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Insulation materials are classified into three main categories depending on material composition, material

technology, and material sustainability index.

exterior wall insulation building material climate zones

| 1. Inorganic Insulation Materials
1.1. Inorganic Fibrous

Glass, rock, and slag wool are all fibrous elements that belong to mineral wool [, Fibrous insulation materials are
made using crushed rock, quartz sand, diabase, and basalt [&. Glass wool and rock wool are categorised as
inorganic fibrous materials. Glass wool is made by mixing natural sand and (typically recycled) glass at
temperatures ranging from 1300 °C to 1450 °C [, Fibre transformation then takes place through centrifugation and
blowing. The fibres are finally held and stabilised using resin B4, Rock wool is also formed using fibres made by
melting stone (e.g., diabase and dolerite) at around 1500 °C and flinging the hot molten material out of a wheel or

disc.

Figure 1 shows mineral wool in microscopic and close-up views. Mineral wool has a thermal conductivity of 0.030—
0.040 W/m-K, while glass wool and rock wool offer a thermal conductivity of 0.030-0.046 and 0.033-0.046 W/m-K,
respectively Bl. The thermal insulation performance of glass and rock wool materials will not be affected by ambient
temperature and humidity Bl however, these variables change mineral wool's thermal conductivity. If the
moisture content of mineral wool is increased from 0% to 10%, the thermal conductivity is raised from 0.037 m-K to
0.055 m-K [, In real applications, mineral wool rods that are lighter and softer are used to frame cavities in other
building structures [, while denser, more complicated mineral wool panels are utilised for floors, walls, and roofs
[2, Glass wool can typically be used as thermal insulation material when the need for heat resistance is not great
(for example, the roof of a factory building), but rock wool is usually a more sensible choice for large heat insulation
requirements B The literature reveals that the inorganic fibrous material is non-rotting, exhibits good high-
temperature resilience, and has high levels of hygroscopicity. However, they are still quite expensive in the market
today.
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Figure 1. A microscopic view and close-up of mineral wool &,

2.1.2. Cellular

Calcium silicate, foam glass, perlite, and vermiculite are examples of inorganic porous insulating materials 2. The
main components of these materials include sand, cellulose fibres, shattered glass, dolomite, oxides (e.g.,
aluminium and silicon), and magnesium—aluminium silicates. The large porosity of foam insulators reduces

mechanical strength while increasing hygroscopicity, resulting in low heat conductivity .

At room temperature, the thermal conductivity of foam is around 0.12 W/m-K (with a density of 100 kg/m?), which is
larger than those of other fibre insulation materials 2. Furthermore, this thermal conductivity is highly influenced by
thermal radiation. According to results reported by Zukowski and Haese 19 incorporating perlite into the pores of
porous insulating materials reduces heat conductivity. Gao et al. 2 introduced a new foam insulating material
made of perlite/sodium silicate, H,O,, hexyl trimethyl ammonium bromide, and rock wool. Their foam insulator is
lighter than conventional inorganic materials, has a low heat conductivity, and is mechanically durable. However,
despite being a lightweight material, it lacks structural rigidity, making it unsuitable for use in enclosure structures
that are subjected to vibration.

| 2. Organic Insulation Materials
2.1. Polystyrene

Polystyrene products are made from organic foam plastic. As an insulation material, polystyrene is commercially

available in two forms: expanded polystyrene and extruded polystyrene 2,
» Expanded polystyrene (EPS)

Expanded polystyrene foam (EPS) is commonly made by evaporating pentane into polystyrene particles. This
technique can produce white, rigid closed-cell foam. The specific heat of EPS materials is around 1.25 kJ/kg-K, and
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their thermal conductivity and density range from 0.031 to 0.037 W/m-K and 15 to 75 kg/m?3, respectively. The
higher the density of EPS insulation material is, the better the insulation effect will be 4. Additionally, as Lakatos et
al. 12! confirmed, the thermal conductivity of EPS materials will be affected by humidity. They showed that if EPS
material is kept dry for four hours in a climate chamber with a relative humidity of 90%, its thermal conductivity will

decrease by 2.1%.

EPS material, on the other hand, is of closed porosity, low density, and no apparent acoustic qualities. Due to the
high flammability of these materials, flame retardants are frequently added to their production process. EPS
materials can be used for a variety of purposes, like packaging (Figure 2) and structure insulation 23l The
advantages of the EPS insulation board over commercially available inorganic active insulation mortar and foam
glass include low thermal conductivity and a significant heat storage coefficient. However, because it is an organic
material, the fireproof performance is a key point that needs to be paid attention to. Several manufacturers
developed enhanced fireproof EPS boards, but the cost is relatively high. Moreover, EPS is extremely tough to

degrade, and recycling EPS is problematic.

Figure 2. (a) EPS material used for packaging, and (b) XPS insulation material [2!.
« Extruded polystyrene (XPS)

In the extrusion process, through which XPS is made, polystyrene particles are melted in an extruder and mixed
with key additives, and the mixture then expands when cooling 4. The thermal conductivity of XPS is typically
between 0.025 and 0.035 W/m-K Bl. The thermal conductivity of XPS varies with temperature, moisture content,
and density. It is shown that XPS thermal conductivity increases from 0.034 W/m-K to 0.044 W/m-K as the water
content grows from 0% to 10% . XPS insulation materials can be installed on and removed from a range of
building structures without impacting their heat resistance 12, While XPS has similar insulating qualities to EPS, it
absorbs less moisture (0.3% vs. 2—4%) and poses a higher specific heat (1.3-1.7 kJ/kg-K). However, XPS usually
costs 10-30% more than EPS Bl XPS is practically identical to EPS, both of which are the most widely used
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insulation materials. However, they are not yet environmentally friendly materials, and planning a successful

treatment strategy for recycling is challenging.

2.2. Polyurethane (PUR)

Polyurethane (PUR) and polyisocyanurates are produced when isocyanates and polyols react 4. PUR has a
thermal conductivity of 0.02 to 0.03 W/m-K, which is significantly lower than mineral wool, polystyrene, and
cellulose products 22!, The thermal conductivity of PUR is affected by changes in temperature, moisture content,
and mass density; The thermal conductivity is increased from 0.025 to 0.046 W/m-K as the moisture content grows

from 0% to 10% . In addition, PUR’s thermal conductivity follows a decreasing trend when the cell size decreases
[7[18]

Polyurethane can be employed to make panels and pipe fittings, as well as expanded into the foam to be used in
buildings (for sealing doors and windows, and filling voids and spaces BIlZ. It is worth mentioning that even if PUR
is safe in its intended applications, it can pose serious health concerns in the case of a fire. When PUR burns,
highly hazardous hydrogen cyanide (HCN) and isocyanates are released (13, Compared to other organic materials,

the key benefit of PUR insulation boards (Figure 3) is their high structural strength. Yet, same as other organic

material insulation boards, these have weak flame retardancy and low recycling rates.

N

Figure 3. PUR insulation foam [,

2.3. Cork

Cork thermal insulation is primarily made from cork oak. The thermal conductivity, density, and specific heat of cork
material are in the range of 0.037-0.050 W/m-K, 110-170 kg/m3, and 1.5-1.7 kJ/kg-K, respectively. Without
affecting their thermal resistance, cork insulation products can be punctured, trimmed, and adjusted on the job site
(131 Materials consisting of cork particles are of good acoustic characteristics, like thermal shock insulation, air

isolation, and sound absorption 7. Softwood applications are ideal insulation materials under compression
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pressures due to their low thermal conductivity and high compressive strength. Cork oak is widely used in buildings
because of its thermal and acoustic properties. It can be used either as a filler or a sheet . Compared to the
aforementioned organic materials, the recycling performance of cork materials is more effective. Considering the
sustainable development of buildings, materials such as cork should gradually replace polymer materials that are

difficult to degrade.

2.4. Organic Fibrous

e Cellulose

Cellulose is formulated using recycled paper, wood fibre, and boric acid to improve its thermal characteristics 28!,

These components can also enhance its pest, fire, and corrosion resistance &,

Cellulose has a thermal conductivity of 0.037 and 0.042 W/m-K, a density of 30 to 80 kg/m3, and specific heat of
between 1.3 and 1.6 kJ/kg-K. The thermal performance of cellulose can be influenced by the quality of the source
newsprint 12, Additionally, the thermal conductivity can be improved by increasing the moisture content from 0% to
5%, yielding 0.040 W/m-K and 0.066 W/m-K, respectively [,

Cellulose insulation products can be perforated, trimmed, and modified on the job site without losing their thermal
resistance 13, Acoustically, if cellulose panels are utilised, their elasticity can be used as a floating floor elastic
material, while the porosity and flow resistivity values are sufficient for sound absorption and cavity insulation 71,
Cellulose is commercially used to fill cavities, cardboard, and envelope liners 28, Although cellulose panels and
matting are produced by manufacturers, loose cellulose that can be blown into wall cavities is more widely
available Bl. Cellulose can be used as a sustainable material when compared to organic polymer materials. Its
improved workability should also be taken into consideration. However, more research is required on the durability

aspect, since durability is the central argument against replacing EPS and XPS with new materials.
o Sheep Wool Insulation Materials

Sheep wool is a widely-used material in the garment and textile industries. However, a large amount of wool from
coarse or semi-coarse sheep (dairy sheep) bred in southern Europe and Mediterranean countries is of poor textile
quality. Therefore, it is recommended to use wools as sustainable insulation materials for buildings 9. Figure 4

indicates sheep wool material and its applications in buildings.
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Figure 4. Applications of sheep wool insulation in building constructions [,

Semitekolos et al. 29 analysed a composite insulation that is made of epoxy resin and wool. Compared with pure
epoxy resin, the thermal conductivity of their composite is reduced by 30%, demonstrating that wool fibre-epoxy
resin composite might be considered a potential insulating material while also utilising natural waste. lacob Florea
et al. 2 investigated a new insulation material made of natural fibres, wool, and hemp. The experimental results
showed that sheep wool materials provide better insulation than currently available materials, resulting in increased
building energy efficiency. A study by Azra Korjenic et al. 22 found that the thermal insulation performance of pure

wool as an internal insulation layer for facades is comparable to mineral wool and calcium silicate.

| 3. State-of-the-Art Insulation Materials
3.1. Transparent Insulation Materials (TIMs)

All transparent insulation materials (TIMs) can be categorised as solar collectors since they absorb solar energy
while also providing insulation to prevent heat loss 28, TIMS, which are usually assembled with a transparent
cover and a double-glazing unit 24l can also control heat flow and transmit light, enhancing the building’s thermal
and visual comfort 2. Based on different structural designs, TIMs are typically divided into four categories, i.e.,
vertical glass structure, parallel glass structure, composite glass structure, and homogeneous glass structure 241,
Homogeneous TIM has granular silica aerogel (GSA) and single-piece silica aerogel (MSA). Figure 5 indicates
silical aerogel granules used in glazing units. Although MSA-TIM is more important than GSA-TIM, its initial cost,

as well as vulnerability, are substantial barriers to its commercialisation 221,
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Particle size: 3 -5 mm Particle size: <0.5 mm

Figure 5. Silica aerogel granules used in glazing units 223,

TIMs are mostly used in transparent insulation (TI) systems in solar applications, namely Tl solar collector systems
and Tl systems for buildings [28. TI systems are also classified into two types of with and without aerogel.
Compared to the Tl system without aerogel, the aerogel-filled Tl system is lighter and thinner, improving insulating
performance 23], Paneri et al. [23] confirmed that an aerogel-filled Tl system shows superior insulating performance
and g value when its weight and thickness are lowered. Therefore, aerogel-filled Tl systems are ideally suited for

energy conservation in both existing buildings (when retrofitted) and new constructions.

Moreover, TIM needs the coordinated operation of electrical systems and is costly to be designed, manufactured,
and implemented in buildings, making it uncommon in most city buildings but employed widely in public ones. To
make TIM general, corresponding normative constraints should be developed to maximise cost savings and

expand the scope of applications.

3.2. Aerogel

Aerogel is a translucent synthetic substance with a huge internal surface area, high porosity, and low density .
Commonly, aerogel is synthesized by the sol-gel method @, which creates a highly porous nanostructure, reducing
conduction and convection heat transfers through the material [2. Synthetic materials exhibit the lowest thermal
conductivity, refractive index, sound speed, and dielectric constant of any solid evaluated. These characteristics
are attributed to their unique microstructure, which comprises particle diameters of 1-20 nm, pore widths of 2-50

nm, and porosity of up to 90%.

The other forms of aerogel include frozen smoke, solid air, and blue smoke . Particulate aerogel can be placed in
the cavity of a double-glazed window to reduce its U value considerably while having no negative impact on
apparent transmittance 28, Aerogels can also be employed as the core of vacuum insulation panels. Aerogel
gualities have led to novel applications in a variety of fields, including solar collector covers, building envelopes

(walls, floors, attics), windows, and coating applications (as a thickener) &I,
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Aerogel, as shown in Figure 6, can also be classified as a new type of thermal insulation material. However, new
materials have limited application possibilities and have issues with durability. Based on the literature, there is not

much research in this area, and more research is needed if it is widely used in the future.

Figure 6. Aerogel-based plaster in building constructions 271,

3.3. Closed-Cell Foam

Closed-cell foam is a spray insulation with completely enclosed cells that are pressed together to prevent air and
moisture entrapment within the foam [2. The density and thermal conductivity of closed-cell foams are 16-55 kg/m3
and 0.025-0.048 W/m-K, respectively Z. The main weakness of these foams is that their thermal conductivity
varies rapidly when they become moist [2[28], Recent technological advancements have tended to manufacture thin
insulating materials by limiting bubble size and foam gas injection, resulting in stiff and stable insulating materials

that occupy 40% less occupied area than fibreglass at the same thermal resistance 22,

In building applications, closed-cell foam can be utilised as a hard surface material, and it is appropriate for exterior
walls (but not cavity walls) in dry climates 28, Closed-cell foam has no significant uncertainties about how well it
performs as a surface spraying material. Thus, the focus of future studies should be on durability and fire
resistance. Further investigation is required to determine whether cracking, performance deterioration, and fire risk

exist in some severe circumstances.

3.4. Vacuum Insulation
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Vacuum insulation board is a novel environmentally friendly, high-efficiency insulation material with thermal
conductivity of one-fifth to one-tenth of that of traditional insulation materials. Vacuum insulations are gradually
being employed in several applications, such as construction (Figure 7), refrigerators, cold storage, pipeline
insulation, cold chain logistics, etc., due to their excellent properties B9, Using expanded cork powder as an
inexpensive substitute for fumed silica, Jiandong Zhuang et al. developed expanded cork/fumed silica composites
with a hierarchical porous structure as the core of vacuum insulation panels with a thermal conductivity as low as
0.006 W/m-K [28],

In the most recent thermal insulation technology, vacuum insulation panels with super-layered glass fibre cores are
produced by centrifugal spin blow moulding, and the thermal conductivity of a 3 mm vacuum insulation board
reaches 1.25 mW/m:K, significantly improving the service life of the insulation board. Their further advantage is

lower energy consumption as well as lower cost compared to traditional wet processes (11,

Vacuum insulation materials, on the other hand, can be used to replace vacuum glasses in building windows for
improved thermal insulation. The results demonstrate that the insulating material with a vacuum pressure of 10 pa
in the interlayer can provide a better insulation effect, but at a much higher cost 22, Due to the instability of the
vacuum environment, residual gases such as N,, O,, H,O, and H, often appear in the vacuum space after the
material is used for a certain period. Vacuum insulation products that often employ getters ensure that the material
properties remain unchanged after long-term usage, which improves the service life of vacuum insulation materials
(831 A vacuum insulation board is an excellent insulation material; however, it is essential to ensure the structure of
the insulation board is stable since its elements are insulated by vacuum. Reducing manufacturing cost and

prolonging service life have always been major research topics 34131,

Figure 7. (a) Assembly of a vacuum insulation system, and (b) commercial vacuum insulation panels 28137,

Theoretically, vacuum insulation should have the best thermal insulation performance, but more work is required to
ensure durability in real-world applications. A strong and lightweight seal material is also required as the frame to
maintain the vacuum inside the panel. Besides, the high cost is a barrier that must be solved for future
developments.
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3.5. Reflective Insulation

Thermal insulation systems commonly used in buildings reduce conductive and convective heat transfers between
the interior and the outside of the building. Reducing the impact of indoor and outdoor radiative heat transfer in
buildings is also a way to achieve building energy efficiency [28l. Reflective insulation systems, internal radiation
control coatings, and inflatable panels are examples of building insulation technologies that use the reflective
principle 2. The performance of reflective insulation systems varies in different climates. As reported, reflective
insulations can significantly reduce internal degree days and thermal energy in cold, temperate humid, hot arid,
and hot humid climates 49,

By providing a reflective space interlayer in the middle of the insulation material, thermal insulation performance
can be effectively improved. The latest reflective insulation technology incorporates wood fibreboard and an
intermediate air layer with a highly reflective interface, which is used to reflect long-wave infrared radiation, with
seven layers of multi-air layer insulation with thermal conductivity of about 0.033 W/m-K. Compared with the

available building insulation materials in the market, reflective insulations pose a higher insulation potential (411,

In terms of the insulating concept, reflective insulation differs from conventional insulation materials. It reduces the
heat radiation absorbed by the building via reflecting heat radiation, achieving the purpose of thermal insulation.
The air wall is often covered with a layer of aluminium foil. This foil is also employed as an extra heat preservation

mechanism, which functions in a variety of composite heat preservation boards and insulation membranes.

| 4. Sustainable Insulation Materials

As mentioned earlier, the building and construction sector has a number of undesirable environmental issues
associated, like using 40% of the world’s natural resources and producing over 45% of waste disposal 42,
Inorganic insulation materials, despite their widespread use in buildings for wall insulation due to their fire-resistant
benefits, have major environmental impacts [“2l. On the other side, organic insulation materials, such as EPS and
XPS, are flammable and can emit large volumes of toxic gases when heated to around 80 °C 4], Since building
walls contain an extensive area in comparison to other components (floors, roofs, attics, etc.), it is essential to
transition to safe, sustainable materials in order to address current safety issues and environmental concerns. In

this section, a variety of sustainable insulation materials are reviewed and discussed.

4.1. Bio-Insulation Materials

Bio-insulation materials were first studied in 1974 43, Researchers and professionals have then widely invested in
bio-insulation material development, especially after 2003. The materials studied mainly include coconut, wood
(e.g., plywood € sawn timber 47, laminated wood “& particleboard 2, and biocomposites BABL)  hemp,

sunflower, corn, flax fibre, straw, etc 221,
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Indra Mawardi et al. 3 recently conducted a research study on the insulating effectiveness of oil palm wood
binderless panels. It is reported that such bio-insulation panels with a particle palm wood size of 0.42-0.84 mm
offer good thermal insulation and sound absorption capabilities. Xuhao Zhang et al. 24 studied a thermal insulation
cement made of magnesium phosphate cement and corn stalk, and based on their results, the walls with this
material can better regulate temperature and relative humidity changes, improving the indoor environment’s
comfort. Shuang Wang et al. B8 experimentally investigated a rice husk/geopolymer foam composite. They
showed that the new composite mixed with rice husk is of satisfactory performance to be used in buildings for
energy-saving purposes. Lifang Liu et al. 22 assessed the thermal, mechanical, and hydraulic properties as well as
the micromorphological effects of a bio-insulation material in which wheat straw and geopolymers were used as
aggregate and binders, respectively. According to the findings, this new bio-insulation material has acceptable
thermal and mechanical qualities and can be utilised in wall insulation applications, especially for prefabricated
buildings. Dang Mao Nguyen et al. 58] carried out experiments on thermal insulation boards made of six different
biological types of glue and bamboo fibres. They concluded that 70% bamboo fibre plus 30% bone and sodium
lignosulfonate is an optimal ratio for their insulation boards to efficiently control the humidity and conserve building

energy.

Although there have been many breakthroughs in bio-insulation thermal performance, the presence of organic
components in biomass materials calls for additional research regarding durability, insect resistance, corrosion
resistance, and flame retardancy. As a sustainable building material, the use of bio-insulation materials in

construction is highly encouraged.

4.2. Agriculture Waste Materials

Agricultural waste insulation materials, which are primarily natural or waste materials, abundant in resources,
inexpensive, and free of complicated production processes, significantly contribute to achieving sustainable

development goals in the building and construction sector.

Ana Ramos et al. B4 developed a particleboard using polyvinyl acetate and corncob and studied its thermal
performance and environmental impacts. The experimental results revealed that agricultural waste and by-products
are of desired thermal performance, allowing them to be used as promising eco-friendly building insulation
materials. Nga et al. B8 applied a freeze-drying procedure to produce thermally insulating and flexible cellulose-
based aerogel composites using pineapple leaves and cotton waste fibres. In this study, the authors investigated
the material’s density, porosity, morphology, durability, and thermal properties to ensure whether such developed
biomass aerogel composites can be used for insulation purposes in real situations. Baiba Gaujena et al. I
analysed the hydrothermal properties of hemp insulation boards in which the local agricultural residues can also be
used. They found that the effect of binder powder on thermal conductivity is minimal, however, the value obtained

using hemp is much higher than that of traditional insulation materials.

4.3. Recycled Insulation Materials
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Converting available waste sources into high-value products is critical to promote sustainable development as well
as to reduce production costs. Reviewing the literature, there is an increasing number of studies on the utilisation
of recycled materials for wall insulations 9. In a study conducted by Nga et al. 89 the biodegradable xanthan
gum solution was mixed with the fibre skeleton as a binder and freeze-dried, leaving a hollow porous structure.
This material is reported as an environmentally benign and cost-effective insulation for building applications.
Moghaddam Fard et al. 81 developed a new thermal insulation material out of recycled plastic and polystyrene,
sandwiching recycled plastic bags between polystyrene insulation boards for improved thermal insulation
performance as well as fire and water resistance; however, compressive strength was sacrificed. Reynoso et al. (62
developed a new type of recycled insulation material with thermal insulation properties comparable to commercial
insulation materials using expanded polystyrene waste, cementitious adhesives, plastic additives, and water.
Jensen et al. 68 investigated the properties of regenerated cellulose building materials and concluded that
insulating materials consisting of regenerated fibres are low-cost, have good thermal and acoustic insulation
capabilities, and can be used to replace traditional insulating materials. Overall, the use of recycled materials can
provide novel thermal and acoustic insulators with high performance and low cost, which is the future path of

insulating material research.
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