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Silica aerogels hold remarkable properties, particularly their translucence/transparency and extremely
low thermal conductivity and density, for buildings thermal insulation purpose. Incorporated in compos-
ites or framing systems, they reduce the overall weight of the building envelope while increasing its ther-
mal resistance, being especially valuable for energy-efficient retrofitting solutions, spanning from

covering facades to window panes. This review presents the production process of silica aerogels in brief,
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their relevant properties regarding building’s needs, and a full survey of last years’ scientific achieve-
ments on silica aerogel-containing materials for buildings, such as panels, blankets, cement, mortars, con-
crete, glazing systems, solar collector covers, among others.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the overall energy consumption worldwide has
changed the construction of buildings [1]. In 2016, the global
building sector was responsible for consuming around 30% of total
final energy use and contributed with 28% of global energy-related
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to CO, emissions [2]. The thermal performance of building’s envel-
ope (floor, roof and walls) is a prime factor, since it influences the
amount of energy required for indoor thermal comfort. A common
passive strategy for the reduction in energy consumption is the
incorporation of thermal insulation materials in walls and roof.
This is recognized as one of the most effective ways to ensure
energy savings, being capable of mitigating outward heat losses.
Superinsulating materials are still the main tool for improving
the energy behaviour of a building, even after thirty years of the
introduction of thermal insulation in most countries [3-5].
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Nearly zero energy buildings, as well as Passivhaus require-
ments, are not achievable without highly insulated building envel-
opes [6]. New thermal insulation solutions are needed to fulfil the
thermal behaviour and energy performance requirements [7].
Besides very low thermal conductivity, other properties are crucial
to assess the suitability of an insulating material for this purpose.
Sought properties may include site adaptability, mechanical
strength, opacity or transparency, durability and resilience to
weathering, fire protection, low environmental and human health
hazard, and low cost. Moreover, in order to ensure building’s sus-
tainability [8], the new insulation materials are now increasingly
being evaluated taking into account a life cycle assessment (LCA)
and cost (LCC) perspective, which includes the environmental
impacts [9] along with cost [10]. Regarding the economic aspects,
the return of investment (ROI) [7] and the discounted pay-back
period (DPBP) [11] are two related parameters often used.

There are several new superinsulating materials being devel-
oped for high performance buildings [7], such as vacuum insulat-
ing panels (VIPs) [12], low-emissivity films for glazed openings
[13], foam perlite with a triple-hierarchical porous structure [14]
and aerogel enhanced blankets [15].

Aerogels represent a state-of-the-art thermal insulation mate-
rial, and may be the one with highest potential at the moment
[16-20]. While in some applications aerogels can be used as a bulk
material [21], in buildings they are usually applied as aerogel glaz-
ing [22,23] and blankets [24,25], but can also be employed in the
building structure, inside bricks [26], or incorporated in cement/-
plaster composites [27,28].

Although aerogels may have several compositions, silica aerogels
are the most known due to their thermal superinsulation feature,
easy production and cost-effectiveness [29]. They were first pro-
duced, in the 1930s, by Samuel Stephen Kistler [30], but did not have
significant development for several decades. The interest in this
material, and especially in its very low thermal conductivity, re-
emerged in the 1980s when energy savings became more important.

Silica aerogels consist of a pearl necklace-like internal structure
of SiO, linked chains with a large number of air-filled pores (poros-
ity usually above 90%), mostly in the mesopore range. This exten-
sive and fine porosity guarantees a very high specific surface area
(500-1200 m? g~ 1), low density (~0.03-0.3 g cm~3), superinsula-
tion performance (0.012-0.025 W-m~'.K™!), ultra-low dielectric
constant (k = 1.0-2.0) and low index of refraction (~1.05) [31-35].

Due to their extraordinary properties, in particular their low
thermal conductivity and optical transparency, silica aerogels can
be applied in buildings, especially for energy-efficient retrofitting
solutions [36], from covering building facades to insulating win-
dow panes [22-28]. But other purposes for their use are emerging,
such as for solar collector covers [37-39]. Being one of the most
promising high performance thermal insulation materials for
buildings, the application of aerogels in this sector have already
been the focus of a few reviews and book chapters in past years
[27,36,40-48]. As most of these works were published before
2015, and there has been a significant increase in publications
since that year, as can be observed in Fig. 1, the main goal in this
review is to present the recent advances in the field, with a focus
on the works developed with silica aerogel-containing materials
between 2015 and 2020.

In this review, the most representative information on silica
aerogel-based composites used for building applications is sum-
marized. It is composed of four main parts: i) a brief description
of the main stages of silica aerogel preparation and reinforcement;
ii) a description of aerogels key-properties for building-related
solutions; iii) the recent advances regarding the incorporation of
silica aerogels in composites and structures developed for build-
ings insulation; and iv) main future trends and challenges for silica
aerogels use in the buildings sector.
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Fig. 1. Number of publications of last ten years containing “aerogel*” and
“building*” words in the topic, and also adding the term “thermal conductivity”
for a more restricted set (Web of Science; 24 January 2021).

2. Silica aerogels production process

The synthesis of silica aerogels has received significant atten-
tion and is extensively described [33-35,49-51]. Some investiga-
tors have studied the use of different precursors and many have
focused on modification of synthesis parameters [52-57]. Thus,
only a brief description is presented here. The synthesis of silica
aerogels can be divided into the following general steps: i) gel
preparation, ii) aging, iii) washing and iv) drying (Fig. 2).

2.1. Gel preparation

The most common methodology for synthesizing silica gels is
the low-temperature sol-gel process. In this procedure, hydrolysis
and condensation reactions take place near room temperature,
leading to the formation of a nanostructured silica network. During
these steps, siloxane bridges (Si-O-Si) are formed by the reaction
of the chosen silica precursors. Some of the most common precur-
sors for silica aerogels are silicon alkoxides, such as tetram-
ethoxysilane (Si(OCHs3)4, TMOS) and tetraethoxysilane (Si
(OC,Hs)4, TEOS) [33].

The hydrolysis of silicon alkoxides is usually carried out with a
catalyst [50] and involves the conversion of the alkoxide groups to
silanol groups (Si-OH). While, during condensation reactions, two
processes may occur [58]: i) silanols undergo condensation form-
ing the siloxane linkage and one equivalent of water (water con-
densation); and ii) a silanol and an alkoxide group condense
resulting in a siloxane bond and one equivalent of alcohol (alcohol
condensation).

The solution pH has a significant impact on the hydrolysis and
condensation reactions [59], leading to the formation of consider-
able different structures of the gels [60]. When acid catalysts are
used (Scheme 1 [60,61]), the hydrolysis is faster than the conden-
sation, resulting in a less branched silica network [34,62-65] that
can be easily re-dissolved in aqueous solutions [50]. In base-
catalysed reactions (Scheme 2 [60,61]), the opposite is verified,
with the condensation step being favoured instead of the hydroly-
sis, which leads to highly condensed networks with fewer residual
alkoxide and silanol groups, if compared with the ones catalysed
with acid [34,62,63]. It is often assumed that the hydrolysis and
condensation reactions are nearly complete when the sol reaches
the gel point [33].
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Fig. 2. Schematic representation of typical sol-gel synthesis procedure for aerogels preparation. Reprinted with permission from Ref. [33]. Copyright (2014) Elsevier.
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Besides silicon alkoxides, sodium silicate (Na,SiO3), otherwise
known as waterglass, is also widely used for silica aerogel synthe-
sis, as it is probably the cheapest source from which silica gels can
be obtained [49,50]. The preparation of the sol is quite different
than that referred above. In this case, the waterglass reacts with
water, exchanging Na* ions with H* [49] to form silicic acid
(H,Si03), and then this acid will polymerize and form the silica
gel [50]. However, a major drawback of this route is the time-
consuming step for removing the sodium ions from the solution.
For this, usually the sodium silicate sol is passed through an ion-
exchange column filled with a strong acidic resin, which can take
several hours for complete exchange [49,50,66]. During this proce-
dure the silica sol pH changes from around 11.5 to approximately
2.5 at the end. After the sol preparation, a base is added as catalyst,
usually ammonium hydroxide, for gelation [49,67].

2.2. Gel aging and washing

The hydrolysis and condensation reactions continue after the
gel point is achieved, but at a much lower rate due to diffusional
limitations and decrease of reactive species. This process is called
aging, and those reactions cause the strengthening and stiffening
of the silica network, leading to a significant impact in the aerogel
microstructure [43,68,69]. The aging can be controlled/enhanced
by altering different parameters, such as the solution pH, as well
as the precursors concentration and the water content of the cov-
ering solution [43,70,71].

The strengthening of the gel’s network occurs due to two main
mechanisms: the first one is the neck growth, a result of the repre-
cipitation of dissolved silica from the secondary particles surface
onto the neck region; the second is known as Ostwald ripening
mechanism, in which the dissolution of smaller silica particles
occurs and then the reprecipitation onto larger ones [33,34,72].

Often, the aging procedure involves the immersion of the silica
gel into a solution with silane precursors, such as TMOS or TEOS, to
increase the degree of cross-linking [43,69,73]. This process is sim-
ilar to a surface modification, and helps preventing the fracture of
the silica material during drying at ambient pressure or in super-
critical conditions [69,74,75].

After aging, a washing step is usually performed to remove the
catalyst, water, non-reacted precursors, as well as some additives
when they are used, like surfactants. The presence of these impu-
rities may lead to partial collapse of the porous network during
drying, which can result in an increase of the gel’s bulk density.
This happens because some of these compounds, for instance
water, can interact with silanol groups on the silica surface increas-
ing the capillary forces during drying. The washing is usually done
by immersing the gel in a pure alcohol (for instance, the same used
for the synthesis), in several steps, and exchanging in this way the
liquid in the pores through a diffusional process. Frequently, alka-
nes are also used, due to their low surface tension, in order to
decrease the capillary forces [76].

2.3. Gel drying

The last and most critical step in the production of aerogels is
the drying of the gel. The primary purpose is to maintain the gel’s
initial pore structure after drying, which can be achieved by mini-
mizing the damage in the gel network caused by capillary forces
during this step, in order to enhance the properties of the aerogel
[77]. Three different drying methods are often used: (1) ambient
pressure drying (APD), (2) supercritical drying (SCD) and (3) freeze
drying (FD).

The minimization of the capillary tension and pressure gradi-
ents when using APD involves the implementation of solvent-
exchange protocols, as already mentioned, and/or surface modifi-
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cation of the gels (silylation). In the latter, the silylated surfaces
repel each other and condensation reactions do not occur during
drying. Thus, the gel does not undergo irreversible shrinkage in this
stage and recovers its original porous state after drying [33,77,78].
This phenomenon is called spring-back effect [51]. As APD is car-
ried out at ambient pressure and mild temperatures, this method
is more attractive in terms of cost and versatility of samples’ size,
if compared with SCD and FD.

SCD was the first methodology used to obtain aerogels [30], and
still is the preferred method to fabricate aerogels, since the super-
critical fluids avoid the surface tension effects during the drying
step [79], therefore significantly reducing the shrinkage and col-
lapse of the pore structure. There are two different methods of
supercritical drying [77]: high temperature supercritical drying
(HTSCD) and low temperature supercritical drying (LTSCD). In
the first method, the synthesis solvent is converted in a supercrit-
ical fluid by increasing the pressure and temperature inside an
autoclave, being subsequently slowly vented at constant tempera-
ture [40]. The second method (LTSCD) usually uses supercritical
CO, (scCO,) to extract the organic solvent of the synthesis, which
must be soluble in scCO,. This process can be carried out by two
approaches: (1) liquid CO, is pumped into the sample while the
organic solvent is flushed out and, then, the temperature is
increased, at high pressure, followed by the removal of scCO;; (2)
scCO, passes continuously through the sample to extract the
organic solvent [77].

In FD method, the solvent in the pores is frozen and then subli-
mated under vacuum. The nanostructured matrix might undergo
cracking due to the formation of large crystals within the pores.
This situation is even worse if water is the solvent, as it expands
when freezing, which causes severe damage to the pore structure
[80]. This methodology leads to powder-like silica materials with
macropores [33].

2.4. Structural reinforcement of silica aerogels

The major drawback regarding native silica aerogels is their
intrinsic fragility, which has significantly limited their practical
applications. Therefore, different techniques and materials, from
polymers to nanostructures, have been reported in literature to
mechanically reinforce silica aerogels [33-35]. The main method-
ologies applied to improve the mechanical properties of silica aero-
gels, as well as a few examples for each procedure to give an
overall view, are reported in Table 1.

Reinforcement strategies of silica aerogel such as the addition of
organosilanes and polymers have already been described and dis-
cussed in an overview by Maleki et al. [33]. Thus, only a brief view
will be given here.

The modification of the gels at silica skeletal level can be
achieved via the co-precursor method, as reported in Table 1, using
an organosilane in the initial mixture that features a non-
hydrolysable group, as for example the methyl groups in MTMS
[81] or the propyl methacrylate in TMSPM [82]. When adding tri-
functional organosilane compounds of the type RSiX3 (where,
R = alkyl, aryl or vinyl groups, X = Cl or alkoxy groups) in the begin-
ning of the synthesis, flexible aerogels with reduced overall bond-
ing and good hydrophobicity are obtained [54]. The inclusion of
flexible bis-silanes, such as 1,6-bis(trimethoxysilyl)hexane
(BTMSH), into the silica backbone creates a more open structure
that can also bear higher loads [83]. The modification can also be
achieved through the surface derivatization method, by modifying
the surface groups of the sol-gel-derived materials through post-
gelation addition of the modifying agent [34,84]. Several organosi-
lanes were already used for the silica network modification with
co-precursor or surface derivatization methods [33,34,85], includ-
ing  methyltriethoxysilane  (MTES) [86], MTMS [87],



Table 1

General view of reinforcing strategies and agents for silica-based aerogels.

Reinforcement strategy Reinforcing agent

Thermal
conductivity
(W-m K1)

Mechanical Property

Advantages

Disadvantages

Co-precursor

In-situ polymerization

Surface derivatization

Fibers

Nanomaterials

Biopolymers

Organically
modified
silanes

Polymers

Silane

Polymer

Organic

Inorganic

1D materials

2D material

Bacterial cellulose [95]
Pectin [97]

Methyltrimethoxysilane
(MTMS) [81]
3-(trimethoxysilylpropyl)
methacrylate (TMSPM)
[82]

Di-Isocyanate [98]

Polystyrene (PSt) [100]

Poly(butyl acrylate) (PBA)
[100]

Solution of
hexamethyldisiloxane and
HCI [101]

Toluene diisocyanate [102]
Methyl-methacrylate
(MMA) monomer [103]
Recycled polyethylene
tetraphalate (rPET) fibers
[104]

Cellulose fibers [105]

Silica fibers [106]
Zr0, fibers [107]

Glass fibers [108]
Attapulgite nanofiber [109]
Carbon nanotubes [110]

Graphene Oxide [111]

0.0292 + 0.003

<0.018

0.038

0.020

0.037 £ 0.001

0.042 £ 0.002

0.0221

0.037 £ 0.001

0.0158 + 0.0004

0.0210 + 0.0001
0.0236

0.0179 + 0.0005

0.0228

0.0418 + 0.001

0.035

Young’s modulus = 485 kPa
(strain at 60%)

Young’s moduli up to

10 MPa

Compressive

strength = 0.90 MPa
Young’s modulus = 1.26
GPa

Young'’s

Modulus = 6.48 MPa
Compressive
strength = 124 kPa
Compressive
strength = 98 kPa
Young’s

modulus = 1.07 MPa

Young's

modulus = 36.16 MPa
Young'’s

modulus = 61.6 MPa
Young'’s

modulus = 2.19 * 0.34 kPa

Young's

modulus = 3.50 + 0.30 MPa
Young’s modulus = 48 kPa
Compressive

strength = 0.65 MPa
Young’s modulus

table = 1.53 MPa
Compressive

strength = 2.5 MPa
Young'’s

modulus = 201.5 + 1.6 kPa
Compressive

strength = 0.65 MPa

- Simple synthesis methodology
- Higher thermal stability and hydrophobicity if
compared with derivatization method [96]

- Significant improvement of the mechanical
properties

- Higher transparency than the ones obtained by the
co-precursor method, for the same silane modifier [96]
- Does not affect the growth and structure of SiO,
particles [96]

- Simple synthesis methodology
- Samples in a wide range of sizes/shapes
- Fibers increase the elasticity of the composite [99]

- Unique properties

- Leads to non-uniform and irregular
shaped particles [96]

- Larger pores and particle sizes if com-
pared with the derivatization method
[96]

- Complex procedures

- Density increases

- Lower resistance to high temperatures
[99]

- Does not improve the materials’
thermal stability [96]

- The materials tend to be dusty
- Lower resistance to high temperatures
if polymer fibers are used [99]

- Nanomaterials are usually expensive

ID 32 SaA]y DILID ‘DYULIUO] SINSLIPOY DO DUY ‘SIPUIN-AWDT 'Y
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vinyltrimethoxysilane (VTMS) [87,88], hexamethyldisilazane
(HMDZ) [89,90], hexamethyldisiloxane (HMDSO) [91,92] and
trimethylchlorosilane (TMCS) [93,94].

Mechanical reinforcement of silica aerogels can also be
achieved by the grafting of polymers from the organically-
modified silica surface (Table 1). Meador and co-authors [98] stud-
ied the effects of four processing parameters (initial silane, water,
polymer concentration and number of washings) on the properties
of polymer (di-isocyanate) cross-linked aerogels. The polymers’
addition increased the silica aerogel mechanical resistance
(6.48 MPa), while maintaining low values of density (0.184 g-cm>)
and thermal conductivity (20 mW-m~-K~!). Maleki et al. [112]
also achieved a good mechanical reinforcement by including
BTMSH or 1,4-bis(triethoxysilyl)-benzene (BTESB) into the TMOS-
derived underlying structure of tri-methacrylate crosslinked silica
aerogels. The authors optimized these APD aerogels’ properties,
developing materials with mechanical strength two times higher
than their scCO, dried counterparts, and 400 times stronger than
the plain silica framework.

Organic and inorganic fibers are another possibility to surpass
the intrinsic fragility of silica aerogels. An extensive range of fibers
can be used for the development of silica aerogel composites, includ-
ing for example recycled PET [104], cellulose [105], silica[106], ZrO,
[107] and glass fibers [108], and these fibers can introduce different
properties to the final composite (Table 1). The fiber-silica aerogel
composites allow the possibility of improving the mechanical
strength without compromising the low densities and high specific
surface areas [113-116]. Polymer fibers increase the elasticity of sil-
ica aerogels but undergo degradation at high temperatures [116]. On
the other hand, ceramic and glass fibers improve the silica aerogel
thermal resistance, but can cause a decrease in the specific surface
area and an increase in the composites’ density [99].

Another reinforcement methodology is the incorporation of
nanostructures into the silica network (Table 1), which has been
presented in reviews written by Lamy-Mendes et al. [34]| and
Slosarczyk [99]. Both 1D and 2D nanomaterials were already used
in the silica aerogels composites. For example, carbon nanotubes-
silica aerogels composites showed improved mechanical proper-
ties, doubling the Young's modulus when compared to their
silica-based aerogel counterpart [110], without compromising the
densities and porosities. By including 20 wt% of attapulgite nanofi-
bers in the silica backbone of TEOS-based silica aerogels, Li et al.
[109] were able to obtain a 3-fold increase in the compressive
strength and elastic modulus. When adding graphene oxide (GO)
to silica aerogels, Hong-Li and co-authors [111] also obtained an
enhancement of the TEOS-based silica materials’ compressive
strength (from 0.04 MPa to 0.65 MPa), but the thermal conductiv-
ity also increased from 0.025 to 0.035 W-m~".K~'.

3. Silica aerogel key properties for buildings’ applications

In this section, the more relevant properties of silica aerogels for
building-related applications are detailed, considering their corre-
lation to the material’s structure. The more widely accepted assess-
ment methods for these properties are also indicated.

3.1. Pore structure and density

Silica aerogels are materials composed by ultrafine particles,
linked in a pearl necklace 3D arrangement, and air-filled pores that
usually contribute to 85-99.8% of the total aerogel volume [49].
Therefore, when incorporated in composites, they lead to a reduc-
tion of their overall density and, thus, the weight of the building
envelope, as well as an increase in the thermal resistance due to
their low thermal conductivity.

Construction and Building Materials 286 (2021) 122815

The interconnected pore network of silica aerogels is mostly
composed by mesopores (pore sizes between 2 and 50 nm), with
an average pore diameter between 20 and 40 nm [49,76]. However,
they can also present pores in the micro- (pore diameters lower
than 2 nm) and macropores (diameters higher than 50 nm) range
[49,76]. The predominant range of pore sizes in the final material
can be tailored by the sol-gel process, for example, micropores
become significant when acid catalysis conditions are used, while
the addition of organically modified silica precursors with basic
moieties, such as amine groups, leads to generation of large macro-
pores [76,110,117].

Due to the combination of high porosity and small pore sizes in
aerogels, the most used conventional technique for characteriza-
tion of pore structure and porosity, i.e. mercury intrusion porosime-
try, is not appropriate for silica aerogels. This method is based on
the application of pressure on the materials network, which, in
the case of aerogels, leads to large volumetric compression and
cracking, originating incorrect values for pore size and volume.
The most applied technique for the pore size distribution (meso-
pores) characterization of aerogels is the nitrogen adsorption/des-
orption technique [49], which operates at relative pressures lower
than 1 relatively to the N, saturation pressure at 77 K. However, this
technique also has some limitations, in particular when evaluating
samples with a relatively flexible structure [118,119]. Due to these
constrains, it is common to rely on the density values to obtain the
porosity and average pore size of aerogels [69,106,110,120].

Two different physical characteristics are used to define silica
aerogels in terms of density: bulk density (pp) and skeletal density
(ps)- Bulk density is defined as the ratio of the aerogel’s mass to its
volume including pores. This property can be obtained by weighing
and measuring the dimensions of cut or shaped regular pieces of
aerogel. If this regularity cannot be achieved, liquid (non-wetting
fluids) or granular solids (dry flow method) displacement can be
used for the bulk density assessment, always ensuring that the fill-
ing medium will not enter in the pores and will not compress the
sample in the case of flexible aerogels.

The skeletal density refers to the density of the silica particles
that compose the aerogel structure, and is usually very close to
that of amorphous silica (2.2 g.cm™ [76,121]) when pristine silica
aerogels are measured. However, lower values are expected for
organically modified silica aerogels [122], confirming that the
skeletal density largely depends on the aerogel synthesis precur-
sors and conditions [123]. Submitting the aerogel to heat treat-
ment can also affect this property [124], since dehydroxylation
and removal of network defects occur. The skeletal density may
be obtained by using helium pycnometry [121], with the sample
previously milled to obtain a fine powder form, in order to mini-
mize the number of closed pores.

The bulk and skeletal densities of the aerogel may provide the
porosity and pore volume (Vp) values through the following
expressions [106,110]:

Porosity (%) = (1 — p,/p,) x 100 (1)

Vo(em®-g ") = 1/p, — 1/p, 2)

To estimate the average pore size, Eq. (3) is used, with the total
pore volume determined by Eq. (2) and specific surface area (Sggr)
obtained by nitrogen gas adsorption [106,110].

Average pore diameter = 4(V5p)/Sger (3)

3.2. Thermal conductivity

The thermal energy is transferred through silica aerogels by
three mechanisms: solid conduction (/), gaseous conduction (/g),
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and radiative (infrared) transmission (/) [49,76]. The effective
thermal conductivity is a result of the three contributions, as fol-
lows (Eq. (4)):

A=ls+ g+ (4)

The intrinsic solid thermal conductivity (Zs) of aerogels depends
on the network structure and connectivity, as well as their chem-
ical composition [76]. This thermal conduction proceeds via pho-
non diffusion through the aerogel backbone, having a mean free
path in the order of 1 nm, therefore, it is a local transport phe-
nomenon [125,126]. According to Fricke et al. [127] the solid con-
ductivity of monolithic silica aerogels, with bulk densities from 70
to 230 keg-m~>, can be described as a function of their densities by
Eq. (5).

Is o p} (5)

where py, is the bulk density of the aerogel, and « is a constant
found to be ~1.5.

The gas phase can also transport thermal energy through the
aerogel. The low gaseous thermal conductivity (4g) of aerogels,
can be mainly explained by the Knudsen effect, and can be
expressed by Eq. (6) [76,128-130]:

, g0 ®
SRLEST) ®

where, g is the thermal conductivity of the non-convecting free
gas, ¢ the porosity of the aerogel, 8 is a parameter that represents
the energy transfer between the gas and the limiting aerogel nanos-
tructure and K; is the Knudsen number (K, = Ig/D, where [, is the
mean free path of the gas molecules and D is the effective pore
diameter).

The thermal conductivity referent to the gaseous component is
highly dependent of the aerogels pore structure, as it will be higher
in larger pores than in smaller ones. Aerogels are nano-porous
materials with a random distribution of pore size, and, as the
non-uniformity of the pore size distribution increases, also does
the number of larger pores, which will leads to an enhancement
of the heat transfer by gas molecules [131]. The pore volume also
has an influence in the aerogels’ thermal conductivity, with the
combination of smaller pore sizes with high pore volumes leading
to a decrease in the thermal conductivity [106,132]. It is important
to mention that, usually, the aerogels’ pore size is below the
micron range, so the heat transfer due to the gaseous phase within
the aerogels structure is already lower than the heat transfer
within the free gas, which gives the possibility of these materials
to achieve lower thermal conductivities than the free air
(0.026 W-m~1.K~! at ambient temperature) [76].

The final mode of thermal transport through silica aerogels
involves infrared radiation. The radiative heat transfer within an
aerogel, diffuse or non-diffuse, will depend on the optical thickness
of the specific type of the aerogel [76]. The radiative component of
thermal conductivity is negligible at room temperature, and for
optically thick materials [133], but becomes a significant term at
higher temperatures [76]. It can be evaluated by the expression
in Eq. (7) [76,126,129,134-136]:

. 16n%20T?
by = ——
3ep,

7)

where n is the mean index of refraction of the insulation material
(for low density insulations, it is close to 1), ¢ is the Stefan-
Boltzmann constant (¢ = 5.67 x 1078 W-m~2.K™%), T is the medium’s
local temperature in Kelvin, pb is the bulk density and e is the
temperature-dependent effective specific extinction coefficient.

As already mentioned, aerogels’ thermal conductivity has a
strong correlation with the density, and different authors
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[76,133,137-142] have demonstrated that this dependence has
usually a U-shape, as can be observed in Fig. 3 for monolithic silica
aerogels made from polyethoxydisiloxane [137]. The solid thermal
conductivity is enhanced with higher densities, while lower densi-
ties lead to an increase in the gaseous thermal conductivity due to
the presence of larger pores which do not contribute to Knudsen
effect [133].

Different approaches can be applied to improve the thermal
insulation properties of silica aerogels. The solid thermal conduc-
tivity can be reduced with the control of the aerogel’s bulk density.
For the reduction of the gaseous contribution, there are two
options: first, evacuation of the gas and, second, controlling the
pore size into the mesopore region [118]. In order to decrease
the influence of the radiation thermal conductivity of silica aero-
gels, the addition of infrared opacifiers such as carbon soot or
TiO, is a possibility [127].

The thermal conductivity can be determined by different
methodologies, which can be generally divided in two classes:
(1) steady-state methods, that measure thermal properties by
establishing a temperature difference which remains unaltered
through time, and (2) transient-state methods, which usually mea-
sure the sample’s time-dependent energy dissipation process
[143]. For the thermal conductivity determination of aerogel sam-
ples, the most widely applied methods are the Guarded Hot Plate
(GHP) [26,144-147], in the steady-state case, and the Transient
Plane Source (TPS) method [110,138,148-150], for the transient
methodologies.

The apparatus and testing procedure for the GHP method are
described in different standards, ASTM C177 [151], European Stan-
dard EN 12667 [152] and International Standard ISO 8302 [153].
Even though this method has been extensively used, the technique
presents some drawbacks, such as the necessity of relatively large
testing samples and usually long waiting time [143]. The TPS
method, especially the “Hot Disk ®” variants, has been adopted
for fast characterization of thermal properties [143,154,155]. The
ASTM D7984 [156] and the ISO 22007-2 [157] define the devices
and procedures for this methodology. The TPS method is report-
edly capable of measuring thermal conductivities from 0.005 to
500 mW-m~!-K~!, in a large temperature range (cryogenic temper-
atures to 500 K) [143]. However, the two sample pieces needed
must be similar and feature one entirely planar side [158], which
can be sometimes challenging for aerogel samples.

Compressible [

Eestc [T Ene
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Fig. 3. Thermal conductivity of the aerogels as a function of density. A minimum
thermal conductivity of 13.5 mW-m~!.K~! was found when the density of the silica
aerogels was approximately 0.123 g-cm~>3, the same density range in which the
aerogels exhibit elastic properties. Reprinted with permission from Ref. [137].
Copyright (2014) Elsevier.
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3.3. Optical properties

Silica aerogels show optical properties between transparent and
translucent, depending on their internal structure, as a result of the
Rayleigh scattering, which happens due to two different sources:
from the nanoporous aerogel network and the micrometer-size
imperfections of the external aerogel surface [159-161]. It is pos-
sible to apply the Rayleigh-Gans approximation for most silica
aerogels, since they present particle sizes or agglomerates smaller
than 40 nm (<10% of the visible light wavelengths), and have a rel-
ative refractive index close to unity [162]. To achieve high optical
transparency, the size of silica particles should be kept small. Thus,
the aerogels’ optical properties can be influenced by changing
parameters of the sol-gel process, such as the precursors, the
molar ratio between the precursors, the pH value of the starting
solution, the addition of surfactants and the parameters of the
aging [160-162].

The influence of the synthesis parameters in the optical proper-
ties of silica aerogels was studied by Xia and co-authors [55]. By
changing the TMOS addition method, they were able to tailor the
pore size of silica aerogels, and, as consequence, the aerogels’ prop-
erties. When the mean pore size decreased from 20.7 to 16.6 nm,
the aerogels showed an increase in the surface area, from 845 to
1060 m2.g~!, and in the transparency ratio at 550 nm wavelength,
from 71% to 88%. Besides, a reduction in the thermal conductivity
was verified, from 24.6 to 20.2 mW-m~ K.

Tabata et al. [163] concluded that the drying methodology also
has a significant impact in the optical properties of silica aerogels.
These authors were able to control the refractive indices (n) of the
aerogels by using the pinhole drying method. In this process they
were able to control the shrinkage of the alcogel, by adjusting
the containers design and the drying period. Highly transparent
aerogels, with n from 1.06 to 1.26 were obtained, which can be
used as a Cherenkov radiator.

Due to their unique optical properties, silica aerogels can be
used in very distinct applications, such as Cherenkov radiators
[164,165], in optical fiber devices [166], solar collectors [167],
and windows [168]. And these optical properties, such as the trans-
mittance and reflectance of the samples, can be assessed by using
an Ultraviolet-Visible-NIR spectrophotometer [23,169-172]. The
UV-Vis spectrometer allows measuring the samples’ extinction,
comprising the absorption, reflection and scattering [173].

3.4. Acoustic properties

Besides thermal insulation performance and the light transmis-
sion properties, the acoustic insulation in building envelope mate-
rials is very important, regarding both noise insulation and sound
absorption [174-176]. Among the unique properties of aerogels,
their high porosity leads to low sound velocity (100 m-s!)
[159,177], allowing them to be also applied as noise insulators
and sound absorbing materials. The acoustic properties of silica
aerogels are influenced by their porous structure, which depends
on the synthesis conditions and selected chemicals [177,178]. For
silica porous systems, Caponi et al. [179] were able to conclude
that when the pore sizes are smaller than 8 nm the largest contri-
bution in the absorption comes from the attenuation due to
dynamic mechanism, such as relaxation processes and two-level
systems. While, when the pores sizes are superior to 8 nm, a higher
sound attenuation is detected, and it is assigned to the scattering of
phonons by the sample’s structural disorder, which is a static
mechanism. As silica aerogels usually have a pore size distribution
in the range of 2 and 50 nm, the presence of both mechanisms, sta-
tic and dynamical attenuation, can coexist in these samples.

Moretti et al. [180] compared the influence of granules size of
silica granular aerogels, supplied by Cabot Corporation, as well as
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their densities, on thermal and acoustic performance characteris-
tics. The obtained results showed that small granules, with sizes
between 0.01 and 1.2 mm, which are the ones with higher values
of density (80-85 kg-m~3), achieved the best results regarding
thermal and acoustic properties. At ambient temperatures, the
thermal conductivity of these small granules was around
20 mW-m~ 1K™, and the transmission loss (TL) at normal inci-
dence was of 19 dB at about 6400 Hz for 40 mm thickness.

The thermal and sound insulation properties were also studied
by Li et al. [181]. The authors obtained MTES-based silica aerogels
with thermal conductivities between 21.5 and 25.5 mW-m~ K.
When the silica aerogel presented a thickness of 11.8 mm and a
density of 60 kg-m~>, it showed a sound absorption coefficient of
0.91 for sound waves at 2000 Hz frequency, and the sound TL
was 13-21 dB between 500 and 1600 Hz.

To determine distinct acoustic properties of aerogels, different
methodologies must be applied. The sound velocities in aerogels
are obtained by using two piezoelectric transducers, one for signal
transmitting and one for signal receiving. The velocity is evaluated
from the time span between the consecutive echoes [182-184]. On
the other hand, the four-microphone impedance tube setup [185]
is frequently used to determine the absorption coefficient and
the TL, which is an important factor for the quantification of the
acoustic insulation properties [180,186,187].

3.5. Other properties

The crystalline form of silica is an hazardous material and, if
inhaled, can cause silicosis, an irreversible and incurable serious
lung disease and one of the most important occupational diseases
[188]. Several other pulmonary conditions may also occur, such as
tuberculosis and lung cancer [189]. However, commercial silica
aerogels are usually composed by amorphous silica, and, there
are no evidence that synthetic amorphous silica can cause damage
to human lungs [189].

While the crystalline silica is classified as carcinogenic to
humans (Group 1) by the International Agency for Research on
Cancer (IARC) [190], synthetic amorphous silica is in Group 3, i.e.,
this material is not classifiable regarding its carcinogenicity to
humans [191].

Silica aerogels also show other advantageous properties, as non-
flammability, non-toxicity and easy disposal when compared with
other insulation products in the market [43,50]. The commercial
products containing silica aerogels are also considered as having
the same properties [40,43].

4. Thermal insulation enhanced materials with silica aerogels

Building envelopes are composed by different structural and
functional components, for instance walls, roofs and windows. As
all these parts have a significant role on the overall energy effi-
ciency [192], different technologies are proposed to improve the
building energy performance. New materials and solutions are
being established with the goal of achieving the best thermal insu-
lation possible without increasing the thickness in the building
envelope, as this increase has a negative impact regarding the
buildings’ floor areas [193]. A special focus is given to the transpar-
ent elements [194], such as windows which are usually the weak-
est part of the thermal building envelope [195]. Usually
transparent glass is used, but aerogel windows have been consid-
ered, since the 1980s [196], as a translucent option for building
fenestration systems. In fact, besides the excellent thermal insula-
tion feature (very low U-values), silica aerogels also show good
optical properties enabling provision of daylight [197,198]. There-
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fore, many efforts are being made to develop aerogel-based prod-
ucts that can be used in fenestration to reduce energy losses.

Regarding the thermal insulation properties, it is possible to
classify the works found in the literature in two main groups of
building applications of silica aerogels: i) thermal insulation mate-
rials in which the transparency is not a requirement, and focused
on the use of silica aerogels with high thermal insulation perfor-
mance; and, ii) glazing systems, for which the transparency/-
translucence is a prerequisite, but the thermal insulation feature
may be also important. Both perspectives are presented in this
section.

For a better understanding of the developed composite mate-
rials reported in the works described in this overview, some of
the basic terms used in construction are here defined: cement
is a powder that, when mixed with water, forms a plastic paste
that gradually gets harder and shows an increasing strength
[199]; mortar is composed by a cementitious material binder,
water and sand as fine aggregate; with the addition of a coarse
aggregate to the previous mixture, concrete is obtained [200].
Mortars are often divided into two categories - rendering and
plastering mortar and masonry mortar - each defined by their
application [201]. It should be also referred that the binder can
be a material different from cement, such as mineral-based bin-
der systems [202] and geopolymers [203]. Due to these defini-
tions, in this overview, the works in which plasters and
renders were the focus of the study will be presented in the
same category as mortars.

It should be noted that the terms used to classify the aerogel
composite materials into the respective categories were the ones
given by the original articles’ authors, since it is often difficult to
access specific information about the formulation to better frame
its type.

In this section, the newest articles published on panels, blan-
kets, cement, mortar, plaster, renders, concrete, glazing systems,
solar collector covers and other materials containing silica aerogels
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4.1. Panels and blankets

The application of aerogel blankets in the building industry is
relatively new, however they have already been applied, for exam-
ple, in projects where space and weight constraints exist, and in
technical services thermal insulation, such as pipes and ductworks
[28,36,40,204,205]. As blankets and panels developed with silica
aerogels have better mechanical performance than the native aero-
gel, without compromising their outstanding insulation properties,
they captured an increased interest in the recent years. Some of the
works developed with these materials are presented in Table 2.

Liang and co-authors developed two research works with the
goal of improving the thermal conductivity of VIP with fiber felt/
silica aerogel composite core [206,207]. In their first work [206],
they studied the influence of the aerogel density and fiber content
in the thermal performance and service life of these VIPs, while
maintaining the gas pressure at 1.0 Pa. The authors tested different
aerogels’ densities, from 50 to 200 kg-m~3, and observed an
increase in the effective thermal conductivity with the density
increase, as well as the need to change the thickness from 3.6 to
9.9 mm to maintain an U-value of 0.6 W-m~2.K~'. The fiber content
was also modified from 0 to 20 vol%, with the optimum value being
6.6 vol%, which corresponded to a thermal conductivity of
43 mW-m "K' and a thickness of 5.6 mm. The aerogel density
and fiber content can be controlled, as shown in Fig. 4, to achieve
the maximum service life of 63 years (densities lower than
90 kg-m~—3 and fiber content between 6 and 16%) of these materials
for building applications.

In the second work of Liang and co-authors [207], they studied
the effect of aerogel density and fiber content variations, as in the
previous research. However, while also altering the gas pressure of
the VIP. The same behaviour verified in their earlier work was
observed regarding the aerogels’ densities at pressures of 1 and
10° Pa: when the density increases (50-150 kg-m~3), the thermal
conductivity follows the same tendency (~2 to ~5.5 mW-m~-K~1).

for building applications will be presented. But at 10° Pa, a minimum thermal conductivity of
Table 2
Published works using silica aerogel-based blankets and panels for thermal insulation of buildings.
Ref. Composite material Thermal Bulk Tensile Compressive
conductivity density strength stress
(W-m~ 1K 1) (kg-m~3)  (kPa) (kPa)*
Liang et al. [206,207] Silica aerogel precursor: TEOS modified with TMCS 0.0043 (1 Pa) 110 - -
Silica aerogel-containing composite: VIP with fiber felt/silica aerogel 0.0039 (0.1 Pa)
composite core
Yang et al. [208] Silica aerogel precursor: TEOS modified with TMCS 0.0208 266.2 - -
Silica aerogel-containing composite: panels with glass felt
Joly et al. [209] Silica aerogel precursor: modified alkoxysilane 0.0156 194.9 15.2 38.6
Silica aerogel-containing composite: panels with needle glass fiber
Nocentini et al. [24] Silica aerogel precursor: TEOS modified with HMDSO 0.0147 110 0.8 58.5
Silica aerogel-containing composite: blanket with glass fiber mat
Hoseini et al. [210,211]  Commercial aerogel blankets: Cryogel®Z (Aspen Aerogel) 0.014 130 - -
ThermalWrap™ (Cabot Corp.) 0.023 70 - -
Guo et al. [212] Silica aerogel-containing composite: blanket with fiberglass matrix 0.020 170 - -
Lakatos [213] Silica aerogel-containing composite: Glass fiber reinforced blanket 0.014 - - 80.0
Nosrati and Berardi Aerogel blanket - Spaceloft ® 0.0179 160 - -
[204,214] (Aspen Aerogel)
Aerogel fiber board (Aspen Aerogel) 0.0195 160 - -
Aerogel gypsum boards - Type A (Aderma Locatelli Co) 0.0392 350 - -
Aerogel gypsum boards - Type B (Aderma Locatelli Co) 0.0416 250 - -
Huang et al. [215] Silica aerogel precursor: TEOS modified with TMCS 0.014 130 - -
Silica aerogel-containing composite: blanket with glass fiber
Ibrahim et al. [216] Silica aerogel precursor: TEOS modified with HMDSO 0.0165 - 8.4 129
Silica aerogel-containing composite: blanket with needle glass fiber
Berardi and Lakatos Aerogel blanket - Spaceloft ® (Aspen Aerogel) 0.014 - - 80.0
[217]
Kosny et al. [218] Aerogel-based radiant barrier 0.0145 - - -

2 — Unless specified, the compressive stress is obtained at 10% strain.
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Fig. 4. Service life contour plot of VIPs for various aerogel densities and fiber
contents. Reprinted with permission from Ref. [206]. Copyright (2017) Elsevier.

15.8 mW-m~ K~ is achieved at the density of 75 kg-m~>. For aero-
gels with a density of 110 kg-m 3, at the pressure of 0.1 and 10° Pa,
the optimum fiber content for maximum insulation performance
was 6.6 and 2.3 vol%, with thermal conductivities of 3.9 and
16 mW-m 1K™}, respectively.

Yang and co-authors [208] compared the thermal performance
of aerogel insulating panels (AIP) with two traditional materials
used in insulation: expanded polystyrene (EPS) and glass felt
(GF). The authors were able to experimentally assess the critical
time for the interior air temperature to reach its maximum, with
AIP showing the longest time (more than 10 h). These results were
used to validate a simplified thermal network model, able to pre-
dict the dynamic thermal performance of the panels. The AIP
showed the best results, if compared with EPS and GF cells - a
twice longer time lag and a reduction of 35% in the daily heat loss.
The authors also predicted the thermal performances of typical
exterior walls with different insulation positions, and once again
the AIP exhibited better results, with a predicted 20% decrease in
temperature fluctuation amplitude and 40% decrease in the heat
flow amplitude, if compared with the other insulating materials.

A new aerogel-based composite was presented in the work of
Joly et al. [209]. The authors were able to produce an insulation
material, with a low-cost process, that can be competitive in the
superinsulation European market. The developed composite was
produced with a combination of silica aerogel and needle glass
fiber, and presented low density, good insulating and mechanical
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—&— Aerogel blanket (Glass fibers), Nocentini et al. [24]
—<— Aerogel blanket (PET fibers), Nocentini et al. [24]
—4— Cryogel®Z, Hoseini et al. [214]

—v— ThermalWrap™, Hoseini et al. [214]

—e— Glass fiber reinforced blanket, Lakatos [216]

—u— Aerogel blanket (Needle glass fibers), Ibrahim et al. [219]
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Fig. 6. Thermal conductivity of aerogel blankets for different moisture contents.

properties, as reported in Table 2. A 20 mm thick aerogel insulation
panel was already applied in the FACT (FACade Tool) test facility in
Chambery, France, as shown in Fig. 5, for assessing the impact of
the retrofitting intervention with the composite. These ongoing
measurements will be used to validate the data obtained by
numerical simulations.

Relative humidity (RH) is a relevant environmental variable
that was studied by several authors, since it has a significant
impact in the thermal insulation performance of aerogel blankets,
as demonstrated in Fig. 6.

Nocentini and co-authors [24] characterized new silica aerogel
blankets, dried by microwave heating, for building thermal insula-
tion. Two different fibrous networks, polyethylene terephthalate
(PET) and glass fibers, were investigated. The studied blankets pre-
sented low bulk densities (110 kg-m~3) and high porosities (90%),
which are very similar to the values obtained for the silica aerogel
itself. Both aerogel blankets have thermal conductivities
in the superinsulation range, and have values lower than
0.021 W-m "K"! even in environments with high RH (Fig. 6).
However, a significant reduction was observed in the specific

Fig. 5. Pictures of testing facilities. a) Entire FACT in the Institut National de I'Energie Solaire (INES), France; b) the cell 1 with outdoor ETICS system, and c) the cell 2 with

indoor insulation. Reprinted with permission from Ref. [209]. Copyright (2017) Elsevier.
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surface areas: values of 210 m?.g~! for the glass fiber composite
and 310 m?g~! for the PET fiber composite, while silica aerogel
featured 820 m?.g . These smaller surface area values are due to
higher average pore sizes, which can justify the slight
increase observed in the composites thermal conductivity
(0.015 W-m~".K™ "), if compared with native silica aerogels, but
these results regarding their thermal performance are still at least
two times better than usual insulating materials. The mechanical
properties were also assessed for the glass fiber composite, with
the material having a compressive stress and a tensile strength
perpendicular to faces (Table 2), better than for the pure silica
aerogel. However, the tensile strength is still too low to satisfy
the building standards [219].

Hoseini et al. [210,211] investigated the thermal performance of
commercial aerogel blankets when submitted to compressive
mechanical load cycles and several humidity environments. Four
insulation materials were tested, 5 mm and 10 mm thick Cryogel®Z
(CZ, Aspen Aerogel) and 5 mm and 8 mm thick ThermalWrap™
(TW, Cabot Corporation), under loads of up to 8 kPa [210] or, for
the samples with 5 mm, in RH between 0 and 90% [211]. These
tests showed that the blankets maintain their thermal efficiency
even under compression. Also, after twenty compression-
decompression loading cycles, the variation of the blankets ther-
mal conductivities was inferior to 5%, confirming the excellent
insulation properties of these materials [210]. Moreover, in the
humidity tests [211], the obtained data showed that thermal con-
ductivity increased over time, in cycles with constant RH, indicat-
ing that moisture is retained inside the pores. The thermal
conductivity also increases, up to ~ 15%, as the RH changes from
0 to 90%, at 25 °C (Fig. 6). These results indicate that the thermal
performance of these commercial aerogel-blankets is much more
affected by the increase of humidity than by mechanical compres-
sion. Between the two 5 mm blankets, the CZ suffered higher
changes under both tests; under high RH, a 15% increase in the
thermal conductivity, and a thickness reduction of 2% after the
cycles of mechanical deformation.

Besides the work developed by Hoseini et al. [211], other
authors have also studied the influence of humidity levels on the
aerogel blankets performance, such as Guo et al. [212], Lakatos
[213] and Nosrati and Berardi [204,214]. The goal of the investiga-

Dry condition

Humid condition

Cold surface

Cold surface

0.25:-mm
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tion of Guo et al. [212] was to provide a simultaneous test method
and visual identification to study the heat and moisture transfer in
thermal insulation materials, such as aerogel blankets. Two aerogel
blankets were tested, both of which are composites of silica aerogel
with a fiberglass matrix, having the same thickness and thermal
conductivity (0.020 W-m~'.K~1) but distinct densities, one with
170 kg-m—> named A1l and the other with 212 kg-m~3, called A2.
Phenolic (PF) and polyisocyanurate (PIR) foams were selected as
conventional types of insulation. In dry conditions, the thermal
conductivity of the tested materials increased almost linearly by
24%, 13% and 14%, for A2, PF and PIR, respectively, as the temper-
ature varied from 280 K to 300 K. This variation can be justified by
the enhancement of gas conduction heat transfer during the tem-
perature increase. In wet conditions, the aerogel samples thermal
conductivities show around 3 and 3.3-fold the initial value with
a maximum moisture content of 29% and 32% after 23 and 16 days,
for A1 and A2, respectively. The increase of the thermal conductiv-
ity with the increase of moisture content is roughly linear in the
initial stages. However, as the moisture content increases in a
slower pace, the thermal conductivity is still rising, indicating that
other factors can be causing the deterioration of their thermal con-
ductivity. Moisture affects the connections between aerogel and
fibers, causing a detach of the aerogel (Fig. 7), and the formation
of powdery particles aggregates, which easily separate from the
fibers.

Lakatos [213] also observed a significant change in the thermal
conductivity of a glass fiber reinforced silica aerogel blanket with
the variation of relative humidity, having the same trend than
other aerogel blankets (Fig. 6). After the samples were submitted
to an environment with 65% RH at 23 °C for 24 h, a 10% increase
was observed in the thermal conductivity, while, when 90% RH
was applied, the change was about 20% (Fig. 6). The thermal perfor-
mance of the aerogel blankets was also evaluated after being heat
treated in an oven at 70 °C for 42 days. The samples maintained
their insulation capacity, thus further thermal treatment tests were
conducted at temperatures up to 210 °C for 1 day. Changes in the
thermal conductivity start to be observed above 180 °C, and the
samples treated at 210 °C show an increase of 17% of this property.

Nosrati and Berardi [204] studied the hygrothermal characteris-
tics of different aerogel-enhanced materials, such as synthesized

Humid condition

Iy 025 mm

Fig. 7. SEM images of the samples under dry conditions and after being submitted to moisture tests (a) A1 (RH of 80%); (b) A2 (RH of 90%). Reprinted with permission from

Ref. [212]. Copyright (2020) Elsevier.
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plasters with 0-90 vol% aerogel (see Section 4.3), and commer-
cially manufactured blankets and boards. Among the studied mate-
rials, under standard conditions, aerogel-based blankets and fiber
boards presented superior thermal performance (Table 2), with
the values being 2 to 3-fold lower than conventional materials
used for thermal insulation. The authors found a linear relationship
between thermal conductivity and temperature, as expected [76].
The conductivity shows a slight change (£7%) with the tempera-
ture, from —10 °C to 50 °C, when compared to the standard condi-
tions (23 °C; 50% RH). Moreover, significant increase in the thermal
conductivity was observed when the samples were submitted to
extreme humidity. For example, for the aerogel gypsum boards
an increase of 100% was observed, compared to standard condi-
tions, when the level of RH was 95%. So, to prevent the decrease
of the materials’ thermal resistance under high humidity condi-
tions, a protection layer must be considered to avoid the accumu-
lation of moisture. These authors also studied the long-term
thermal performance of the various aerogel-enhanced materials
was assessed when submitted to different laboratory aging condi-
tions [214]. The accelerated aging tests conditions included freeze—
thaw cycles, elevated temperature, high humidity levels, and the
exposure to cycles of high ultraviolet (UV) levels alternated to high
temperature and moisture levels. The change of thermal conduc-
tivity (in %) for the aerogel-enhanced materials, under different
aging factors, is reported in Fig. 8a. The most significant aging pro-
cess for the deterioration of thermal performance was the high
humidity. Among the studied products, the aerogel fiber board pre-
sented the best results, as it was only slightly affected by all the
aging factors. Also, even after being submitted to 20 years of aging,
the aerogel blanket and aerogel fiber board materials showed
superior thermal performance (50% lower thermal conductivity)
than non-aged conventional insulation materials - Fig. 8b.

All the works that studied the influence of humidity in the aero-
gel blankets attained the same conclusion, which was that the
insulation performance of these materials was negatively affected
by the humidity increase. Moreover, this trend is also easily con-
firmed in Fig. 6. These findings indicate that significant attention
must be given to the environment conditions where these blankets
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are applied to make the most of their insulating properties. A sily-
lation step is a good strategy to mitigate this effect.

Although most of the work with aerogel blankets has been car-
ried out on a laboratory scale, some studies have already started
the scale-up process of these composites, as reported by Huang
et al. [215], Ibrahim et al. [216], Berardi and Lakatos [217] and
Kosny et al. [218].

The application of a new aerogel blanket superinsulation mate-
rial for building-energy-conservation was investigated by Huang
et al. [215]. The authors used a typical office building in a humid
subtropical climate as a model, and analysed the effects of this
new material, as well as four common insulation materials (EPS,
extruded polystyrene (XPS), foamed polyurethane (PU), and GF).
The experimental results show that the aerogel had the minimum
optimum insulation thickness, 3.7 mm, if compared with PU
(38 mm), XPS (44 mm), GF (45 mm) or EPS (70 mm) in an aerated
concrete wall. When the aerogel blanket was applied with the opti-
mum thickness in a simulation based on the typical building office,
the annual cooling and heating loads were reduced by 7.5% and
18.2%, respectively. Moreover, reducing the thermal losses via
building envelope leads to a decrease in the fuel consumption,
and, consequently, a reduction in greenhouse gas emissions. Huang
et al. [215] were able to determine the effect of the insulation
materials thickness in the emissions of CO, and SO,. As shown in
Fig. 9, the use of aerogel blankets leads to a significant reduction
in the emissions of both gases, independently of the fuel type.
The aerogel materials have the best results and present the faster
reduction in the emissions, with the increase of thickness, among
the tested insulating materials. When using aerogel blankets, the
minimum CO, emissions (8.169 kg-m~2.yr~!) were calculated with
LPG fuel. Based on these results, it is possible to conclude that the
use of aerogel-based materials is preferable for environmental pro-
tection and is in line with the United Nations Sustainable Develop-
ment Goals (2030 agenda of UN) - Goal 13 “Climate Action”, which
aims the reduction of the greenhouse gas emissions as one of the
priorities.

The use of aerogel blankets into two thermal insulation sys-
tems, one as external thermal insulation composite system (ETICS)

m 2 of aerogel-enhanced insulations before aging
[ /. of other insulations before aging

A’ due to aging of aerogel-enhanced insulations
A2 of foam insulation at higher/lower temperature
than standard laboratory condition
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Fig. 9. Effect on CO, and SO, emissions versus the thickness of five insulation materials. Reprinted with permission from Ref. [215]. Copyright (2020) Elsevier.

and another one as internal thermal insulation multi-layer system
(ITI) (Fig. 10), were studied by Ibrahim et al. [216]. The aerogel
blanket by itself presented good thermal performance, even with
high values of RH (Fig. 6). However, this material does not have
good mechanical properties (Table 2). To be applied in buildings,
due to the low tensile strength, these blankets need to be glued
and anchored into a wall. When the aerogel blanket, which has
2-2.5 cm of thickness, was applied in an interior insulating system,
the U-value decreased from 0.63 W-m 2.K~! to 0.33 W-m 2K},
which is acceptable to retrofit existing buildings in France, but
not for the case of new buildings (U-value must be lower than
0.25 W-m 2K ). The use of these materials also improved the
acoustic insulation, providing a noise reduction to one quarter
compared to the wall without insulation. Hygrothermal tests were
also performed, and while for the interior wall long-term monitor-
ing data is necessary to provide more conclusive results, as mois-
ture transfer is a slow physical phenomenon, for the external
insulation system, the use of aerogel blankets protected the wall
against moisture risks. Concerning fire safety, for the external sys-
tem, there was no ignition, and a low smoke emission was
observed during a fire case. However, in the case of the internal
wall, the composite ignited and released more energy, due to the
higher organic content in the components.

The effect of steel anchors over the aerogel-enhanced blankets’
effective thermal conductivity was studied by Berardi and Lakatos
[217]. To replicate in-situ applications, the blankets were firstly
glued onto the wall, and then fixed with different numbers of steel
fasteners. The measurements show a deterioration of the thermal
resistance of the wall, with a reduction of 15% and 45% when 3
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and 6 anchors per m? were applied, respectively. The effective
thermal conductivity was significantly affected, increasing from
0.021 W-m~1.K~! without any fastener, to 0.044 W-m~'.K~! when
6 fasteners per m? were used. To further assess the effect of the
anchors, infrared thermography measurements were carried out,
and revel that the temperatures through the fasteners and the wall
surface are much higher for the wall with 6 fasteners per m?. This
shows that the thermal performance of aerogel-enhanced blankets
has a strong dependency on the number and the materials of the
used anchors, which allows a better understanding of the system
and the possibility of controlling the thermal bridges effects during
the installation of the blankets.

The main goal of Kosny and co-authors [218] was to character-
ize the thermal performance of an aerogel-based radiant barrier for
residential attics. The barriers were composed by the following lay-
ers: 1.1 cm thick oriented strand board (OSB) layer, 9.0 cm air cav-
ity, 1.0 cm laminated aerogel, again, 9.0 cm air cavity, and 1.1 cm
OSB. For some tests, a reflective foil was added into the barrier.
Comparative thermal performance field testing of the aerogel-
based radiant barrier, as shown in Fig. 11, was performed during
the summer of 2014 in climatic conditions of Albuquerque, NM,
USA. This composite was able to reduce, on average, the ceiling
heat flow in 36% and the attic temperature in 10-12 °C. In the sim-
ulated data, for different climates, the aerogel-based barrier
allowed a temperature reduction of at least 10 °C, with the highest
difference being observed in Riyadh, Saudi Arabia (15 °C). The heat
flux also showed a substantial reduction, with the composite easily
exceeding 35-40%, when compared to conventional insulation
materials.
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1: wall to insulate

2: adhesive mortar

3: AABC panel
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§: first coat of basecoat

6: standard glass mesh

7: reinforced glass mesh

8: second coat of basecoat
9: finishing mortar

Cross-linked polyethylene foam - 3 mm
Aerogel panel - 20/50 mm

Cross-linked polyethylene foam - 3 mm

Heavy layer made of synthetic
rubber - 2 mm

Steel Stud - 27/50 mm

Finishing layer: Plasterboard or
gypsum fibreboard - 12,5/25 mm

Fig. 10. Representation of the external thermal insulation composite system (ETICS) and of the internal thermal insulation multi-layer system (ITI). Adapted with permission

from Ref. [216] Copyright (2019) Elsevier.

Fig. 11. (a) Test hut on the left side. (b) Views of the instrumented conventional attic, and (c) attic deck area insulated with the aerogel-based radiant barrier. Reprinted with

permission from Ref. [218]. Copyright (2018) Elsevier.

Even though the thermal conductivity of aerogel blankets is
affected by the installation process, as showed by Berardi and
Lakatos [217], the use of these materials still reduces significantly
the heat flow and temperature inside the buildings, even when
tested in large-scale, as demonstrated by Huang et al. [215], Ibra-
him et al. [216] and Kosny et al. [218]. The possibility of maintain-
ing their unique properties with a low-cost production opens a
larger range of possibilities for aerogel blankets and panels
applications.

4.2. Cement

Another possible application of silica aerogel in buildings is
their use in the preparation of composites with cement. Some of
the works developed regarding these composites, as well as some
properties of these materials are presented in Table 3.
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The main focus of the research developed by Hanif et al. [220]
was to develop an ultra-lightweight cementitious composite, with
good thermal and mechanical properties, by adding fly ash ceno-
spheres (FAC - 70 wt%) and silica aerogel (1-5 wt%) as filler mate-
rials. The addition of these materials leads to a reduction on the
mechanical properties, probably due to the density decrease. How-
ever, even with 5 wt% of aerogel, the composites showed good
mechanical behaviour, with a compressive strength of 18.63 MPa
and a flexural strength of 3.66 MPa. Regarding the thermal proper-
ties, the composites showed a reduction in the thermal conductiv-
ities, achieving the lowest value of 0.3197 W-m 'K' for the
highest amount of aerogel. The specimens were also submitted
to steady thermal tests, with this same material presenting the
best results, with a 12 °C of difference between exterior and inte-
rior surfaces (7 °C higher than the material without aerogel), as
shown in Fig. 12. These results can be justified by the enhancement
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Table 3
Published works using composites with silica aerogel and cement for thermal insulation of buildings.
Ref. Composite material Amount of silica Thermal Bulk Flexural Compressive
aerogel conductivity  density strength  strength
(Wm"K') (kgm~3) (MPa) (MPa)
Hanif et al. [220] Silica aerogel: From Guangdong Alison Hi-Tech Co. 5 wt% (aerogel as 0.32 1003 3.66 18.6
Silica aerogel-containing composite: Ultra-lightweight filler)
cementitious composite
Zeng et al. [221] Silica aerogel: Commercial nano-silica aerogel (Jinna Co.Ltda) 10 vol% (aerogel as ~0.17 ~800 1.5 5.0
Silica aerogel-containing composite: Nano-silica aerogel filler)
cement-based composite
Lu et al. [222] Silica aerogel: Commercial silica aerogel (Aerogel Technology Co. 25 vol% 0.337 1,280 - 34.1
Ltd.) modified with KH-550 silane coupling agent 66 vol% 0.067 390 - 1.2
Silica aerogel-containing composite: Hybrid aerogel/cement (aerogel substitutes
composite part of cement paste)
15 region, between the inorganic and organic substrates. These mate-
rials show lower water absorption, if compared with the samples
- R2= 09445 1170 _13.89 with commercial aerogel, and the composite with the 25 vol% of

Temperature Difference (°C)
()]

FAC- A4

FAC - A5

Fig. 12. Peak temperature difference between inner and outer surfaces during
steady thermal test, as function of the aerogel content in a cementitious composite
(from 0 - AO - to 5 wt% — A5). Reprinted with permission from Ref. [220]. Copyright
(2016) Elsevier.

of the composites pore volume with the increasing content of aero-
gel and also by the hollow structure of the FAC particles. With
these improvements, the new developed composites are appropri-
ate for energy conservation in buildings and constructions.

Glass bead (GB) and nano-silica aerogel (NSA) were incorpo-
rated as coarse and fine fillers, respectively, into cement-based
composites by Zeng et al. [221]. As expected, the increase of NSA
content (0-25 vol%) decreases the composites densities, while
increasing the porosity and specific surface area (around 70% and
131.5 m2.g !, for 25 vol% of NSA). The amount of silica aerogel also
reduced the thermal conductivity, from 0.36 W-m~'.K~!, without
the addition of NSA, to 0.08 W-m~1.K~!, for the higher amount of
NSA. The mechanical properties were also significantly affected
by the addition of the aerogel, with a sharp decrease being verified
after the addition of 10 vol% of NSA, with the values of compressive
and flexural strengths changing from 26 and 5.8 MPa, respectively,
when only GB was added to the composite, to 5 and 1.3 MPa. When
the NSA amount increases further, only small variations are
obtained in these properties. However, a good mechanical perfor-
mance is essential to the materials application in the fields of con-
struction, so, the use of NSA as the only filler may not be the best
way to achieve improvements in both thermal and mechanical
properties. The combination of silica aerogels and other fillers
may lead to the desired thermal conductivity reduction while
maintaining the strength of cement-based composites.

Lu and co-authors [222] studied the influence of the aerogel
slurry modification with a silane coupling agent (KH-550, Qufu
Yishun Chemical Co., Ltd.) in the properties of lightweight aero-
gel/cement composites. The surface modification contributed to a
better compatibility between the aerogel slurry and the cement
matrix, as this silane acted as bridging agent in the inter-phase
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modified-aerogel content, for example, has a water absorption rate
of 20.5 vol%. As expected, with the increase of volume replacement
of cement paste by aerogel slurry, a decrease in the composites
densities was observed (Table 3), having the reference sample a
density of 1805 kg-m~>3. Higher aerogel content also yields
to lower thermal conductivity, with the values dropping from
0.618 W-m "K' to 0.067 W-m~".K~", for 0 vol% and 66 vol% of
modified aerogel content, respectively. However, the higher con-
tent of aerogel causes a substantial reduction in the composites’
compressive strength (Table 3), if compared with the reference
sample (94.1 MPa). This decrease can be explained by the fact that
the hydrophobic aerogel repels the surrounding aqueous solution,
preventing the reaction between the cement and the aerogel, and,
consequently, affecting the samples strength [20]. The composites
obtained with the modified aerogel always presented better
mechanical properties than the ones synthesized with the com-
mercial ones, at the same density. For example, when the slurry
content is 25 vol%, the composite with the commercial aerogel
shows a compressive strength of 26.7 MPa, a result 22% lower than
for the sample with modified aerogel. These results indicate that
the samples obtained with the modified silica aerogel slurry have
great potential to be used in the thermal insulation systems of
building.

From the reported works, it is observed that the improvement
in the thermal insulation features of cement-based pastes can be
achieved compounding them with aerogel. However, with this
addition, in general, the mechanical resistance of the composites
deteriorates. Still, there are some intermediate amounts that allow
a good compromise between these two important characteristics.

4.3. Mortars, plasters and renders

To improve the thermal conductivity of building materials, sil-
ica aerogels can also be incorporated into mortars, plasters and
renders. It is also worth mentioning that the words plaster and ren-
der have different meanings in UK and US English, and are often
used interchangeably, so the material used in rendering is often
called plaster [223]. The studies published with the focus in these
materials are described in Tables 4 and 6.

The main goal of Ng et al. [193] was to reduce the thermal con-
ductivity of ultra-high performance concrete (UHPC) composites
without compromising their mechanical strength. The authors pre-
pared aerogel-incorporated mortars with up to 80 vol% of aerogels
to develop the UHPC samples. With the increase of aerogel content,
a decrease in the compressive strength and the thermal conductiv-
ity was detected, with this same trend also being noticed for other
aerogel-incorporated mortars, as observed in Fig. 13. With the
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Published works about mortars developed with silica aerogel for thermal insulation of buildings.

Ref. Composite material Amount of silica Thermal Bulk Flexural Compressive
aerogel conductivity  density strength strength
(Wm'K')  (kgm3) (MPa) (MPa)
Ng et al. [193 224 225] Silica aerogel: P100, from Cabot Corporation 50 vol% 0.55 ~1350 ~5.0 20.0
Silica aerogel-containing composite: Aerogel- 60 vol% ~0.4 ~1150 3.0 18.1
incorporated mortars 70 vol% 0.25 - - 1.7
(aerogel as
aggregate)
Gomes et al. [226] Silica aerogel precursor: TEOS modified with HMDZ 19.7 wt% (aerogel as  0.0571 411.8 - -
Silica aerogel-containing composite: Aerogel-based aggregate)
mortars
Gomes et al. [227] Silica aerogel-containing composite: Mortar with 50 wt% 0.035 138 - -
expanded polystyrene and silica aerogel
Zhu et al. [228] Silica aerogel: P300, from Cabot 50 vol% (aerogel as  ~0.2 1140 1.5 6.0
Silica aerogel-containing composite: Aerogel mortar aggregate)
Al Zaidi et al. [229] Silica aerogel: From Rem-Tech. 60 vol% (aerogel as 0.833 - 5.96 31.05
Silica aerogel-containing composite: Mortar containing  aggregate)
aerogel
Bostanci [230] Silica aerogel: From ENSATE Insulation Technologies 0.3 wt% 0.89 - - 29.24
Silica aerogel-containing composite: Alkali-activated slag  (aerogel as
mortars aggregate)
Abbas et al. [231] Silica aerogel precursor: Sodium silicate (from Rice rusk) 62 vol% 0.327 1133 - 8.85
modified with TMCS (aerogel as
Silica aerogel-containing composite: Aerogel- aggregate)
incorporated cement-based composites
Pedroso et al. [232] Silica aerogel: Kwark® aerogel from Enersens ~37 wt% (aerogel as 0.029 160 0.099 0.227
Silica aerogel-containing composite: Cement-based aggregate) (at 10 °C)

mortar (nanoSIR)

Table 5

Results for hardened state at 28 days of curing of mortars with EPS and EPS + silica aerogel. Reprinted with permission from Ref. [227] Copyright (2018) Elsevier.

Tests Samples p (kg-m~3) w, ¥ (m*m3) A (W-m LK) cv; 223 oc28  (W-m 1K)
MTPS AEPS 216 0.030 0.0063 0.054 0.009 0.054
AEPSHA 140 0.020 0.0051 0.041* 0.001 0.041
TLS AEPS 229 0.039 0.0081 0.058 0.032 0.058
AEPS*A 138 0.053 0.0051 0.035 0.059 0.035
HFM1 AEPS 222 0.076 0.0073 0.067 0.047 0.064
AEPSTA 119 - 0.0050 0.031 - 0.029
HFM2 AEPS 228 ~0 - 0.053 0.169 0.050
AEPS*A 135 - = 0.029 0.012 0.027
Lee’s disk AEPS 225 - - 0.056 - 0.055
AEPS*A 138 - - 0.037 - 0.036

pb = bulk density; CV - coefficient of variation (ratio between standard deviation to the mean); ¥ - moisture content; . - thermal conductivity; i3 -c2s ¢ — thermal
conductivity for 23 °C at 28 days of curing (approximately the IIb condition of ISO 10456 [236]); AP - industrial thermal insulating mortar with EPS; AFPS*A — formulation
with the incorporation of silica aerogel in the A®S; — not available. * Inaccurate value near the threshold low limit measurement range of MTPS.

Table 6

Published works related to the development of plasters and renders with silica aerogel for thermal insulation of buildings.

Ref. Composite material Amount of silica aerogel Thermal Bulk density
conductivity (kg-m~3)
(W-m LK)
Nosrati and Berardi [204]  Silica aerogel: P300, from Cabot Corporation 25-90 vol% 0.1136-0.0268 735-199
Silica aerogel-containing composite:
Aerogel-enhanced plaster
Buratti et al. [241] Silica aerogel: From Cabot Corporation 80 vol% 0.05 300
Silica aerogel-containing composite: Aerogel-based plaster
Westgate et al. [242] Silica aerogel: From Aerogel UK 49.5 vol% 0.1 682
Silica aerogel-containing composite: Lime-based plaster (aerogel as aggregate)
Ibrahim et al. [243] Silica aerogel: Hydrophobic silica aerogel - 0.026 120
Silica aerogel-containing composite: Aerogel-based rendering (at 10 °C)
De Fatima Jilio et al. [244] Silica aerogel precursor: TEOS modified with HMDZ 100 vol% (aerogel as aggregate) 0.085 412
Silica aerogel-containing composite: Aerogel-based renders
Wakili et al. [245] Silica aerogel-containing composite: Aerogel based rendering - 0.028 -

higher amount of aerogel content, materials with a thermal con-
ductivity of 0.30 W-m~!.K~! were obtained. However, this compos-
ite completely lost its strength, possibly due to the insufficient
amount of binder. With an aerogel content of 50 vol%, the authors
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were able to obtain a composite with a better compressive
strength (Table 4), but even with the reduction in the aerogel
amount the developed system was unsuitable to be used as a
standalone system for insulating purposes. To overcome the
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—=— Aerogel-incorporated mortar, Ng et al. [196]
—a— Aerogel mortar, Zhu et al. [231]
+— Aerogel-incorporated cement-based composite, Abbas et al. [234]
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applicability limitation, but maintaining a significant thermal con-
ductivity reduction (pure UHPC has a thermal conductivity of
2.3 W-m~ 1K), the authors suggested the incorporation of other
binder materials with low thermal conductivities, as well as
improving the binding force between the aerogel and the cement
matrix by incorporating amphiphilic materials for example.

The influence of the storing and curing conditions on the ther-
mal insulation and mechanical strength of aerogel-incorporated
mortars was also investigated by Ng et al. [224]. The authors tested
two different conditions after casting (24 h) and three conditions
during the curing process (28 days), with and without the addition
of aerogel. A significant influence of the storage/curing conditions
was detected in mechanical and thermal properties. When 70 vol
% of aerogel was added into the sample, a substantial reduction
in the compressive strength, for all the conditions, was observed,
which can be attributed to the higher aerogel/binder ratio.
Although that the samples with 70 vol% of aerogel have lower ther-
mal conductivities, their poor mechanical strength determined
their exclusion. An effective content of 60 vol% of aerogel with
the conditions of storing at 80 °C (dry) and cured at 80 °C sub-
merged in water produced the samples with the best properties.

As a continuation of their work, Ng and co-authors [225]
decided to test calcined clays as binders in the aerogel-
incorporated formulations, in order to further improve the insulat-
ing properties of the composites, as the cement binder usually con-
tributes to a large part of the bulk volume, and thus determines the
materials’ thermal properties. The replacement of cement by cal-
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—=— Aerogel-incorporated mortar, Ng et al. [196]
—a— Aerogel mortar, Zhu et al. [231]
—e— Aerogel-incorporated cement-based composite, Abbas et al. [234]
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sive strength of mortars as a function of aerogel amount (vol%).

cined clay caused an enhancement in the thermal insulation prop-
erties of the composites, with an improvement of the thermal
conductivity values up to 20% when the amount of aerogel was
between 40 vol% and 70 vol%, and up to 40% when more than
70 vol% of aerogel was used. However, when more than 40% by
weight of binder (cement) was substituted by clay, worse mechan-
ical behaviour was observed, especially for the clay rich in kaolin.
While, when only 35% of cement was replaced, the compressive
strengths remained similar to the ones without the substitution.
This article showed a new perspective for synthesizing insulating
concretes, which can lead to the development of more sustainable
materials, since the cement production has a high carbon dioxide
footprint [233,234].

A study to evaluate the influence of moisture in the thermal
conductivity of mortars was conducted by Gomes et al. [226]. A
total of 17 mortars having different lightweight and insulating
aggregates (silica aerogel, expanded cork granules, and expanded
clay) were tested. Two silica aerogels were used for this work,
one with a bulk density of ~70 kg-m >3, and the other with
~306 kg-m~>. All these mortars have low bulk densities and can
be classified as T1 or T2 (4 of <0.1 and 0.2 W-m~.K~!, respectively)
by the European standard EN 998-1 [235]. The behaviour of the
thermal conductivities for the different mortars in the presence
of moisture is presented in Fig. 14. The samples containing
expanded clay mortar (N5 and N6) are more sensitive to moisture
content than the mortars with expanded cork and/or aerogels. This
difference can be explained by the hydrophilic character of the
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Fig. 14. Thermal conductivity (Zexp) as a function of moisture content (1) for mortars composed with different aggregates. Reprinted with permission from Ref. [226].

Copyright (2017) Elsevier.
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expanded clay, while the cork and the used aerogels have a
hydrophobic nature. This study shows that the thermal conductiv-
ity of all samples is significantly dependent on the moisture con-
tent, as already shown for the case of cement, panels and
blankets (Sections 4.1 and 4.2).

The aim of a second work presented by Gomes et al. [227] was
to compare the impact of different measuring conditions and
methods on the thermal conductivity of thermal insulating mor-
tars, one with only EPS granules and the other with both EPS and
silica aerogel. The thermal conductivity was evaluated by two
steady-state methods (heat flow meter (HFM) and Lee’s disk) and
two transient methods (modified transient plane source (MTPS)
and transient line source (TLS)). The first factor assessed by the
authors was the influence of the addition of silica aerogel into
the mortar, being observed a reduction of up to 55% on the thermal
conductivity, and the density followed the same trend (Table 5). As
verified in other works here reported, Gomes and co-authors [227]
concluded that the moisture content has a significant impact in the
thermal insulation properties of these materials. Taking into
account all the methods applied to measure the thermal conduc-
tivity, and the different operating temperatures for each one, the
obtained results were converted to 23 °C (conditions Ila for dry
state and IIb for 28 days of curing from ISO 10456 [236]) to allow
a direct comparison. A considerable variation between the results
was observed, with differences up to 14% for the EPS based mortar
and 21% for EPS + aerogel mortar - Table 5. Usually the steady state
methods give lower values of thermal conductivity than the tran-
sient methods. By analysing the data, the authors were able to con-
clude that the transient methods (MTPS and TLS) are more
appropriate for small samples, and that they also demand less time
and operator dependency and have more simple procedures than
the steady-state methodologies. These results highlight the impor-
tance of specifying the conditions and methods used to measure
the thermal conductivity of highly insulating materials.

With the aim of improving the fire safety of high-performance
concrete in tunnels, Zhu et al. [228] developed a composite with
a highly insulating aerogel-cement mortar layer. The aerogel gran-
ules were evenly distributed in the cementitious matrix, however
their pore structure was altered at the cement/aerogel interface,
as a result of a chemical reaction between the silica and the alka-
line pore solution. While the composites’ thermal conductivity,
for the different amounts of aerogel in the mortars (Fig. 13a),
was close to the expected range of cellular concrete with compara-
ble density, the composites’ mechanical strength was lower than
the ones reported for this concrete. With 31 days of cure, the refer-
ence sample, without the aerogel layer, presents a compressive
strength of 97.7 MPa, while the addition of aerogel leads to a sig-
nificant reduction (~98.6%) of the materials’ mechanical strength
(Fig. 13b). However, even with such significant decrease, the
mechanical properties of these mortars were adequate for brush-
ing or spraying applications of thermal insulation layers. A series
of preliminary tests of high-temperature spalling were performed,
and layers of 40-50 mm of aerogel mortars were able to prevent
fire spalling of the studied concrete cubes.

The influence of different storage conditions in the thermal and
mechanical properties of mortars prepared with the replacement
of 60 vol% of the cement with aerogel, 50% of the sand with fly
ash, and by the addition of nano-silica, has been investigated by
Al Zaidi et al. [229]. Three storage methods were used, with the
samples being submitted to: (1) air drying for 24 h, then stored
in air for 7 days at 25 °C and 50% RH, and then kept open until test
day; (2) air drying for 24 h, then kept immersed in water for 7 days,
and then dried in air at room temperature for 21 days; (3) a wait-
ing period of 24 h and then dipped in water for 28 days, and finally
dried in air for 24 h at room temperature. The second curing
methodology showed the best results regarding compressive

18

Construction and Building Materials 286 (2021) 122815

strength, with the values being in the range of 29.3 and 31 MPa.
As the worse results in the compressive strength were obtained
for the first method, it can be concluded that the water has an
important role in improving the mechanical properties of these
composites. As for the thermal conductivity, the samples submit-
ted to the first curing method showed values changing between
0.762 and 0.865 W-m~'.K~'. The second method presented rela-
tively similar results (from 0.75 to 0.973 W-m~ K1), indicating
that the presence of water, during the curing process, does not
affect much the samples thermal performance. However, the
obtained thermal conductivities were high when compared to
other systems with the same content of aerogel (Table 4), and con-
sidering the properties of the aerogel given by the supplier REM-
Tech [237]. This may be possibly a result of the pre-treatment of
the aerogel powder with hot methanol, but it is most likely the
effect of moisture retained in the samples (the thermal conductiv-
ity values for the samples with curing method 3 were not signifi-
cantly different from those for the samples from curing methods
1 and 2) [229]. It should also be referred that the authors did not
perform the measurement on samples without the aerogel, which
makes difficult to conclude about its effect on the thermal conduc-
tivity. Moreover, the used thermal conductivity analyser performs
better in homogenous samples, which is not the case.

The effect of incorporating small amounts of silica aerogel and
scrap rubber into alkali-activated slag mortars was studied by Bos-
tanci [230]. When 0.3 wt% of silica aerogel was added to the sys-
tem, a decrease to 1.0 W-m~".K~! was observed in the thermal
conductivity (reference sample: 1.32 W-m~'.K~!). However, when
the amount of aerogel was of 0.6 wt%, a remarkable increase in the
thermal conductivity was verified (1.29 W-m~1.K™!), if compared
to the system with lower aerogel content. For both amounts of
aerogel, the addition of scrap rubber enhanced the thermal insula-
tion properties of the composites. A decrease to 0.89 W-m~"-K™!
was observed in the thermal conductivity of the mortars when
0.3 wt% of aerogel and 3 wt% of scrap rubber were added to the sys-
tem, indicating a synergistic effect of these materials when the
optimum content was used. Although the addition of either silica
aerogel or scrap rubber led to lower strengths of the composites,
when both components were added, the composite showed a
48.35% and 77.55% increase in the compressive toughness and
post-peak compressive toughness, respectively. As mentioned
before, a small amount of silica aerogel or rubber particles led to
a decrease in the thermal conductivity of the calcium silicate struc-
ture, while higher contents of aerogel caused an increase in this
property. The authors explain that the rubber particles were coated
with a thicker and well-conductive layer of cement in a porous net-
work caused by the higher aerogel amount (0.6 wt%), indicating a
cumulative effect in the heat transfer, which was caused by the
interaction between cement, rubber and aerogel. However, an
increase in the thermal conductivity was also observed in the sam-
ple without rubber. Thus, it is likely that other factors were also
affecting the thermal properties of these samples. One possible
explanation is a higher water retention during the curing process,
as the aerogel used here is hydrophilic.

Abbas et al. [231] synthesized an aerogel using rice husk, an
agronomical waste. The mortar samples were prepared with differ-
ent percentages of sand replacement by aerogel (0-100 vol%). A
decrease trend was observed in the composite density with the
increase of aerogel amount, as values changed from 2102 to
1133 kg-m 3. Two samples (75 and 100 vol% of aerogel) presented
densities inferior to 1300 kg.m>, so these mortar-based compos-
ites can be labelled as “ultra-lightweight”. The authors were able
to reduce around 80% of the samples’ thermal conductivity, from
1.76 to 0.33 W-m K™, when the aggregate (sand) was totally
replaced by silica aerogel (Fig. 13a). However, such exchange con-
tributed to a significant decrease in the compressive strength. This
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variation was not linear, having a drastic variation for lower ratios
of aerogel, as observed in Fig. 13b. Even though the reduction in
the mechanical properties was substantial, the decrease was infe-
rior if compared with other works, and a 5-fold decrease was
obtained in the thermal conductivity, indicating that green sources,
such as rice rusk, can be used for the development of new building
materials.

A superinsulating thermal render to be applied in the Mediter-
ranean climate zone was developed by Pedroso et al. [232] by
incorporating silica aerogel. The authors obtained a lightweight
cement-based composite (nanoSIR) with high thermal insulation
performance, featuring a thermal conductivity of 0.029 W-m~'.K™!
and a density of 160 keg-m~>. The render formulation shows low
values of mechanical properties, however this is a positive result
for the flexural strength (0.099 MPa) and the dynamic modulus
of elasticity (50.01 MPa), as these indicate the ability of the mate-
rial to move with the support. But as the compressive strength is
also low (Table 4) additional mechanical reinforcement is needed.
The samples also present a high water-vapour permeability, but a
low resistance to liquid water which can limit their external appli-
cations. Due to the presented properties, the developed composite
can be used in both new construction and rehabilitation. Such
properties were improved by designing a multilayer system, with
a protective finishing layer (nanoSIR.SYS) [238].

The authors show that this multilayer system can be applied for
energy saving in buildings, with a significant improvement in the
mechanical and water absorption behaviours if compared with
the nanoSIR by itself. A reduction in the results of the impact resis-
tance test (hard-body impact 3 ] [239]) was observed, with the
nanoSIR having values of 30.25 mm and the nanoSIR.SYS of
20.20 mm, and significant performance improvements in hardness
(pendulum hammer PT [240]), with the results increasing from
59.4 for the nanoSIR to 73.10 for the nanoSIR.SYS. A substantial
reduction in the permeability to liquid water was obtained, achiev-
ing values as low as 0.022 kg-m 2.min % for the nanoSIR.SYS.
Thus, when applied in buildings, this multilayer system can pro-
vide both resistance to mechanical impacts and high thermal insu-
lation, while avoiding liquid water penetration. This solution has
competitive results, which encourage its test in real conditions.

As already mentioned, the incorporation of silica aerogels in
plasters and renders is also possible. Different studies are being
developed with these materials, and some of these works are
reported in Table 6.

For the plasters studied by Nosrati and Berardi [204], the ther-
mal conductivity decreases as the amount of aerogel increases (0-
90 vol%), as expected. However, for the higher volumes of aerogel
the mechanical properties are substantially affected, preventing
their use [204].

The influence of the aerogel granules size on thermal and acous-
tic properties was investigated by Buratti et al. [241]. First, the
authors studied the silica aerogel granules by themselves. The low-
est value of thermal conductivity, 19.6 mW-m~'-K~', was obtained
for the smaller granules (0.01-1.2 mm diameter), a reduction of
17% if compared with the larger granules (0.7-4.0 mm). This differ-
ence can be justified by the fact that, as the granule size decreases,
the voids also become smaller, reducing the heat transfer by con-
vection and radiation. The best sound insulation was also obtained
for the smaller granules, with a transmission loss (TL) of 17 dB at
1700 Hz for 40 mm thickness. Due to the remarkable properties
of silica aerogels, composite plasters and translucent polycarbon-
ate panels were developed by the authors. The aerogel-based plas-
ter showed better acoustic performance, absorption coefficient
equal to 0.29 at 1050 Hz, than conventional plasters, which have
an absorption coefficient of 0.1. Also, the thermal conductivity
was reduced from 0.7 W-m~.K~! t0 0.05 W-m~'-K~!. When the sil-
ica granules were added into the interspace of a multi-sheet poly-
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carbonate panel, the TL increased around 3-5 dB in the 280-
1200 Hz frequency range, if compared with the sample with air
in the interspace.

Lime-based plasters, with lime putty as the binder and a mix-
ture of sand and aerogel granules, in different proportions, as
aggregate, were synthesized by Westgate and co-authors [242].
The addition of aerogel has a substantial impact in the thermal effi-
ciency of the composite, reducing their thermal conductivity from
0.5 W-m~1.K~!, without aerogel, to values below 0.1 W-m~1.K™!,
with almost 50 vol% of aerogel in the system. The aerogel also
has a positive influence in the moisture vapour permeability. The
mechanical performance was significantly affected by the silica
materials’ incorporation, with a reduction in the strength. How-
ever, the presence of other components in the composite, such as
polypropylene fibers, gave the material a high level of flexibility
and toughness, which can be an advantage, as the plaster can
accommodate building “movement”.

Experimental and numerical studies were performed by Ibra-
him et al. [243] with the goal of determining the optimum
aerogel-based insulating rendering thickness for different climates.
The composition of the insulating coating based on the (super)in-
sulating silica aerogels is described in a patent [246]. The first step
in their study was to compare the necessary thickness of different
insulating materials for retrofitting the exterior envelope of an old
house, as showed in Fig. 15a. A significant difference was observed
in the materials thickness, with the aerogel-based render having
the smallest thickness required to achieve the insulation target.
In the sequence, the aerogel-based material was applied in a full-
scale test facility developed in 2008 by the French National Solar
Energy Institute (INES), as exhibited in Fig. 15b. The authors estab-
lished a numerical model for the heat transfer process that was val-
idated by the on-site measurements of the test facility. Besides, the
authors were able to also optimize the rendering thickness for dif-
ferent climates, with results showing that the optimum thickness
for the cities of Nice and Moscow is of approximately 1.7 and
4.4 cm, respectively. The payback period when the best thickness
is applied is in the range of 1.4-2.7 years depending on the climate.

The influence of three types of aerogel, used as a substituent of
the silica sand, in aerogel-based renders was studied by De Fatima
Jalio et al. [244]. The first one was an inorganic aerogel based on
TEOS, the second was TEOS-based modified with HMDZ and the
last was a commercial aerogel, with the two first being dried under
subcritical conditions, while the last in supercritical conditions.
When the inorganic aerogel was used to replace the sand in the
material, a significant decrease of the thermal conductivity was
observed, with a reduction of 56% when 24 vol% of sand was
replaced by aerogel, and a decrease of 92% when only aerogel
was applied in the material. However, these materials required a
water/cement weight ratio of 2 (instead of 1 as used in the refer-
ence) to reach an appropriate workability, which led to mortars
with an inadequate cohesion. The use of hybrid aerogels can sur-
pass this problem, thus modified and commercial aerogels were
incorporated in the render mixtures. The aerogel modified with
HMDZ showed higher specific surface areas and total pore volume
than the commercial one, probably due to the lower average of
pore size. But, when 100% of sand was replaced by hybrid aerogels
in the mixture, all samples, for both modified and commercial
aerogels, were classified as T1 thermal mortar (1 < 0.1 W-m~1-K™1).
As both hybrid aerogels achieved good thermal insulation proper-
ties, the use of a material dried by a subcritical methodology is
advantageous, as it reduces the safety risks for manufacturers
and appliers, and leads to a more sustainable render.

The first application of a commercially available aerogel-based
render, for energy efficient retrofit on the external facades of a
30 m high building, was reported by Wakili et al. [245]. The inves-
tigated buildings are part of one of the last prefabricated concrete
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Fig. 15. a) Comparison of the thickness required to retrofit an old exterior envelope from an initial U-value of 6.4 W/(m?.K) to a target U-value of 0.4 W/(m?.K). b) INES
experimental platform and the experimental test house in red (note: this figure was taken before applying the rendering). Reprinted with permission from Ref. [243].
Copyright (2015) Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

building series (Plattenbau) built in 1989-1990 in the former Ger-
man Democratic Republic. An aerogel-based rendering with 6 cm
of thickness was applied into a whole facade of the building,
approximately 11,100 m?, but to ensure their stability, a wavy
metallic grid was fixed prior the application of this rendering. For
comparison, similar neighbouring buildings were also investigated,
one building remaining without insulation and another receiving a
conventional perlite-based insulating. Based on hygrothermal sim-
ulations, the authors concluded that the best finish needs to be
water repellent but vapour open, to avoid damages caused by
moisture accumulation. In terms of thermal properties, the infra-
red pictures presented in Fig. 16 show the improvement caused
by the aerogel-based rendering, as a reduced facade surface tem-
perature is observed, as well as the disappearance of the thermal
bridges caused by the gap between the concrete plates. Besides, a
reduction of the U-value from its original value (1.0 W-m 2K 1)
to around 0.3 W-m~2.K~! was achieved when the aerogel solution
was applied.

4.4. Concrete

Composites with silica aerogel can also be prepared to be used
as structural materials such as concrete. The studies including
these composites are reported in Table 7.

Fickler and co-authors [247] were able to develop a high perfor-
mance aerogel concrete by controlling the amount of silica aerogel
in the composite and the conditions of the final material storage.
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The authors concluded that the influence of the heat treatment
during storage is negligible on the composite compressive
strength. They were able to obtain materials with compressive
strengths as high as 23.6 MPa. However, a significant increase in
the density and thermal conductivity (1170 kgm™>3 and
0.37 W-m~1.K~!, respectively) were observed in these composites.
The most appropriate mixture, with 60 vol% of aerogel in the
cement matrix, showed a density of 860 kg-m > and achieved a
compressive strength of 10 MPa, while having a thermal conduc-
tivity of 0.17 W-m~'.K~! (Table 7).

A novel foam concrete (FC) reinforced with silica aerogel (FC-
SA) was produced by Liu et al. [248]. The authors synthesized the
material using three different technologies, the sol-gel technique,
vacuum impregnation method and rapid supercritical drying pro-
cess. The silica aerogel can fill up to 74 vol% of the FC matrix, being
evenly distributed through the porous structure. The composite
FC-SA has a thermal conductivity 48.4% lower than the FC, while
maintaining good mechanical properties, with a flexural and com-
pression strength of 0.62 MPa and 1.12 MPa, respectively. Besides
the materials’ characterization, the authors performed simulations
regarding the energy conservation effect when applying the mate-
rials in building envelopes. In Chicago, that has a cold winter, the
use of FC-SA leads to 98.3 MW-h (6.64%) of energy saving in a
whole winter. While in hot areas, such as Miami, applying FC-SA,
to replace traditional concrete materials, reduces not only space
cooling energy consumption (80.7 MW-h - 6.07%) but also the
cooling water usage (1122.4 m> - 6.62%). With these results, and
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Fig. 16. Visual and corresponding infrared pictures of an untreated wall and the two cases of conventional insulating rendering and aerogel-based rendering applied to it.

Reprinted with permission from Ref. [245] Copyright (2018) Elsevier.

Table 7
Published works using composites with silica aerogel and concrete for thermal insulation of buildings.
Ref. Composite material Amount of silica Thermal Bulk Flexural Compressive
aerogel conductivity density strength strength
(W-m~ LK) (kgm™3) (MPa) (MPa)
Fickler et al. [247]  Silica aerogel: Silica aerogel granules 60 vol% of the 0.17 860 - 10.0
Silica aerogel-containing composite: High performance cement matrix
aerogel concrete
Liu et al. [248] Silica aerogel precursor: TEOS 74 vol% of the foam  0.049 392 0.62 1.12
Silica aerogel-containing composite: Foam concrete
reinforced with silica aerogel
Li et al. [249] Silica aerogel precursor: TEOS modified with TMCS 30.8 vol% of the 0.049 198 - -
Silica aerogel-containing composite: Aerogel foam slurry
concrete
Wang et al. [250]  Silica aerogel: P100 from Cabot Co. 60 vol% (aerogel as 0.18 1183 - -
Silica aerogel-containing composite: Aerogel-incorporated aggregate)
concrete
Yoon et al. [251] Silica aerogel precursor: MTMS and TEOS - 0.086 310 0.78

Silica aerogel-containing composite: Nano-aerogel-
embedded foam concrete

the good mechanical and thermal performances showed by this
new material, the FC-SA can be used in building exterior wall
applications.

The optimization of an aerogel foam concrete thermal conduc-
tivity was performed by Li et al. [249]. Based on a model, the
authors studied the influence of aerogel content, cement amount
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and porosity on the composites thermal performance and were
able to obtain a ternary variable graph (Fig. 17), which allowed a
clearer view of the effect of each factor. By analysing Fig. 17, one
can see that, for example, when the composites porosity is 0.5,
and a volume ratio of aerogel 0.45 is added to the system, the ther-
mal conductivity decreases by 90.4%, if compared to the concrete
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Fig. 17. Thermal conductivity contour distribution of the ternary aerogel foam
concrete system. Reprinted with permission from Ref. [249]. Copyright (2019)
Elsevier.

without aerogel. To obtain a minimum thermal conductivity, the
aerogel foam concrete was synthesized with concrete, aerogel
and foam volume ratios of 0.05, 0.308 and 0.642, respectively.
The high-performance aerogel foamed concrete presented a ther-
mal conductivity of 0.049 W-m~'-K~! and a density of 198 kg-m~>.

Another study that focused on the influence of temperature and
relative humidity in the thermal conductivity of buildings’ materi-
als was developed by Wang et al. [250]. As observed in other
works, the increase in aerogel’s content caused a decrease in the
composites’ thermal conductivity, with a reduction of 79.3% when
the aerogel amount changed from 0 to 60 vol% (0.18 W-m 1.K ',
RH = 0%), following a quadratic function. As expected, the thermal
conductivity of the aerogel-incorporated concrete (AIC) increased
with the temperature increase, between 0.23 and 0.26 W-m~!.K™!
for a temperature amplitude of 70 °C (composite with 60% of aero-
gel). The variation of thermal conductivity with the relative humid-
ity can be fitted to a cubic polynomial function. As the aerogel
content changes from 0 to 60 vol%, the thermal conductivity
decrease is the largest in a dry state (79.3%) and the smallest for
a RH of 85% (65.25%).

Yoon et al. [251] added aerogels to preformed foam concrete in
order to enhance their thermal properties and moisture resistance.
Two types of aerogels were tested in the composites; one synthe-
sized with only MTMS and another obtained with a mixture of
MTMS and TEOS as silica precursors. Embedding these silica mate-
rials into the foam concrete did not affect significantly the mechan-
ical properties, as the reference sample has a compressive strength
of 0.81 MPa, and the composites presented values of 0.82 and
0.78 MPa, for the ones obtained with MTMS-aerogel and
MTMS + TEOS aerogel, respectively. As expected, the thermal con-
ductivities showed an improvement with the addition of the aero-
gels. The MTMS and MTMS + TEOS-based aerogel foam concretes
presented reductions of 13% and 18%, respectively, when compared
to the conventional foam concrete. The hydrophobicity of the
materials increased by the addition of aerogels. The results
obtained by the authors suggest that aerogel-embedded foam con-
crete has great potential as a material for thermal insulation in
building structures.

4.5. Glazing systems
Glazing units or windows are classified as highly insulating

when their heat transfer coefficient (U-value) is lower than
0.7 W-m~2K"'. These systems have been developed over the last
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years in order to achieve energy efficient buildings and reached
the market as multi-layered windows and aerogel glazing
[252,253]. Aerogel glazing systems are structurally similar to dou-
ble glazing, but with silica aerogels instead of air in between the
two glass panels. Table 8 summarizes the main properties of some
aerogel glazing materials studied in the open literature.

The silica aerogels used are monolithic or granular (with low
thermal conductivities and enhanced light scattering) (Table 8).
Aerogel granules where the first choice for this application, due
to the weak mechanical strength of monolithic aerogel
[19,198,252], however, even though both materials have similar
light transmittance (Table 8), monolithic aerogels have better
transparency, which make them more suitable for applications
requiring direct view through the windows [258,261]. Besides that,
there is no settling effect, as observed in aerogel granules, which is
an important improvement for glazing applications [198]. Fig. 18
shows the difference in the optical properties between a granular
and a monolithic aerogel glazing unit.

However, there are only granular aerogels glazing commercially
available, since this type of aerogels are easier to fill the cavity of
the glazing system and because the large-scale manufacturing of
monolithic aerogel glazing often leads to cracks in the aerogel
plates due to their brittleness. Nonetheless, some efforts have been
made in order to scale up the production of monolithic aerogels.
Bhuiya et al. [256] scaled up the procedure to obtain a monolithic
aerogel and found that the heat treatment removes residual sol-
vents and improved the transparency properties of the obtained
aerogel by 10%. Later, in 2019 Zinzi and co-workers [258] pub-
lished a research work where they produced monolithic silica aero-
gels by rapid supercritical extraction technique, which they
claimed to be easily scaled up and affordable, but the monoliths
obtained are still small (14 x 14 cm) to be applied in windows.

Due to all these production problems, granular aerogels are still
the best option for aerogel glazing, but it is important to highlight
the effect of the particle size of the granular aerogels used in the
glazing systems: lower particle sized aerogel (size < 0.5 mm) usu-
ally produce lower U-value, but leads to lower visible light trans-
mittance, than larger aerogel granules (3-5 mm) [19]. Fig. 19
shows an example of silica aerogel granules (a) and the effect of
their incorporation in between two clear glass panels (b).

From Fig. 20 it is obvious that the visible light will be minimized
and a diffuse daylight will be obtained inside the area [252], how-
ever this kind of diffuse light might be an option to be applied in
certain areas. For example, according to a study of Ihara and co-
workers [254] the use of aerogel granulates glazing systems allows
a reduction in the energy demand, when compared to a double
glazing facade, in warm (Tokyo) and hot (Singapore) regions, by
decreasing cooling demand. Yang and co-workers [255] obtained
a reduction of 31% in the envelope heat gain, while maintaining
the indoor illumination requirements, just by replacing the single
glazing by aerogel glazing.

Hence, several authors have been working on improving build-
ings performance by improving the glazing systems with aerogels
and even substituting the glass panels. Moreti and co-workers
[257] obtained a polycarbonate glazing system filled with granular
silica aerogel, which turned out to present low density, low ther-
mal conductivity at room temperature (0.018-0.020 W-m~1.K™ 1)
and U-values from 0.6 to 1.4 W-m2.K~!. Moreover, when com-
pared to the void polycarbonate glazing system, the aerogel filling
reduced the thermal transmittance by about 45 and 70%, depend-
ing on the thickness of the panels (16 and 40 mm, respectively).
This effect of the aerogel has already been reported by Garnier
and co-workers [197] who studied the influence in daylight, ther-
mal loss and solar gain of an aerogel window when compared to
the traditional Argon-filled, coated double-glazing. They found that
the aerogel glazing presented a lower U-value and decreased solar
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Table 8

Published works using aerogel in glazing units of buildings.
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Ref. Glazing unit Bulk density Thermal conductivity —U-value Light transmittance
(kg-m~3) (W-m LK) (W-m~2K™1)

Garnier et al. [197] Hydrophobic silica aerogel glazing - - 0.3 -

Gao et al. [252] Aerogel granules into the cavity of double-glazing units - 0.023 0.6-1.19 0.17-0.50

Ihara et al. [254] Aerogel granulate glazing systems - 0.018-0.021 0.25-1.38 0.18-0.59

Yang et al. [255] Silica aerogel glazing 1000° 0.020-0.026 - 0.14-0.33

Buratti et al. [241] Granular silica aerogel 65-70 0.019-0.022 - -

Bhuiya et al. [256] Monolithic silica aerogel between two polycarbonate sheets 100 0.020-0.025 0.65"-1.16° -

Moretti et al. [257] Polycarbonate glazing system filled with granular silica aerogel - 0.018-0.020 0.6-1.4 0.42-0.61

Buratti et al. [194] Monolithic aerogel between two glass panes - 0.020 1.1 0.69

Zinzi et al. [258] Aerogel monoliths between two pieces of float glass - - 0.99 0.69

Li et al. [259] Glass, silica aerogel and phase change material (PCM) 40-100 0.014-0.022 0.6 -

Biittner et al. [260] Vacuum and silica aerogels in between glass panels - - 0.5 -

Zheng et al. [261] Aerogel glazed skylight 100 0.024 - -

Valachova et al. [253]  Aerogel into the chambers of the window frame - - 0.81 -

2 - Filling density.
b _ with the prototype under vacuum.
¢ - with ambient pressure air in the prototype.

Fig. 18. Examples of (left) a granular aerogel glazing unit and (right) a monolithic aerogel glazing unit (30 x 30 cm glazing sample constructed from nine 15-mm-thick
aerogel monoliths sandwiched between two pieces of 4.7-mm-thick float glass). Reprinted with permission from Ref. [258]. Copyright (2019) Elsevier.

Fig. 19. Example of (a) silica aerogel granules and (b) the corresponding aerogel glazing unit. Reprinted with permission from Ref. [252]. Copyright (2016) Elsevier.

radiant heat transmission, which contribute to an improved inte-
rior thermal stability.

Recently, phase change materials (PCM) have been incorporated
in the glazing system along with glass and silica aerogel [259,262-
265], due to their ability of storing high amounts of energy, during
melting, and then, releasing it during solidification, at constant
temperature [259].

Biittner and co-workers [260] presented a work where they
combined vacuum and silica aerogels in between glass panels in
order to enhance both convection and thermal conductivity prop-
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erties in the final gazing unit. They used silica aerogel pillars in the
gap of the glass panels with excellent U-values (ca. 0.5 W-m~2.K™1),
high transmittance and high solar gains.

Zheng and co-workers [261] studied the performance of aerogel
glazed skylight when compared with double glazed skylight. These
authors carried out this study under real climate conditions in
China and found that the aerogel influenced the solar radiation
through the glazing system. A significant reduction (~40%) in solar
radiation and illuminance rates for aerogel glazed skylight was
recorded.
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Fig. 20. Example of (a) double glazing unit and (b) aerogel glazing unit. Reprinted with permission from Ref. [252]. Copyright (2016) Elsevier.

Thermal insulating properties of windows are very important,
and it was found that not only the thickness of the glazing, but also
the window frame, are the main responsible factors for it. In some
cases, a thin window is needed and, for this reason, Valachova and
co-workers [253] suggested to insert aerogel not just in between
the glazing units, but also into the chambers of the window frame.
Due to the very low thermal conductivity of aerogels these authors
proved that for low thickness, the composite frames were
beneficial.

Despite there are already some aerogel glazing solutions in the
market with improved thermal and optical properties, there are
still some work to be done and some great improvements to be
reached in a near future in the field of buildings energy efficiency.

4.6. Solar collector covers

Aerogels have also been used in solar collector covers [167].
Aerogel glazing shows outstanding insulation performance with a
U-value below 0.5 W -m2.K!, a thickness of only 50 mm, and supe-
rior daylighting properties [266]. Thus, the silica aerogel glazing is
effective in reducing heat losses from the upper surface of the solar
tank [38]. Also, it is known that the density of the aerogel influ-
ences the solar transmission and radiative loss; by decreasing the
density of an aerogel, it is possible to increase solar transmission
and the radiative heat loss, which indicates the need of optimiza-
tion [135,267].

The ability to introduce surface-treated aerogel-based translu-
cent panels provides superior thermal performance over current
technology with no contaminant loss in optical properties [37] -
these are the so called Optically Transparent and Thermally Insu-
lating (OTTI) aerogel. Table 9 summarizes the main parameters
presented in some works with OTTI aerogels used for solar covers.

The effect of aerogel annealing time and temperature on the
optical and thermal properties were studied by Strobach and
coworkers [267]. They developed high solar transparency, ther-
mally insulating monolithic aerogel able to operate in solar ther-
mal receivers. Depending on the annealing time, this aerogel

presented a receiver efficiency of 89.5-91.5% and a solar transmis-
sion of 95.5-97.5%. Although the annealing time appears to have
little influence, the small 1% increase in the receiver efficiency,
may have a significant impact on both system efficiency and cost
of electricity production.

Giinay and co-workers [39] prepared tetramethyl orthosilicate-
based silica aerogels, both hydrophilic and hydrophobic, for solar
thermal collectors on black coatings. The hydrophobic OTTI aero-
gels showed to have improved performance when compared to
the hydrophilic OTTI aerogels due to the solar absorption induced
by the hydroxyl groups, which decreased the thermal efficiency of
the aerogel from 52% to 36%, respectively. These authors also
showed that the efficiency depended on the thickness of the aero-
gel coating, therefore, it is possible to tune the efficiency by chang-
ing the aerogel thickness according to the intended application.

Zhao and co-workers [268] developed a solar collector proto-
type using a layer of a monolithic aerogel on top of a absorber
and thermal insulation surface (BlueTec eta plus). They demon-
strated that the OTTI aerogel simultaneously suppresses the con-
duction, convection and radiation losses, and consequently
reduces the absorbed heat loss. This behaviour was also observed
by Zhao and co-workers [269], who developed an aerogel-based
solar thermal receiver from an optimized silica aerogel monolith
coated on a blackbody absorber to transmit sunlight with an effi-
ciency higher than 50%, depending on the thickness of the aerogel.

Li and co-workers [270] investigated the optical and thermal
performance of a modified evacuated receiver (used to concentrate
the solar energy and then transform it into thermal energy). These
authors added a layer of a solar transparent aerogel directly in the
illumination region and reported no significant optical variations
but significant efficiency improvement in the overall system, from
0.01 to 3%.

4.7. Other materials

Due to the versatility of silica aerogels, new composite materi-
als are being developed by incorporating them in diverse matrices

Table 9
Published works using solar panels with aerogel for improved energy outputs.
Ref. Panels material Panels cover Bulk density Aerogel thermal Thermal
(kg:-m~3) conductivity efficiency
(W-m "K) (%)
Strobach et al. [267] - TMOS-based aerogel 160-180 0.05-0.08° 89.5-91.5°
Giinay et al. [39] Black surface TMOS-based silica aerogels(hydrophilic) 30 0.16 36
Black surface TMOS-based silica aerogels(hydrophobic) 147 0.13 52
Zhao et al. [268] Absorber surface (BlueTec eta plus) Monolithic transparent silica aerogel - 0.02-0.1 -
Zhao et al. [269] Black body absorber Low scattering aerogel monolith 180-200 0.01-0.35 50¢
Li et al. [270] Glass support Monolithic transparent silica aerogel 180 0.02-0.07 -

a - The thermal conductivity of the aerogel was modelled using the measured IR transmittance as well as the density and thickness. b - Receiver efficiency. ¢ — Absorber

efficiency.
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(non-cementitious) for the replacement of the more conventional
materials in building application. Some of these composites are
reported in Table 10.

An innovative solution to improve the thermal insulation of
buildings was developed by Masera et al. [271]. These authors
designed an aerogel-based textile wallpaper for indoor energy ret-
rofit. The system was composed by an aerogel-impregnated textile
layer, which forms the insulating core, and a fabric finishing that can
be easily installed. The composite showed low water absorption
after being immersed into water up to 28 days, with a maximum
value of only 11.12 kg:-m~> (around 7% of the samples’ weight),
and good thermal performance, presenting values of 25 mW-m™!-
K1, for 0% of RH, and 35.4 mW-m~'.K~!, with high moisture. The
material was submitted to real scale tests, as showed in Fig. 21,
and promising results were achieved for indoor thermal retrofitting.

Jia and co-authors [272] developed a new thermal insulation
composite by filling the expanded perlite (EP) with silica aerogel.
The addition of aerogel, with different particle sizes, caused an
improvement in the EP pore structure, with mesoporous volume
and Brunauer-Emmett-Teller (BET) specific surface area 100-280
times and 50-150 times higher than those obtained for pure EP,
respectively. These changes in the materials’ microstructure led
to a decrease of 14.7-31.8% in the thermal conductivity, which
was also influenced by the drying methodology used during pro-
cessing (ambient or vacuum pressure). As these aerogel/expanded
perlite composites have good thermal properties, a reasonable cost
and are easily produced, they can be used to replace traditional
thermal insulation materials in buildings.

Table 10

Construction and Building Materials 286 (2021) 122815

A new composite with silica aerogel onto the surface of a poly-
urethane foam (PUF) was synthesized by Li et al. [273] for building
insulation, in an effort to reduce the flammability and smoke
release of the PUF while maintaining its low thermal conductivity
and density. The addition of silica aerogel leads to an enhancement
in the compressive strength, achieving values of 486 kPa, and pro-
vided an even further improvement regarding the materials’ ther-
mal performance, reducing the thermal conductivity from
30.9 mW-m~1.K~!, for neat PUF, to 28.2 mW-m~.K~'. The SiO,/
PUF composite showed self-extinguishing in vertical burning tests
and a high limiting oxygen index of 32.5%. Besides, the presence of
silica contributed to a reduction in the peak heat release rate, from
260 kW-m~2 for PUF to 155 kW-m~2 for the composite with the
highest amount of silica aerogel, and in the peak smoke production
release, from 0.090 m?-s~! (neat PUF) to 0.049 m?.s~! (Si0,/PUF).
Notably, a 55.7% decrease of the specific optical density in the
smoke density chamber test was obtained for the composite, indi-
cating an excellent smoke-suppression.

Stazi et al. [274] developed a study focused on sprayed foams
with enhanced mechanical properties for External Thermal Insula-
tion Composite System (ETICS) or engineered infills within cavity
walls, as exemplified in Fig. 22. The authors studied the influence
of adding different particles, clay nanoparticles and spherical sili-
con dioxide microparticles (aerogel) into polyurethane foams with
two densities (15 and 30 kg-m~3). Both fillers enhanced the hygro-
scopic resistance and had negligible influence on thermal stability
of the foams. Overall, the composites obtained with 4 wt% of nan-
oclay presented improvements in thermal and mechanical resis-

Published works using composites of different matrices with silica aerogel for thermal insulation of buildings.

Ref. Composite material Thermal Bulk Flexural Compressive
conductivity density  strength strength
(Wm LK) (kgm™) (MPa) (MPa)
Masera et al. [271]  Silica aerogel precursor: Polyethoxydisiloxane modified with 0.025 135.8 - -
hexamethyldisiloxane
Silica aerogel-containing composite: Aerogel-based textile wallpaper
Jia et al. [272] Silica aerogel precursor: Sodium silicate modified with TMCS 0.030 ~85 - -
Silica aerogel-containing composite: Composite aerogel/expanded perlite
Lietal. [273] Silica aerogel precursor: TEOS 0.0282 37.9 - 0.486
Silica aerogel-containing composite: SiO,/polyurethane foam composites
Stazi et al. [274] Silica aerogel precursor: Silicon dioxide microparticles (Tec-Star srl.) 0.0382 25.7 0.076 0.0165
Silica aerogel-containing composite: Low density nanofoams
Chen et al. [275] Silica aerogel precursor: TEOS modified with TMCS 0.050 335 - 0.88

Silica aerogel-containing composite: Fly ash based lightweight wall material

incorporating EP/SiO, aerogel composite

Fig. 21. The assembly of the first prototype of an insulating wallpaper with aerogel; July 2014. Reprinted with permission from Ref. [271]. Copyright (2017) Elsevier.
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Structure Density and Technique Application
OPEN CELLS 15 Kg/m® - Internal Casting Cavity Infills
30 Kg/m® - External Spray ETICS

Fig. 22. Structure, density and application technique of the foams. Reprinted with permission from Ref. [274]. Copyright (2019) Elsevier.

tance aspects, for both low and high-density foams, but the sam-
ples with the aerogel microparticles were not so promising.

Chen and co-authors [275] developed fly ash-based lightweight
wall materials (LWM) with low thermal conductivity, by incorpo-
rating air expanded perlite/SiO, aerogel composite. The use of
SiO; aerogel as padding aims the enhancement of the thermal insu-
lation performance of the final composite. The effect of the hydrol-
ysis conditions on the aerogels’ properties was studied, with the
authors being able to produce a low-density (119 kg-m~3) and
low thermal conductivity (27.7 mW-m~'.K~!) SiO, aerogel by using
the following optimal conditions: H,SO4/TEOS molar ratio of
0.8 x 1073:1, hydrolysis time of 24 h, hydrolysis temperature of
25 °C, and NH,OH/TEOS molar ratio of 6.0 x 10~3:1. To prepare
the fly ash based LWM, different mass ratios (0% to 30%) of a light-
weight aggregate, composed by expanded perlite and silica aerogel
(EP/SiO;), were blended with the fly ash slurry. As the amount of
EP/SiO, increases, a reduction in compressive strength, from 1.16
to 0.76 MPa, and thermal conductivity, from 0.064 to 0.046 W-m -
K1, is observed in the composites. As a balance between these
properties is necessary, the sample with 20% of EP/SiO, was the
best to be applied as a thermal insulating material, resulting in a
compressive strength of 0.88 MPa, a bulk density of 335 kg-m—
and a thermal conductivity around 0.050 W-m~.K~".

5. Conclusions and future trends

Aerogels are one of the most promising thermal insulation
materials of the last decades. One growing application of aerogels
is their incorporation in diverse matrices for the replacement of
more conventional materials. The recent advances regarding the
incorporation of silica aerogels in composites and structures devel-
oped for buildings were described in this survey. As shown,
aerogel-containing materials are already being widely developed
and tested for building applications, namely as panels and blan-
kets, incorporation in cement, mortars, plasters, renders and con-
crete, and for glazing systems and solar collector covers, in order
to create a more efficient alternative to current traditional building
thermal insulation materials. This can be achieved, as reported
here, by combining the benefit of most traditional building materi-
als with silica aerogels, and not by substituting the first. This, in
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fact, allows to fade the main negative issue regarding the applica-
tion of aerogel in this sector - its high production cost. By incorpo-
rating the aerogel materials in already existing solutions, not only
dilutes the cost of the aerogel but also facilitates the acceptance of
the new systems in this conservative sector.

The newly developed materials show excellent insulation prop-
erties when incorporating silica aerogels. The thermal conductivi-
ties vary between 14 and 26 mW-m~'-K~! when the aerogel is
applied in the form of VIPs, panels, blankets or glazing systems,
and reaches values up to one order of magnitude higher when
the aerogel is incorporated in cement, mortars or concrete, being
this increase obviously dependent on the amount of aerogel in
the mixtures. Still, in general, the addition of aerogel into these
building materials leads to great reductions in the composites den-
sities and thermal conductivities, when compared to the systems
without aerogel. However, the mechanical properties are usually
negatively affected by this incorporation. As both thermal and
mechanical properties are essential for the application of insulat-
ing materials in the construction industry, a compromise needs
to be made between these properties, with the addition of an opti-
mum amount of aerogel that allows a good thermal performance
while maintaining the mechanical properties normally observed
in building materials. The search for the optimum amount of aero-
gel can be supported by design of experiments tools, in order to
reduce the number of experimental tests.

Besides that, as the use of aerogels have a positive impact in the
energy conservation of the building’s envelope, it leads to a signif-
icant reduction in the emission of greenhouse gases (up to ~65%), if
compared with traditional building insulation materials, such as
XPS, EPS and PU. The reduction of carbon emissions is in agreement
with the goals determined by United Nations Member States, in
particular with the Sustainable Development Goal 13 (Climate
action).
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