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ABSTRACT

Aerogel-based coating mortars are an emerging class of multifunctional wall finishes that stand out for their
thermal insulation performance. Commercial and trial mixtures, studied under laboratory conditions, have a
declared thermal conductivity of about 30-50 mW/(m«K). This is comparable to conventional insulation ma-
terials such as polystyrene and mineral wool. Aerogel-based coating mortars are primarily intended for use in
existing and uninsulated building envelopes. Currently, there is a high research interest in the development of
aerogel-based coating mortars. Nevertheless, the knowledge about their hygrothermal and mechanical properties
have not been fully explored yet. These properties are needed to assess the moisture risks and long-term dura-
bility in different applications and to justify the higher investment costs for aerogel-based coating mortars
compared to conventional ones. Apart from the material properties of aerogel-based coating mortars, results from
full-scale studies focusing on hygrothermal performance are scattered and representative for limited number of
climate conditions and specific products.

In this article, available information on hygrothermal and mechanical properties of aerogel-based coating
mortars is collected and systematized. The aim is to map the missing data needed for moisture risk assessments.
This study focuses on knowledge gaps regarding the hygrothermal and long-term performance of aerogel-based
coating mortars, both commercial products and laboratory-based trial mixtures. In addition, economic
perspective and health related concerns of the material are discussed. The results indicate that future research
efforts should focus more on moisture risk assessments of the material to ensure moisture safe designs especially
in areas with humid climates and freeze-thawing. More information needs to be readably available on the me-
chanical and hygrothermal compatibility of aerogel-based coating mortars with other materials in multilayer
wall systems. In addition, available information on the hygrothermal and mechanical properties and long-term
performance of aerogel-based coating mortars need to be further explored.

1. Introduction

for the retrofit of uninsulated building envelopes in existing buildings.
The possibilities for using ACMs in building retrofits are theoretically
enormous. In Europe alone, about 75 % of the existing buildings are not
considered energy efficient [10] and in need of partial or deep renova-

Lately, attention has been focused on energy-efficient aerogel-based tions. An energy-efficient building envelope is often highlighted as an

insulation materials [1-9], aiming at minimizing the energy use for
space heating and, thereby, the environmental impact of buildings on
energy systems. Due to their comparably high thermal insulation, these
materials introduce new opportunities to increase the energy efficiency
of buildings while achieving slimmer building envelopes. ACM are
aerogel-incorporated plasters and renders with thermal conductivities
(mW/(m « K)) of about 30-50 mW/(m « K). They are primarily intended

effective measure when retrofitting existing buildings [11]. However,
this is not always a straightforward task. It involves a number of issues
that need to be properly addressed to avoid costly and large-scale fail-
ures [12]. Issues related to the preservation of character-defining ele-
ments of listed buildings limit the possible renovation alternatives for
building envelopes. Other concerns related to the compatibility of new

Abbreviations: ACM, Aerogel-based Coating Mortar; DSC, Differential Scanning Calorimetry; EPD, Environmental Product Declaration; GHP, Guarded Hot Plate;
HFM, Heat Flow Meter; LCA, Life Cycle Assessment; MIP, Mercury Injection Porosimetry; MSI, Moisture Sorption Isotherm; TDS, Technical Data Sheet; TICM,

Thermal Insulation Coating Moartar; UV, Ultraviolet Radiation.
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Nomenclature

Al Fire class Al

A2 Fire class A2

Acyp Capillary water absorption (kg/(rn2 . min®>))

[N Specific heat capacity(J/kg « K)

Edyn Dynamic Young’s modulus (N/m?)

FR Fire Resistance (-)

P Porosity (%)

RH Relative Humidity (%)

T (Air) Temperature (°C, K)

WVTR  Water Vapor Transmission Rate (g/h - m?)

w Moisture content (kg/m?%)

GREEK SYMBOLS

n Water vapor permeability coefficient (-)

A Thermal conductivity (mW/(m « K))

A(T) Temperature dependent thermal conductivity (mW/(m
- K))

A(w) Moisture dependent thermal conductivity (mW/(m «
K))

p Density (kg/m>)

Oud Adhesive strength (N/mm?)

A Compressive strength (N/mm?)

oy Tensile strength (N/mm?)

building materials with existing constructions, restrictions on the ad-
missible thickness of building envelopes, creation of thermal bridges and
risks for moisture damage also add to the complexity of retrofitting
existing buildings.

ACMs are intended to be used for retrofitting of uninsulated building
envelopes in existing buildings to overcome some of the challenges
mentioned above [12]. The focus of previous research studies on ACMs
has been mainly on their thermal performance. Meanwhile, as demon-
strated more in depth in Section 2.1, information on other properties
such as mechanical and hygrothermal is less complete [13,14]. Like
other newly developed materials, ACMs have higher investment costs
compared to conventional coating mortars and insulation materials
[15,16]. The economic perspective of ACMs is further discussed in
Section 2.3. To motivate the higher investment cost of ACMs, it is
necessary to minimize the uncertainties and unknowns associated with
the application of ACMs in existing constructions with other building
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materials. This concern is particularly important in climates where
moisture risk is high. To perform moisture risk assessments and prevent
large-scale failures, it is a prerequisite to provide the entire supply chain,
including decision-makers, designers, builders, researchers, and engi-
neers, with a complete and reliable data set on the hygrothermal (heat
and moisture) and mechanical properties, as well as the long-term
durability of the contemporary ACMs.

The development of ACMs was initiated in the early 2010s [5]. The
first article was published by Stahl et al. [5] in 2012, followed by studies
on the material properties and full-scale application of the developed
ACMs [17-19]. In parallel, works from other research groups have been
published, focusing on the evaluation of existing ACMs or the develop-
ment and characterization of new ACMs. Fig. 1 shows that research on
ACMs has been simultaneously advanced by researchers in different
countries. Research on ACMs has also been conducted within larger
European collaboration such as the WALL-ACE project [20]. The focus of
research on ACMs by researchers in different countries has varied. Some
researchers developed and studied new types of ACMs with different
compositions than the first one presented in [5]. Ibrahim et al. [21-24]
studied different trial mixtures with different aerogel and xerogel
granules, resulting in a patented product. In [7,16,25-27], a new set of
trial mixtures, both for internal and external Applications, were inves-
tigated. The focus was on the development of ACMs with improved
mechanical performance compared to the previous ACMs, without
compromising their thermal performance. In [28,29], Julio et al.
analyzed a large number of trial mixtures with different material com-
positions. The focus was on the influence of different components on
both hygrothermal and mechanical performance. Nosrati and Berardi
[30,31], investigated the correlation between the proportion of aerogels
in the mixture and the hygrothermal and long-term performance of
ACM:s. The analysis was performed by mixing conventional plasters with
different fractions of aerogel granules. In the work presented by some
other researchers, the focus has been mainly on evaluating the existing
ACMs rather than developing new ACMs [18,32-35]. Apart from the
research conducted on material-level, in-situ full-scale studies, labora-
tory pilot studies and hygrothermal numerical simulations have been
carried out to evaluate the performance of ACMs in different climates
and conditions.

Commercial ACMs have been available on the market since 2013 and
have been used in buildings in Europe [36-44]. All available commercial
ACMs consist of lime- and cement-based binders. However, they consist
of different material compositions with different types of aggregates,
aerogel granules, additives, admixtures, lightweight aggregates or filler.
So far, ACMs have been used in several buildings in Europe, mainly in
Central European countries, with promising results. In 2017, almost 200
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Fig. 1. Active years of publication for researchers in different countries working with ACMs. The dates are based on the year of submission of papers and not

necessarily the year of publication.
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buildings corresponding to 30000 m? of facade area were covered by
ACMs [17]. In Europe and 2019, this number was increased to 100000
m? of facade area [45].

Because ACMs are attractive complements to traditional insulation
materials for buildings, the number of trial ACM mixtures is increasing
and thereby the need for an up-to-date and complete overview of their
technical properties. Apart from this, the variation of commercially
available ACM products in terms of material composition and perfor-
mance adds to the complexity of this topic. For the purpose of directing
further research on how to manufacture the ACM samples for laboratory
tests and for applications in heritage buildings, Del Curto and Cinieri
[46] compared thermal properties of selected trial mixtures of ACMs and
a commercially available ACM. In [47], Lamy-Mendes et al. presented a
review of silica aerogels and several silica aerogel-based materials. A
section of the article was dedicated to aerogel-based mortars, including
renders and plasters. Examples of trial mixtures and their properties,
thermal conductivity, density, flexural and compressive strength, and
results from some case studies were summarized. Similar to [46], it is
concluded that future efforts should be directed towards the design of
experimental trials. Otherwise, many experiments may be needed for
optimizing the amount of aerogel in a mixture in respect to mechanical
and thermal insulation properties of the final product. A recent review of
Adhikary et al. [48] provides further insights in how the addition of
aerogel particles affects the production and synthetization of different
aerogel-based cementitious composites such as concrete blocks, plasters
and renders. Durability, mechanical properties, pore size distribution,
and water suction capability are also addressed. Finally, a summary of
selected case studies on these cementitious composites, all based on
research mixtures, and economic perspectives of aerogel were
presented.

Based on the existing reviews [46-48], there is no detailed docu-
mentation or a literature review that compiles the available technical
data of all ACMs, i.e. of both trial mixtures and commercially available
products. Also, such a documentation on the details and results from all
case studies regarding the implementation details and application do-
mains for ACMs in different countries and different building types is
missing. The aim of the article at hand is to address specifically the
available and missing data on hygrothermal properties of all ACMs that
are needed for moisture safe design of ACMs rendered building facades.
Moisture safe design of building envelopes is identified by minimizing
the moisture damage risks, which are estimated by various qualitative
and quantitative tools. To conduct moisture risk assessment on ACMs,
reliable and complete set of data on their hygrothermal, mechanical and
long-term material properties is required. Also, their performance when
applied on facades, together with other coatings and building materials
need to be investigated for various building types and climate condi-
tions. Despite the many similarities between the aerogel-based cemen-
titious mortars addressed in e.g. [48] and ACMs, there are significant
differences in terms of material composition, proportion of the compo-
nents and the intended applications of the materials. For these reasons,
other types of mortars than renders and plasters are not considered
representative for ACMs and thus are excluded from this review.

1.1. Objectives of the work

This review article presents the state of the art of nearly a decade of
research and development on ACMs. The aim is to identify the missing
data on the contemporary ACMs, from a moisture risk assessment
perspective, and to highlight the need for further research. In addition, a
summary of available data on economic and health related concerns
with ACMs is presented.

More specifically, the main objectives of the article are to compile
and systematize the available knowledge on the following:

a. The main characteristics of different trial mixtures and commer-
cialized aerogel-based coating mortars
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e Overview and availability
e Testing techniques used to determine the properties of ACMs and
their suitability
e Provided and missing material properties and technical data
e Long-term durability tests and performance of ACMs
b. The collected findings and implementation details from case studies
on ACMs
e Background, building types and results obtained in different full-
scale, laboratory-based and simulation case studies
e Application methods: technical details and strengthening techniques
in the application of ACMs in field
o Compatibility of ACMs with other building materials in multilayer
wall system

1.2. Method of research

The collected information presented in this article is based on a
systematic review of online references in English, including journal ar-
ticles, proceedings and conference papers, books and book chapters,
standards and websites.

Results for scientific references are based on searches in the data-
bases “Scopus”, “Web of Science” and “Google Scholar”. Information on
commercial products is collected from the websites of the manufacturing
companies via the search engine of ‘Google’, but also from the data in
published scientific papers. To ensure that all relevant data was included
in the search, various combinations of keywords such as “aerogel plas-
ter” and “aerogel render” were included in the search string. Further
details of the search conducted are shown in Table 1. The search was
limited to the period between 2012 and 2021 as the first paper on ACMs
was published in 2012. The initial search based on the defined string in
Table 1 and for “title, abstract and keywords” resulted in a large number
of hits ( > 700). One possible reason for the high number of hits is that
some other similar aerogel-incorporated materials [49,50], which are
different from the defined ACMs in this article, are sometimes named
with similar names used for ACMs. To better exclude the irrelevant hits
where ACMs were not the focus of the work, the search was limited to
articles that contained the keywords in their title. This significantly
reduced the number of hits. Next, all articles that were not related to the
topic of this paper, and duplicates from different databases were iden-
tified and excluded. A total of 61 published documents, 15 web sites and
17 standards were considered for the dataset of this article. The analysis
of each entry was performed separately and based on the defined ob-
jectives of the article.

Table 1
Details of the search carried out to compile the final dataset of the work.
Source Searching area Number of hits
Query string  (aerogel AND plaster*) OR
(aerogel AND render*) OR (aerogel AND
coating mortar) OR (super AND insulation
AND plaster®) OR (super AND insulation AND
render*)
Web of Science Title, Abstract, 774
Keywords
Scopus Title, Abstract, 600
Keywords
Google Scholar Title, Abstract, 500
Keywords
Web of Science Title 110
Scopus Title 98
Google Scholar Title 92
Final
dataset
Published 61
documents
Web sites 15
Standards 17
Total 93
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2. Aerogel-based coating mortars: Plasters and renders

Aerogel-based mortars (ACMs), aerogel-based renders and plasters,
are herein referred to as plasters and renders with incorporated aerogel
granules [5] and a thermal conductivity below 100 mW/(m « K). Aer-
ogels are classified as nanostructured Super Insulation Materials (SIMs)
[51,52]. They include any type of material that is derived from molec-
ular, organic, inorganic or hybrid compounds, also called precursors
[1,2]. Aerogels are typically prepared by a multistep synthesis process
that preserves the 3D network of the material with a high degree of
porosity. Among different types of aerogels, mesoporous silica (SiO2)
aerogels are the ones that are commercially most widespread and are
mainly used in the construction sector [15,48]. Table 2 shows relevant
material properties for pure silica aerogels. High level of porosity,
extremely low density and high surface area are some of the key prop-
erties that characterize aerogels in general [4,53]. The embodied energy
of aerogels, the total energy that is used to produce one kilogram of
aerogels, is 53 MJ/kg; a value in the same range as other conventional
insulation materials. Untreated silica aerogels are hydrophilic [4,53] but
their surface properties are normally modified to obtain hydrophobic
properties [54,55]. Aerogels are very fragile materials due to their low
mechanical strength [1]. Therefore, they are often used as a compound
in aerogel-based composites such as ACMs.

In ACMs, a fraction of the aggregates (mainly sand) is replaced by
aerogel granules, resulting in improved thermal performance compared
to conventional plasters and renders [5]. Table 3, lists the typical ther-
mal conductivities (4 , mW/(m-K)) used to classify plasters and renders.
According to the European standard EN ISO 998-1 [58], plaster refers to
the internal application of mortar, while render is when the mortar is
applied externally. However, since most ACMs are for both interior and
exterior application, they are sometimes referred to as plaster or render
regardless of their interior or exterior application in previous publica-
tions. In this paper, any type of plaster or render with incorporated
aerogel granules, and a thermal conductivity of less than100 mW/(m
K) is considered ACM.

In practice, ACM is applied on facades in a multilayer wall system
consisting of several layers of mortars [59], see illustration in Fig. 2.
generally, a thin layer of undercoat is applied prior to the ACM to in-
crease the adhesiveness and sometimes to control the water suction to
the substrate. The thickness of ACM, applied in one step, is normally
limited to around 5 cm. Once the ACM has hardened, the coating system
is supplemented by a layer of surface stabilizer, reinforcement mortar
and in most cases reinforcement mesh. Finally, a layer of finishing
mortar and in some cases water-repellent paint is added to the system.
The total thickness of the coating system is increased by around 1-1.5
cm due to the additional layers applied together with ACM.

2.1. Material characteristics of ACMs

In this paper, the developed ACMs have been divided into two cat-
egories, each of which is reviewed separately. One category includes the
trial mixtures developed and studied for research purposes. The second
category includes commercialized ACM products. A total of 14 and 10

Table 2

A selection of material properties for pure silica aerogel [15,56,57].
Property Value
Density (kg/m3) 3-350 (Most common: 100)

Pore diameter(nm) 1-100 (On average: 20)

Porosity (%) 85-99.9 (Typical: 95)

Thermal conductivity (mW/(m « K)) 10-20

Surface area (m?%/g) 600-1000

Thermal tolerance temperature (°C) 500 (Melting point: 1200)

Tensile strength (kPa) 16

Modulus of elasticity (MPa) 0.002-0.100 (Typical value: 0.03)
Embodied energy (MJ/kg) 53
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Table 3
Thermal conductivity ranges specified for the classification of coating mortars
[5,58].

Type of coating mortar Thermal conductivity (mW/(m «

K)
Conventional coating mortar 4> 200
Conventional thermal insulation coating mortar 1 < 200
(TICM)
ACM 26< 4 < 100

ACMs were identified and reviewed for the first and second categories,
respectively.

For the characterization of ACMs, the European standard EN ISO
998-1 [58] contains the criteria for the classification of different types of
coating mortars. It also specifies the standardized test methods for
plasters and renders. A total of 16 standards [60-75] are specified in EN
ISO 998-1 for the characterization of plasters and renders. In EN ISO
998-1, coating mortars with specific thermal insulation properties are
classified as thermal insulation coating mortars (T1, T2), see Table 4.
Based on this classification, ACMs belong to the T1 category. Table 4,
shows some of the specified requirements for hygrothermal and me-
chanical properties of category T coating mortars.

Due to the presence of aerogel granules, ACMs have some unique
properties compared to conventional coating mortars. These include
higher softness and lower mechanical strength, as well as higher
porosity and lower thermal conductivity. Based on the reviewed articles,
standard test methods for conventional coating mortars have been used
to characterize ACM. In Table 5, a list of the testing methods that have
been reported in previous research articles are compiled. There was no
reported need for major modifications of the test methods or any com-
plications for testing ACMs. However, in on-going laboratory trials by
the authors, major issues have been noticed with for instance the sealing
of ACM samples for cup-tests. The cut surface of the specimen was dusty
and unsusceptible for adhesion of waxes and butyl tapes, which are
commonly used to make the specimens vapor tight at the cup edges, see
Fig. 3. A solution was found by applying a layer of epoxy directly on the
ACM specimen before a butyl tape was placed. Heterogeneity of ACMs
and its effect on the measured properties at laboratory scale have not
been addressed either, although one can expect that the addition of large
proportions of hydrophobic aerogel granules in ACMs could increase the
degree of heterogeneity. Whether the number and size of samples
required by the standards for conventional coating mortars is also suf-
ficient for ACMs with high proportions of aerogel can be questioned.

2.1.1. Trial mixtures

Trial mixtures refer to noncommercial blends of coating mortars and
aerogel granules that are prepared for systematic investigations in lab-
oratory environments. In Table 6 and Table 7, the main ingredients and
properties of 14 selected trial mixtures are presented respectively, based
on the publications from the following countries: Switzerland [5,17],
France [23], Italy [7,12,16,27], Canada [30,80], Portugal
[28,29,83,95-97], United Kingdom [81] and China [77]. To facilitate
the reading, each trial mixture is marked by a unique term composed of
the country abbreviation, followed by the name or location of the
research laboratory that published the information. If necessary, a third
term is introduced to provide additional details. The total number of
reported trial mixtures in the cited articles was more than 14 because
some of them represent a group of mixtures whose properties evolved
between publications. As shown in Table 7, some trial mixtures were
reported in different articles with different material properties. These
property discrepancies could be due to changes in the composition of the
developed trial mixtures, different properties of the raw materials or due
to uncertainties in the measurements. However, these deviations were
neither explained in the articles nor confirmed by the authors of the
articles.
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Fig. 2. Schematic, not in scale, showing the different layers of a multilayer wall system including ACM.

Table 4
Selected requirements for hardened thermal insulation mortar (T) specified in
EN ISO-998-1 [58].

Material property Symbol  Category Requirement
Thermal conductivity (mW/(m-K)) A T1 <100
T2 <200
Compressive strength (N/mm?) o. CSI-CSII 0.4 to 5.0
Capillary water absorption (kg/ Acap w. 1 <0.4
(m2min®3))
Water vapor permeability coefficient (-) p-value - <15

While Table 7 summarizes all properties of the trial mixtures that
were presented in the cited articles, Table 8 evaluates their hygro-
thermal properties based on the minimum requirements for advanced
hygrothermal simulations as suggested by Fantucci et al. [7]. Apart from
properties presented in Table 7, other properties such as specific surface
area and pore structure of the ACMs were also studied for some trial-
mixture [13,14,28]. The porosity of the trial mixtures stated in
Table 7 are based on the information provided in the reference article.
For cases where the specific type of porosity is explicitly stated in the
reviewed article, the information is given in Table 7. As shown in
Table 7, in 12 out of 14 trial mixtures, different types of mineral, lime or
cement-based binders were mixed with silica aerogel granules and some
other additives. The trial mixtures had densities ranging from 120-625
kg/rn3 and thermal conductivities from 14 to 85 mW/(m « K). The On
average, data were missing for 4 out of 8 evaluated material properties
considered in Table 8. Correct information on temperature and moisture
dependent thermal conductivities, specific heat capacity, capillary
water absorption and moisture sorption isotherms was more often
missing. Information on moisture dependent thermal conductivity and
capillary water absorption were not published in 14 and 13 of 20 arti-
cles, respectively. In addition to the parameters evaluated in Table 8, the
mechanical properties, compressive and tensile strength, were also
published less frequently. Among the studied articles, the mechanical
properties were partially published only for 5 trial mixtures, with large
discrepancies. Therefore, the mechanical performance of these trial
mixtures needs to be further explored. The lack of sufficient details on
the material properties of developed ACMs has been pointed out in
previous studies [13,14] as well. The presented trial-mixtures are in

many cases under development and thus rather likely that their material
properties will be updated and publicly available in future.

2.1.2. Commercial ACMs

To pursue an objective comparison, the review of commercially
available ACMs is limited to those whose technical data sheets (TDSs)
are published online. In total, 10 commercial ACM products were
identified and grouped by their ingredients and properties in Table 9 and
Table 11 respectively.

The content of Table 9 and Table 11 is based exclusively on the in-
formation contained in the declared TDS for the product in question.

For the commercial ACMs reviewed, the current availability of some
products that appeared in the literature could not be fully confirmed.
According to ROFIX [37] and [10], in addition to the product FIXIT 222,
there was another ACM from the same manufacturer, FIXIT 244. How-
ever, at the time of writing, the product FIXIT 244 was not included in
the online product list of the producer. The same applies for Interbran
Premium 028 from Germany, mentioned in both [40], from 2017 and in
[16] from 2019. One possibility is that this ACM has been further
developed and replaced by XERAL SP 028 [41], XERAL SP 036 [42] and
XERAL SP 055 [43], which were developed by the same manufacturer.

In addition to the commercial ACMs presented in Table 9, Fenoglio
et al. [12] reported that a number of commercial ACM products have
been developed in collaboration with industry partners although not yet
fully launched in the market. A list of these products and their properties
is presented in Table 10.

Similar to the analysis done for the trial mixtures, the commercial
ACMs are evaluated based on the minimum requirements for available
technical data for advanced hygrothermal simulations suggested by
Fantucci et al. in [7]. The results of the evaluation are presented in
Table 12.

As shown in Table 9, all 10 commercial ACMs consisted of (white)
cement and various lime-based binders mixed with aerogel granules and
various types of additives. All but two of the ACM products were for both
interior and exterior applications. The commercial ACMs had thermal
conductivities between 26 and 52 mW/(meK) at densities between 180
and 290 kg/m>. Based on the analysis presented in Table 12, there was
on average no reported data on 4 of 8 material properties considered.
Data on temperature and moisture dependent thermal conductivities,
specific heat capacity and moisture sorption isotherms were most
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Table 5

Compiled list of all properties and laboratory test methods used for the char-
acterization of ACMs in previous publications. Blank cells indicate cases where
the test method was not reported or when no standard for the test method was

cited in the reference article.

Property Testing method Used Article
standard
Thermal
conductivity
(@]
Guarded Hot Plate (GHP) EN ISO [5,17,21-24,77]
12,667 [76]
Heat Flow Meter (HFM) EN ISO [16,21-26]
12,667 [76]
HFM ASTM C518- [27,31]
10 [78], ISO
8301 [79]
HFM - [30,80,81]
HFM (Transient test ASTM [6,28,83]
method) D5930-9
[82]
Specific heat
capacity (cp)
Differential scanning EN ISO [21-24]
calorimetry (DSC) 1159 [84]
HFM - [7,16,85]
Density (p)
gravimetric procedures EN ISO [21-24]
1602 [86]
gravimetric procedures - [16,26,29]
gravimetric procedures EN ISO [6,83]
1015-10
[73]
Porosity (P)
Gas pycnometerMercury EN ISO [21][6,77]
Injection Porosimetry (MIP) 8130-2
[871-
Pore structure,
specific
surface area
Nitrogen sorption isotherm - [13]
Moisture
sorption
isotherm
(MSD)
Climate chamber method EN ISO [21,30]
(Gravimetric, in a 12,571 [88]
sequentially changed and
controlled environment)
- - [19]
Water vapor
permeability
(u , WVTR)
Cup method EN ISO [5]
12,086 [89]
Cup method EN ISO [21,24]
12,572 [90]
Cup method EN ISO [6,28,81]
1015-19
[64]
Water vapor transfer ASTM E96 [30]
method (WVT) [91]
Acoustic
behavior
Kundt’s tube Apparatus EN ISO [27,93]
10534-2
[92]
Flexural and
compression
strength
Three-point loading and EN 1015-11 [16,26,28,81]
compressive loading [74]
machine
Dynamic
Young’s
modulus

Resonant frequency test

[28]
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Table 5 (continued)

Property Testing method Used Article

standard

ASTM
E1876-1
[94]

Fig. 3. Photos showing sealing attempts of ACM samples for cup method test.
Left: Detaching of the butyl tape from the ACM sample. Right: Wax detaching
from the ACM sample.

frequently missing. None of the manufacturers provided data on mois-
ture dependent thermal conductivity or specific heat capacity.
Regarding the mechanical properties of commercial ACMs, 8 of 10
manufacturers provided the compressive strength of the material.
However, information on tensile and adhesive strength was not
provided.

2.2. Long-term performance of ACMs

Aerogels, and ACMs in particular, have been commercially available
in the construction industry for a relatively short time compared to other
building materials [101]. Materials installed in the building envelope
are normally exposed to various diurnal and seasonal climate related
stresses. Temperature and humidity variations, solar radiation, precip-
itation and wind are some of the climatic stresses. In the long term, these
stresses can lead to deterioration and consequently degradation of the
performance of the materials throughout their service life. This phe-
nomenon is often referred to as climate aging of materials [102].
Because the process of real-life aging takes a long time, usually several
decades, accelerated aging tests under artificial loading are usually
performed to quickly evaluate the long-term performance of materials
[103].

In an accelerated aging test, the specimen is exposed to extreme
conditions for a short time [103]. Physical and empirical fitting models,
such as the Peck model, the Arrhenius equation and the Coffin-Manson
relation, can be used to estimate the real exposure service life.

In [101], Karim et al. presented a review of previous studies dealing
with the long-term performance of silica, silica aerogels and a number of
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Table 6
List of trial mixtures reported in the published research articles.

Abbreviated
term

Country Ingredients Ref.

Switzerland CH-Empa Hydrophobized silica aerogel, Mineral [5]
binder, additional additives

Hydraulic lime, Hydrated lime, [17]
Aerogel (SiO,), Mineral aggregates,

White cement, Water retaining agent,

Air entraining agent, Hydrophobic

agent

Mineral and/or organic hydraulic [23]
binder, Hydrophobic silica aerogel,
Structuralizing filler (option),

Additives (option)

CA-Ryerson- High performance hydraulic lime- [30]
90 based plaster, Hydrophobic silica

aerogel (25-90 vol%)

High performance natural plaster, [27]
silica aerogel (80-99 vol%)

Mineral and organic binders, Kwark [16]
aerogel (and other mineral light weight
aggregates)

Mineral and organic binders, Kwark [7]
aerogel (and other mineral light weight
aggregates)

Portland cement as binder, Hybrid [29]
silica aerogel- or sand as aggregates

Mineral binders, rheological-, [95]
hydrophobic- agents, resins,

lightweight fillers, commercial

supercritical hydrophobic hybrid silica
aerogel, thermal insulation aggregates

A cement-fly ash binder, silica aerogel, [28]
expanded cork, expanded clay, perlite

A cement-fly ash binder, silica aerogel, [13]
surfactant, cellulose ether, resin

Cement-based binder, rheological [6,14]
agent, resin, hydrophobic agent,

hybrid silica aerogel

Lime putty as binder, sand and silica [81]
aerogel as aggregates,(Polypropylene

fibers as secondary additive)

Cement-based binder, hollow glass [77]
microsphere, silica aerogel

Switzerland CH-Empa-b

France FR-MINES

Canada

Italy IT-Perugia-99

Italy IT-Torino

Italy IT-Torino-50

Portugal PT-Lisboa-H

Portugal PT-Lisboa-B

Portugal PT-Lisboa-60

Portugal PT-Lisboa-CA

Portugal PT-lisboa-37

United
Kingdom

UK-Bath-50

China CH-Xi’an-64

aerogel-based composites. For aging studies on ACMs, five papers were
identified. The impact of accelerated aging on the thermal conductivity
of trial mixtures of ACMs (CA-Ryerson) and other aerogel-based mate-
rials such as blankets and boards were presented in [31,104], see
Table 13 and Table 14. Samples of the studied mixtures were developed
by adding various proportions (0-90%) of hydrophobic silica aerogels to
commercially available high-performance hydraulic lime-based coating
mortars [27]. Temperature (T), relative humidity (RH), radiation and
freeze-thaw cycles were selected as aging factors and applied one at a
time. The magnitudes of the loads were estimated to represent the
typical climate in Canada. The extent of the tests was chosen to corre-
spond to an estimated service life of 20 years, using the fitting models
mentioned above.

For all CA-Ryerson mixtures, the thermal conductivity was increased
after the aging tests. However, the magnitude of the increase was
different for different aging factors and different ACMs. A general trend
that could be observed was that the increase of thermal conductivity
became less noticeable for ACMs with higher proportions of aerogel. The
sample with no aerogel was the one that changed its properties most
after the aging test. Among the different aging factors, relative humidity
tended to have a high influence on the long-term performance of all
samples. According to the authors [31] and based on naked-eye obser-
vations, minor cracks appeared on some of the specimens when aging
was due to increased relative humidity and freeze-thaw cycles.

In [105], Frick et al. presented the very results of an ongoing large-
scale accelerated aging study on the ACM product Quick-Mix. The study
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was later updated with the final results in [106].The test setup used in
this study consisted of a rectangular chamber and four external walls
whereof the two longitudinal walls were coated on the inside with a
conventional coating mortar and with the Quick-Mix, respectively. The
coated surfaces were exposed to a different number of weather cycles as
shown in Table 14. Results from the evaluation of adhesion, water
adsorption and visual inspections showed significant moisture uptake
and up to 60 % reduction in the adhesion of the tested ACM.

In a recent aging study, Maia et al. [107] studied the long-term
performance of a ACM through accelerated aging. ACM samples were
exposed to several aging cycles of heating-freezing, freeze-thawing and
heat-cold. According to the results obtained, the mechanical strength,
apart from adhesive strength, was reduced. The highest reduction in
mechanical strength occurred after freeze-thawing. The dynamic
modulus of elasticity of the samples was reduced due to aging while the
Poisson’s ratio was increased. In another study conducted in Portugal,
Morgado et al. [108] conducted several accelerated aging studies on a
trial mixture of ACM. The ACM samples were exposed to several cycles
of freeze-thawing, hygrothermal and infrared radiation and their ther-
mal conductivity and mechanical strength was measured before and
after the aging tests. In this study, the thermal conductivity was reduced,
and compressive strength was increased after freeze-thaw cycles; results
not completely in line with the results obtained in other accelerated
aging studies on ACMs. Inappropriate dosage of surfactants in the
mixture was suggested by the authors [108] as a possible explanation for
the reduced weight loss and the unexpected results obtained after aging
cycles.

In summary, the long-term performance of ACMs was evaluated in
five articles using accelerated aging tests. These studies reported
changes in the performance of ACMs such as increased thermal con-
ductivity, up to 17 %, and decreased adhesive strength up to 60%. In one
study [108], the thermal conductivity and compressive strength of the
ACM was increased instead. None of the studies involved currently
available commercial ACM products. The latter contain some additional
additives, such as hydrophobic, air-entraining or water-retaining agents,
which may be absent in the studied samples. The impact of these addi-
tives on the long-term performance of the ACMs is thus unknown. For
these reasons, but also due to the limited number of studies evaluating
the long-term performance of ACMs [48,108], it is not possible to assess
whether the available long-term durability results for trial mixtures can
be considered fully representative of the commercially available ACMs.
It is worth to be mentioned that the current accelerated aging tests and
the methods used for estimation of real-life exposure based on these tests
are developed and validated for conventional materials originally. As
such, the accuracy and reliability of these correlation methods between
accelerated aging tests and real-life aging of ACMs can be questioned.

2.3. Economic perspective of ACMs

In this section, studies evaluating the cost-performance relationship
of several thermal insulation coating mortars (TICMs) and ACMs are
reviewed. In 2014, Barbero et al. [109] presented a comparative study
between several TICMs available on the European market. The analysis
focused on the thermal performance of the studied products and the
corresponding costs. According to the technical analysis in [109], the
optimal density for new and high energy efficient TICMs on the Euro-
pean market should be below 250 kg/m®. For the economic analysis, the
price was calculated for the total amount of each product required to
achieve a thermal resistance of 1 (m2~K)/W as shown in Fig. 4. A similar
analysis for FIXIT 222 was presented two years later (2016) in [97] but it
is not clear whether it was based on the prices from 2014 or 2016.

According to Fantucci et al. [16], the material cost of FIXIT 222 in
2019 was approximately 30 € per 1 m? surface area with a thickness of 1
em (30 €/m?%/cm). Including the additional costs associated with the
application process, the total cost was estimated at 60 €/m2/cm. Ac-
cording to the updated price list for 2020 available from [110], the
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Table 7
Compiled list of reported material properties for the developed trial mixtures presented in the reviewed research articles.
Product p (kg/ P(%) ¢, (J/kg A(mW/(meK) o, (N/ 6 (N/ Acp (kg/(m?e w(kg/ m®) pu-value(-) FR  Ref.
m?) -K) ) mm?) mm?) s0%))
CH-Empa 200 - - 25+ 2 - - - - 4 - [5]
CH-Empa-b - - - 28 - - - 3.54 (at 50% 4 A2 [17]
RH)
CH-Empa-b 200 - - 27 - - 0.032 2.55 (at 50% 4 - [19]
RH)
CH-Empa-b - - - 29 - - - - - - [32,98]
FR-Mines 200 - 1100 27 - - - - - - [23]
FR-Mines 156 98 990 + 5% 27+3% - - 0.184+15% - 4.25+6% - [21]
FR-Mines 120 - 990 26 - - - - - - [22]
FR-Mines 156 - 990 26 - - - - 4.25 - [24]
FR-Mines 120 - 990 27 - - - - 4.25 - [99]
CA-Ryerson- 200 — — 27 - — — - - - [30]
90
IT-Perugia- 115-125 - - 14-16 - - - - - - [27,100]
99
IT-Torino 326 - 1070 51 - 0.8 - - - - [16,26]
IT-Torino-50 139 - - 24 - - - - - - [7,25]
PT-Lisboa-H 412 - - 85 - - - - - - [29]
PT-Lisboa-B 178 - - 34 0.147 0.003 - - - [95]
PT-Lisboa-60 652 - - 84 0.92 0.16 0.23 - 16 - [28]
PT-Lisboa-CA 418 71.8 - 66 0.47 - 0.06 - 14 - [13]
(apparent)
PT-Lisboa-37 160 84.2 (open) 669 29 0.227 0.099 0.13 6 (at 80 % (7.8), - [6,14]
RH) 14.8
UK-Bath-50 652 - - 50 - - - - - - [81]
CH-Xi’an-64 233 - - 55 - - - - - - [77]
Maximum 625 98 1100 85 0.92 0.8 23 3.54 16 -
Minimum 120 71.8 669 14 0.147 0.099 0.003 2.55 4 -
Mean 258 84.6 971 38 0.44 0.353 3.9 3.045 7.7 -
Median 200 84.2 990 27 0.35 0.16 0.095 3.045 4.25 -
Table 8

Evaluation of the reported technical data for each trial mixture according to the list of minimum required technical data presented in [7]. “Y” if the correct data is
reported. “N” if the data is not reported. “P” if the data is partially reported.

Product Pary (kg/m3)  Aodn(MW/(meK))  ¢,(J/ u Acap (kg/(m2es%%))  A(T) A(W) MSI Number of non-  Ref.
k -value *(mW/(meK N reported
-Ii) ©) i) (mW/(m-K)) parameters (N)

CH-Empa P N N Y N P P N 4 out of 8 [5]
CH-Empa-b N N N Y N p Y Y 4 out of 8 [17]
CH-Empa-b P N N Y Y P N Y 3 out of 8 [19]
CH-Empa-b N N N N N P N N 7 out of 8 [32,98]
FR-Mines P P Y N N P N N 4 out of 8 [23]
FR-Mines P P Y Y Y P Y Y 0 out of 8 [21]
FR-Mines P P Y N N P N N 4 out of 8 [22]
FR-Mines Y P Y Y N P N N 3outof 8 [24]
FR-Mines P N Y Y N P N N 4 out of 8 [99]
CA-Ryerson-90 P P N P N Y Y Y 2 out of 8 [30]
IT-Perugia-99 P N N N N P N N 6 out of 8 [27,100]
IT-Torino Y Y Y N N Y N N 4 out of 8 [16,26]
IT-Torino-50 Y N N N N P N Y 5 out of 8 [7,25]
PT-Lisboa-H P N N N N P N N 6 out of 8 [29]
PT-Lisboa-B P N N N Y P N N 5 out of 8
PT-Lisboa-60 P P N Y Y P N N 3 out of 8 [28]
PT-Lisboa-CA P P N Y Y P N N 3 out of 8 [13]
PT-Lisboa-37 Y Y Y Y Y P Y P 0 out of 8 [6,14]
UK-Bath-50 P N N P P P N N 4 out of 8 [81]
CH-Xi’an-64 Y P N N N Y Y P 3 out of 8 [77]1
Number of 2 out of 20 10 out of 20 13 9 out 13 out of 20 0 out of 20 14 out of 20 13 out (On average) 4

products not outof  of 20 of 20 out of 8

reporting data 20

on the
parameter (N)

" : Thermal conductivity as a function of temperature (At least 2 points)
. Thermal conductivity as a function of moisture content (At least 2 points)
" . At least 4 points (adsorption or desorption)
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Table 9

List of identified commercial ACM products.

Product

Country

Internal/
External
Application

Ingredients

Ref.

FIXIT 222

FIXIT 244

HAGATHERM
Typ Aerogel
402

HECK AERO iP
WA

HECK AERO iP
OWA

Interbran

Premium 028

XERAL SP 028

XERAL SP 036

XERAL SP 055

Poraver

Switzerland

Switzerland

Switzerland

Germany

Germany

Germany

Germany

Germany

Germany

Germany

Both

Both

Both

External

Internal

Both

Both

Both

Both

Both

Hydraulic lime NHL 5,
calcium hydroxide,
white cement, aerogel
granules, light
mineral aggregate,
water retaining agent,
air-entraining agent,
hydrophobic agent
Hydrated lime, white
cement, aerogel
granules, light
mineral aggregate,
Organic components,
Additives to improve
the processing
properties

Hydraulic lime,
hydrated white lime,
white cement, aerogel
granules, light
aggregate, water
retaining agents, air
entraining agents,
water repellent agents
White cement,
hydrated lime,
aerogel granules,
mineral lightweight
aggregates

White cement
(chromate-free),
hydrated lime,
aerogel granules,
mineral lightweight
aggregates

Calcium hydroxide,
cement, silica
granules, perlite
Calcium hydroxide,
cement, silica
granulate, perlite
Calcium hydroxide,
cement, silica
granulate, perlite
Calcium hydroxide,
cement, silica
granulate, perlite
White cement,
Natural hydraulic
lime NHL 5, Poraver
(expanded glass
granule), aerogel, air
entraining agent,
Cellulose Ether,
Dispersion Powder
based on vinyl acetat
and ethylene, starch
Ether

[36]

[371

[38]

[39]

[39]

[40]

[41]

[42]

[43]

[44]

Table 10

A list of ACMs reported in [12,20].

Product/Producer

Internal/External Application

p (kg/m®)

A (mW/m-K)

Quick-Mix
Vimark
Vimark
Toupret

External
Internal

Internal (coating finishing)

Internal patching filler

203 27
136 27
136 28
193 34
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material cost for FIXIT 222 was 170 CHF for a 10 kg bag. With a material
consumption of approximately 2 kg/mz/cm and the current exchange
rate, the material cost for FIXIT 222 in 2020 can be estimated to
approximately 32 €/m?/cm.

In [22], Ibrahim et al. conducted a cost analysis to study the optimal
thickness and the corresponding payback period for the FR-MINES in
different climates and cities, see Fig. 5 and Fig. 6. The optimal thickness
was calculated based on the annual heating energy demand in kWh,
material and electricity cost of the ACM, present worth factor and
heating set-point for an uninsulated house built before 1974. The
analysis was performed for the cities of Nice, Bordeaux, Strasbourg,
Stockholm, Montreal and Moscow. The same electricity cost of 0.13
€/kWh was considered for all cities. In the calculations presented, a
service lifetime of 40 years, an interest rate of 2.5 % and an inflation of 2
% was assumed. The heating set-point was set to 19 °C and the material
cost in the reference case was set to 800 €/m°>.

In another study conducted in Portugal, an energetic and economic
life cycle assessment, Cradle to Cradle (2E-C2C), of several TICMs and
non-commercial ACMs was performed by Garrido et al. [111]. In total,
25 trial mixtures with various compositions and various types of com-
mercial and non-commercial aerogels were studied. The thermal con-
ductivity of the studied TICMs and ACMs were between 60 and 900 mW/
(m2.K). The energy use and cost of heating of an apartment in an un-
insulated brick building in Seixal were used as a case study to evaluate
the energy performance and economic benefits of the studied products.
The analysis only considered the costs and energy savings from the
application of TICMs and non-commercial ACMs. The energy retrofit
strategies included the application of 4 cm of each TICM and ACM on the
exterior, interior or both sides of the facades. From the analysis, it was
concluded that for a 30-year lifetime, none of the renovation cases could
be economically motivated.

For the commercial ACM product FIXIT 222 [36], a LCA (Cradle to
gate) was conducted in 2015. The results were presented in an Envi-
ronmental Product Declaration (EPD). The energy payback period of the
product was also calculated to be approximately 2.9 years. The calcu-
lated value corresponded to the application of 5 cm of the product on a
standard brick wall.

As noted, the studies regarding the cost versus energy performance of
ACMs were limited to three case studies on few ACMs and for few
climate conditions. Considering the payback period for ACM, the case
study presented in [22] suggested a pay-back of 1.4 to 2.7 years, for four
countries and seven cities. Also, the payback time calculated for the
ACM product in [36] was stated to be around 2.9 years. The calculated
payback periods seem to be in the same range and around 1-3 years.
However, due to the limited number of case studies, more research is
needed before these values can be considered or extrapolated for other
ACM products and other countries and climates. Thanks to the higher
thermal insulation of ACMs compared to conventional plasters, the
application of ACMs increased the possibility of creating slimmer
building envelopes. At the same time, the higher cost of ACMs compared
to other TIPs was highlighted in these studies. Further investigations are
needed to fully evaluate the economic performance of ACMs. Apart from
the direct costs and energy savings associated with ACMs, other aspects
such as possibilities to increase inhabitable space through slimmer
building envelopes, reduced risks of moisture damage, improved ther-
mal comfort and more suitable alternatives for the renovation of listed
buildings should also be included in such analyses.

2.4. Health-related consideration of ACMs and aerogels

Potential health, toxicity and environmental aspects of nano-
materials such as aerogels, have lately been intensively studied by re-
searchers around the world [1,112]. For aerogels, nanotoxicity is a
relatively new field with many unknown effects. In a study presented by
Nel et al. [113], the toxicity of amorphous silica was investigated. In this
study, it was concluded that amorphous silica is generally safe to use.
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Table 11

Compiled list of reported material properties of commercial ACMs.
Product plg/m?) P qU/kg  AmW/(meK) o (N/mm?)  o(N/mm?)  ou(N/mm?)  Ap(kg/(m?es’?)) p-value  FRRef.

(%) -K) )
FIXIT 222 220 90 - 28 0.45 - - -(W1) 4-5 A2 [36]
FIXIT 244 290 - - 48 - - - - 6 - [37]
HAGATHERM Typ Aerogel 220 >20 - 28 0.45 - 0.08 -(W1) 4-6 Al [38]
402

HECK AERO iP WA 180 - - 34.5 0.5 - - <0.2 (W2) <5 A2 [39]
HECK AERO iP OWA 180 - - 36 0.5 - - > 0.4 (W0) <5 A2 [39]
Interbran Premium 028 200 - - 28 0.8 - - 0.008-0.033 6 A2 [40]
XERAL SP 028 200 - - 26 0.4 - - -(W1) 5 A2 [41]
XERAL SP 036 220 - - 34 0.4 - - -(W1) 5 A2 [42]
XERAL SP 055 240 - - 52 0.4 - - - (W1) 4 Al [43]
Poraver 200 45 - 38 - - - - - - [44]
Maximum 290 90 - 52 0.8 - 0.08 - 6 -
Minimum 180 45 - 26 0.4 - 0.08 - 4 -
Mean 215 67.5 - 35.3 0.49 - 0.08 - 5.05 -
Median 210 67.5 - 34.3 0.45 - 0.08 - 5 -

Table 12

Evaluation of reported technical data for each commercial ACM according to the list of minimum required technical data presented in [7]. “Y” if the correct data is

reported. “N” if the data is not reported. “P” if the data is partially reported.

Product Pary (kg/m®)  Aody(MW/(meK))  c,(J/ u Acap(kg/(m2es%%))  A(T) A(W) MSI Number of non-  Ref.
k -value *(mW/(meK reported
.Ig;) ) ( . ) (mW/(m-K)) paI:ameters N)
FIXIT 222 Y Y N Y P N N P 3outof 8 [36]
FIXIT 244 Y Y N Y N N N N 5 out of 8 [37]
HAGATHERM Typ Y N N Y P P N N 4 out of 8 [38]
Aerogel 402
HECK AERO iP WA P N N P P P N N 4 out of 8 [39]
HECK AERO iP OWA P N N P P P N N 4 out of 8 [39]
Interbran Premium P N N Y Y P N N 4 out of 8 [40]
028
XERAL SP 028 P N N Y Y P N N 4 out of 8 [41]
XERAL SP 036 P N N Y Y P N N 4 out of 8 [42]
XERAL SP 055 P N N Y Y P N N 4 out of 8 [43]
Poraver Y N N N N P N N 6 out of 8 [44]
Number of products 0 out of 10 8 out of 10 10 1 out 2 out of 10 2 out of 10 10 out of 10 9 out (On average) 4
not reporting data outof  of 10 of 10 out of 8
on the parameter 10

N)

: Thermal conductivity as a function of temperature (At least 2 points)

: At least 4 points (adsorption or desorption)

Table 13
Increase in thermal conductivity (%) of ACMs studied in [31].
Aerogel content \ Aging factor T Freeze-thaw RH UV + T + RH
0% 5 6 22 25
25 % 3 3 16 17
60 % 4 4 12 15
70 % 1 3 10 7
80 % 1 2 8 4
90 % 0 2 6 4

The risk of exposure when working with large quantities of silica aero-
gels, e.g. by inhalation of the resulting dust, was also found to be low.
However, inhalation of crystalline silica can cause other ailments such as
respiratory diseases and silicosis [114].

Cuce et al. [15] listed possible hazardous effects on human health
that may result from contact with silica aerogels. The information was
based on a report prepared by the Aspen aerogels company [115].
Among various health effects, it was found that inhalation of airborne
dust from aerogels may cause irritation in the upper respiratory tract.
Exposure of eyes and human skin to the produced dust of aerogels could
create a drying sensation and irritation. In addition, the dust could cause
a scratchy throat and redness of the eyes and skin. With excessive

Thermal conductivity as a function of moisture content (At least 2 points)

10

exposure and inhalation of the dust, some pre-existing chronic lung
conditions such as asthma, emphysema and bronchitis may worsen. Due
to these typical health problems with aerogels, it has been recommended
to avoid skin contact and inhalation by wearing protective gloves and
respiratory masks [115].

In 2015, a study was published by the Cabot company [116]. In this
report, it was claimed that many published articles dealing with the
possible hazardous effects of aerogels did not fully distinguish between
crystalline silica and synthetic amorphous silica. It was stated that these
two are chemically identical but have major structural differences.
Because of these structural differences, the hazardous effects on human
health from them would also be different. According to this article,
exposure and inhalation of the crystalline form of silica can cause severe
health problems such as the disease silicosis and reduced lung function
capacity. Amorphous silica, on the other hand, would be removed from
the lungs via the lungs’ natural protective mechanisms, unlike crystal-
line silica, which remains in the lungs. Amourphous silica includes py-
rogenic (fumed) silica, precipitated silica, and silica gels and aerogels. In
a study presented in the same article, the health status of 165 workers
exposed to synthetic amorphous silica dust over an average period of
8.6 years was observed. The analysis in this study showed that there was
no correlation between lung function and exposure to synthetic



A.N. Karim et al.

Construction and Building Materials 314 (2022) 125602

vice I .7

Table 14
Summary of reported accelerated aging studies on ACMs.
Material Aging factor Test condition Experimental Est. real Result Ref.
duration lifetime
(CA- T 70°C 70 days 20 years Up to ~ 17% increment of A [104]
Ryerson)
Freeze- thaw 40°C, (—30) °C 170 days/cycles Up to ~ 17% increment of A
RH 90%, (40°C) 82 days -
(CA- T 70°C, (15 %) 68 days 20 years Up to ~ 4% increment of A [31]
Ryerson)
Freeze- thaw 40°C, (—30) °C 170 days/cycles Up to ~ 4% increment of A
RH 70%, (45°C) 104 days ~ 16% increment of A (on average)
UV radiation, -, 100%, 55°C 28 days Up to ~ 17% increment of A
RH, T
Quick-Mix T- Rain 70°C, 1.5 I/m%min 20 days/80 cycles - High water uptake in the ACM system [105,106]
T,T 50°C, (—20) °C 5 days/5 cycles 30-60 % reduced adhesive tensile strength, Minor
chipping of surface
Rain, T, T, Rain 1.5 1/m%min, (—20)°C, 20°C, 20 days/30 cycles Observed crack propagation (crack width < 0.15 mm)
1.5 I/m2.min
PT-Lisboa- T 23°C, (—20) °C 30 cycles - Reduced mechanical strength (not adhesive strength) [107]
37
Freeze-thaw 60°C, (—-15)°C Reduced liquid water absorption
Water 60°C, (—5) °C
immersion
(Trial Freeze-thaw 60°C, (—15) °C 20 cycles - ~ 15 % Weight loss, Up to ~ 13% reduction of A, [108]
mixture)
T, RH, 60°C, (—15) °C, 65 % 8-8 cycles Up to ~ 2 % increased compressive strength, ~ 10 %
Radiation increased Young’s modulus
250 250
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Fig. 4. The required thicknesses and prices of 14 TIPs and one ACM to obtain a
thermal resistance of 1 (m2 - K)/W [87,97].
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Fig. 5. The optimal thickness for FR-MINES in different cities [22].

amorphous silica dust. 143 of 163 workers were also analyzed by
medical radiography. It was found that none of the 143 workers had
radiographic pneumoconiosis. The respiratory symptoms in some of the
workers were attributed to smoking and not exposure to the dust.

As for the silica aerogels currently used in various commercial ACM

11

15 2

Time (Year)

0 05 1 25 3

Fig. 6. The calculated payback period for FR-MINES in different cities [22].

products on the market, there are granules with particle diameters
around 0.5-5 mm [17,116]. The majority of aerogel particles in ACM
products are not in nano size. In [17], statements from a human-
toxicological study on the ACM product FIXIT 222 were cited. In this
study, it was claimed that silica aerogel and its main ingredient, amor-
phous silica, were considered non-toxic and without potential health
risks.

According to the literature review conducted, and regarding the
health concerns about ACMs, none of the manufacturers stated that the
use of ACMs was associated with major uncertainties for the user.
However, there were recommendations such as wearing protective
gloves and respiratory masks. No previous cases of health hazards on
humans from the use of ACMs were identified.

3. Full-scale performance evaluation of ACMs

Since the early development of ACMs in 2012, there are several
buildings in European countries where ACMs have been used. Most of
these buildings are located in Switzerland, where the first ACM product
was developed and commercialized. According to [117], about 70
buildings were retrofitted with ACMs in Switzerland between the years
2012 and 2014. Lately, this number has increased to more than 200
buildings [45].
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Table 15
List of full-scale studies on ACMs reported in scientific articles.
Location Aim of the study Construction Construction after (From Result Ref.
before (From exterior)
exterior)
Nice-France Hygrothermal performance 25 cm Concrete 4 cm FR-MINES The evaluation of the studied wall [21]
evaluation of walls with different 16 cm Glass wool 25 cm Concrete configurations was partly carried out through
thermal insulation configurations. 1.3 cm Plaster 16 cm Glass wool simulations. The results of the experimental
1.3 cm Plaster study were used to validate the simulation
model.
The addition of the FR-MINES on the exterior
significantly reduced heat losses and moisture
risks.
Nice- France Thermal performance evaluation of 25 cm Concrete 4 cm FR-MINES The results obtained from the experimental [23]
multi-layer exterior walls for different 16 cm Glass wool 25 cm Concrete measurements were used to validate a
heating operation modes. 1.3 cm Plaster 16 cm Glass wool developed numerical heat transfer model.
To determine the optimum wall 1.3 cm Plaster The optimal wall structure depended on the
structure: number and position of selected heating operation mode.
insulation layers. In most of the cases studied, ACM performed
better than other insulation materials.
Nice- France Thickness optimization and cost - 4 cm FR-MINES The analyses were performed partly by [22]
analysis of ACM for different climates. 42 cm of brick monomur simulations. The simulation models were
validated using the results from the
experimental measurements.
The optimal thickness of FR-MINES was
calculated to be 1.7-4.4 cm and the payback
period was calculated to be 1.4-2.7 years,
depending on the selected climatic conditions.
Le Bourget-du- Hygrothermal performance Brick ACM (unspecified) Preliminary results from the first six months of ~ [120]
Lac- France evaluation of facades covered with Plasterboard Brick measurements were presented.
ACM. Plasterboard Too much fluctuation in the measured data
Comparison of the theoretical and the during the first six months. A longer
in-situ measured U-value. measurement campaign was planned.
More than two times higher in-situ U-value
compared to the theoretical value.
Vienna- Austria Evaluation of the long-term 20 mm lime- 4 cm FIXIT 222 with different Preliminary results from the first six months of [32]
performance of ACM. cement rendering finishing layers an ongoing project (four smaller wall
250 mm hollow 20 mm lime-cement rendering partitions).
bricks 250 mm hollow bricks A longer period, approximately one year, of
15 mm gypsum 15 mm gypsum plaster data collection was required as the quasi-
plaster steady state was not achieved.
A reduction of the temperature difference
between the indoor air and the surfaces was
measured up to 4 °C.
No visible cracking.
Vienna- Austria Evaluation of the long-term 20 mm lime- 4 cm FIXIT 222 with different A reduction in U-value of up to 64 % was [98]
performance of ACM (3 years). cement rendering finishing layers (+reinforcement = measured.
250 mm hollow mesh in some cases) The final finishing coats appeared to have a
bricks 20 mm lime-cement rendering negligible effect on the hygrothermal
15 mm gypsum 250 mm hollow bricks conditions in the walls.
plaster 15 mm gypsum plaster With fine grained plasters and without
reinforcement mesh, small cracks appeared in
some cases.
Vienna- Evaluation of thermal performance Not specified Not specified (ACM applied A reduction of external surface temperature by ~ [121]
Austria and workability of ACM without externally) 2-2.5 °C (one-time infrared thermography),
reinforcement mesh compared to the original facade.
Evaluation of external surface Small cracks on finishing surface of some
Rothis- condition on samples of ACM-system Brick Several final render and mineral ~ samples after three winter seasons [121]
Austria without reinforcement mesh, exposed paint Color change and frost-induced ablations on
to weathering 6 cm of ACM finishing surface of some samples
Brick An accepted overall performance of the ACM
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system without reinforcement (according to
the authors of [121])

(continued on next page)
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Location Aim of the study Construction Construction after (From Result Ref.
before (From exterior)
exterior)
Sissach- Retrofit of an inhabited 14th century 5-6 cm Portland 5-6 cm FIXIT 222 + glass fiber Reduction of the U-value by 65 %. [17]
Switzerland mill by ACM. cement rendering reinforcement mesh Improved thermal comfort.
Assessment of energy performance of 45-70 cm 45-70 cm limestone quarry Reduced risk of mold growth.
ACM, mold growth risks and thermal limestone quarry Numerical hygrothermal simulations were
comfort in the building. performed for five years and for an average
Evaluation of temperature cold year in Ziirich, Switzerland.
development and water content in the For the simulated case with high initial
facade over a period of 5 years: moisture content, the wall was dried out for
hygrothermal simulations. 1.5 years. In all cases, the quasi steady-state
condition was reached after two years.
Dallikon- Application of six different ACMs Prefabricated Final coating Ongoing measurements: energy evaluations [105]
Switzerland (four unspecified and two from Quick-  concrete 2 layers of supporting plaster were not performed and therefore not
Mix) to the south-orientated exterior Reinforcement mesh reported.
wall of an office building. 2 layers of ACMs After four months of data collection, the layer
Evaluation of the thermal Primer and roughcast with Quick-Mix was still damp.
performance and drying behavior of Prefabricated concrete
the ACMs.
Berlin- Germany  Retrofit of a 30 m high precast 10 cm steel 6 cm ACM + a wavy metallic Reduction of the U-value by 70 %. [18]
concrete building with ACM. reinforced grid No visible cracks and hardly visible thermal
Evaluation of the energy performance  concrete slab 10 cm steel reinforced concrete bridges after two years.
of ACM, using in-situ measurementsof 6 cm mineral fibre  slab For high-rise buildings exposed to driving rain,
the U-value. mat 6 cm mineral fibre mat the best rendering finish must be water
Evaluation of the temperature 10 cm steel 10 cm steel reinforced concrete repellent and vapor open.
development and water content in the  reinforced slab
fagade: hygrothermal simulations. concrete slab
Turin- Italy Evaluation of energy performance of Plaster Plaster 27% reduction in thermal transmittance. [16,26]
ACM: heat losses and thermal bridges. ~ Brick-air cavity- Brick-air cavity- Brick 1.5°C higher internal surface temperature.
Evaluation of potential risks for Brick Plaster Reduced influence of thermal bridges.
condensation on the internal wall Plaster Primer 2 months were required to remove the water
surfaces with and without ACM. 1.2-1.5 c¢m of IT-Torino initially in the mixture.
No interior surface condensation at 60%
internal RH- levels.
Turin-Italy Evaluation of thermal performance of 52 cm brick 52 cm brick 60 % Reduction in heat transfer coefficient. [12,122]
ACM under operating conditions. 4.5 cm Vimark 21%[12]/ 17%[122] higher measured thermal
conductivity of the ACM than the declared
value based on laboratory measurements, due
to higher moisture content (ongoing
measurements).
Oslo- Norway Evaluation of thermal performance of  Plaster Lime-based paint 38% reduction in total net energy demand. [33]
ACM in the Norwegian climate. Brick 7 mm: FIXIT 223 (reinforcement  Increased temperature in the external wall:
Plaster mortar) + reinforcement mesh reduced risk of crackling and moisture

+ FIXIT 493 (surface stabilizer)
7 cm FIXIT 222

FIXIT 670

Brick

Plaster

Lime-based paint

accumulation.

In this section, scientific and published articles reporting full-scale
studies on ACMs are reviewed. A list of these studies and the general
details and results are summarized in Table 15. In Table 16, the
reviewed full-scale studies on ACMs are quantitively analyzed with
respect to several performance criteria. The included studies are full-
scale tests conducted in France, Austria, Switzerland, Germany, Italy
and Norway. The selected ACMs in all studied concerned were either
trial-mixtures or one specific commercial product. However, Ganobjak
et al. [45] reported a project in Switzerland using a different commer-
cially available ACM product. This project involved the renovation of a
building from 1554, Manoir de Cormondreche, where 2 cm of ACM was
applied to the exterior facades. The U-value was reduced from 1.4 W/
(m? « K) to 0.4 W/(m? « K) [118,119].

In the review conducted, 14 full-scale studies on ACMs were iden-
tified. The full-scale studies involved renovations at various scales. In
some studies, ACMs were applied to individual facade elements and in
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some cases to all facade surfaces. All investigated objects were buildings
with uninsulated building envelopes. As illustrated in Table 16, in 11 out
of 14 cases, the facade was either brick or concrete. In 7 out of 14
studies, only 5 cm or less of ACM was applied. In most studies, 12 out of
14, ACM was applied externally. The primary focus of most of these
studies was the thermal performance of ACMs. 9 studies explicitly
indicated an improved thermal performance with the addition of ACM.
In the cases studied, the addition of 1.5-6 cm of ACM reduced the U-
value of the studied walls by 27-70%. A reduction in U-value of more
than 50 % was reported in 4 out of 14 studies. Apart from evaluating the
thermal performance, it was claimed in 3 out of 14 studies that along
with the addition of ACMs, the risk of moisture damages in the walls was
reduced and the thermal comfort in the building was improved. No cases
of major damage associated with the application of ACMs were identi-
fied. Minor damage in the form of visible cracks was reported twice.
The Application of ACMs to surfaces was done manually or with the
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Table 16

Summary of reviewed full-scale studies on ACMs with respect to a selected number of criteria. “Y™: if the criterion is met. “N” if the criterion is not met. “P” if the criterion is partially met. “NS” if the criterion is not stated in

the study. INT: Internal. EXT: External.

Criterion [21]Nice [23]Nice [22]Nice [120]Le [32] [98] [121] [121] [17] [105] [18] [16,26] [12] [33] Number of
Bourget -du- Vienna Vienna Vienna Vienna Sissach Dallikon Berlin Turin Turin Oslo fulfilled
Lac criterion (Y)
Type of ACM FR_MINES FR_MINES FR_MINES NS FIXIT FIXIT FIXIT FIXIT FIXIT 222 Quick-Mix FIXIT IT- Vimark FIXIT -
222 222 222 222 222 Torino 222
Building type: facade Concrete Concrete - Brick Brick Brick - Brick Limestone Concrete Concrete Brick Brick Brick -
material
External/internal EXT EXT EXT EXT EXT EXT EXT EXT EXT EXT EXT INT INT EXT -
application of ACM
Application method: spray NS NS NS NS NS NS NS NS NS NS NS N N Y 1 out of 14
machine
ACM thickness less than 5 Y Y Y NS Y Y NS N N NS N Y Y N 7 out of 14
cm
Reported improved thermal Y Y P P N Y Y N Y NS Y Y Y Y 9 out of 14
performance
Reported reduced U-value N N N N N Y NS N Y NS Y N Y N 4 out of 14
of fagade by more than 50
%
Reported improved thermal N N N N Y N NS N Y N N Y N N 3 out of 14
comfort
Reported major damages N N N N N N N N N N N N N N 0 out of 14
Reported minor damages N N N N N Y N Y N N N N N N 2 out of 14
Reported visible cracks N N N N N Y/N N Y N N N N N N 1(2) out of 14
Reported usage of N N N N N N/Y N N Y Y Y N N N 3 (4) out of 14
reinforcement mesh
Reported reduced risk for Y N N N N N N N Y N N P N Y 3 out of 14

moisture damage

0 0 WY NV

209SZI (220Z) ¥IE SIPLILIDIA Sulpjing pup UONINLSUOD
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help of spray machines. However, most studies did not explicitly
describe the chosen application method. The application of ACMs to
facades was supplemented by additional layers of mortars to increase
the adhesive to the underlying surface and to protect the ACM. In
addition to complementary layers, reinforcement mesh was also added
in some cases. The final exterior surface was covered by various layers of
coatings or paints.

The approach and main criteria for selecting the complementary
materials for ACMs in multilayer wall system were not explicitly
described in the studies reviewed. However, ACM manufacturers pre-
sented recommendations on what other materials should be used along
with their respective ACM and for different types of construction. The
background to how these recommendations were developed was
generally not described. Finally, no study reported major problems
regarding the compatibility of ACMs with the selected adjacent
materials.

3.1. Performance evaluation by means of laboratory pilot studies and
simulations

Apart from the full-scale studies presented previously in this chapter,
hygrothermal simulations and pilot studies on laboratory scale have also
been used to evaluate the performance of ACMs. In Table 17 the main
outcomes of these studies are presented. In many of the previously
presented articles on full-scale studies, results from some simulation
case studies were presented. These articles are specified in Table 15. The
studies listed in Table 17 are based solely on hygrothermal simulation or
laboratory-based case studies. Majority of the studies presented in
Table 17, evaluated the performance of AMCs applied internally. The
results showed that the material performed well in most of cases when
applied internally. Due to its high vapor diffusivity, the drying towards
interior was not negatively affected. However, several studies high-
lighted the importance of the material properties of the exterior finish-
ing on the hygrothermal performance of the wall and the ACM. Too high
water intrusion in the wall could increase the moisture risks such as
moisture accumulation and condensation risks.

As illustrated in this chapter, the full-scale studies evaluating the
hygrothermal performance of ACMs are significant but, in most cases,
mainly of local value. The studies are conducted in limited numbers of
countries and climate conditions. Despite the limited number of simu-
lation and laboratory-based case studies, mainly internal application of
ACMs, the conducted studies have highlighted the importance of correct
choice of materials combined with ACMs. More studies are needed for
the external application of ACMs as well. A more-in depth knowledge
about the AMCs and the corresponding multilayer wall system, in case of
damage and when exposed to more severe climate conditions is
required. Another important point is the required drying time of the
material before the declared thermal conductivities can be achieved.
Several studies have indicated a required drying time between 2 and 12
months. The rather large variation in terms of initial drying time may be
due to the fact that these studies were conducted in different climates
and with different ACMs.

4. Conclusions

This article presented a literature review of aerogel-based coating
mortars, both laboratory-based trial mixtures and commercial ones. The
aim of the study was to collect and systematize the available information
on contemporary aerogel-based coating mortars, focusing on their
hygrothermal, mechanical and long-term performance. The review
article considered studies on material level, full-scale studies,
laboratory-based pilot studies and hygrothermal simulation case studies.
Based on the conducted review, the knowledge gaps and missing data
necessary to conduct moisture risk analyses and the need for further
research were highlighted.

When aiming for energy-savings, it is evident that aerogel-based
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Table 17
List of studies on ACMs by means of hygrothermal simulations and laboratory-
based pilot testing reported in scientific articles.

Type of study ~ Aim of the study  Internal/ Result Ref.
external
Application
of ACM
Simulation Evaluation of Internal The capillary [123]
hygrothermal suction
performance of properties of the
internal final exterior
insulations coating have
including ACM high impact on
in different wall the moisture
configurations accumulation in
and exterior the construction
finishing and ACM on the
inside.
ACM, due to its
high vapor
diffusivity, does
not slow down
the drying rate
towards
interior.
Simulation Evaluation of Internal The internal [124]
Laboratory hygrothermal Application of
testing performance of ACM can
internal introduce a
insulations valid solution
including ACM for walls with
in different wall vapor-tight
configurations exterior
and exterior finishing.
finishing Internal
Application of
ACM can in
most cases be
considered as a
moisture safe
solution for
retrofitting of
historical walls.
However, each
case needs to be
investigated
separately.
Laboratory Evaluation of Internal The conclusion [19,125]
testing hygrothermal of the paper is
performance of focused on the
a masonry wall performance of
insulated the developed
internally by test set-up and
ACM and validation of the
exposed to testing methods.
wetting No explicit
conditions conclusions on
the internal
Application of
ACM.
Simulation Evaluation of Internal The vapor [126]

hygrothermal
performance of
masonry walls
with different

diffusivity and
liquid transport
properties of the
exterior coating

exterior have higher
finishing. impact on the
Risk evaluation hygrothermal

of biological
deterioration for

performance of
the walls and

wooden the

structures in the corresponding
studied walls risk for
renovated by biological

internal deterioration of

(continued on next page)
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Table 17 (continued)

Type of study ~ Aim of the study  Internal/ Result Ref.
external
Application
of ACM
insulation wooden-based
including ACM elements,
compared to the
type of internal
insulation.

Simulation Evaluation of Internal The addition of [127]
hygrothermal ACM on the
performance interior,
and occurrence increases the
of freeze- number of
thawing and freeze-thawing
icing in masonry and ice content
walls insulated in the masonry
internally by wall. The risks
among others are more
ACM. significant for

regions with wet
and moderate
climate
compared to
cold climate
regions.

Simulation Evaluation of Internal The moisture [128]
hygrothermal performance
performance of and capillary
walls insulated properties of the
internally by exterior
among others finishing is
ACM, with identified as the
different parameter
exterior affecting the
finishing. hygrothermal

performance of
the interior
insulation as
most.

Simulation Evaluation of Both Internal [129]
risk of insulation by
condensation in ACM can
middle of brick increase the
walls insulated condensation
by ACM risk.
considering the The thickness of
position and ACM has less
thickness of impact on the
ACM risk for

condensation,
compared to its
position in the
wall.

Simulation Evaluation of External Increased risk [6]
hygrothermal for external
performance of condensation
light-weight for locations at

concrete wall
insulated by
ACM, located in
different
climates

higher latitude
The property of
the external
finishing is
important to
reduce/prevent
the rainwater
intrusion and to
control the
water content in
the ACM system.

coating are promising materials to increase energy efficiency in build-
ings and potentially create slimmer building envelopes. Material prop-
erties such as temperature and moisture dependent thermal
conductivity, heat capacity, flexural and adhesive strength and moisture
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sorption isotherms are not readily available for most contemporary
aerogel-based mortars. For properties on the long-term durability,
research has so far been limited to five studies addressing accelerated
aging tests and natural exposure studies. It is therefore difficult to make
a general concluding statement on the long-term performance of
aerogel-based plasters. However, the studies presented, suggest that the
aging of aerogel-based plasters are not leading to significantly changed
properties. The hygrothermal and mechanical compatibility of aerogel-
based mortars with adjacent materials in multilayer wall systems has not
been fully investigated in previous research. To the best of the authors’
knowledge, there are no scientific guidelines to evaluate and ensure the
compatibility of aerogel-based mortars with other building materials in
various wall types and climates. However, there are suggestions from
some producers on the selection of adjacent complementary materials.
Based on the full-scale studies conducted to date, no major issues have
been identified regarding the compatibility of aerogel-based mortars
with the selected supplementary materials. Regarding the studies
focusing on the hygrothermal performance of aerogel-based coating
mortars, the full-scale studies are significant but mainly of local value.
The hygrothermal performance of ACMs, applied externally and exposed
to severe outdoor conditions need to be further studied. Also, the
knowledge on the moisture drying performance of ACMs, at early-stage
and before the declared thermal conductivities can be achieved needs to
increase.

Future research in the field of aerogel-based coating mortars could be
related to the evaluation of hygrothermal and mechanical properties, as
well as long-term durability of the materials, to obtain a complete and
reliable dataset necessary for risk assessment analyses. In addition, the
compatibility of aerogel-based mortars with other new and existing
materials in different multilayer wall systems and climatic conditions
need to be further evaluated. The hygrothermal performance of aerogel-
based coating mortars at early-stage of application and when exposed to
severe conditions should also be considered in future works.
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