg/m3 [73]

Cork 0%~50% 0.05~0.125 Compressive strength 7.72~22.8 MPa, porosity
16.75%~32.04%, hot spreading coefficient
20.3%~48.7%

[74]

Water
hyacinth

– 0.0765 Density 470 kg/m3, water absorption 98.01%,
flexural strength 0.35 MPa

[75]

Rice husk 0%~64% 0.082~0.184 Density 174~813 kg/m3, compressive strength
0.26~7.24 MPa. moisture absorption rate
9.7%~18.6%

[54]

Wheat
straw

0%~100% 0.096~0.178 Density 549~718 kg/m3, compressive strength
0.07~1.194 MPa

[76]

Corn stalk 60% 0.075~0.1561 Density 260~410 kg/m3, water absorption
18.75%~28.12%, strength 0.11~0.29 MPa, flexural
strength 0.04~0.13 MPa

[77]
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may contain toxic and harmful substances, posing potential threats to the environment and human health.
Therefore, it is very important to strengthen the control, supervision, and management of ISW.

With the improvement of living standards, there is an increasing demand for private vehicles, leading to
a corresponding increase in the quantity of waste tires. The global production of tires has reached
approximately 1.5 billion units, while the number of tires that have reached the end of their usable life is
estimated to be around 1 billion units [80]. It is projected that by 2030, more than 1.2 billion tires will
reach the end of their lifespan annually [81]. However, a concerning issue is that still more than 50% of
waste tires are either landfilled or disposed of without proper treatment, which has caused great
environmental challenges [82]. The rubber materials present in waste tires can be efficiently employed for
soundproofing and thermal insulation, exhibiting excellent insulation properties.

Kazmierczak et al. [83] utilized scrap rubber from waste tires to prepare cement composite materials.
When adding 6% rubber powder, the thermal conductivity of the mortar decreased by 57%, thus
enhancing its performance as an insulating material. Furthermore, Qin et al. [84] conducted surface
modification of silicone rubber particles to enhance their hydrophilicity. Experimental results
demonstrated that after surface modification, the strength of silicone rubber mortar increased, its thermal
conductivity improved, porosity increased, and its thermal and noise insulation effects were more
effective. In the study by Na et al. [85], it was found that the addition of cellulose ether, re-dispersible
latex powder, and wood fibers improved the mechanical properties of silicone rubber mortar. When using
micrometer-sized rubber granules, the mortar exhibited favorable drying shrinkage performance.

In addition to using scrap rubber, incorporating waste tires rubber into mortar using various binder
materials can also yield high-performance mortars. Bostanci [86] employed the combined action of silica
fume and scrap rubber in alkali-activated slag mortar. Experimental results show that when scrap rubber
content was 3.0% and silica fume content was 0.3%, a synergistic effect was observed. This not only
enhanced the thermal insulation performance of the specimens but also increased the compressive
strength of the samples by 48.35%. Furthermore, Wongsa et al. [87] conducted research on lightweight
polymer mortar using 100% recycled crumb rubber as fine aggregates. Their study revealed that the
density of the lightweight fly ash-based polymer mortar ranged from 1067~1275 kg/m³, with a thermal
conductivity of 0.237~0.298 W/(m·K). However, the compressive strength of the mortar was significantly
reduced, accompanied by increased porosity and water absorption. This indicates that the scrap rubber
from waste tires possesses excellent soundproofing and thermal insulation properties, making it an
effective choice for insulation materials.

Sludge bottom ash is a common industrial waste used in insulation materials. Torkittikul et al. [88] found
that use of coal bottom ash had almost no effect on the compressive strength of concrete. Wang et al. [89]
added wood fibers from paper sludge to cement-based thermal insulation mortar, which greatly improved the
ductility and softening coefficient of the paper sludge mortar. It also exhibited a low thermal conductivity
ranging from 0.0897~0.0885 W/(m·K), making it a suitable thermal insulation material. Finally, Lee et al.
[90] discovered that mortar with added coal bottom ash had a lightweight proportion of around 30%
compared to regular mortar, but its thermal conductivity increased by approximately 30% compared to
standard mortar.

As a common plastic material, polystyrene is everywhere and provides us with great convenience.
However, it poses potential health risks due to the emission of toxic smoke and gases when it
decomposes at high temperatures, leading to respiratory and eye irritation and damage [91]. Nevertheless,
owing to its excellent thermal insulating properties, it is frequently used in the production of thermal
insulation materials to effectively impede heat transfer and facilitate resource reuse [92].

In recent years, many scholars have researched the reuse of waste polystyrene. Záleská et al. [93] used
expanded polypropylene-based aggregate as a complete substitute for natural aggregates. They found that
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the addition of expanded polypropylene-based aggregate significantly improved the material’s thermal
insulation performance, reduced the density of the composite material, increased porosity, resulting in an
82% decrease in the composite material’s thermal conductivity. On the other hand, Ferrández et al. [94]
used expanded polystyrene waste containing graphite and mineral wool to prepare gypsum mortar. The
expanded polystyrene waste reduced the density of the mortar, improved water absorption properties, and
lowered the thermal conductivity of the gypsum mortar. Koksal et al. [95] studied the effect of expanded
vermiculite and waste expanded polystyrene on the properties of cement-based mortar. They found that
vermiculite and expanded polystyrene could be used to prepare mortars with densities ranging from
393~946 kg/m3, resulting in excellent thermal insulation performance with a thermal conductivity as low as
0.09 W/(m·K) and compressive strength ranging from 0.57~5.89 MPa, meeting the requirements for
practical engineering applications.

In summary, ISW, such as byproducts or residues from industrial production, may contain toxic
substances and should be controlled and reasonably utilized. Sludge bottom ash can also be employed in
insulation materials, replacing some fine aggregates to reduce material density and thermal conductivity.
Adding paper sludge to cement mortar can improve toughness and reduce thermal conductivity. Using
waste polystyrene can reduce material density while enhancing insulation properties and flexural strength.
Furthermore, scrap rubber from waste tires demonstrates outstanding thermal insulation performance, and
the inclusion of a certain amount of rubber powder can substantially improve the thermal insulation
performance of the material.

Table 3 summarizes other common ISW materials used in the production of insulation materials and
their performance changes. From the table, it can be observed that composite materials prepared using
industrial solid waste consistently exhibit excellent thermal insulation performance, with thermal
conductivity values consistently below 0.137 W/(m·K). It is worth noting that when 45% iron tailings are
added, the thermal insulation performance of the composite material significantly improves, reducing the
thermal conductivity to as low as 0.032 W/(m·K), and maintaining a relatively low density. In addition,
when the steel slag content is 6%, the composite material demonstrates excellent overall performance,
with a low thermal conductivity of 0.08 W/(m·K) and remarkable compressive strength of up to
29.98 MPa. In a word, manufacturing insulation materials from industrial waste can reduce environmental
pollution, provide sustainable material options, and further research should be done to improve the
durability of material.

Table 3: Insulation materials prepared from common industrial solid wastes

ISW Proportion Thermal
conductivity
W/(m·K)

Other properties Reference

Waste iron
tailings

45% 0.032 Porosity 70.5%~88.8%, density 290~800 kg/m³ [96]

Polyester
waste

80%
~100%

0.052~0.0603 Density127~256.4 kg/m³, Sound absorption
54.71%~74.77%

[97]

Coal gangue
waste

75% 0.11 Density 220 kg/m³, compressive strength
1.51 MPa, water absorption 0.68%

[98]

Steel slag 6% 0.08 Compressive strength 29.98 MPa, density
821 kg/m³

[99]

Waste
ceramics

80% 0.137 Density 700 kg/m³, compressive strength 8 MPa [100]

(Continued)
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4 Economic Analyses

The use of solid waste materials as thermal insulation provides excellent thermal insulation performance
and also reduces cost. Abdulmunem et al. [21,23] added waste paper and waste chicken feathers to polyvinyl
chloride panels. It was found that the addition of waste paper and chicken feathers reduced the cooling and
heating load by 19% and 20.3%, respectively, resulting in savings of 16.3% and 22.5% in electricity costs.
Benallel et al. [107] investigated the use of waste paper and plant fibers for the preparation of thermal
insulating materials, which not only have low thermal conductivity, but also reduce the total cost to
43 $/m3, which is a significant advantage over the traditional insulating materials expanded polystyrene
[108] (67.22 $/m3) and glass felts [109] (154.25 $/m3), and the reused material is also more
environmentally friendly. In addition, Yang et al. [30] produced two types of low-density foam concrete
using limestone tailings and desulfurization gypsum, and the results showed that the profit of the concrete
containing desulfurization gypsum was 170~245 CNY/m3, while the profit of the concrete containing
limestone tailings was 225~295 CNY/m3. The use of solid waste as insulation materials holds great
potential, not only for enhancing building performance and thermal comfort, but also for providing
significant economic and environmental sustainability benefits.

5 Barriers and Limitations

In summary, the preparation of building materials based on solid waste and in-depth analysis of their
mechanical and thermal insulation properties revealed a wide range of applications. However, there are
also many shortcomings, and the limitations are summarized below:

Table 3 (continued)

ISW Proportion Thermal
conductivity
W/(m·K)

Other properties Reference

Perlite tailings 8% 0.06 Compressive strength 0.6 MPa, density
200 kg/m³

[101]

Mussel shell 25% 0.1 Exemplary acoustic performance [102]

Recycled
expanded
polystyrene

90% 0.0603~0.0706 Bending load at break 18.3 N and compressive
strength at 10% deformation 126.4 kPa

[103]

Thermoplastic
polyurethane

19% 0.16 Density 1703.7 kg/m3, compressive strength
1.7973 MPa

[104]

Carbide slag 29.27% 0.1638 Dry density 615 kg/m3, Compressive strength
4.11 MPa

[30]

Limestone
tailings

6% 0.1556 Dry density 612 kg/m3, compressive strength
2.37 MPa

[30]

Flue gas
desulfurization
gypsum

70% 0.058~0.102 Density 126~356 kg/m3, flexural strength
0.05~0.38 MPa, compressive strength
0.06~0.46 MPa

[105]

Incineration
bottom ash

10% 0.1 Dry density increased by 14.8%, compressive
strength increased by 27%, specific strength
increased by 37.1%

[106]
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1. Although waste glass can be used in mortars to enhance compressive strength and water resistance, its
smooth surface properties are not ideal when replacing coarse aggregates, limiting bonding to the cement
matrix. In order to make more effective use of waste glass, it is necessary to study the mixing design to
reduce the alkali-silica reaction that may occur between silica and alkali in waste glass [34].

2. Waste chicken feathers can be used in the preparation of insulating materials, owing to the multiple
internal hollow channels they contain, which reduce the thermal conductivity of composite materials.
However, due to the naturally biodegradable nature of chicken feather waste, appropriate measures need
to be taken to reduce the time required for its collection, cleaning, and disinfection in order to prevent
unwanted biodegradation from occurring [22].

3. While the use of solid waste can reduce production costs to some extent, the collection, transport, and
disposal of waste requires significant economic costs. In addition, the environmental impact of waste disposal
needs to be considered. Therefore, when considering solid waste reuse or recycling, it is important to
comprehensively assess its economic and environmental costs in order to achieve sustainable
development goals.

4. Develop a greater variety of composite insulation materials, utilizing the synergistic effects of two or
more types of solid waste to produce insulation materials with improved overall performance. Explore
various methods for mortar preparation, incorporating 3D printing technology to develop solid waste
insulation materials that are easy to shape and exhibit stable performance, thereby expanding their
application methods.

6 Conclusions

This review provided a comprehensive survey of the sources of solid waste and categorized them into
domestic solid waste, agricultural solid waste, and industrial solid waste. It also explores the utilization of
various solid wastes as raw materials for the preparation of building insulation materials. Thermal
conductivity, mechanical properties, density, and water absorption of building insulation materials were
analyzed and an economic analysis was carried out. The results showed that the thermal insulation
materials prepared from solid wastes can significantly reduce the cost and have good thermal insulation
and mechanical properties, compared with the traditional thermal insulation materials. These solid wastes
are characterized by their low density, porous structure, and excellent thermal insulation properties, which
meet the requirements for building insulation materials. Therefore, more effective use of solid waste has
become a feasible method to alleviate the shortage of resources.

Although solid wastes have a wide range of applications in building insulation materials, there are still
certain problems such as high costs and carbon emissions during collection, transportation and disposal,
which limit their further development in building insulation materials. In summary, the utilization of solid
waste to prepare thermal insulation materials has great potential. This can not only effectively achieve the
resource utilization of waste to achieve the goal of sustainable development, but also provide an efficient
and environmentally friendly insulation solution for the construction industry.
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