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Abstract: The identification of the main degradation agents and knowledge of the degradation
mechanisms and long-term performance of ETICSs are of fundamental importance for the sustainable
and efficient use of these systems. This review article presents the state of the art related to the
durability of ETICSs, defining the required bases for their sustainable and efficient use. The aim is
to identify the most common anomalies detected on ETICS façades and their causes, to overview
the performance of ETICS, their performance parameters and requirements and to identify the most
significant degradation mechanisms and the related failure modes. The results show that ETICS
application is a key aspect in the performance and durability of the system, sincemost of the anomalies
can be prevented with proper design, execution and appropriate assembly of the system components.
The greatest drawbacks lie in dealing with enhancing the water resistance over time, which leads to
extensive cases of anomalies, and improving the mechanical and thermal performance during the life
cycle. Further research is needed to evaluate the synergistic effect of several degradation agents and
mechanisms toward a development in optimized durability assessment methodologies for ETICSs.
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1. Introduction

It has been widely documented that the construction and maintenance of buildings
contribute to more than 35% of global energy use, generating approximately 28% of energy-
related CO2 emissions [1]. The European building stock is responsible for more than 40%
of energy consumption, and of which, approximately 27% is attributed to the residential
sector [2,3]. Sustainable environmental policies aimed at decreasing the energy demand of
existing buildings and improving the energy performance of new buildings have thus been
introduced by the European Union (EU). For example, all new buildings should achieve
near-zero energy consumption after 2020, and the EU directive 2018/844 [4] points out the
energy retrofitting of buildings as one of its key targets to achieve climate-neutral building
stock by 2050. As a result, several eco-efficient constructive solutions and energy-efficient
systems have been designed and implemented to decrease the building environmental
impact. The level of thermal insulation of the building envelope plays a fundamental role
in a reduction in energy consumption, emphasizing the importance of the correct selection,
design, performance and durability of the thermal insulation solution.

The external thermal insulation composite system (ETICS), also identified as the
external insulation finishing system (EIFS), was developed in the 1950s and 1960s and
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first applied in Berlin, Germany, in 1957 [5]. These systems are technological multilayer
solutions (Figure 1) which are applied to the building exterior walls, providing enhanced
thermal performance to the building envelope [6]. ETICSs generally consist of three distinct
layers (i.e., thermal insulation, base coat and finishing coat) whose properties are optimized
to improve the performance of the complete system [7]. The following steps are considered
during ETICS application: the thermal insulation is first fixed to the external wall using an
adhesive product and/or mechanical anchors, the base coat incorporating at least one glass
fiber mesh as reinforcement is then applied onto the thermal insulation and the finishing
coat is finally applied and is generally formed using a key-coat and a paint or an organic or
mineral render.

A

B

C

Figure 1. Example of an external thermal insulation composite system (ETICS), in which (A) is the
finishing coat, (B) is the base coat with reinforcement mesh incorporated between the layers and
(C) is the thermal insulation (in this case MW).

Different types of materials such as expanded polystyrene (EPS), extruded polystyrene
(XPS), mineral wool (MW) and expanded cork agglomerate (ICB) have been used as thermal
insulation in ETICSs, with EPS and MW being the most common in European applications,
representing more than 90% of the market [8]. The base coat consists of a mortar usually
applied via spray or with a trowel in two layers, with the reinforcement mesh placed between
the layers. Additional mesh can also be used to improve the impact resistance of the ETICS [5].
There are several possible formulations for base coat mortar (e.g., hydraulic binder—cement,
natural hydraulic lime or air lime; fillers; additives—mineral or organic) [7]; however, the
compatibility between the mortar and the thermal insulation must be guaranteed [9]. The
finishing coat cannot only provide a decorative finish to the ETICS, but can also act as a barrier
against the main degradation agents [10]. This layer should assure enough protection to the
multilayer system, confirming an increase in its service life, which is assumed to be at least
25 years under normal maintenance actions [11].

In Europe, the use of ETICSs in both new constructions and for the thermal retrofitting
of building façades has significantly increased over the last few decades, which is mostly
due to the system’s enhanced thermal performance. A recent study by Varela Luján et al. [6]
showed that using an ETICS for the thermal retrofitting of a building in Spain allowed
for a significant reduction (~55%) in energy losses and gains. Indeed, ETICSs reduce the
thermal bridge effect, increasing the thermal inertia while providing greater indoor thermal
comfort [12]. These systems also have relatively low implementation costs, protect the
masonry and structural elements, reduce the risk of internal condensation and are easy
to apply, without disturbing the occupants of the buildings [13–15]. However, cases of
anomalies have been detected with ETICS façades over the years, with some of them being
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shortly after ETICS application [5,16]. In fact, the constant exposure of ETICSs to weathering
agents and anthropic factors can lead to physical–mechanical and aesthetic anomalies, thus
affecting the long-term durability of the systems [10,17]. The most common anomalies
reported in the literature are the following: material rupture (cracking, detachment of
the finishing coat, loss in adherence between layers or material gap); aesthetic anomalies
(color change, runoff marks or efflorescence); biological colonization and flatness anomalies
(surface irregularities, visible joints between plates or swelling) [5,13,16]. According to
Maia et al. [18] and Parracha et al. [19], most of the detected anomalies can be related to the
presence of water. A review on the pathology of ETICSs including the identification of the
most common anomalies and their causes is provided in Section 2 of the present study.

The Guideline for European Technical Approval of External Thermal Insulation Com-
posite Systems (ETICS) with rendering (ETAG 004) [20] was published in 2000 by EOTA
(European Organization for Technical Assessment) and reviewed in 2019 under the creation
of a European Assessment Document (EAD 040083-00-0404) [11]. The EAD provides test
methods, durability assessment and requirements for a correct evaluation of ETICS per-
formance. If these requirements are fulfilled, the system can be assigned with a European
Technical Assessment (ETA) document, which is allocated by an independent institute
member of EOTA and dependent on the acceptance by the remaining EOTA members. The
ETA document confirms that the system has adequate performance and suitable quality,
considering the characteristics defined as being essential in the EAD [11]. According to
Michalak [21], a significant number of 798 valid ETAs were available for ETICSs in Eu-
rope by the end of June 2021. However, some aspects that may have an influence on the
long-term performance of ETICSs are not mentioned in the guideline. For example, ET-
ICS durability is assessed considering only the hygrothermal performance (heat–rain and
heat–cold cycles), and additional degradation agents, such as UV radiation, atmospheric
pollutants and biological colonization, are not considered in the document. In this con-
text, the identification of the main degradation agents and knowledge of the degradation
mechanisms and long-term performance of ETICSs are fundamental for the sustainable
and efficient use of these systems. Therefore, Sections 3 and 4 present an overview of the
performance and durability of ETICSs, respectively.

1.1. Objectives of the Work

This review article presents the state of the art related to the durability of ETICSs, defin-
ing the required bases for their sustainable and efficient use. The aim is to identify the most
common anomalies detected with ETICS façades and their causes (Section 2—Pathology),
to overview the performance of ETICSs, their performance parameters and requirements
(Section 3—Performance) and to identify the most significant degradation mechanisms and
the related failure modes (Section 4—Durability). This paper ultimately aims to provide
consistent knowledge on the durability of ETICSs to increase their sustainability and effi-
ciency over time. In order to achieve the main goal of the study, some sub-objectives are
defined as follows:

• Identify the most common anomalies with ETICS façades and analyze the most proba-
ble causes of these anomalies. Present a case study of a building complex with ETICS
cladding, identifying, illustrating and analyzing the pathological phenomena.

• Review the performance, performance parameters and requirements of ETICSs, sum-
marizing the most relevant data in this regard.

• Identity and analyze the main degradation mechanisms in ETICSs and the responsible
agents for this degradation. Provide an extensive literature review on the durability
assessment of ETICSs (e.g., laboratorial evaluation, numerical simulations and long-
term performance).

• Highlight research needs and future challenges.
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1.2. Method of Research

Considering the objectives of the work (Section 1.1), a preliminary background search
was conducted to identify the pertinent keywords. These keywords (Table 1) were used to
search for relevant studies using three databases (Scopus, Web of Science and Google Scholar).
Both peer-reviewed articles and gray literature published in English were considered in the
present study. The selected databases were chosen due to their wide variety of peer-reviewed
articles (Scopus andWeb of Science) and gray literature (Google Scholar). In this latter case,
the “related articles” option was also used to help in the search for relevant studies.

Table 1. Keywords used for the identification of relevant studies.

No. Keyword No. Keyword No. Keyword

1 “ETICS” 6 “performance” 11 “diagnosis”
2 “EIFS” 7 “durability” 12 “causes”
3 “thermal” 8 “anomalies” 13 “repair”
4 “insulation” 9 “defects” 14 “moisture”
5 “system” 10 “inspection” 15 “aging”

Note: Boolean operators (OR, AND) were used for combinations of keywords.

After the identification of the relevant studies, exclusion and inclusion criteria were
applied to identify the studies that best answered the objectives of the work. Studies
were further selected considering the following analysis sequence: removal of duplicates,
review of title and abstract and full text review. Furthermore, only the literature published
in English was considered. The search was limited to the period from 2000 onwards
due to the significant improvement in ETICS technology in recent decades. All of the
articles considered to be relevant to the study were selected for further analysis. A total of
76 published documents were considered for the dataset of this article.

2. Pathology

ETICSs were first applied in 1957 in Germany, following an important energetic crisis
after the Second World War. Since then, the use of this technology in European buildings
has increased considerably. Thus, with this increase, extensive cases of anomalies have
been detected with ETICS façades and reported in several international papers and tech-
nical reports (e.g., [5,14,16,22–25]). This section first reviews the most common anomalies
detected with ETICSs and the most probable causes of these anomalies. The deterioration
phenomena are further illustrated with a case study of a building complex, located in
Lisbon, Portugal, with ETICS cladding in fourteen façades.

2.1. Anomalies and Their Causes

In order to develop an expert-knowledge inspection and diagnosis system for an
ETICS, Amaro et al. [13,16] visually inspected 14 buildings (146 ETICS façades) located in
the north and center of Portugal, aged from 3 to 22 years. A total of 476 anomalies were
detected, and 1098 causes were attributed to these anomalies. The most common anomalies
seemed to be biological colonization in 56% of the ETICS façades, color change (49%) and
runoff marks (43%). According to Amaro et al. [16], these anomalies can be considered to
be aesthetic.

The Fraunhofer Institute for Building Physics IBP has conducted significant research
in the field of ETICSs since the early 1970s. A study published in 2006 [23] presented the
results of inspections conducted in 12 buildings in Germany with ETICS façades aged up
to 35 years. The authors concluded that the damage or degradation of ETICS façades, as
well as the costs and frequency of maintenance actions, are comparable to those found in
conventional rendered masonry walls. Additionally, the service life of ETICS façades with a
masonry wall substrate was assumed to be of at least 60 years. In 2015, the IBP report 42 [26]
was published, summarizing the results of inspections of ETICS façades aged from 29 to
45 years. The results showed the inexistence of technical defects (e.g., cracking, blistering
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or render detachment) in façades that had not had any renovation of the coating in 14
to 29 years of service life. However, the authors observed significant gray discolorations
caused by soling and a slightly higher susceptibility to biological growth in the case of
ETICS façades.

In fact, biological growth has been identified in several ETICS façades and this is-
sue has been the object of some studies [27–29]. Barreira and de Freitas [14] concluded
that biological growth on ETICSs strongly depends on high levels of surface moisture
content, resulting from the combined effect of wind-driven rain, the drying process, sur-
face condensation and rendering formulation. According to Gonçalves et al. [30], ETICSs
presenting greater insulation capacity (i.e., higher thermal resistance) and finished with a
white-colored surface are usually more prone to biological growth in contrast to systems
with lower insulation capacity and a darker finishing. This is explained by the lower
values of external surface temperature for a longer time span, potentiating a higher risk of
surface condensation. It is worth noting that surface condensation occurs whenever the
external surface temperature drops below the dew point temperature of the air. Moreover,
a slow drying process of the ETICS also contributes to an increased risk of biocolonization,
because the surface moisture content remains high for long periods. Additionally, the
use of renders with large amounts of organic additives, which provide ample nutrients to
microorganisms, can also favor biological development [31,32]. In fact, some studies have
highlighted the occurrence of biological growth beneath the ETICS caused by moisture ac-
cumulation in the building external wall. This phenomenon was particularly noticeable in
the case of organic-based substrates (e.g., timber [33]) or organic-based thermal insulation
materials [7,34].

Biological colonization alters the color of the cladding and occurs more frequently in
areas of high moisture content (e.g., water runoff areas). Parracha et al. [17] evaluated the
durability of commercially available ETICSs with different compositions after two years of
outdoor natural exposure in both urban and maritime environments and observed higher
levels of discoloration and surface gloss decrease in urban conditions, most probably due
to the greater atmospheric pollution in the area. Additionally, Krueger et al. [35] analyzed
the influence of several biocide mixtures in the biological colonization of ETICS specimens
exposed in two locations in Germany and concluded that biological growth is significantly
affected by the interaction between the biocide composition, the coating formulation and
the atmospheric conditions. In fact, the incorporation of a biocide on the finishing render
formulation substantially reduces the risk and the level of biological colonization [36].

Despite being considered in the literature as aesthetic anomalies, biocolonization, color
change and water runoff marks can have a long-term impact on the performance of the
complete ETICS without regular and adequate maintenance actions [37]. Nevertheless,
according to Madureira et al. [38], 87% of the building façade defects with a priority
intervention requiring short-term action within the next two years can be classified as
aesthetic defects. Therefore, aesthetic deterioration has a major role in limiting a broader
diffusion of ETICS technology.

Kvande et al. [5] analyzed the durability of ETICSs in Norway based on building
inspections and accelerated aging tests. The authors identified 61 buildings with an ETICS
presenting anomalies and attributed 150 causes to these anomalies. Out of these, 15 were
identified as being the most prevalent: “defects associated with flashings against precip-
itation”; “incorrect reinforcement mesh”; “insufficient thickness of the render”; “faulty
render mix or undesirable setting conditions”; “shrinkage and temperature movements in
the render”; “incorrect end laps against adjoining structures”; “moisture from the ground
(render down in the soil)”; “faulty anchorage of the system”; “microorganism growth in/on
the render”; “variations in the render thickness over the insulation board”; “vibrations,
movements in the structure, settling”; “incorrect choice of paint or incorrect cleaning prior
to painting”; “insufficient impact resistance”; “leaching of pigment” and “mould growth
behind ETICS”. Most of the anomalies in ETICSs result from the combined effect of more
than one degradation agent, with water action being the most important mechanism to be
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considered [39,40]. In fact, water penetration through the face of newly installed ETICSs is
very unlikely due to the low capillary water absorption coefficient of the rendering system.
However, it is almost impossible to avoid long-term cracking of the finishing coat due
to a variety of factors (i.e., hygric stresses, embrittlement caused by aging, dimensional
variations or incorrect design or execution of the system), potentiating water infiltration
within the system and leading to further deterioration [41,42].

The omission or incorrect design/execution of tail-ends and protection elements as
well as the overall incorrect application of the ETICS (e.g., deficient preparation of the
substrate, incorrect alignment of the insulation or deficient flashing execution) have a
primordial influence on the in-service performance of the system [13]. It is estimated
that approximately 40% of the anomalies in ETICSs can be prevented with proper design,
execution and appropriate assembly of the system components [16]. For example, ETICSs
with “insufficient thickness of the render” can lead to an increase in the system water
absorption [43], as well as to a greater tendency for the finishing coat to crack [5]. This,
in turn, can potentiate not only further anomalies such as biocolonization [17] or water
leakage [44], but also a decrease in the system efficiency. This latter aspect is particularly
relevant if water penetrates the thermal insulation layer, since this can lead to a significant
loss in ETICS thermal resistance [7].

Flatness (i.e., surface irregularities, visible joints between plates or swelling) and
material rupture (i.e., cracking, detachment of the finishing coat, loss in adherence between
layers, material gap) anomalies are also relatively common in ETICS façades. The rupture
of materials in ETICSs can occur due to restrained movements of the different components,
resulting in bending moments and possibly causing cracking and a loss in adherence
between layers [45]. Oriented cracking (i.e., aligned with the joints of the insulation plates)
can occur due to the stiffness and the linear thermal expansion coefficient of the thermal
insulation, which is usually much higher than that of the rendering system. Therefore,
the application of a thermal insulation material with lower stiffness can reduce the risk of
oriented cracking. Furthermore, one of the main drawbacks of ETICSs is related to their
low impact resistance [46,47]. In Switzerland, for example, hailstorms are becoming more
frequent and intense, thus causing severe damage to ETICS façades [48]. In this respect, the
design and execution of ETICSs with additional reinforcement mesh and higher thickness
of the rendering system can help to reduce this anomaly. It is worth noting that impacts
and perforation of the system cause aesthetic degradation and, most importantly, leads to
further anomalies, which result from the combined action of several degradation agents
(e.g., water intake; water-to-ice volume expansion inside the system; the thermal insulation
potentially being exposed to UV radiation). Thus, material rupture anomalies strongly
compromise the thermal and mechanical performance of the ETICS [23].

2.2. Case Study

In order to consolidate the knowledge of the most relevant anomalies in ETICSs and their
causes, as reviewed in the previous section, a building complex located in Lisbon (Portugal)
was studied (Figure 2). Three buildings (A, B, C) comprising 16 façades with ETICS cladding
(F1, F2, . . . , Fx) were inspected. All ETICS façades contain expanded polystyrene (EPS) boards
as thermal insulation, a cement-based base coat with mineral aggregates and an acrylic-based
pinkish finishing coat. The building complex dates back to 1998; however, some maintenance
actions have been performed over the years. A set of visits was conducted between September
and November 2019 in order to inspect the ETICS façades, using visual criteria to identify the
anomalies and their causes. No further auxiliary diagnosis methods were used. An inspection
file was also adopted to register and map each anomaly detected.

A total of 144 anomalies were registered, and their most probable causes were identified.
Six types of anomalies were considered as being the most relevant due to the high percentage
of occurrence and considering the literature review of Section 2.1. Therefore, the most rele-
vant anomalies, their causes and some recommendations to minimize their occurrence are
summarized in Table 2. Figure 3 shows images of the anomalies reported in Table 2.
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Figure 2. Representation of the inspected building complex identifying the 16 façades (credit:
Google Earth).

Table 2. List of the most relevant anomalies identified in the case study, their causes and some
recommendations to minimize the occurrence.

Anomaly: material rupture—perforation of the system in ground-level zones (Figure 3A).
Identified in the following: façades F2 to F5, F7 and F8 (Figure 2).
Causes: most of these anomalies are caused by human action, either negligent or willful (i.e., with a deliberate intention to
cause damage).
Recommendations to minimize the occurrence: Generally, the application of an ETICS is not recommended in areas very
vulnerable to hard body impact, such as readily accessible areas (e.g., ground-level zones). The ETICS applied in these areas
(i.e., impact resistance category I according to EAD [11]) should have additional reinforcement mesh and higher thickness of the
rendering system.

Anomaly: cracking of the rendering system in corners and window openings (Figure 3B).
Identified in the following: façades F1, F3, F5 and F7 (Figure 2).
Causes: this anomaly is frequently caused by a lack of adequate design and/or execution of the corners and window openings
(e.g., absence or inadequate application of reinforcement mesh in these areas).
Recommendations to minimize the occurrence: Reinforcement mesh should be applied in areas of the system subjected to greater
tensions, as in the case of window openings and corners. The mesh must be properly applied, in order to resist the tensile stresses.

Anomaly: biological colonization (Figure 3C).
Identified in the following: north and northwest façades (i.e., F3, F7, F11 and F15) (Figure 2).
Causes: This anomaly is quite frequent in ETICS façades in Portugal, especially in those facing north where the humidity is higher.
Biocolonization is a complex phenomenon strongly influenced by surface properties (i.e., humidity, temperature, pH, roughness,
composition) and climatic conditions, among others.
Recommendations to minimize the occurrence: ETICS façades presenting biocolonization should be cleaned with water at a low
pressure. Afterward, the application of a finishing coat containing biocide is recommended. Additionally, it is of fundamental
importance that the architectonic and/or constructive solutions allow for a reduction in the water runoff over the building façades.

Anomaly: water runoff marks (Figure 3D).
Identified in the following: façades F3, F5, F7 and F9 (Figure 2).
Causes: this anomaly is due to the incorrect design and/or execution of projections to lead the downward flow of water (e.g.,
copings, sills, downpipes).
Recommendations to minimize the occurrence: The proper design and execution of these elements is of fundamental importance
to avoid not only this anomaly, but also further defects caused by moisture accumulation. It is worth noting that water is the most
important degradation agent to be considered and that most of the failure modes in ETICSs occur when one or more degradation
agent acts synergistically with water.
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Table 2. Cont.

Anomaly: non-oriented cracking and detachment of the finishing coat (Figure 3E,F).
Identified in the following: all façades.
Causes: these anomalies may result from the combined effect of the application of a rendering system with insufficient thickness,
lack of tensile strength of the mesh or inadequate application of the mesh and moisture accumulation within the system.
Recommendations to minimize the occurrence: The rendering system should have enough thickness, which is specified in the
ETA document of the ETICS. The system should have also adequate water vapor permeability (i.e., equivalent air thickness of the
rendering system must be lower than 2 m or 1 m, in the case of a system with a cellular plastic insulation product (e.g., EPS) or
mineral wool insulation, respectively [11]). Moreover, the tensile strength of the reinforcement mesh should be higher than 20
N/mm after aging [11], with this value also being specified in the ETA document of each system.

Anomaly: oriented cracking (Figure 3G).
Identified in the following: F1 to F3, F5 to F7 and F10 and F13 (Figure 2).
Causes: In this case, the cracking is oriented and aligned with the joints of the insulation plates. This anomaly normally occurs due
to the stiffness and the linear thermal expansion coefficient of the thermal insulation (EPS). This coefficient is about five times
higher than that of the rendering system. As a result, the insulation plates bend to the exterior due to thermal variation between
their outer and inner surfaces. This phenomenon generates great tensions in the rendering system that can lead to cracking.
Recommendations to minimize the occurrence: The application of a thermal insulation material with lower stiffness could be the
solution. Therefore, the thermal insulation shall be chosen also considering the environmental conditions of exposure. Additionally,
the compatibility between the rendering system and the thermal insulation material must be guaranteed.

Figure 3. Relevant anomalies identified on the façades: (A)—perforation of the system; (B)—cracking
of the rendering system in window openings; (C)—biological colonization; (D)—water runoff marks;
(E)—non-oriented cracking; (F)—detachment of the finishing coat; (G)—oriented cracking.
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3. Performance

In this section, the performance, performance parameters and requirements for ETICSs
are reviewed, summarizing the most relevant aspects in this regard.

3.1. Fire Behavior

Fire safety is considered as a general prescription in the multi-objective optimization of
building design, i.e., the performance is assessed based on the standard testing of materials
and products and considering pass–fail criteria and a material classification [49]. This aspect
raises some problems related to the fact that results from standard fire testing using different
material scales are not fully representative of real fires and may not correspond to the most
important failure modes in real life scenarios. According to the EAD [11], the fire behavior of
an ETICS is evaluated considering the reaction to fire of the entire system (Table 3) and the
relative thermal insulation (Table 4), but also, if requested by the manufacturer, the façade fire
performance. The reaction to fire of the ETICS and thermal insulation material is determined
using the classifications proposed in the EN 13501-1 [50] (i.e., Euroclasses). The Euroclass of
the thermal insulation material determined considering the relevant test method [11] shall
be presented in the ETA document. Additionally, the performance-based classification of EN
13501-1 [50] might not be sufficient for the use of an ETICS in some European countries, and
some additional assessments following national provisions might be mandatory. Likewise,
the façade fire performance shall be declared in the ETA document taking into account the
legal regulations of each country (Table 3). National standards define thresholds considering
the use of certain Euroclasses for specific uses.

Table 3. Summary of assessment methods for an ETICS.

Basic Work
Requirement ETICS Characteristic Assessment Method

Safety in case of fire

Reaction to fire EN 13501-1 [50]

Façade fire performance *

Propensity to undergo continuous smoldering ** EN 16733 [51]

Hygiene, health and
environment

Content, emission and/or release of leachable substances EAD 040083-00-0404 [11]

Water absorption (capillarity test) EAD 040083-00-0404 [11]

Watertightness: hygrothermal behavior EAD 040083-00-0404 [11]

Watertightness: freeze–thaw performance EAD 040083-00-0404 [11]

Impact resistance ISO 7892 [52]

Safety and accessibility
in use

Bond strength *** EAD 040083-00-0404 [11]

Wind load resistance EAD 040083-00-0404 [11]

Protection against noise Airborne sound insulation ISO 10140-1 [53], ISO 10140-2 [54] and
ISO 10140-5 [55]

Energy economy and
heat retention

Thermal resistance ISO 10456 [56]

* It should be tested considering the relevant assessment method in each country; ** only required in some EU
member states for an ETICS with thermal insulation made using mineral wool, wood-based products, vegetable
and/or animal fibers or cork; *** it should be evaluated before and after accelerated aging.

As previously discussed, expanded polystyrene (EPS) is one of the most commonly
used thermal insulation materials in an ETICS [8]. This is a combustible material which
is easily flammable, with a low limiting oxygen index (LOI) of about 18%, and which
releases toxic gases when burned [57,58]. When EPS is exposed to heat it starts to melt and
a serious fire can occur in upward and downward directions [59]. Some strategies have
thus been adopted to decrease the fire impact and reduce the flame spread, such as the
inclusion of fire barriers made of non-combustible materials around the window openings
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or separating the different floors [60,61], the increase in the rendering thickness [62] or
the use of thermal insulation materials with fire-retardant combustion [63,64]. Niziurska
et al. [61] evaluated the impact of adding MW partitions on an improvement in the fire
performance of an ETICS with EPS thermal insulation and concluded that the performance
of the façade was not significantly affected. The authors also obtained slight differences in
the average temperatures and the dimension of the polystyrene melting area considering
different configurations of insulation with MW partitions. The tested ETICS was classified
as being a fire retardant according to BS 8414-1 [65], regardless of the applied MWpartitions.
Uygunoglu et al. [62] recommended the application of an ETICS with a rendering system
of at least 4 mm thickness to improve the resistance to ignition. The same authors also
recommended the use of fire-retardant insulation boards in ETICS applications. Finally,
Hamdani-Devarennes et al. [64] investigated the performance of EPS with and without
water-based fire retardants and achieved an upgrade in the Euroclass of EPS with a fire-
retardant surface, from F to E.

Table 4. Summary of the assessment methods for validating ETICS components.

ETICS Component Characteristic Assessment Method

Thermal insulation

Length and width EN 822 [66]

Thickness EN 823 [67]

Squareness EN 824 [68]

Flatness EN 825 [69]

Density EN 1602 [70]

Reaction to fire EN 13501-1 [50] *

Water absorption (partial immersion) EN 1609 [71]

Water vapor permeability EN 12086 [72]

Tensile strength perpendicular to the faces ** EN 1607 [73]

Shear strength and shear modulus of elasticity EN 12090 [74]

Compressive strength EN 826 [75]

Thermal resistance EN 12667 [76] or EN 12664 [77]

Dynamic stiffness EN 29052-1 [78]

Dimensional stability EN 1604 [79]

Rendering system ***
Thickness EN 823 [67]

Water vapor permeability ISO 7783 [80]

Base coat and mesh
Thickness EN 823 [67]

Render strip tensile test EAD 040083-00-0404 [11]

Mesh (standard or reinforced)
Tensile strength and elongation **** EAD 040083-00-0404 [11]

Protection against corrosion ***** EAD 040083-00-0404 [11]

Anchors
Pull-through test of fixings EAD 040083-00-0404 [11]

Pull-out strength of anchors EAD 330196-01-0604 [81]

* The reaction to fire of each insulation material shall be determined using the test method relevant for the
corresponding Euroclass determined in the EN 13501-1 [50]; ** the test shall be performed in both dry and wet
conditions; *** reinforced base coat and finishing coat; **** it should be evaluated before and after accelerated
aging; ***** the minimum thickness of the zinc coat must be verified only for galvanized steel meshes.

3.2. Capillary Water Absorption and Water Vapor Permeability

Water resistance is one of the most important properties of an ETICS, since it strongly
affects the system durability, possibly leading to extensive cases of anomalies (see Section 2).
Following the guideline of the European Technical Approval of ETICS [11], water resistance



Buildings 2023, 13, 1664 11 of 29

is assessed through capillary absorption and vapor permeability tests and evaluating the
hygrothermal behavior and freeze–thaw performance of the systems (Table 3). Considering
the water absorption by capillarity test, the guideline indicates that water absorption after 1 h
testing must be lower than 1 kg/m2 for both the complete system (i.e., thermal insulation,
reinforced base coat and rendering system) and the ETICS without rendering (i.e., thermal
insulation and reinforced base coat). The capillary water absorption after 1 h and 24 h shall
be presented in the ETA document of the ETICS. If the water absorption of the complete
system after 24 h is lower than 0.5 kg/m2, the system is considered to be freeze–thaw-resistant,
without a need for further assessment in this regard. Additionally, the water absorption via
partial immersion after 24 h testing of the thermal insulation board tested alone must be lower
than 1 kg/m2. The latter value shall also be declared in the ETA document.

Parracha et al. [7] evaluated the capillary water absorption of twelve commercially
available ETICSs with different compositions and observed that all of the systems presented
a capillary absorption lower than 1 kg/m2 after 1 h, following the EAD [11] requirements.
In fact, the ETICS obtained the greatest level of water absorption in the beginning of the
test (i.e., in the first hour), followed by stabilization at the rate of absorbed water, which
was not completely achieved after 24 h, as also observed by Griciute et al. [82] when testing
ETICSs with different finishings (i.e., silicate, acrylic, mineral or silicone). In this regard,
Dirkx and Grégoire [83] referred to the fact that the EAD guideline [11] not considering
the full water saturation of the rendering system can be a disadvantage in evaluating the
ETICS performance, especially considering the frost behavior. The same authors [84] also
concluded that the finishing coat composition and the capillary water absorption of the
rendering system are the main factors influencing algae growth on the surface of an ETICS
(i.e., the likelihood decreases markedly when ETICSs have capillary absorption lower than
0.1 kg/m2 after 24 h).

In the study of Parracha et al. [7], the lowest values of capillary water absorption after
1 h were obtained for systems with EPS thermal insulation, cement-based base coat and
acrylic-based finishing coat, whereas the highest values were obtained for a system with
ICB thermal insulation, cement–resin base coat and acrylic-based finishing coat and for a
system with ICB thermal insulation and finished with a lime-based mortar. Both Parracha
et al. [7] and Sadauskiene et al. [43] obtained a significant decrease in the initial capillary
water absorption by increasing the thickness of the finishing coat.

The water vapor permeability of the ETICS is assessed in the EAD [11] by considering
the equivalent air thickness (sd) of the rendering system and the water vapor diffusion re-
sistance coefficient (µ-value) of the thermal insulation (Table 4). According to the guideline,
the sd value should not be higher than 2 m in the case of an ETICS with cellular plastic
thermal insulation materials (e.g., EPS and XPS) or any other thermal insulation product
except mineral wool. In this latter case, a more conservative sd threshold of 1 m should be
considered, due to the considerably higher water vapor permeability of MW. Additionally,
the µ-value of the thermal insulation material shall be declared in the ETA document.

In fact, the water vapor permeability of the complete ETICS is significantly affected
by the type of thermal insulation material used [7,85]. In general, ETICSs with MW have
significantly higher water vapor permeability, when compared to EPS systems. Therefore,
when using thermal insulation materials with greater vapor permeability, the rendering
system should have also high vapor permeability (i.e., low sd value) [86,87]. This is of
fundamental importance to facilitating moisture evaporation from the building envelope,
decreasing the risk of internal water condensation and improving the long-term perfor-
mance of ETICSs. Therefore, the µ-value of the entire ETICS shall thus be considered in the
performance evaluation of an ETICS, as this value is important when comparing ETICSs
with similar thermal insulation boards but different rendering systems.

3.3. Impact Resistance

According to the EAD [11], the impact resistance of ETICSs (Table 3) is determined
using steel balls of 0.5 kg (fall height of 0.61 m) and 1 kg (fall height of 1.02 m), assuming a
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90◦ impact angle (3 J and 10 J of impact energy). The surface damage is visually assessed,
and the diameter of the notch caused by the impact is measured. The damage is then linked
to an impact resistance category (Table 5). Both the notch diameter and the use categories
shall be declared in the ETA document. Additionally, the presence of microcracking,
cracking or penetration on the surface of an ETICS shall also be stated in the ETA.

Table 5. ETICS classification according to the impact resistance tests (3 J and 10 J) and use categories.

Test
Impact Resistance Category

I II III

Steel ball impact (90◦)
3 J NC * NC * NP **

10 J NC * NP ** -
* No cracking. ** The system is considered to be “penetrated” if the thermal insulation can be observed in
3 out of 5 tests performed; otherwise, there is no penetration (NP) and there is deformation. Use categories:
I—zones readily accessible at ground level to the public and vulnerable to hard body impacts but not subjected to
abnormally rough use; II—zones liable to impacts from thrown or kicked objects, but in public locations where the
height of the system will limit the size of the impact, or at lower levels where access to the building is primarily
for those with some incentive to exercise care; III—zones not likely to be damaged by normal impacts caused by
people or by thrown or kicked objects.

In Switzerland and Austria, a multistep classification scheme has been adopted to
evaluate the impact resistance of façade products using ice balls of different diameters, with
an impact angle of 45◦ and assuming different shot speeds. Steinbauer et al. [48] compared
the Swiss and Austrian approach with the EADmethodology [11] using high-speed camera
recordings to register the impact process and evaluate the degradation mechanism. They
concluded that, using ice ball tests, a considerable increase in the fracture strengths is
obtained and this test should therefore be considered for the assessment and validation
of ETICSs regarding hail impact resistance. The authors also observed that all fractures
are due to extensional strain, leading to elongation of the render. Therefore, the use of a
rendering system with a high fracture strain (i.e., high flexibility), as well as the application
of reinforcement meshes in the base coat, are highly recommended to improve the impact
resistance of an ETICS.

3.4. Bond Strength between Layers

Table 6 presents the tests, conditions and requirements specified in the EAD [11] for
the assessment of the bond strength between layers of an ETICS (Table 3).

Malanho and Veiga [9] evaluated the bond strength between the layers of fifteen
ETICSs’ solutions with different thermal insulation and base coat compositions, considering
the assessment defined in the EAD [11] (Table 6). The results showed that the (cohesive)
bond strength between the adhesive and the thermal insulation was mainly affected by
the tensile strength of the thermal insulation material. Additionally, the cohesive rupture
was mainly due to the lowest values of the tensile strength perpendicular to the faces and
shear modulus of elasticity of the thermal insulation, especially in the case of MW and
ICB. In fact, Norvaisiene et al. [88] evaluated the bond strength between the layers of an
ETICS with fire barriers and concluded that the strength between the base coat and the
joints comprising EPS and MW was significantly lower than that obtained between the
base coat and only EPS. This is mainly due to the considerably lower cohesion of MWwhen
compared to EPS, and thus the bond strength value will mainly depend on the ratio of the
surface tested to the surface of EPS and MW. Therefore, the mechanical performance of the
thermal insulation can be an indicator of the bond strength between the adhesive and the
insulation. Furthermore, the authors [9] also observed that mortar flexural strength can
be an important performance indicator considering the (cohesive) rupture in the adhesive
between the substrate (concrete) and the adhesive. Likewise, the mortar flexural strength
can also be used to provide an indication of the bond strength between the adhesive and
the substrate.
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Table 6. Assessment of bond strength between layers according to EAD [11].

Test Conditions Requirements

Bond strength between the
base coat and the thermal

insulation

Non-aged The minimum and the mean value in kPa and the rupture type
(adhesive or cohesive) shall be stated in the ETA. Both results
must be higher than 80 kPa with cohesive or adhesive rupture.
When the rupture occurs in the thermal insulation (cohesive

rupture), the bond strength can be lower than 80 kPa.

After hygrothermal cycles

After freeze–thaw cycles *

Bond strength between the
adhesive and the thermal

insulation

Non-aged (dry state)

Adhesive rupture or cohesive rupture in the adhesive—bond
strength must be higher than 80 kPa.

Cohesive rupture in the thermal insulation—bond strength
must be higher than 30 kPa.

Non-aged (after water immersion)

Two hours after removing specimens from
water—considering adhesive rupture or cohesive rupture in
adhesive, the bond strength must be higher than 30 kPa; for
the cohesive rupture in the insulation, there is no requirement.

Seven days after removing specimens from
water—considering adhesive rupture or cohesive rupture in
adhesive, the bond strength must be higher than 80 kPa; for
the cohesive rupture in the insulation, there is no requirement.
The minimum bond strength values for each condition and

the rupture type shall be stated in the ETA.

Bond strength between the
adhesive and the substrate

Non-aged (dry state) Bond strength must be higher than 250 kPa.

Non-aged (after water immersion)

Two hours after removing specimens from water—bond
strength must be higher than 80 kPa.

Seven days after removing specimens from water—bond
strength must be higher than 250 kPa.

* If necessary (see Section 3.2).

3.5. Thermal Resistance

According to the EAD [11], the thermal resistance of the complete ETICS solution
(Table 3) must be lower than 1.0 (m2.K)/W and shall be stated in the ETA document. This
value is obtained considering the thermal resistance of the insulation material and that
of the rendering system. Nevertheless, the thermal resistance of the insulation material
(Table 4) should be representative of the complete system. Therefore, this latter value shall
also be declared in the ETA.

Uygunoglu et al. [62] obtained energy savings between 76% and 79% for an ETICS
with EPS, XPS and MW when compared to the uncoated wall. On the other hand, Varela
Luján et al. [6] showed that using an ETICS for the thermal retrofitting of building façades
can provide a reduction in energy losses and gains up to 55%. In fact, it is already known
that one of the best ways of reducing the energy needs for the heating and cooling of
buildings is an increase in the thermal insulation level of the building envelope. As a
result, new solutions with extremely low thermal conductivity are being designed and
included in the market. Mandilaras et al. [86] incorporated vacuum insulation panels (VIPs)
in an ETICS to enhance the thermal behavior of the walls. The authors obtained thermal
resistance 123% higher in the case of an ETICS with VIPs covered with MW on both sides
when compared to a conventional ETICS wall with EPS thermal insulation. Indeed, one of
the great advantages of using VIPs in an ETICS is the possibility of achieving higher thermal
resistances with lower thicknesses [89]. However, the enhanced thermal performance of
the system can also potentiate further anomalies, and the high cost of VIPs is still a barrier
toward the wide-scale use of this technology. As an example, greater values of thermal
resistance led to a decrease in surface temperature during the night, and therefore to a
higher risk of surface condensation and biological colonization (see Section 2).
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4. Durability

Durability is one of the most important criteria for the selection of building materials
and construction products, since it affects the performance of these elements, possibly
compromising the fulfilment of specific requirements during a building’s service life [90].
Four different approaches can be considered for durability assessment: accelerated aging
tests corresponding to benchmark tests; comparative tests, which allow one to calibrate
methods, materials and equipment; environmental or stress tests and field tests, usually
through natural aging and/or on-site monitoring [91]. This section aims at providing a
literature review on the durability assessment of ETICSs considering a laboratorial evalua-
tion (i.e., accelerated aging assessment), numerical simulation and long-term performance
(i.e., outdoor natural exposure), identifying the most significant degradation agents and
the related failure modes.

4.1. Laboratorial Conditions

The European guideline for the technical approval of ETICSs with rendering EAD
040083-00-0404 [11] defines a set of heat/rain, heat/cold and freeze/thaw cycles for the
durability assessment of an ETICS, considering its hygrothermal and freeze/thaw behavior.
Table 7 presents the accelerated aging procedure proposed by the European document, as
well as the assessment that should be performed before and after aging. It is worth noting
that some additional degradation agents such as environmental pollutants, UV radiation
and biological colonization are not considered in the guideline, which aims only to evaluate
the essential characteristics of the product. According to Michalak [21], this should not
be a problem because the manufacturer performs a set of additional tests before putting
the ETICS on the market, thus guaranteeing suitable quality and adequate performance.
Nevertheless, cases of anomalies are still being detected with ETICS façades, reinforcing the
importance of knowing the most relevant degradation agents and associated degradation
mechanisms, which strongly depend on the climate as well as on the system composition
and the correspondent resistance to climatic loads. Additionally, the accelerated aging pro-
cedure defined in the EAD [11] does not provide a service life prediction of ETICSs (i.e., the
method is defined considering only the “suitability for use”). Therefore, considering the
methodology proposed by ISO 15686-1 [92], short-term (accelerated aging) and long-term
(natural aging) tests should be conducted and the type of degradation resulting from either
one or the other test must be critically analyzed and compared. With these data, a model
for the service life prediction of an ETICS can be developed and validated. It is important
to note that there are still a lack of studies on this topic, despite the 25 years assumed to be
a service life reference in the EAD [11].

Table 7. Accelerated aging procedure defined in the EAD 040083-00-0404 [11].

Test Conditions
No. of Cycles

(Total h)
Accelerated Aging Cycles Tests Performed before

and after AgingHeat Rain Cold

Heat/rain cycles 80 (320)
3 h at 70 ± 5 ◦C
(10–30% RH)

1 h (1 L/(m2.min))
of sprayed water at

15 ± 5 ◦C
-

Visual inspection, bond
strength between layers

Heat/cold cycles 5 (120)
8 h at 50 ± 5 ◦C
(≤30% RH) - 16 h at −20 ± 5 ◦C

Freeze/thaw
cycles *

30 (720) -
Immersion in

water at 23 ± 2 ◦C
for 8 h

16 h at −20 ± 2 ◦C

* If the water absorption of the complete system (non-aged condition) after 24 h is lower than 0.5 kg/m2, the
system is considered to be freeze–thaw-resistant, without a need for further assessment in this regard.
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Table 8 presents a list of scientific studies aiming to evaluate the durability of ETICSs
using accelerated aging methods. Thirteen research studies were identified and most of
them considered the hygrothermal behavior (i.e., temperature and moisture effects) and the
UV performance (i.e., solar radiation) for the durability assessment of an ETICS. In some
studies, accelerated aging tests are performed in small-scale specimens, and in some cases
they are performed in the entire ETICS wall (i.e., on the rig). In fact, considering the method
of the EAD guideline [11], the hygrothermal behavior (i.e., heat/rain and heat/cold cycles)
should be evaluated in the entire ETICS wall (i.e., on the rig), whereas the freeze/thaw
performance is assessed in small-scale specimens. As shown in Table 8, a new accelerated
aging method for the durability assessment of ETICSs was designed in 6 out of 13 studies,
considering the action of the relevant degradation agents (i.e., pollutants, UV radiation,
biocolonization), degradation mechanisms and the climatic data of different countries.
Landolfi and Nicolella [93] considered the EAD [11] procedure with minor variations to
reproduce outdoor exposure, whereas Kvande et al. [5] used the NT Build 495 method [94],
which is commonly used in Scandinavian countries for the durability assessment of ETICSs
on walls. Additionally, Roncon et al. [95] used the accelerated aging method defined in EN
1015-21 [96] for the durability assessment of rendering mortars. Different trends and results
were obtained considering the 13 research studies. In some cases, the accelerated aging
tests significantly affected the water resistance, thermal performance and appearance of the
ETICS. In some other studies, no significant performance decline or surface defects were
detected after aging. Nevertheless, most studies identified the difficulty of reproducing the
synergistic effect of several degradation agents on a lab scale and recommended further
developments including long-term performance evaluation for the correlation of results
obtained through accelerated and natural aging tests.

Table 8. Summary of research studies considering the durability assessment of ETICSs through
accelerated aging tests.

Aim of the Study Degradation Agents Test Conditions Main Results Reference

Evaluation of the
hygrothermal performance

of ETICSs over time
considering a newly

designed accelerated aging
procedure.

The procedure was designed
considering the degradation

agents of ETICSs and
corresponding degradation

mechanisms, existing
standards and climatic data

from Milan, Italy.

UV exposure.
Winter cycles

(freeze/thaw behavior).
Summer cycles (dry heat

and rain).

1. UV exposure—25 cycles
(25 h) of UV exposure at

35 ◦C (15 ± 2% RH)
followed by 25 cycles (25 h)

of sprayed water at
15 ± 2 ◦C and 100% RH.

2. Winter cycles—10 cycles
(30 h) with −20 ± 2 ◦C

followed by 10 cycles (10 h)
at 30 ± 2 ◦C (50 ± 5% RH).
3. Summer cycles—25 cycles
(25 h) at 70 ± 2 ◦C (15 ± 2%
RH) followed by 25 cycles
(25 h) of sprayed water at
20 ± 2 ◦C and 100% RH.

The thermal resistance of the
ETICS significantly decreased
with aging, most probably due
to the significant increase in

water absorption. A decrease in
time shift was observed when
evaluating the dynamic thermal
performance of the system.

Microphotographs have shown
significant surface anomalies
after aging (i.e., blistering,

cracking), with an increase in
the pores’ dimension of the

finishing coat.

Daniotti et al. [97]

Evaluation of the
performance of ETICSs

toward the definition of a
new accelerated aging

procedure considering the
Lithuanian climate.

Hygrothermal behavior
(heat/rain and

heat/cold cycles) and
freeze/thaw
performance.
UV exposure.

Sixteen cycles (672 h) of 7 h
of sprayed water

(1 L/(m2.min)) at 20 ◦C; 7 h
of freezing at −12 ◦C; 28 h of
UV exposure (35–40 W/m2)

at 40 ◦C.
According to the authors,
16 cycles correspond to

~1 year of natural aging in
Lithuania.

An ETICS with silicate-based
FC obtained higher capillary
water absorption after aging in
comparison with an ETICS

finished with an
acrylic-based paint.

Capillary water absorption
and bond strength between
layers of ETICSs should be
determined before and after
aging. A visual inspection
should also be conducted.

Griciute et al. [82]
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Table 8. Cont.

Aim of the Study Degradation Agents Test Conditions Main Results Reference

Investigation into the
durability of ETICSs in

Norway.
The performance of 19
ETICS solutions with

different thermal insulation
(i.e., EPS, MW and

polyisocyanurate (PIR)) was
assessed after aging.

Hygrothermal behavior
(heat/rain and

heat/cold cycles) and
freeze/thaw
performance.
UV exposure.

A sequence of four different
climatic zones according to
the method NT BUILD

495 [92]:
Hygrothermal cycles—1 h
at 23 ± 5 ◦C (50 ± 10% RH);
1 h (15 ± 2 L/m2) of sprayed
water; 1 h at −20 ± 5 ◦C.
UV exposure—1 h until

reaching 35 ± 5 ◦C,
50 ± 5 ◦C or 75 ± 5 ◦C. The
UV dose can be selected at
different levels considering

the UV tubes used.
The ETICS performance is
assessed after 4, 18 and

48 weeks of
accelerated aging.

Failure modes occurring after
aging were largely associated
with incorrect design and/or
execution of the system. The

edges and corners of the ETICS
were considered to be the most
vulnerable areas. Therefore, the
use of corner profiles and plinth
flashings was recommended.

Severe water exposure possibly
leading to frost damage can be
obtained with deficient flashing
execution. Therefore, the use of
plinth flashings in the case of
an ETICS with MW to avoid
the contact of water with the

thermal insulation was
recommended.

Generally, an ETICS with EPS
showed a better performance
after aging when compared to

an ETICS with MW.

Kvande et al. [5]

Evaluation of the impact of
thermal insulation

anomalies on the global
performance of ETICSs.

Hygrothermal behavior
(heat/rain and

heat/cold cycles) and
freeze/thaw
performance.
UV exposure.

Four hundred cycles (900 h)
of the following: 1 h of

heating at 50 ◦C (40 ◦C in
the air) and UV radiation;

15 min of sprayed water (10
to 40 m3/(m2.h)); 1 h of

freezing at −18 ◦C.
According to the authors,
100 cycles correspond to

2–2.5 years of natural aging
considering the climatic

conditions of Upper Silesia.

The open porosity of the
finishing coat increased after
aging, and significant surface

cracking was observed.
The durability of the finishing
coat affected the durability of

the complete system.

Slusarek et al. [44]

Evaluation of the
performance of ETICSs with
fire barriers after accelerated

aging. Estimate of the
impact of using fire barriers
with different insulation
materials (e.g., EPS and
MW) on the durability
performance of ETICSs.

Hygrothermal behavior
(heat/rain and

heat/cold cycles).

Hygrothermal cycles were
performed in accordance
with EAD 040083-00-0404
guideline [11] (see Table 7).

No visible surface defects were
detected in the systems after

accelerated hygrothermal aging.
The bond strength between
layers of the ETICS after
hygrothermal aging was

significantly lower in the joints
comprising EPS and MW (i.e.,
fire barriers), when compared
to the zones only with EPS.

Norvaisiene et al. [89]

Durability assessment of six
commercially available
ETICSs after accelerated

aging.
Evaluation of physical and
chemical–morphological

properties of the ETICS prior
and after each aging cycle,

evaluating the loss in
performance.

Hygrothermal behavior
(heat/rain and

heat/cold cycles).
UV exposure.
SO2 exposure.

A sequence of the following
aging cycles:

Hygrothermal cycles—
carried out according to
EAD 040083-00-0404 [11]

(see Table 7).
UV radiation—125 cycles
(1000 h) of 4 h of UV-A

exposure at 60◦ followed by
4 h of condensation

(T = 50 ◦C and 80% RH).
SO2 exposure—60 cycles

(720 h) of 6 h of 25 ppm SO2
(T = 40 ◦C and 30% RH)

followed by 6 h of 25 ppm
SO2 (T = 15 ◦C and 85% RH).

Hygrothermal cycles
significantly affected the
surface properties of the

ETICS (i.e., surface hardness
decreased after the combined
aging procedure, whereas the
surface roughness increased).
Surface gloss decreased after
aging and a substantial color

change was observed.
An ETICS with acrylic and

co-polymeric finishes
presented low degradation

after aging.
Traces of mold growth (<10%
of contaminated surface) were

detected after the
hygrothermal cycles. No

further increase in biological
growth was observed after
exposure to UV or SO2.

Parracha et al. [10]
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Table 8. Cont.

Aim of the Study Degradation Agents Test Conditions Main Results Reference

Evaluation of the impact of
using water-repellent

products on the moisture
transport properties and
biocolonization of ETICSs
before and after aging.

Hygrothermal behavior
(heat/cold cycles) and

freeze/thaw
performance.

Accelerated aging cycles
performed in accordance
with EN 1015-21 [94]:

Hygrothermal behavior—
eight cycles of the following:
8 h ± 15 min of heating at

60 ± 2 ◦C; 30 min of
stabilization at 20 ± 2 ◦C

(65 ± 5% RH);
15 h ± 15 min of freezing at
−15 ± 1 ◦C; stabilization at
20 ± 2 ◦C (65 ± 5% RH).

Freeze/thaw performance—
eight cycles of the following:
8 h ± 15 min of sprayed

water at 20 ± 1 ◦C; 30 min of
stabilization at 20 ± 2 ◦C
(65 ± 5% RH); 15 h ± 15
min of freezing at −15 ± 1

◦C; stabilization at 20 ± 2 ◦C
(65 ± 5% RH).

After aging, the moisture
transport properties of the
systems were only slightly
affected (i.e., lower water
absorption, higher drying
resistance and lower water

vapor permeability compared
to the unaged ETICS). Aged
systems with water-repellent
products showed better water
performance than a newly
produced ETICS without
water-repellent products.

No significant mold growth
was detected before and after

aging, showing the
effectiveness of the biocide
present in the formulation of

the products.

Roncon et al. [95]

Durability assessment of six
different ETICSs and
corresponding thermal

insulation materials in order
to optimize maintenance

actions.
Evaluation of

thermo-physical properties
prior and after accelerated
aging simulating outdoor

conditions.

Hygrothermal behavior
(heat/rain and

heat/cold cycles) and
freeze/thaw
performance.

Hygrothermal cycles and
freeze/thaw performance

were evaluated in
accordance with the method
of EAD 040083-00-0404 [11]
(see Table 7) with minor
variations, as follows:
Hygrothermal cycles—

80 heat/rain cycles for 3 h at
80 ± 5 ◦C; 1 h

(1.5 ± 0.5 L/m2) of sprayed
water at 15 ± 5 ◦C; 2 h of
drainage at 20 ± 5 ◦C;

7 heat/cold cycles for 8 h at
−10± 2 ◦C; 9 h at 70± 2 ◦C
(≤30% RH); 7 h at−10± 2 ◦C.

Freeze/thaw cycles—
15 cycles of 8 h water
immersion exposure at

23 ± 4 ◦C; 14 h of freezing at
−20 ± 5 ◦C; 2 h at 50 ◦C.

An increase in water
absorption was reported after
aging both for the ETICS and
for the thermal insulation

boards tested alone. An ETICS
with mineral wool, glass wool
or wood fiberfill as thermal
insulation showed higher

short-term water absorption
after aging.

The thermal transmittance of
the ETICS was only slightly
affected after aging, thus

suggesting that the thermal
performance is not

significantly affected during
the service life.

No significant performance
decay was registered after

accelerated aging.

Landolfi and
Nicolella [93]

Evaluation of the
performance of ETICSs after
one year of natural outdoor
exposure and hygrothermal
artificial aging. The water
performance, biological
growth and surface

properties were assessed for
the systems in the pristine
(non-aged), artificially and
naturally aged conditions.

Hygrothermal behavior
(heat/rain and

heat/cold cycles) and
natural outdoor

exposure.

Hygrothermal cycles were
performed in accordance
with EAD 040083-00-0404
guideline [11] (see Table 7).
Natural outdoor exposure
was performed at an urban
site in Lisbon, Portugal, in
the period between October
2019 and October 2020. The
specimens were placed tilted

45◦ and facing south.

Accelerated aging strongly
influenced the capillary water
absorption and the drying

kinetics of the ETICS (i.e., an
increase between 86% and
271% considering the 24 h
capillary absorption and

between 47% and 101% for the
drying index).

Traces of mold growth (<10%
of contaminated surface) were

only observed on the
artificially aged systems.
However, significant color

change was registered in both
naturally and artificially aged
ETICSs. Gloss variation was

almost undetected after
artificial aging; a significant
decrease up to 62% was
obtained after one year of

natural exposure.

Parracha et al. [98]
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Table 8. Cont.

Aim of the Study Degradation Agents Test Conditions Main Results Reference

Assessment of the
deformation effect of the
finishing coat of ETICSs

during accelerated artificial
aging. Real-time observation

of the deformation
phenomena caused by aging.

Hygrothermal behavior
(heat/rain and

heat/cold cycles).

Hygrothermal cycles were
performed in accordance
with EAD 040083-00-0404
guideline [11] (see Table 7).

Deformation of the surface of
ETICSs increases with

increasing temperature. Then,
the surface of the wall shrinks
after being exposed to rain and

cooling. Nevertheless,
irreversible deformation was

observed. In fact, the
deformation on the ETICS

surface became considerably
larger with aging. After the
occurrence of localized

deformation, the surface cracks
serve as a buffer area for wall
expansion and shrinkage.

Yuan et al. [99]

Evaluation of the growth of
two microalgal strains on
ETICSs. Assessment of the
impact of water absorption,

porosity and surface
roughness of ETICSs on

biocolonization.

Water runoff test and a
culture of Chlorella
mirabilis ALCP 221B
and Chroococcidiopsis

fissurarum IPPAS
B445Z8.

The accelerated growth test
was carried out in a glass
chamber placed in a dark
room and equipped with
two 39 W neon lamps
(T ~ 5000 K) and two

sprinkling rails connected to
a 500 L/h water pump

engulfed in broth culture.
The accelerated aging test
consisted of the following:

14 h of light with a sprinkled
broth culture for 15 min

followed by 10 h of dark for
60 consecutive days. The

specimens’ surface was also
sprinkled with distilled

water after 3, 6 and 9 weeks
of aging to simulate a

washing process.
According to the authors,

the aging procedure
corresponds to ~ 2 years of

natural exposure.

A correlation was found
between microalgal growth
and surface properties (i.e.,

water absorption, porosity and
roughness). The higher the
roughness, the greater the

bioreceptivity. Moreover, the
amount of available nutrients
increases with water retention,

thus leading to greater
bioreceptivity. The same trend
was observed considering the
porosity, i.e., the higher the
porosity, the greater the

bioreceptivity.

D’Orazio et al. [28]

Evaluation of the aging
impact in the microstructure
of the rendering system of

ETICSs.

Hygrothermal behavior
(heat/rain and

heat/cold cycles).
UV exposure.

One hundred cycles (225 h)
of the following: 1 h of

heating at 50 ◦C (40 ◦C in
the air) and UV radiation;

15 min of sprayed water (10
to 40 m3/(m2.h)); 1 h of
freezing at −20 ◦C.

The open porosity of the
external surface of the

rendering system significantly
increased after aging. On the
other hand, a decrease in the
total porosity of the internal
zone of the aged rendering

system was observed.

Bochen and Gil
[100]

Evaluation of
thermophysical and

mechanical performance
(i.e., temperature across
several layers, water

absorption, bond strength
and impact resistance) of
accelerated aged ETICSs.

Hygrothermal behavior
(heat/rain and

heat/cold cycles).

Hygrothermal cycles were
performed in accordance
with EAD 040083-00-0404
guideline [11] (see Table 7).

No visible surface defects (i.e.,
blistering, cracking) were

detected in the systems during
or after accelerated aging.
The values of temperature
measured across different

layers of the ETICS were not
significantly different

considering the system with
EPS or MW.

Norvaisiene et al.
[46]

4.2. Long-Term Performance Evaluation

There are very few studies in the literature evaluating the long-term performance of
an ETICS, considering outdoor natural exposure and determining the loss in performance
over time (The authors considered only the studies evaluating the long-term performance
of ETICS under natural aging which were specifically designed to that end (i.e., evaluating
the performance over time of small-scale or large-scale ETICS). Studies reporting a field
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evaluation procedure of ETICS façades (e.g., evaluating the anomalies detected in ETICS
façades during building service life) are not reported in this section. These studies were
reviewed in Section 2). This is mainly due to the significant amount of time required to
perform these tests in comparison to accelerated aging methods (see Section 4.1). How-
ever, the evaluation of the long-term performance of building materials and construction
products through outdoor exposure is of paramount importance, not only to evaluate the
synergistic effect of different degradation agents and mechanisms, which is not possible
to entirely reproduce in laboratory conditions, but also to design and validate adequate
accelerated aging procedures [101].

Griciute and Bliudzius [102] evaluated the impact of natural (long-term) and artificial
(short-term) aging on the durability of an ETICS in Lithuania with the objective of designing
a new accelerated aging method. The results showed similar degradation rates considering
both natural and artificial aging. Interestingly, aged ETICSs obtained lower capillary water
absorption when compared to the non-aged systems, which was mostly attributed to the
reduction in the capillary pores in the acrylic FC after aging [103]. Similar results were
obtained by Parracha et al. [17] when evaluating the durability of six commercially available
ETICS specimens after two years of natural aging in urban and maritime areas in Portugal.
The authors observed the highest rate of biocolonization (10 to 30% of contaminated surface)
in a system finished with a lime-based mortar, which was explained by the high capillary
water absorption of these specimens after aging, the formation of cracking and surface wear
and the lack of a photocatalytic additive in the FC composition. As also observed by Griciute
and Bliudzius [102], acrylic-based ETICSs obtained lower capillary water absorption after
two years of outdoor exposure. In this study, the rendering system formulation (i.e., lime-
base, acrylic-based or silicate-based) significantly affected the durability of the entire ETICS.
Nevertheless, the thermal performance of the systems was only slightly affected after two
years of aging, with the highest loss in thermal conductivity (6.3%) obtained for systems
with mineral wool thermal insulation.

In the study of Johansson et al. [27], a test cell with ETICS façades composed of EPS
thermal insulation and an organic rendering system was constructed in Lund, Sweden. The
objective was to monitor the surface temperature and surface relative humidity for a period
of 20 months in order to evaluate the potential of mold growth. Three theoretical indices
were applied using the monitored results as inputs to evaluate biological colonization.
The results showed that the ETICS presented significantly higher surface humidity when
compared to façades with greater thermal inertia, thus increasing the risk of mold growth.
Gonçalves et al. [30] evaluated the influence of the finishing coat color and orientation
on the risk of surface condensation of two free-standing ETICS walls built in Coimbra,
Portugal. The surface temperature was monitored for 24 months, and a passive infrared
thermography inspection technique was also used to identify potential anomalies (i.e., blis-
tering, cracking or water infiltration). According to the authors, the risk of biological
growth is higher in ETICSs with a greater insulation capacity and finished with a white
color surface, mainly due to a greater likelihood of outdoor surface condensation. On
the other hand, ETICSs with a black finish obtained higher temperature amplitudes, thus
increasing the risk of surface anomalies (e.g., cracking). Indeed, the color of the finishing
coat had a considerable influence on the ETICS performance. Nevertheless, the authors
pointed out that the optical properties of the finishing coat are currently not considered
in the standard assessment methods for ETICSs, and recommended further research to
evaluate the influence of solar radiation on the long-term performance of the systems. In
fact, a few studies considering accelerated UV weathering tests in this regard are already
available in the literature, and some of them have reported significant alterations in the
surface properties and appearance of the ETICS after UV aging (see Table 8).

In another study conducted in Portugal, Barreira and de Freitas [14] evaluated the
hygrothermal behavior of façades covered with ETICSs and facing the four cardinal direc-
tions (north, south, east and west). The objective was to evaluate the influence of façade
orientation on surface humidification by considering both outdoor surface condensation
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and the effect of wind-driven rain. The results showed that the higher risk of surface
condensation occurred in the west façade, followed by the east, north and south. The
authors highlighted the importance of the drying kinetics in the amount of water retained
on the surface, potentiating biological growth. As in the case of Johansson et al. [27] and
Gonçalves et al. [30], the composition of the ETICS façades (in this case, EPS thermal
insulation, cement-based base coat and resin-based finishing coat) as well as the location
of the building (in this case, Porto, Portugal) were underlined as limitations of the study.
Therefore, it was recommended to evaluate the influence of façade orientation on surface
condensation, wind-driven rain and drying process in different locations/countries.

In summary, the long-term performance of ETICSs was evaluated in five scientific
studies considering outdoor natural aging and on-site monitoring tests. These studies
reported that the durability of the ETICS is significantly affected by the complete system
composition (e.g., thermal insulation material or rendering system formulation). Never-
theless, these studies are mainly of local value (i.e., studies are conducted in a specific
location with specific climatic conditions). Therefore, further research is needed to develop
durability assessment methodologies for ETICSs using experimental and numerical data to
be adaptable to different climatic zones with distinct degradation mechanisms.

4.3. Numerical Simulations

Apart from the accelerated and natural aging tests detailed in the previous sections,
numerical simulations have also been used to evaluate the performance and durability of
ETICSs. Table 9 summarizes the main findings of these studies. It is worth noting that some
of the studies considered not only numerical simulations, but also field test campaigns or
laboratory testing, which helped in validating the numerical results.

Most of the studies have focused on the hygrothermal performance of ETICSs over
time, due to the greater heat losses and risk of early degradation caused by high moisture
levels. The results showed that ETICS thermal performance is not significantly affected
over time if the system is properly designed and well executed. However, the thermal
performance and long-term durability of the ETICS can be significantly affected when
the joints and window openings allow for rainwater leakage. In fact, the ETICS construc-
tion process considerably affects the long-term durability of the system [104], with the
preparation of the substrate, application of the adhesive mortar and reinforcement of the
rendering system pointed out as being the constructive phases that can have the most
influence on the ETICS long-term performance. When there is penetration of rainwater
into the system, its drying capacity toward the exterior is of fundamental importance to
avoid further anomalies (e.g., biological colonization). A methodological framework to
evaluate the on-site degradation factors by providing a risk priority number was proposed
by Sulakatko et al. [105]. This methodology helps in the identification of the degradation
factors occurring in the ETICS construction process.

Biological colonization was the theme of five numerical simulation studies on ETICSs
(Table 9). This complex phenomenon is highly dependent on the presence of water (i.e., high
moisture content) and is frequently identified in ETICS façades (see Section 2). This is
mainly due to the undercooling phenomenon, which is quite common in ETICSs, leading
to outdoor surface condensation and increasing the risk of biological growth. In fact,
numerical models can be used to simulate undercooling and therefore estimate external
surface condensation. However, there are a number of other factors influencing biological
growth on ETICSs (e.g., nutrient availability, drying capacity and surface roughness, among
others) and further research is needed on this topic.

Finally, 2 out of 15 identified studies (Table 9) predicted the service life of ETICSs by
modeling the degradation of the systems or using computational models validated via
on-site assessment. A reference service life of 17 and 21 years was obtained for the ETICS
considering the acceptable degradation levels.
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Table 9. Summary of research studies evaluating ETICS durability via numerical simulations.

Type of Study Aim of the Study Main Findings Reference

Simulation

To evaluate the impact of
rainwater leakage on the

hygrothermal performance of
ETICSs applied on wooden
structures in North America

and Europe.

When the detailing of joints and window openings is
well performed, the results showed that there is no
moisture problem in the ETICS or in the substrate,
mainly because there is no rainwater leakage. On the
other hand, if the water leakage cannot be avoided
due to incorrect design or execution of the system,
the drying process of the ETICS is fundamental for
avoiding further anomalies. In this case, in order to
prevent serious moisture damage, the ETICS should
have a high drying capacity toward the exterior.

Künzel and
Zirkelbach [106]

Simulation

To explore a quantitative risk
analysis of biological growth
on ETICS façades. To evaluate
the most important properties

contributing to ETICS
defacement that should be
included in a risk analysis.

The main mechanisms leading to a higher risk of
biological growth in ETICSs are the following:

presence of nutrients; surface RH > 100%; surface
temperature between 0 ◦C and 40 ◦C; low drying

capacity and presence of water on the surface due to
wind-driven rain or undercooling phenomenon.
The calculation of the surface relative humidity
values is very complex, leading some uncertainty.

There are no absolute values expressing failure, and
only a strategy of scenario comparison can be
considered. The stochastic nature of the input

parameters led to the application of Monte Carlo
simulations, using a metamodel to reduce the

computation time.

Ramos et al. [107]

Simulation

To evaluate the potential of
outdoor surface condensation

on ETICS façades
(undercooling phenomenon)
using numerical models of

exterior boundary conditions.

Numerical hygrothermal models are valuable tools
to simulate the undercooling phenomenon and

estimate outdoor surface condensation in ETICSs.
The three used models provided similar results

when using similar inputs of long-wave radiation. In
fact, this latter characteristic is fundamental for the
differences detected in the calculated values. This is
because the undercooling phenomenon is caused by
long-wave radiation exchange among the external
surface and surroundings, occurring mostly during

the night.

Barreira et al. [14]

Simulation and
field test
campaign

To evaluate the influence of
nearby obstacles in the

outdoor surface condensation
of ETICSs.

The presence of obstacles significantly affected surface
condensation on ETICS façades. Obstacles are a

source of long-wave radiation, thus contributing to an
increase in the percentage of radiation incident on the
ETICS surfaces and reducing surface condensation. A
new model was proposed to simulate the impact of
nearby obstacles on ETICS façades, which can be used
in combination with any hygrothermal model. The

model determines the increase in long-wave radiation
caused by the presence of obstacles, considering its

geometry and emissivity.

Barreira and de
Freitas [108]

Simulation

To evaluate the most critical
parameters involved in the
hygrothermal behavior of

ETICSs.

Relative humidity, external surface temperature,
atmospheric radiation and the emissivity of the

rendering system were identified as the parameters
that influence outdoor surface condensation the
most. Additionally, wind-driven rain is mostly
dependent on wind velocity and orientation,

horizontal rain and the building’s height, whereas
the drying capacity is affected by the incident solar

radiation and short-wave absorbance.

Barreira and de
Freitas [12]
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Table 9. Cont.

Type of Study Aim of the Study Main Findings Reference

Simulation

To evaluate the durability of
ETICS considering two
numerical models (i.e.,

hygrothermal model and
thermo-mechanical finite
element method model).

Thermal shock events were lower in ETICSs with MW
thermal insulation when compared to EPS-based

ETICSs. This difference was attributed to the greater
vapor permeability of MW compared to EPS, which
allows for a greater moisture content percentage in the
base coat of MW ETICSs. For this reason, during the
morning, the external surface of MW ETICSs obtained

a lower temperature, if compared to the external
surface of systems with EPS. The risk of thermal shocks
is considerably lower for solar absorbances smaller
than 0.6. The risk of freeze–thaw is also remarkably
lower considering solar absorbances higher than 0.3.

Daniotti et al. [109]

Simulation and
laboratory
testing

To evaluate algae growth in
ETICSs using numerical
simulation and laboratory
accelerated aging tests.

An imaging pulse-amplitude modulation
fluorometer was efficient in measuring algae

resistance during the accelerated aging tests. The
results confirmed the effectiveness of the biocide

and showed that mineral rendering systems present
higher algae resistance than organic rendering

systems. The results obtained using accelerated tests
and numerical simulations were significantly

different, most probably due to the simplifications
assumed in the numerical analysis (e.g., assuming

the render as a uniform structure).

Werder et al. [110]

Simulation and
field test
campaign

To model the degradation and
to predict the service life of
ETICSs considering the

degradation mechanisms, the
type of cladding and several
characteristics of the system.

Exposure to damp is the characteristic that most
affects the long-term durability of ETICSs. Based on
a mathematical formula, a reference service life of
17 years was obtained for the ETICS, considering a
maximum level of 30% degradation severity. The
results showed that ETICS façades should be

inspected every 10 years to evaluate the degradation
condition and to plan maintenance or repair actions.

Ximenes et al. [37]

Simulation

To evaluate the energy
efficiency and the moisture
performance of EIFS walls in

the USA.

The inclusion of a vapor retarder on the inside of the
EIFS walls did not significantly affect the energy
efficiency of the systems. The vapor retarder

increased the sheathing moisture content of the
walls, but only by about 2 to 3% of mass. Therefore,
the durability of the ETICS was not affected by this
moisture increase. On the other hand, water leakage
within the system significantly affects its durability.
Therefore, the EIFS should be correctly designed and
executed to avoid water leakage. A vapor retarder

should also be used.

Desjarlais and
Johnston [111]

Simulation and
field test
campaign

To evaluate the impact of the
construction process on the
degradation of ETICSs.

A technical severity evaluation model was
developed to quantify the impact of technical
deviations occurring during the execution of an

ETICS on its performance. The results showed that
the ETICS construction process significantly affected
the mechanical performance, long-term durability

and weather protection of the system. The
preparation of the substrate, application of the

adhesive mortar and reinforcement of the rendering
system were the activities realized to influence the
overall performance of the ETICS the most during

the construction process.

Sulakatko and Vogdt
[112]
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Table 9. Cont.

Type of Study Aim of the Study Main Findings Reference

Simulation and
field test
campaign

To develop a merged model
combining four factors

(technical severity, financial
impact, occurrence and

detectability) to evaluate the
technical–economic relevance
of the ETICS construction

process.

A technical–economic severity evaluation model
was developed to quantify the technical significance
of on-site degradation factors, also considering the
repair costs in the future. The technical severity was
evaluated by 12 experts and the data were validated
using Friedman’s test, whereas the occurrence ratio,

the detectability and the latency period were
foreseen by five experts and validated using the
Delphi technique. The results highlighted the
relevance of the substrate preparation and

application of the adhesive and/or base coat with
reinforcement mesh. Activities related to the

installation of the insulation plates and application
of the finishing coat are less relevant.

Sulakatko [113]

Simulation and
field test
campaign

To predict the service life of
ETICSs considering two
computational methods:

artificial neural networks and
fuzzy logic systems.

A reference service life of 21 years was obtained for
the ETICS considering the computational models
and a sample of 378 façades located in Portugal.

Tavares et al. [114]

Simulation and
laboratory
testing

To evaluate the hygrothermal
behavior of ETICSs.

The adhesive mortar was identified as a key feature
due to the significant moisture transfer to the wall
during its application. It was not possible to reach

hygrothermal equilibrium after 160 days of
favorable drying conditions in the laboratory. The

numerical results were in agreement with the
experimental results.

Bendouma et al.
[115]

Simulation
To evaluate the deformation
and to predict the failure of

the bonding mortar in ETICSs.

The higher risk of mortar deformation occurred
during summer, followed by winter, autumn and

spring. Likewise, the greater risk of mortar
deformation was due to wind pressure, followed by
temperature and relative humidity. The maximum
stress was distributed at the edges of the mortar

considering the partly stick method.

Zhu et al. [116]

Simulation and
laboratory
testing

To evaluate the loss in
performance of an ETICS and
its influence on the energy
consumption for the heating

of buildings.

There is no significant loss in performance of ETICSs
over time. The thermal performance is only slightly

affected after aging. After aging (~8 years), an
increase in the energy consumption for the heating
of the buildings of only 2% was observed, when

compared to the reference unaged ETICS.

D’Agostino et al.
[117]

5. Conclusions

This paper has presented a literature review related to the durability of external ther-
mal insulation composite systems (ETICSs), defining the required bases for their sustainable
and efficient use. The aim of the study was to identify the most common anomalies de-
tected with ETICS façades and their causes, to overview the performance of ETICSs, their
performance parameters and requirements and to identify the most significant degradation
mechanisms and the related failure modes. Based on the conducted review, the following
conclusions can be drawn:

(1) ETICS application is a key aspect in the performance and durability of the system,
especially regarding the execution of “singular points” of the façade (e.g., corners
and window openings). The literature shows that most of the anomalies detected in
ETICSs can be prevented with proper design, execution and appropriate assembly of
the system components. Particular attention should be given to the execution of tail-



Buildings 2023, 13, 1664 24 of 29

ends and protection elements, the preparation of the substrate, the alignment of the
thermal insulation boards, the application of the adhesive mortar, the reinforcement
of the rendering system and flashing execution.

(2) The use of the ETICS presents several challenges, mostly considering its fire behavior,
water resistance, mechanical performance and thermal resistance, which need to be
carefully investigated. The existence of several commercially available ETICSs with
different compositions (i.e., thermal insulation, base coat and finishing coat) leads to
different performances, reinforcing the importance of consistent knowledge on the
durability of these systems. From the reported studies, it can be concluded that the
greatest drawbacks lie in dealing with enhancing water resistance and improving the
mechanical and thermal performance. Some of the reviewed studies also presented
strategies toward the optimization of the fire performance of ETICS façades, especially
in the case of EPS-based ETICSs. Therefore, all ETICSs must have CE marking to
be placed in the EU market and be in accordance with the EAD 040083-00-0404
requirements, thus guaranteeing suitable quality and adequate performance.

(3) ETICS durability has been assessed through accelerated aging tests, long-term field
exposure, on-site monitoring and numerical simulations, identifying the most signifi-
cant degradation agents and the related failure modes. Most of the accelerated aging
tests have considered hygrothermal behavior and UV performance for the durability
assessment of ETICSs; some others have proposed a new accelerated aging method
with further degradation agents (e.g., pollutants or biological colonization). Some
of the studies suggested that the accelerated aging tests significantly affected the
water resistance, thermal performance and appearance of the ETICS. Other studies
reported no significant performance decay or surface defects after aging. Nevertheless,
most studies identified the difficulty of reproducing the synergistic effect of several
degradation agents on a lab scale and recommended further developments including
long-term performance evaluation.

(4) The five scientific studies evaluating the long-term performance of ETICSs concluded
that the durability of the system is significantly affected by the complete system com-
position (i.e., thermal insulation material or rendering system formulation). However,
these studies are mainly of local value (i.e., studies are conducted in a specific location
with specific climatic conditions). Moreover, most of the studies using numerical
simulations focused on the hygrothermal performance of ETICSs over time, due to
the greater heat losses and risk of early degradation caused by high moisture levels. It
was concluded that thermal performance is not significantly affected over time if the
system is properly designed and well executed.

Further research is needed to evaluate the possible synergistic effect of several degra-
dation agents and mechanisms toward a development in optimized durability assessment
methods for ETICSs. To obtain a reliable dataset that can be used in risk assessment anal-
ysis, the long-term performance of the systems in different climates needs to be further
evaluated and systematized.
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110. Von Werder, J.; Venzmer, H.; Černý, R. Application of fluorometric and numerical analysis for assessing the algal resistance of
external thermal insulation composite systems. J. Build. Phys. 2015, 38, 290–316. [CrossRef]

111. Desjarlais, A.; Johnston, D. Energy and moisture impact on EIFS walls in the USA. In Proceedings of the ASTM Symposium on
EIFs, New Orleans, LA, USA, 5–6 October 2016.

112. Sulakatko, V.; Vogdt, F.U. Construction process technical impact factors on degradation of the External Thermal Insulation
Composite System. Sustainability 2018, 10, 3900. [CrossRef]

113. Sulakatko, V. Modelling the technical–economic relevance of the ETICS construction process. Buildings 2018, 8, 155. [CrossRef]
114. Tavares, J.; Silva, A.; de Brito, J. Computational models applied to the service life prediction of External Thermal Insulation

Composite Systems (ETICS). J. Build. Eng. 2020, 27, 100944. [CrossRef]
115. Bendouma, M.; Colinart, T.; Glouannec, P.; Noël, H. Laboratory study on hygrothermal behavior of three external thermal

insulation systems. Energy Build. 2020, 210, 109742. [CrossRef]
116. Zhu, K.; Jiang, W.; Yu, L.; Guo, P.; Yang, Z. Deformation analysis and failure prediction of bonding mortar in external thermal

insulation cladding system (ETICS) by coupled multi physical fields method. Constr. Build. Mater. 2021, 278, 122017. [CrossRef]
117. D’agostino, D.; Landolfi, R.; Nicolella, M.; Minichiello, F. Experimental study on the performance decay of thermal insulation and

related influence on heating energy consumption in buildings. Sustainability 2022, 14, 2947. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


